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The incorporation of non-coded amino acids into peptide sequences could be

important for the fields of protein engineering and hybrid biomaterials. Herein, we

report a robotic platform that allows the programmable insertion of a non-coded

polyoxometalate amino acid into various peptide sequences, thus fabricating a

wide range of inorganic peptides with enhanced biofunctionalities. The platform is

automatic and efficient and uses commercially available equipment.
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Robotic synthesis of peptides
containing metal-oxide-based amino acids

Shan She,1 Nicola L. Bell,1 Dazhong Zheng,1 Jennifer S. Mathieson,1 Maria D. Castro,1 De-Liang Long,1

Jesko Koehnke,1 and Leroy Cronin1,2,*
THE BIGGER PICTURE

Protein engineering has

undergone a revolution due to our

understanding of how peptide

sequences can be modeled,

folded, and utilized as functional

units. A route to insert inorganic

motifs using robotic synthesis

would be transformative, since

such moieties could have a

profound effect on the structure,

charge density, redox properties,

as well as the conformational

flexibility of the resulting peptide

or protein. Here, we show it is

possible to program the

incorporation of inorganic POM

amino acid using a commercial

peptide synthesizer to readily

prepare a series of inorganic

peptides automatically and

efficiently. Furthermore, the

optimized combination between

inorganic POM motif and organic

peptide sequence also enables

the exploration for optimized

POM peptides with new functions,

including inhibition of amyloid

aggregation, conformational

switching of b sheet to b turn, and

enhanced binding with the DnaK

protein.
SUMMARY

Peptides display a range of important properties, controlled by the
intrinsic nature of organic side chains, regarding redox activity,
charge density, and structure. Here, we demonstrate a new syn-
thetic approach to insert non-coded amino acids that contain metal
oxide groups into a desired peptide sequence with a commercial
peptide synthesizer. This approach allowed us to design and isolate
a range of highly anionic peptides with various sequences, including
the amyloid Ab17–20, the amphiphilic KFE8, and a bacterial chap-
erone DnaK substrate. By taking advantage of both the inorganic
polyoxometalate-based motif and the peptide sequence, the resul-
tant POM peptides enable significant inhibition of amyloid aggrega-
tion, switch a b sheet into a b turn, and enhance binding with the
molecular chaperone DnaK. Therefore, we show it is possible to pro-
gram the robotic synthesis of peptides with functional inorganic
amino acids as a generic approach for the design and exploration
of next-generation artificial biological-inorganic structures.

INTRODUCTION

The robotic synthesis of functional molecules and assemblies is becoming increas-

ingly important to aid the search of chemical and biochemical space in a reproduc-

ible and scalable manner.1–7 An important strategy in the design and construction of

robotic synthesis paradigms1,2,8 is to exploit existing commercially available robotic

synthesis equipment.9 For example, commercial peptide synthesizers are widely

used for solid-phase synthesis because of the possibility to circumvent the often

tedious and time-consuming isolation of intermediates and products.3–5,7 Further-

more, this programmable approach has been employed to configure complex pep-

tide synthesis reactions through coupling-deprotection reactions of natural amino

acid derivatives.3 A variety of peptides have been fabricated in a combinatorial

fashion to explore biochemical mechanisms,10,11 develop new functional mate-

rials,12,13 and create artificial enzymes.14,15 To further improve bioactivity, bioavail-

ability, and structural diversity, many unnatural inorganic residues—including metal

clusters,16–18 polyhedral oligomeric silsesquioxane (POSS),19 and oligonuclear tran-

sition metal coordination complexes18,20,21—have been incorporated as non-canon-

ical amino acids into peptide sequences through manual synthesis. This is important

since such compounds can serve as spectroscopic or photo-affinity probes for bio-

assays,18–20 cancer diagnoses,16,17 and cancer-targeted therapy.21,22 However,

there is a lack of configurability regarding charge density, redox activity, and the

introduction of radical new structures and coordination systems.23

Anionic peptides have attracted a lot of attention since they are important compo-

nents in proteins to interact with inorganic surfaces,24,25 acting as antimicrobial
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Figure 1. Synthesis cycle for peptides containing inorganic motif

