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Abstract: The Fmoc-protected precursor of an unnatural
polyoxometalate amino acid (POM-AA, Xp.), in which an
Anderson-Evans (AE)-type POM cluster is carried on the
side chain, has been synthesised and used directly as a
building block in standard automated solid-phase peptide
synthesis. A tris(hydroxymethyl)azidobenzamide ligand was
first grafted onto an AE-POM, and its azide handle was then
linked to Fmoc-protected propargylglycine by a click
reaction. Because the POM cluster is confined to the side
chain, the amino-acid backbone retains its native reactivity:
chain assembly proceeds by routine in situ coupling, without
the pre-formed Fmoc amino-acid anhydrides required in our
previous main-chain POM-peptide synthesis. Four positional
isomers of X..LVFF were assembled on a commercial
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automated synthesiser. This work provides a practical route to peptides bearing POM side chains and points towards a new class of artificial

metalloproteins, the polyoxometalloproteins.
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1 Introduction

The function of a peptide or protein is defined by its amino acid
sequence. Every residue shares the same a-amino acid core and
is distinguished by its side chain, which determines its role in the
folded structure — as a catalytic group in an enzyme active site,
for example, or as a structural element of a large protein such as
titin.? Side chains can be decisive: replacing a single residue in
haemoglobin causes sickle cell anaemia.* The twenty natural
amino acids thus constitute the alphabet of protein synthesis, but
their side chains are limited to organic functional groups.

Unnatural amino acids (UAAs) with tailored side chains extend
this alphabet far beyond nature’s repertoire.*® Side-chain
engineering is now a mainstream tool in peptide and protein

peptides,® bioorthogonal
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science, underpinning antiviral
therapeutics,” antibody—drug conjugates,®'* imaging agents,
localisation markers,'”* antimicrobial peptides,?* catalytic
2526 and conformational probes.?” Inorganic units — metal
coordination 3032 and  polyhedral
oligomeric silsesquioxanes® — have also been introduced into
peptides, yielding valuable probes and diagnostic agents,?*-** but
these constructs are typically assembled by manual synthesis,
which limits sequence control and automation.
Polyoxometalates (POMs) are discrete anionic metal-oxide
clusters whose redox, catalytic and photochemical properties
make them attractive both for interactions with biological
437 and  for into
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systems incorporation proteinogenic
molecules.*®* A common obstacle to their use is hydrolytic
instability, but the Anderson-Evans (AE) cluster is an exception:
it is comparatively robust and can be functionalised through
condensation of tris(thydroxymethyl)aminomethane (Tris)-
derived ligands with its six ps-bridging hydroxyl groups -
chemistry that our group has explored extensively.*'*® Often
termed the “Bio-POM?”, the AE cluster also carries a tuneable
transition-metal heteroatom at its centre.’® Building on these
features, we previously incorporated AE-POMs into peptide
main chains via amide bonds, generating a series of POM-
peptides.® In that system, however, the POM sat inside the
backbone: its steric bulk and electron-withdrawing character
strongly suppressed chain reactivity, so every residue added after
the POM amino acid had to be coupled as a pre-formed
fluorenylmethoxycarbonyl group (Fmoc) protected amino-acid
anhydride rather than by standard in situ activation.** Here, we
take a complementary approach: an AE-POM is clicked onto the
side chain of propargylglycine, furnishing an Fmoc-protected
POM amino acid (POM-AA, Xpa, Figure 1) that behaves like a
conventional building block in automated solid-phase peptide
synthesis (SPPS).

Just as natural amino acids serve as building blocks for
everything from enzymes to small-molecule drugs, an Fmoc-
protected POM amino acid based on the AE scaffold can serve as
a general reagent for introducing metal-oxide clusters into

peptides and proteins, opening routes to artificial

candidates and

metalloproteins,

peptidomimetic ~ drug
specialised labelling agents. Rather than designing a single-
purpose construct, our aim is a modular building block that
works with established synthetic methodology and expands the
accessible chemical space in three directions: (i) an unnatural
amino acid bearing an inorganic side chain; (ii) a general strategy
for constructing metalloproteins with metal-oxide clusters on
side chains; and (iii) an adaptable SPPS reagent whose scope
surpasses that of most UAAs reported to date.