Compared with the previous manual method, this work demonstrates an automatic, high-

efficiency, easy access cycle to explore unknown inorganic peptides.
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agents against bacteria and fungi,26 and at the same time they could play an impor-

tant role in the inhibition of diseases such as Alzheimer disease and Parkinson dis-

ease.27 However, due to the complex synthetic processes for inorganic amino acids,

which is limited to specific amino acids,28,29 no general routes exist to incorporate

anionic inorganic amino acid residues into a peptide chain automatically under ro-

botic control. To achieve this goal, we chose polyoxometalates (POMs), a large

group of clusters built from multiple transition metal ions linked by shared oxo or

hydroxo anions;30 their molecular nature means they introduce higher charge den-

sities,31 redox activity,32,33 and additional coordination/catalytic sites into the pep-

tide chain,34 leading to exciting new opportunities for protein biochemistry and inor-

ganic medicinal chemistry.35–38 Incorporation of redox-active POMs into sequences

may further impart POM peptides with tuneable redox responsiveness, which is use-

ful in redox bio-catalysis, redox-mediated self-assembly, and hybrid flow battery. To

date there are two major methodologies to introduce POMs into peptide chains:

non-covalent assembly34,39,40 or covalent conjugation.28,29,36–38 However, the

bespoke conditions required, unpredictable reactions, and the potential for many

by-products greatly limit the exploration of biochemical activity of hybrid inorganic

peptides (see Figure 1).

Marrying automation technology to inorganic chemistry, we envisioned that there

could be a great opportunity to incorporate inorganic programmable amino acids

into a commercial peptide synthesizer, offering a platform for the automated syn-

thesis of inorganic peptides exploiting solid-phase peptide synthesis (SPPS) sys-

tems (Figure 1). Previously reported systems mainly utilized the manual synthesis

of POM peptides in the solution phase.28,29,39,41 However, the multi-step
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Figure 2. Schematic representation of POM-AA and POM-peptide synthesis procedure

(A) Design and fabrication of POM-AA and its six advantageous features (mild synthesis condition, high yield 92%, readily scalable, Fmoc protection-

free, column separation-free, and O2 and H2O stable).

(B) Single-crystal structure and ESI-MS number of POM-AA. Hydrogen atoms and 3TBA+ counter cations are omitted for clarity.

(C) Automated synthesis of POM peptide on a typical peptide synthesizer. The syntheses are shown with the respective conditions and the fundamental

unit operations required in each step.

Abbreviations are as follows: C, standard coupling (4 equiv amino acid, 4.4 equiv DIC, and 4.4 equiv HOBt, 75�C), D, standard deprotection (20%

piperidine in DMF, room temperature [RT]); C*, anhydride coupling (4 equiv amino acid anhydride, 2.5 equiv DIPEA, 75�C).
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preparation and time-consuming column separation with low overall yield (ca. 26%,

0.5 g) of POM precursors (Scheme S1) greatly limited any practical applications.

Herein, we demonstrate the preparation of a functionalized POM through a one-

step, column-free synthesis, which can serve as an ‘‘inorganic amino acid’’ flanked

by an amine (–NH2) and a carboxylic acid (–COOH) group at each terminal position

(Figure 2A, POM-AA). This POM-AA, based on a Mn-Anderson POM moiety

{MnIIIMoVI
6O24},

28 is easily synthesized, readily scalable (up to 92%, 35 g), inexpen-

sive, and, importantly, tolerant to standard coupling and deprotection conditions.

Through the incorporation of POM-AA into a commercial peptide synthesizer sys-

tem (Figure 2C), a variety of POM peptides were readily prepared (vide infra). This

proved that the new residue could be placed almost anywhere in the sequence us-

ing an automated system, and this enabled us to explore both natural and artificial

peptide sequences with POM-AA.
RESULTS AND DISCUSSION

Synthesis and characterization of the POM-AA

A variety of POM nanoclusters, including Keggin, Dawson, Lindqvist, Weakley, and

Anderson types, have been widely employed in the design and fabrication of

organic-inorganic hybrid materials.41 Among them, a Tris-bifunctionalized Ander-

son POM was chosen for this research, on account of its easy modification and

scalable preparation.41,42 More importantly, we found that the protection of the
Chem 8, 1–15, October 13, 2022 3
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N terminus can be circumvented on this POM (Figure S25; Scheme S2). Based on it,

we designed the POM-AA with an amine (–NH2) without Fmoc protection, which

saved a lot of effort both in POM-AA preparation and the following POM-peptide

synthesis process. The preparation of POM-AA is straightforward and is easily ac-

cessed by reaction of the Tris-bifunctionalized Anderson POM with succinic anhy-

dride (Figure 2A) under mild conditions (RT, 7 days), which gives the non-symmetric