The novelty of this work is as follows. First, in contrast to our

Figure 1. Structure of POM-AA. The POM cluster shown in the structure
is a manganese centred Anderson-Evans polyoxometalate {MnMo602a4}.

previous POM-peptides, in which the AE-POM units were
embedded in the peptide backbone,* this is the first synthesis of
peptides bearing AE-POM clusters on side chains; because the a-
amino and a-carboxyl groups of the residue remain unperturbed,
all subsequent residues couple by routine in situ activation,
without the pre-formed Fmoc amino-acid anhydrides that were
indispensable in the backbone system. Second, click chemistry**-
% and Fmoc protection — previously used in separate systems —
are combined here in a single POM-AA-Fmoc precursor (3)
(Scheme 1) that closely resembles a standard amino acid and
enters SPPS directly with residue-specific precision. Third, we
determined the single-crystal X-ray structure of the large POM-
AA-Fmoc (3) molecule, a rare structural characterisation of such
a complex hybrid. Finally, the four positional isomers of the
XpaaLVFF series provide a first platform for probing how the
position of a POM side chain modulates the properties of a
biologically relevant sequence.

2 Results and discussion

2.1 Ligand synthesis




The first step in preparing the POM-AA-Fmoc building block (3)
was the synthesis of the 4-azidobenzamide-Tris ligand (1), which
serves as the key linker between the AE-POM and the amino-acid
unit (structure shown in Scheme 1). The synthetic route to 1 was
adapted from our previous work,’">? with notable improvements
in both practicality and yield. In earlier studies, a solution of
ethyl
chloroformate in THF was cooled to 0 °C and added directly to a

4-azidobenzoic acid, N-methylmorpholine, and
solution of Tris and triethylamine in DMF, followed by stirring
for 16 hours. We found that ligand 1 could instead be obtained
simply by heating

N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline at 60°C in

4-azidobenzoic acid, Tris, and
ethanol for 23 hours, affording a higher yield with substantially
reduced experimental effort and avoiding more hazardous
reagents. Ligand1 was fully characterised by 'H NMR
spectroscopy and single-crystal X-ray diffraction (Table S5 and

Figure S11).

2.2 POM-Azide synthesis

The POM-Azide 2 was next obtained following another
procedure from the established literature.”’ (TBA)4[Mo0sOas] and
Mn(OAc)s was refluxed in acetonitrile with an excess of 1,
transitioning from a deep red to bright orange solution over the
course of 16 hours. At this point, the POM-Azide 2 had been
successfully synthesized but further purification was necessary as
2 is one of three compounds formed as part of a statistical
product distribution consisting of two symmetric products (AA:
25%, BB: 25%) and the target asymmetric (AB: 50%) form
(Figure S2). Reverse phase chromatography with acetonitrile and
10 mM TBA-Br solution on a C-18 column was used to isolate
the desired product 2. Once isolated, the product was
concentrated into a precipitate and recrystallized from DMF by
Et;O diffusion giving a pure product (yield 42% based on Mo).
The recrystallization served a dual purpose of ensuring sufficient
purity for further synthesis steps and providing single crystals for
X-ray diffraction structure determination which allowed further
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characterisation. The 'H NMR spectrum of 2 can be broadly
described as a lower resolution form of 1 with a significant
broadening and lack of definition observed in multiplets which
stem from H’s directly attached to the ligand system; 7.14 (m, 2H,
CH), 7.83 (bs, 2H, CH). Finally, the indicative tris-functionalised
AE-POM peak can be observed at 62.3 (br, 12H, CH:). Regarding
ESI-MS we consider the molecular ion peak of 2 to be (MHTBA)-
which was observed at m/z 1543 (Figure S4). Crystal structure
results of 2 from x-ray diffraction are shown in Table S6 and
Figure S12.

2.3 POM-AA-Fmoc synthesis

The last step in the building block synthesis is the preparation of
the POM-AA-Fmoc 3 by a Cu-catalysed click reaction. Similar
click reaction of AE-POM derivative was documented in
literature.> It was previously thought that a CuSO4/Na-ascorbate
catalytic mixture would not be compatible with the Mn-centred
AE POM due to the ease with which it is reduced, causing “rapid
formation of a bright blue precipitate”,” indicative of Mo-blue
formation from Mo"' = MoV reduction. We found that the click
reaction between POM-Azide (2) and Fmoc-L-Propargyl-
Glycine using CuSOi/Na-Ascorbate proceeded as intended
without uncontrolled reduction of Mo centres. Precipitate did
form in solution during the reaction, but this is attributed to
displacement of counter-cation tetrabutylammonium (TBA)
with Cu?* ions making the POM-based structure insoluble in the
organic solvent, rather than reduction of Mo"". In fact, we found
that addition of excess TBA-Br resolubilized the precipitate back
into solution, causing no additional complications to the
synthesis. This finding overturns the previous assumption that
redox-active Mn-Anderson clusters are incompatible with the
Cu-catalyzed azide-alkyne cycloaddition conditions and
considerably simplifies the preparation of clicked POM
architectures. ~ Reaction progress was monitored by FTIR
spectroscopy through the disappearance of the characteristic

azide band at 2124 cm'. After completion, the POM-AA-Fmoc
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Scheme 1 Complete synthetic procedure for the POM-AA-Fmoc (3) from commercially available starting reagents.



(3) was isolated in moderate yield (65%) and characterized by '"H
NMR, ESI-MS (Figure 2, Table S1) and FTIR analysis. The 'H
NMR spectrum of 3 (Figure S9) is comparable to that of 2 but
with significantly more peaks in the aryl region owing to the
introduction of the Fmoc moiety (8 = 7.26 (bs, 2H, CH), 7.32 (bs,
2H, CH), 7.65 (bs, 2H, CH), 7.87 (bs, 4H, CH), 7.96 (s, 2H, CH)).
Two diagnostic signals confirm successful production of 3: a
triazole ring proton at § = 8.58 (s, H), indicating completion of
the click reaction, and a broad resonance at § = 62.7 (12H, CH.,),
demonstrating that the AE-POM framework remains intact. The
ESI-MS spectrum (Figure 2) further supports the identity of 3,
with all major m/z peaks corresponding to the POM-AA-Fmoc
ion (M?) bearing either H* or TBA* counter-cations. FTIR
analysis provides additional structural confirmation. Loss of the
azide band at 2124 cm™ and emergence of the triazole-associated
features corroborate the click transformation, while the C-O
vibration at 1028 cm'! verifies retention of the tris-based triols on
the POM. The shoulder around 3300 cm™ indicates the
continued presence of the free -NH. group on the non-
functionalized face of the AE-POM (Figure S7). The structure of
POM-AA-Fmoc (3) was further confirmed by crystal structure
determinations (Table S7 and Figure 2 and S13) which clearly
establishes the presences of the tris-modified AE-POM cluster,
triazole ring, and the Fmoc group connected through benzamide
linker. The successful crystallographic characterisation of such a large and
intricate hybrid molecule represents a rare example within this class of POM—

organic conjugates.

2.4 Automated SPPS of POM-Peptides

After obtaining the POM-AA-Fmoc (3), we selected the
tetrameric residue (LVFF) from the cationic domain (Afis-0,
HHQKLVFF) of the amyloid beta (AB) aggregation core as a
model sequence. A is one of the main components of amyloid
plaques which play a key role in the pathogenesis of Alzheimer’s
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disease. It was reported that highly negative POMs can inhibit
AP aggregation into fibrils due to strong electrostatic interaction
between POM anions and the cationic domain of the core.>>*¢
Additionally, we reasoned that incorporation of the POM-AA
(Xpaa) into multiple different positions within the LVFF chain
(XpaaLVFF, LX}aa VFF, LVXFF and LVFX,a0F) would serve as a
significant challenge with which to measure the synthetic
versatility of the reagent within a commercial SPPS platform. For
the reasons outlined above, synthesis of these compounds would
represent a proof of concept for the utility of the POM-AA as a
practical UAA reagent, as well as showcasing unique functional
molecules which are made possible by introduction of AE-POMs
into proteinogenic molecules.

The POM-Peptide positional isomer series (XpaaLVFF, LXp22VFF,
LVXpFF and LVEX,.F) (Figure 3) were prepared by standard
DIC/HOBt double coupling, using a DMF solution of the POM-
AA-Fmoc (3) alongside commercially available Fmoc-protected
amino acid solutions. The unprotected N-terminus of POM-AA
is unreactive towards DIC/HOBt coupling: rationalised as a
result of a mixture of steric hindrance and electronic
withdrawing effects of the POM, making the probability that the
Tris' amine will be incorporated into the peptide chain
overwhelmingly unfavourable, and ensuring only the amino acid
amine site is involved in the amide coupling.** Equally
importantly, because the POM cluster is appended on the side
chain, its steric bulk and electron-withdrawing influence are
diverted away from the growing chain terminus: all four
positional isomers were assembled using the same DIC/HOBt
double-coupling protocol applied to the flanking natural
residues, and no pre-activation of subsequent amino acids was
required at any stage. This contrasts sharply with our previous
main-chain POM-peptide chemistry, in which incorporation of
the POM amino acid into the backbone drastically suppressed
chain reactivity, and every residue installed after the POM unit
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Figure 2. ESI-MS spectrum and crystal structure (thermal ellipsoids drawn at 30%) of POM-AA-Fmoc (3). M =
[MNMo0g0,4(C31H28N50s)(C4HsN)]13; TBA = C16H36N*; *deprotonated at carboxylic group



07 NH . N
Oy NH
AV
NH, NEAN
N 7

[¢] . H O

A et
HzN LeuPOM‘ Val ]WPhe  Phe i

LX0eVFF

Figure 3. POM-Peptides represented in abstract form with amino acids assigned by three letter codes, superimposed over the

skeletal structure of the compounds. Xyaa and POM represent the single and three letter codes of POM-AA respectively.