POM-AA (Z) in high yield (92%) through precipitation as an air-stable orange powder

(Scheme S1). Notably, the synthesis is very scalable up to 35 g/batch, and this can

provide ample material for an automatic synthesis conducted in a peptide synthe-

sizer (�1.5 g/0.1 mmol coupling). The single-crystal structure of POM-AA (Figure 2B)

demonstrated the asymmetric modification of the POM with an –NH2 group as an

Fmoc-free N terminus and a carboxylate moiety as C terminus. ESI-MS characteriza-

tion of this POM-AA (Figures 2B, S1, and S2) yielded a m/z peak at 628.76 that

shows a good match with that calculated for {[MnMo6O24(C8H12NO3)(C4H8N)]H}2�

at 627.96 (Table S2), corresponding to the anionic form of [(POM-AA) + H]2�.
Notably, the inorganic POM-AA is oxygen and water stable and thus can be stored

at room temperature in air.

Automated synthesis of POM peptides

Automated synthesis of POM peptides was implemented through SPPS with

Biotage Initiator + Alstra Automated Microwave Peptide Synthesizer in a single

reaction vessel and executed by its built-in software, thus providing an easy

user interface for a non-specialist. Through standard DIC/HOBt coupling (Fig-

ure 2C), the canonical amino acid (–R1) and POM-AA are grafted onto the growing

peptide chain on TentaGel S Trt resins in sequence. The unprotected N terminus

of the POM-AA is unreactive toward DIC/HOBt coupling, therefore the introduc-

tion of the subsequent canonical amino acid (–R2) is achieved through anhydride

coupling (whereby the anhydride derivative of the amino acid residue is em-

ployed). We incorporated the next amino acids using the standard DIC/HOBt

coupling. Finally, the cleavage of POM peptide from resin is carried out using

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)/DCM (20% v/v), as strong cleavage con-

ditions such as TFA/TIS/H2O can destabilise the Anderson clusters.28 However,

the HFIP/DCM cocktail is unable to remove classical protecting groups (e.g.,

Boc, tBu) from side-chain residues. Instead, we chose Mmt (monomethoxytrityl)

and Alloc/Oall-protected amino acids as alternatives, which can be mildly cleaved

by AcOH/TFE/DCM and Pd(0)/AcOH/NMP/CHCl3, respectively. POM-AA also

proved to be stable in the above cleavage cocktails, and this was confirmed by

ESI-MS (Figure S26). After complete deprotection and cleavage steps, the resul-

tant POM peptides were purified by preparative liquid chromatography

(CH3CN/H2O). Thus, we can automate the synthesis with a wide range of POM

peptides within a commercial peptide synthesizer much easier and quicker with

the whole process taking 3–12 h, compared with >24 h lab work previously.

POM peptides designed to inhibit Ab aggregation

One of the great advantages of using POM-AA in an automated synthesizer is the

ability to achieve precise positional control. The natural sequence (Ab17–20, LVFF)

is the key aggregation core of b-amyloid (Ab) fibers,43 and this is thought to be a

potential cause of Alzheimer disease. In this respect, it has been shown that

highly negatively charged POMs (e.g., [P2CoW17O61]
8�, [P2NiW17O61]

8�, a-

[SiW9O34]
10�) can inhibit Ab aggregation because of electrostatic interactions be-

tween the POM anions and the cationic domain (Ab13–16, HHQK) alongside the

aggregation core (Ab17–20, LVFF).44–46 Importantly, POMs and their derivatives

are capable of penetrating through the blood-brain barrier, addressing the major
4 Chem 8, 1–15, October 13, 2022



Figure 3. Rationally designed POM peptides and its inhibition toward Ab1–40 aggregation

(A) Schematic representation of ZLVFF series with positional control of Z amino acid in the peptide

sequence and its potential as hybrid inhibitors toward Ab1–40 aggregation based on the multiple

interactions.

(B) LC trace of ZLVFF, LZVFF, LVZFF, LVFZF obtained from analytic HPLC in the solvent system of

CH3CN/H2O/FA.

(C) Corresponding ESI-MS spectra with observed m/z values of their anions, and calculated m/z

value is 881.65, assigned to {[MnMo6O24(C41H58N6O7)]H}
2�.

(D) Aggregation kinetics of Ab1–40 monitored by ThT fluorescence; concentrations of Ab and

ligands are 40 and 20 mM, respectively. The experiments were conducted three times.

(E) Comparison of IC50 values of ZLVFF toward previously reported inhibitors; we present the lowest

IC50 value for each POM catalogs (1) Keggin, Na9H[SiW9O34], total charge �10, IC50 = 19.85;44 (2)

Dawson, POMs-Dawson-Ni, total charge �8, IC50 = 5.67;45 (3) Anderson, POM-L-Phe, total charge

�5, IC50 = 14.86;46 (4) peptide, EEELVFF, total charge �3, IC50 = 39.40; and (5) Anderson-peptide,

ZVFF, total charge �3, IC50 = 10.36.
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problem in molecular therapy of neurodegenerative diseases, which further pro-

motes their research in Alzheimer treatment.45–47 To build on this, the POM-AA

(labeled as Z) was introduced into 4 different positions of the natural

peptide sequence of Ab17–20, H2N-Leu-Val-Phe-Phe-OH (LVFF) so we could inves-

tigate its potential in creating hybrid inhibitors for Ab1–40 aggregation (see

Figure 3A).
Chem 8, 1–15, October 13, 2022 5
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We successfully synthesized a z series of the Ab17–20 peptide (ZLVFF, LZVFF, LVZFF,

and LVFZF; Figures 3B and 3C), and we identified that ZLVFF should be the best

candidate to inhibit Ab aggregation. This is because ZLVFF should have strong bind-

ing with Ab13–20, whereby the trianionic Z residue can interact with Ab13–16 (HHQK)

through electrostatic interactions and hydrogen bonds. The non-protonated histi-

dine residues (N–H on the imidazole rings as hydrogen donors) can form hydrogen

bonds with Z residue (hydrogen acceptors), whereas the protonated lysine residue

can bind with trianionic Z residue through electrostatic interactions. Here, the

LVFF sequence will maintain identical hydrophobic interactions and p-p packing se-

quences. Thus, the whole segment of HHQKLVFF on the Ab1–40 was designed as the

binding site for the POM peptides (e.g., ZLVFF). As shown in Figure 3A, such asso-

ciation is based upon cooperative binding of electrostatic interactions and hydrogen

bonding between HHQK (Ab13–16) and POM, as well as hydrophobic interactions and

p-p stacking between two LVFF sequences. As LVFF (Ab17–20) is the aggregation

core for Ab peptides,43 the strong binding between ZLVFF and HHQKLVFF seg-

ments on the Ab1–40 can hinder the aggregation of Ab peptides, therefore prevent-

ing them from fibrillation. To interrogate the inhibitory effect of ZLVFF toward Ab ag-

gregation, a standard thioflavin T (ThT) fluorescence

assay was utilized as ThT can only bind to Ab aggregates, which increases its fluores-

cence intensity and thus allows the quantification of Ab aggregate formation. Incu-

bation of fresh monomeric Ab1–40 alone at 37�C resulted in the characteristic

sigmoidal-shaped curve of its ThT fluorescence intensity versus incubation time (Fig-

ure 3D).43 Neither the addition of Z nor of the peptide LVFF had a pronounced effect

on Ab aggregation.

In stark contrast, addition of our POM-AA containing peptide Z-LVFF significantly

suppressed the time-dependent increase of ThT fluorescence, indicating its strong

inhibitory effect against the formation of amyloid fibrils. LZVFF, LVZFF, and LVFZF

all displayed weaker inhibition than ZLVFF as their sequences are not complemen-

tary to HHQKLVFF (Figure S27), and 3 negatively charged peptide EEELVFF also

showed weaker inhibition than ZLVFF as Z is size-specific toward HHQK (positive

electricity cavity-like domain pocket) on Ab1–40, which has been proved recently.46

To better compare the inhibitory performance of ZLVFF, we evaluated its IC50 value

using ThT assay (Figures 3E and S28). The IC50 value of ZLVFF (10.36G 0.72 mM) was

approximately 3.8-fold lower than EEELVFF (39.40 G 2.18 mM), much lower to 90%

of high negatively charged POM anions, and comparable to 8 negatively charged

Dawson cluster. These results suggested that the inhibition efficiency of ZLVFF

was significantly increased due to the multiple interactions between complementary

ZLVFF sequence and Ab1–40. Thus, through our facile automated synthesis route, we

can readily prepare a family of POM peptides with desirable primary structures,

enabling us to investigate and control their biological functions.