had to be coupled as a pre-formed Fmoc amino-acid anhydride.*
The peptide chains were constructed using a conventional
automated SPPS process using a Biotage® Initiator+ Alstra™
Microwave Peptide Synthesizer, following the classical peptide
synthesis procedure (as shown in Supporting information).
Successful synthesis of the target peptides was confirmed by ESI-
MS (Figure S10 and Table S4). Additional information and
further detail about the SPPS process can be found in the ESL
The synthesis of the POM-Peptides demonstrates that the POM-
AA-Fmoc (3) is a versatile reagent and flexible in terms of
positional control with a commercial SPPS. We have found that
not only is it possible to incorporate a POM-AA residue into a
peptide chain, but that it is effectively facile to produce a POM-
Peptide on a SPPS platform, appearing to have no synthetic
complexity beyond what would be expected of conventional
SPPS: once the POM-AA-Fmoc (3) is available, standard SPPS
protocols can be used to incorporate it at multiple positions
using unmodified protocols, standard solvents and standard
coupling agents. Moreover, the availability of all four positional
isomers provides a systematic handle on how the position and
spacing of an anionic POM side chain modulate peptide
properties — an aspect that is inaccessible in backbone-POM
constructs.

3 Conclusions

To summarise, we have detailed a synthetic protocol for the
preparation of an artificial amino acid which allows residue-
specific placement of a chemically complex polyoxometalate
cluster in a peptide chain. Using well established click chemistry
procedures that were thought to be incompatible with AE POM
clusters, it was possible to link the cluster to a commercially
available propargylglycine. Once the amino acid functionality
had been paired with the POM, we found that the POM-AA-

Fmoc (3) was readily used as an SPPS reagent in an automated
platform. Critically, because the POM cluster is confined to the
side chain, the amino-acid backbone of the residue retains its
native reactivity: residues installed after the POM-AA couple
under standard in situ DIC/HOBt activation, in sharp contrast
to our earlier main-chain POM-peptides, in which incorporation
of the POM into the backbone drastically diminished chain
reactivity and made pre-formed Fmoc amino-acid anhydrides
indispensable for every residue following the POM unit. In this
sense, the present building block behaves far more like a natural
amino acid, and its availability opens a new direction for the fully
automated synthesis of POM-peptides — one in which the
influence of the POM as a peptide side chain, including its charge,
intrinsic catalytic activity and tunability through the central
heteroatom, can be explored at any position of a peptide
sequence. Fundamentally, this work provides a highly accessible
of
polyoxometalate species to proteinogenic structures.

route for precise covalent attachment reactive

Electronic Supplementary Material: Supplementary material
flash NMR
electrospray ionization mass spectrometry, and X-ray single

(synthesis, chromatography, spectroscopy,
crystal structure description) is available in the online version of

this article at https://doi.org/10.26599/POM.2026.9140173.
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data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.

Acknowledgements

This research was supported by the EPSRC (no. EP/L023652/1;
EP/R009902/1; EP/R020914/1; EP/R01308X/1; EP/S017046/1;
EP/S019472/1; EP/V048341/1), the European Research Council
(Project 670467 SMART-POM) and the University of Glasgow.
We thank the Diamond Light Source for machine time on
Beamline 119 under the proposal CY30458.

Declaration of competing interest

There are no conflicts to declare. Author De-Liang Long is the
advisory board member of this journal, but he is not involved in

the peer-review or decision of this article.
Author contribution statement

S. S. and Z. G.: Data curation, validation, writing and editing
manuscript. J. A.: Data validation. P. K.: Data validation, editing
manuscript, project team leader. D.-L. L.. Data curation,
validation, writing and editing manuscript, project team leader.
L.C.: Project administration, funding acquisition, supervision. All
the authors have approved the final manuscript.

Use of Al statement

None.

References

(1] Holliday, G. L.; Mitchell, J. B. O.; Thornton, J. M.,
Understanding the Functional Roles of Amino Acid
Residues in Enzyme Catalysis. J. Mol. Biol. 2009, 390,
560-577.

[2] Kriiger, M.; Linke, W. A., The Giant Protein Titin: A
Regulatory Node That Integrates Myocyte Signaling
Pathways. J. Biol. Chem. 2011, 286, 9905-9912.

[3] Fitzsimmons, R. A., Narmin; Uversky, Vladimir N.,
Understanding the roles of intrinsic disorder in subunits
of hemoglobin and the disease process of sickle cell
anemia. Intrinsically Disord. Proteins 2016, 4, e1248273.

[4] Agostini, F.; Voller, J. S.; Koksch, B.; Acevedo-Rocha,
C. G Kubyshkin, V.; Budisa, N., Biocatalysis with
Unnatural Amino  Acids: Enzymology  Meets
Xenobiology. Angew. Chem. Int. Ed. 2017, 56, 9680-9703.

(5] Adhikari, A.; Bhattarai, B. R;; Aryal, A;; Thapa, N;
Puja, K. C.; Adhikari, A.; Maharjan, S.; Chanda, P. B.;

Regmi, B. P.; Parajuli, N., Reprogramming natural
proteins using unnatural amino acids. RSC Adv. 2021, 11,
38126-38145.

[6] Nahhas, A. F.; Nahhas, A. F.; Webster, T. ],
Nanoscale pathogens treated with nanomaterial-like
peptides: a platform technology appropriate for future
pandemics. Nanomedicine 2021, 16, 1237-1254.

[7] Costa, S. A.; Mozhdehi, D.; Dzuricky, M. J.; Isaacs, F.
J.; Brustad, E. M.; Chilkoti, A., Active Targeting of Cancer
Cells by Nanobody Decorated Polypeptide Micelle with
Bio-orthogonally Conjugated Drug. Nano Lett. 2019, 19,
247-254.

[8] Cho, H.; Daniel, T.; Buechler, Y. J.; Litzinger, D. C,;
Maio, Z. W.; Putnam, A. M. H.; Kraynov, V. S;; Sim, B.
C.; Bussell, S.; Javahishvili, T.; Kaphle, S.; Viramontes, G.;
Ong, M.; Chu, S; Becky, G. C; Lieu, R.;; Knudsen, N.;
Castiglioni, P.; Norman, T. C.; Axelrod, D. W.; Hoffman,
A. R.; Schultz, P. G.; DiMarchi, R. D.; Kimmel, B. E.,
Optimized clinical performance of growth hormone with
an expanded genetic code. Proc. Natl. Acad. Sci. U.S.A.
2011, 108, 9060-9065.

[9] Axup, J. Y.; Bajjuri, K. M,; Ritland, M.; Hutchins, B.
M.; Kim, C. H; Kazane, S. A.; Halder, R.; Forsyth, J. S;
Santidrian, A. F.; Stafin, K.; Lu, Y. C.; Tran, H.; Seller, A.
J.; Biroce, S. L.; Szydlik, A.; Pinkstaff, ]. K.; Tian, F.; Sinha,
S. C.; Felding-Habermann, B.; Smider, V. V.; Schultz, P.
G., Synthesis of site-specific antibody-drug conjugates
using unnatural amino acids. Proc. Natl. Acad. Sci. U.S.A.
2012, 109, 16101-16106.

[10] Zimmerman, E. S.; Heibeck, T. H.; Gill, A.; Li, X. F.;
Murray, C. J.; Madlansacay, M. R;; Tran, C.; Uter, N. T.;
Yin, G.; Rivers, P. ].; Yam, A. Y.; Wang, W. D.; Steiner, A.
R; Bajad, S. U, Penta, K; Yang, W. J.; Hallam, T. J.;
Thanos, C. D.; Sato, A. K., Production of Site-Specific
Antibody-Drug Conjugates Using Optimized Non-
Natural Amino Acids in a Cell-Free Expression System.
Bioconjugate Chem. 2014, 25, 351-361.

[11] Yu, S.; Pearson, A. D; Lim, R. K. V.; Rodgers, D. T.;
Li, S.; Parker, H. B; Weglarz, M.; Hampton, E. N
Bollong, M. J.; Shen, J.; Zambaldo, C.; Wang, D.; Woods,
A. K.; Wright, T. M.; Schultz, P. G.; Kazane, S. A.; Young,
T. S.; Tremblay, M. S., Targeted Delivery of an Anti-
inflammatory PDE4 Inhibitor to Immune Cells via an
Antibody-drug Conjugate. Mol. Ther. 2016, 24, 2078-
2089.


http://www.ccdc.cam.ac.uk./data_request/cif

[12] Schuster, S.; Biri-Kovacs, B.; Szeder, B.; Buday, L.;
Gardi, J.; Szabo, Z.; Halmos, G.; Mezo, G., Enhanced In
Vitro Antitumor Activity of GnRH-III-Daunorubicin
Bioconjugates Influenced by Sequence Modification.
Pharmaceutics 2018, 10, 223.

[13] Rehmani, S.; Dixon, J. E., Oral delivery of anti-
diabetes
transcytosing peptide strategies. Peptides 2018, 100, 24-
35.