Secondary structure control over artificial sequence

After successfully using ZLVFF to disrupt Ab protein assemblies, we postulated

that if we directly inserted Z into a b sheet skeleton, the secondary structure could

be modulated because of the high charge density associated with the metal-

oxo unit, Z. It is well known that the formation of b sheets is mainly facilitated

by multiple backbone hydrogen bonds between different laterally positioned

b strands.

Adding the trianionic Z moiety into a peptide sequence should disrupt the original

hydrogen bonds between the b strands and should thus transform the b sheet
6 Chem 8, 1–15, October 13, 2022



Figure 4. Switching of secondary structure from b sheet to b turn via introducing Z motif

(A) The molecular structure of KFE8; to help understand the self-assembled structures, we use a blue line arrow to represent the peptide chain.

(B) Proposed molecular structure of KFE8-Z drawn by Chimera and Pymol, based on the crystal structure of Z and setting KFE8 as antiparallel b sheet.

(C) NOESY spectra of KFE8; the correlation between the NH (7.98–8.55 ppm) and CaH (3.70–4.55 ppm) (Figure S31) , indicating it has strong inter-

molecular interactions and form an antiparallel b sheet structure that is in accordance with the previously calculated model.

(D) NOESY spectra of KFE8-Z; the disappearance of the correlation between NH (7.98–8.55 ppm) and CaH (3.70–4.55 ppm), indicating that it breaks the

b sheet structure.

(E) CD spectra of KFE8-Z (red) and KFE8 (black).

(F) DLS spectra of KFE8 and KFE8-Z in H2O.

(G) TEM images of KFE8 assemblies.

(H) TEM images of KFE8-Z assemblies.
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structure into b turn structures, which is another important motif for protein second-

ary structure and can only be achieve via introducing both proline and glycinemotifs.

To test this hypothesis, we first selected the artificial peptide sequence KFE8

(EFKFEFKF), which is capable of self-assembling into b sheet because of its amphi-

pathic structure.48 Then we replaced the singly charged glutamic acid (E) residue

at the N terminus of KFE8 with POM-AA (Z) via automated synthesis, Z-FKFEFKF

(Figures 4A and 4B). HPLC spectra of KFE8 and KFE8-Z (Figures S7 and S18) demon-

strate the high purity of the resultant POM peptide and its parent sequence, which

was further confirmed by subsequent ESI-MS measurements (Figures S8 and S19).

To investigate the hydrogen bonding behavior of KFE8 and KFE8-Z, NOESY mea-

surements were conducted. The strong correlation between the NH (7.98–8.55
Chem 8, 1–15, October 13, 2022 7
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ppm) and CaH (3.70–4.55 ppm) (Figures 4C and S31) indicates that there is strong

hydrogen bonding between peptide backbones, which is expected for antiparallel

b sheet structures.49 KFE8-Z had no detectable correlation at that range (Figure 4D),

indicating that the b sheet structures had been destroyed. We further validated our

assumption by performing circular dichroism (CD) spectroscopy to investigate their

secondary structures. The CD spectrum of KFE8 (black) exhibited a maximum at

195 nm and a minimum at 204 nm (Figure 4E), suggesting the classical b sheet

conformation. Interestingly, the CD spectrum of KFE8-Z (red) revealed several new

positive signals of which the most pronounced were at around 200 and 225 nm,

which implied a b turn structure.50

To investigate self-assembling behaviors of the above peptides, we performed dy-

namic light scattering (DLS) of aqueous solutions of KFE8-Z and KFE8. The hydrody-

namic radius of the supramolecular assembly formed by KFE8 was more than 5 mm

(Figure 4F, black), whereas the one from KFE8-Z was only�70 nm (red). TEM images

further supported the above change (Figures 4G and 4H): KFE8 tended to form

nanofibers with micron-scale lengths, whereas KFE8-Z simply assembled into nano-

aggregates. Such transformation of the secondary structure from b sheet (KFE8) to b

turn (KFE8-Z) is likely on account of preferential intramolecular bindings between the

oxygen-rich, anionic Z residue and the positively charged lysine residue through

electrostatic interaction and hydrogen bonds, as explicated in Figures 4B and

S32. Overall, the efficient control over the secondary structure of the artificial pep-

tide sequence was demonstrated through the introduction of POM-AA using auto-

mated synthesis.