[14] Bonnin, D.; Ladoire, S.; Briot, N.; Bertaut, A;
Drouet, C.; Cochet, A.; Alberini, J. L., Performance of 18F
FDG-PET/CT Imaging in First Recurrence of Invasive
Lobular Carcinoma. J. Clin. Med. 2023, 12, 2916.

[15] Suzuki, M.; Yamaguchi, K.; Honda, G.; Iwata, R;
Furumoto, S.; Jeong, M. G.; Fukuda, H.; Itoh, M., An
experimental study on O- 18F fluoromethyl-L-tyrosine

therapeutics using cell penetrating and

for differentiation between tumor and inflammatory
tissues. Ann. Nucl. Med. 2005, 19, 589-595.

[16] Tade, F. I.; Cohen, M. A ; Styblo, T. M.; Odewole, O.
A.; Holbrook, A. I.; Newell, M. S.; Savir-Baruch, B.; Li, X.
X.; Goodman, M. M.; Nye, J. A.; Schuster, D. M., Anti-3-
18F-FACBC (18F-Fluciclovine) PET/CT of Breast
Cancer: An Exploratory Study. J. Nucl. Med. 2016, 57,
1357-1363.

[17] Heimburger, C.; Veillon, F.; Taieb, D.; Goichot, B.;
Riehm, S.; Petit-Thomas, J.; Averous, G.; Cavalcanti, M.;
Hubelé, F.; Chabrier, G.; Namer, 1. J.; Charpiot, A;
Imperiale, A., Head-to-head comparison between 18F-
FDOPA PET/CT and MR/CT angiography in clinically
recurrent head and neck paragangliomas. Eur. J. Nucl.
Med. Mol. Imaging 2017, 44, 979-987.

[18] Ibbett, I.; Schembri, G.; Cook, R.; Parkinson, J., Role
of  18F-fluoro-ethyl-tyrosine  Positron = Emission
Tomography in Investigation and Management of
Suspected Gliomas. World Neurosurg. 2019, 121, E712-
E715.

[19] Charbon, G.; Brustad, E.; Scott, K. A.; Wang, J. Y.;
Lobner-Olesen, A.; Schultz, P. G.; Jacobs-Wagner, C.;
Chapman, E., Subcellular Protein Localization by Using
a Genetically Encoded Fluorescent Amino Acid.
Chembiochem 2011, 12, 1818-1821.

[20] Stempel, E.; Kaml, R. F. X.; Budisa, N.; Kalesse, M.,
Painting argyrins blue: Negishi cross-coupling for
synthesis of deep-blue tryptophan analogue [-(1-
azulenyl)-L alanine and its incorporation into argyrin C.
Bioorg. Med. Chem. 2018, 26, 5259-5269.

[21] Azmi, S.; Srivastava, S.; Mishra, N. N.; Tripathi, J. K;
Shukla, P. K, Ghosh, J. K., Characterization of
Antimicrobial, Cytotoxic, and Antiendotoxin Properties
of Short Peptides with Different Hydrophobic Amino
Acids at "a" and "d" Positions of a Heptad Repeat
Sequence. J. Nucl. Med. 2013, 56, 924-939.

[22] Johnson, L. M.; Barrick, S.; Hager, M. V.; McFedries,
A; Homan, E. A ; Rabaglia, M. E.; Keller, M. P.; Attie, A.
D.; Saghatelian, A.; Bisello, A.; Gellman, S. H., A Potent
o/B-Peptide Analogue of GLP-1 with Prolonged Action
in Vivo. J. Am. Chem. Soc. 2014, 136, 12848-12851.

[23] Ahn, M.; Gunasekaran, P.; Rajasekaran, G.; Kim, E.
Y.; Lee, S.].; Bang, G.; Cho, K.; Hyun, J. K.; Lee, H. ].; Jeon,
Y. H;; Kim, N. H;; Ryu, E. K,; Shin, S. Y,; Bang, J. K,
Pyrazole derived ultra-short antimicrobial
peptidomimetics with potent anti-biofilm activity. Eur. J.
Inorg. Chem. 2017, 125, 551-564.

[24] Kang, W; Liu, H. H.; Ma, L. M.; Wang, M. X.; Wei,
S.S;; Sun, P. B;; Jiang, M. L.; Guo, M.; Zhou, C. L.; Dou,
J., Effective antimicrobial activity of a peptide mutant
Cbf-14-2 against penicillin-resistant bacteria based on its
unnatural amino acids. Eur. J. Pharm. Sci. 2017, 105, 169-
177.

[25] Amir, L.; Carnally, S. A; Rayo, J.; Rosenne, S;
Yerushalmi, S. M.; Schlesinger, O.; Meijler, M. M.
Alfonta, L., Surface Display of a Redox Enzyme and its
Site-Specific Wiring to Gold Electrodes. . Am. Chem. Soc.
2013, 135, 70-73.