POM-AA incorporation enhances peptide affinity to the bacterial chaperone

DnaK

Next, we wanted to demonstrate that POM peptides were able to engage with a

desired biological target, such as a protein, by enhancing hydrogen bonding inter-

actions and thus opening a new avenue toward libraries of potential biological

response modifiers. To demonstrate this, the Escherichia coli chaperone DnaK

was chosen as our model protein. The DnaK/Hsp70 proteins comprise a large, ubiq-

uitous family of ATP-dependent molecular chaperones that converts ATP to ADP

during ligand processing. We selected the known DnaK-binding peptide ELPLVKI.47

The protein structure (Figure 5A) shows that the glutamic acid on this peptide ligand

is a major binding contributor and forms multiple hydrogen bonds with DnaK432–436

(QSAVT). Considering that POM-AA (Z) is a multivalent hydrogen bond donor, the

full oxygen exterior (Figure 5A) may dramatically enhance the binding interactions

toward DnaK. Thus, we generated the Z-analog of this peptide using automated

peptide synthesis by replacing the N-terminal glutamic acid residue (E) with Z to

yield ZLPLVKI.

After expressing and purifying DnaK, we performed microscale thermophoresis

(MST) experiments to determine the affinities of both peptides to DnaK (Figure 5B).

The affinity of the native peptide sequence (ELPLVKI) was comparable to literature

values.47 Intriguingly, the incorporation of POM-AA led to a 2.5-fold increase in af-

finity, from 6.4 G 0.6 mM (ELPLVKI)51 to 2.8 G 0.6 mM (ZLPLVKI). We found that

POM-AA itself can also bind to DnaK (Figure S34), but the binding is much weaker

(Kd = 15.4 G 0.3 mM) compared with the POM peptide ZLPLVKI. Moreover, we

also tried another peptide sequence ELLLRN and ZLLLRN (Figures 5C and S35);

the incorporation of POM-AA can endow peptide ligands with the binding

affinity toward DnaK protein. Overall, through utilizing the hydrogen bonding

donor property of POM-AAs, we can efficiently increase or confer the binding
8 Chem 8, 1–15, October 13, 2022



Figure 5. Ligand-protein interactions measured with MST

(A) Binding mode of DnaK and ELPLVKI ligand (left); schematic design of ELPLVKI and ZLPLVKI

(right).

(B) The binding of ZLPLVKI to DnaK protein is quantified using MST (black dot). The data yield a

dissociation constant Kd = 2.8 G 0.6 mM. The experiments were conducted three times.

(C) The summary table of dissociation constant of 5 peptide ligands toward DnaK protein measured

by MST. [*] These dissociation constants are from literature.47
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affinity to peptide ligand through the introduction of POM-AA using automated

synthesis.
Conclusions

We have demonstrated that it is possible to incorporate inorganic amino acids into

peptide sequences using automated synthesis on a commercially available peptide

synthesizer. The automation, combined with the new building block, allowed the

digital control of the sequence that enabled us to explore the great potential of

POM peptides, including an entirely new toolbox of configurable architectures as

demonstrated here with the amyloid Ab17–20, amphiphilic KFE8, and bacterial chap-

erone DnaK substrate. This showed that by combining the peptide backbone with

themetal-oxide cluster side chain, it is possible to modulate the structures, including

the ability to significantly inhibit amyloid aggregation, switch a b sheet to a b turn,

and enhance binding with DnaK protein.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Leroy Cronin (lee.cronin@glasgow.ac.uk).

Materials availability

This study did not generate unique reagents.
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Data and code availability

All data supporting the findings of this study are included within the article and its

supplemental information and are also available from the authors upon request.