[26] Deepankumar, K.; Prabhu, N. S.; Kim, J. H.; Yun, H.,
Protein engineering for covalent immobilization and
enhanced stability through incorporation of multiple
noncanonical amino acids. Biotechnol. Bioprocess Eng.
2017, 22, 248-255.

[27] Dangerfield, T. L.; Johnson, K. A., Optimized
incorporation of an unnatural fluorescent amino acid
affords measurement of conformational dynamics
governing high-fidelity DNA replication. J. Biol. Chem.
2020, 295, 17265-17280.

(28] Tsvirkun, D.; Ben-Nun, Y.; Merquiol, E.; Zlotver, I;
Meir, K.; Weiss-Sadan, T.; Matok, I.; Popovtzer, R.; Blum,
G., CT Imaging of Enzymatic Activity in Cancer Using
Covalent Probes Reveal a Size-Dependent Pattern. J. Am.
Chem. Soc. 2018, 140, 12010-12020.

[29] Su, D.; Gao, L.; Gao, F.; Zhang, X.; Gao, X., Peptide
and protein modified metal clusters
diagnostics. Chem. Sci. 2020, 11, 5614-5629.

for cancer



[30] Connabh, L.; Angelovski, G., Solid phase synthesis in
the development of magnetic resonance imaging probes.
Org. Chem. Front. 2020, 7, 4121-4141.

[31] D. R, Metzler-Nolte, N.,
Bioorganometallic chemistry of ferrocene. Chem. Rev.
2004, 104, 5931-5985.

[32] Kreidt, E.; Leis, W.; Seitz, M., Direct solid-phase
synthesis of molecular heterooligonuclear lanthanoid-
complexes. Nat. Commun. 2020, 11, 1346-1353.

[33] Wang, M.; Song, Y.; Zhang, S.; Zhang, X.; Cai, X.;
Lin, Y.; De Yoreo, J. ].; Chen, C.-L., Programmable two-
assembled from POSS-
containing peptoids as efficient artificial light-harvesting
systems. Sci. Adv. 2021, 7, eabg1448.

[34] Francese, R.; Civra, A.; Rittd, M.; Donalisio, M ;
Argenziano, M.; Cavalli, R.; Mougharbel, A. S.; Kortz, U.;
Lembo, D., Anti-zika virus activity of polyoxometalates.
Antivir. Res. 2019, 163, 29-33.

[35] Colovic, M. B.; Lackovic, M.; Lalatovic, J;
Mougharbel, A. S; Kortz, U; Krsti, D. Z,
Polyoxometalates in Biomedicine: Update and Overview.
Curr. Med. Chem. 2020, 27, 362-379.

[36] Wu, P. F; Wang, Y.; Huang, B; Xiao, Z. C,
Anderson-type polyoxometalates: from structures to
functions. Nanoscale 2021, 13, 7119-7133.

[37] Marcano, D. E. S;; Parac-Vogt, T. N., Hybrid
functional materials merging polyoxometalates and

van Staveren,

dimensional nanocrystals

biomolecules: From synthesis to applications. Coord.
Chem. Rev. 2024, 518, 216086.

[38] Yvon, C.; Surman, A. J.; Hutin, M.; Alex, J.; Smith,
B. O; Long, D.-L.; Cronin, L., Polyoxometalate Clusters
Integrated into Peptide Chains and as Inorganic Amino
Acids: Solution- and Solid-Phase Approaches. Angew.
Chem. Int. Ed. 2014, 53, 3336-3341.

[39] She, S.; Bell, N. L.; Zheng, D. Z.; Mathieson, ]. S;
Castro, M. D.; Long, D. L; Koehnke, J.; Cronin, L.,
Robotic synthesis of peptides containing metal-oxide-
based amino acids. Chem 2022, 8, 2734-2748.

[40] Lentink, S.; Marcano, D. E. S.; Moussawi, M. A
Parac-Vogt, T. N., Exploiting Interactions between
Polyoxometalates and Proteins for Applications in
(Bio)chemistry and Medicine. Angew. Chem. Int. Ed.
2023, 62, €202303817.

[41] Song, Y. F.; Long, D. L.; Cronin, L., Noncovalently
channels

connected frameworks with nanoscale

assembled from a tethered polyoxometalate-pyrene
hybrid. Angew. Chem. Int. Ed. 2007, 46, 3900-3904.

[42] Zhang, ].; Song, Y. F.; Cronin, L; Liu, T. B., Self-
Assembly of Organic-Inorganic Hybrid Amphiphilic
Surfactants with Large Polyoxometalates as Polar Head
Groups. J. Am. Chem. Soc. 2008, 130, 14408-144009.

[43] Song, Y. F.; McMillan, N.; Long, D. L.; Kane, S;
Malm, J.; Riehle, M. O.; Pradeep, C. P.; Gadegaard, N;
Cronin, L., Micropatterned Surfaces with Covalently
Grafted ~ Unsymmetrical ~ Polyoxometalate-Hybrid
Clusters Lead to Selective Cell Adhesion. J. Am. Chem.
Soc. 2009, 131, 1340-1341.

[44] Rosnes, M. H.; Musumeci, C.; Pradeep, C. P
Mathieson, J. S;; Long, D. L.; Song, Y. F.; Pignataro, B;
Cogdell, R.; Cronin, L., Assembly of Modular
Asymmetric Organic-Inorganic Polyoxometalate
Hybrids into Anisotropic Nanostructures. J. Am. Chem.
Soc. 2010, 132, 15490-15492.

[45] Yvon, C.; Macdonell, A.; Buchwald, S.; Surman, A.
J.; Follet, N.; Alex, J.; Long, D. L.; Cronin, L., A collection
of robust methodologies for the preparation of
asymmetric hybrid Mn-Anderson polyoxometalates for
multifunctional materials. Chem. Sci. 2013, 4, 3810-3817.

[46] Lin, C. G.; Chen, W.; Long, D. L; Cronin, L.; Song,
Y. F., Step-by-step covalent modification of Cr-templated
Anderson-type polyoxometalates. Dalton Trans. 2014, 43,
8587-8590.

[47] He, D. L; Jiang, Y. B.; Guillén-Soler, M.; Geary, Z.;
Vizcaino-Anaya, L.; Salley, D.; Gimenez-Lopez, M. D,;
Long, D. L; Cronin, L., Algorithm-Driven Robotic
Discovery of Polyoxometalate-Scaffolding Metal-
Organic Frameworks. J. Am. Chem. Soc. 2024, 146,
28952-28960.

[48] Chen, W.J,; Liu, C. Y.; Mu, Y. J.; Yin, Y. A,; Lin, C.
G.; Long, D. L; Cronin, L; Song, Y. F., Regulating the
Assembly of y-Cyclodextrin Host and Polyoxometalate-
Based Guests toward Light-Responsive Hybrid
Rotaxanes. J. Am. Chem. Soc. 2025, 147, 28903-28911.

[49] Micoine, K.; Hasenknopf, B.; Thorimbert, S.; Lacote,
E.; Malacria, M., A general strategy for ligation of organic
and biological molecules to Dawson and Keggin
polyoxotungstates. Org. Lett. 2007, 9, 3981-3984.

[50] Saad, A.; Oms, O.; Dolbecq, A.; Menet, C.; Dessapt,
R.; Serier-Brault, H.; Allard, E.; Baczko, K.; Mialane, P., A
high fatigue resistant, photoswitchable fluorescent



Research Article

spiropyran-polyoxometalate-BODIPY single-molecule.
Chem. Comm. 2015, 51, 16088-16091.

[51] Macdonell, A.; Johnson, N. A. B.; Surman, A. J;
Cronin, L., Configurable Nanosized Metal Oxide
Oligomers via Precise "Click" Coupling Control of
Hybrid Polyoxometalates. J. Am. Chem. Soc. 2015, 137,
5662-5665.

[52] Vanhaecht, S.; Quanten, T.; Parac-Vogt, T. N., A
mild post-functionalization method for the vanadium
substituted P2W15V3 Wells-Dawson polyoxometalate
based on a copper catalyzed azide-alkyne cycloaddition.
Dalton Trans. 2017, 46, 10215-10219.

[53] Cetindere, S.; Clausing, S. T.; Anjass, M.; Luo, Y. S.;
Kupfer, S.; Dietzek, B.; Streb, C., Covalent Linkage of
BODIPY-Photosensitizers to Anderson-Type
Polyoxometalates Using CLICK Chemistry. Chem. Eur. ].
2021, 27, 17181-17187.

[54] Hamley, I. W., The Amyloid Beta Peptide: A
Chemist’s Perspective. Role in Alzheimer’s and
Fibrillization. Chem. Rev. 2012, 112, 5147-5192.

[55] Geng, J; Li, M; Ren, J; Wang, E; Qu, X,
Polyoxometalates as inhibitors of the aggregation of
amyloid B peptides associated with Alzheimer’s disease.
Angew. Chem. Int. Ed. 2011, 123, 4270-4274.

[56] Gao, N.; Sun, H.; Dong, K.; Ren, J.; Duan, T.; Xu, C;
Qu, X., Transition-metal-substituted polyoxometalate

derivatives as functional anti-amyloid agents for
Alzheimer’s disease. Nat. Commun. 2014, 5, 3422-3431.