Crystallographic data for the structure reported in this paper have been deposited

at the Cambridge Crystallographic Data Centre, under the deposition number

2118375. Copies of these data can be obtained free of charge via www.ccdc.cam.

ac.uk/structures.
Preparation of POM amino acid

Synthesis of POM-AA

TBA salt of Tris-based Mn-Anderson (38 g, 20 mmol) was dissolved in DMF (400 mL)

at 0�C. Succinic anhydride (2.2 g, 22 mmol) was dissolved in DMF (400 mL) and then

added dropwise into the above POM solution under stirring. The obtained orange

mixture was kept at 25�C for 7 days. After the reaction, the mixture was concentrated

to 20 mL through rotary evaporation and precipitated by adding 200 mL diethyl

ether (Et2O) followed with filtration. The resultant orange powder was washed

with Et2O (3 3 100 mL) and then air-dried. This crude product was further purified

through crystallization in DMF by Et2O diffusion. After 1 week, the pure TBA salt

of POM-AA were obtained as orange crystals.

Analysis of POM-AA

Yield: 35.4 g, 18.6 mmol, 92 % (based on Mo). Single crystals of POM-AA for X-ray

diffraction were grown fromDMF and H2O (one drop) mixture by slow Et2O diffusion

for about 1 month. 1H NMR (DMSO-d6, 600 MHz): d = 0.94 (m, 36H, CH3), 1.31 (m,

24H, CH2), 1.57 (m, 24H, CH2), 2.39 (m, 2H, CH2), 2.73 (m, 2H, CH2), 3.17 (m, 24H,

CH2), 12.09 (br, 1H, acid), 62.7 (br, 6H, CH2), 66.0 (br, 6H, CH2). Elemental analysis:

calc. for MnMo6O27C60H128N5 (1,982.3 g mol�1): C 36.3 H 6.45 N 3.52; found C

36.3 H 6.46 N 3.53. IR (KBr pellet, 4,000–500 cm�1): 3,289, 2,960, 2,933, 2,873,

1,663, 1,480, 1,382, 1,254, 1,157, 1,100, 1,033, 941, 918, 903, 736, 652,

562 cm�1. The typical peak at 1,030 cm�1 can be assigned to Tris-modified Ander-

son structure. UV-vis (nm): 214, 334.

Counter cation exchange

To ensure its solubility in DMF (the common solvent in peptide synthesis), the POM-

AA precursor must contain at least one TBA. Two similar precursors were employed

to prepare POM peptides: one uses POM-AA with three TBA counter cations, and

the other uses POM-AA with two sodium and one TBA to fulfill certain requirements

in applications. To prepare the latter one, the solution of POM-AA with three TBA

(1.0 equiv, 0.25M, CH3CN) was added dropwise into the solution of sodium perchlo-

rate (50 equiv, 3.125 M, CH3CN) followed with stirring at 25�C for 1 h. After counter

cation exchange, the precipitates were collected by centrifugation and washed with

CH3CN for 3 times. The solid product of POM-AA with two sodium and one TBA salt

was dried under vacuum for overnight.
Robotic synthesis of POM peptides

All the POM peptides were prepared through SPPS on a Biotage Initiator + Alstra

automated microwave peptide synthesizer.

Synthesis of LZVFF

The POM peptide LZVFF is used here as demonstration. TentaGel S Trt-Phe-Fmoc

resin (0.20 mmol/g) was used on 0.1 mmol scale within a 30 mL reactor vial. Fmoc

deprotections were performed within piperidine/DMF (20/80, v/v) at 25�C for

3 min, and then repeated for another 10 min. Standard couplings were implemented
10 Chem 8, 1–15, October 13, 2022
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at 4 equiv of Fmoc-protected amino acid in DMF, 4.4 equiv of DIC in DMF and 4.4

equiv of HOBt in NMP. A coupling time of 10 min at 75�C was employed for Phe

and Val. A coupling time of 60 min at 75�C was employed for POM-AA (three TBA

counterions). For Leu (the amino acid right after POM-AA), 10 equiv DIPEA in

4 mL DMF was introduced to wash the resin for 5 min. The subsequent coupling

was performed with 4 equiv of (Fmoc-Leu)2O anhydride in DMF and 2.5 equiv

DIPEA at 75�C for 30 min, and double couplings may further improve the overall

yield. After the robotic synthesis, the resin was washed with DCM (3 3 15 mL) and

thoroughly dried out. The obtained POM peptides were cleaved from the resin

with 10 mL of HFIP:DCM (20:80, v/v) cocktail for 30 min. The crude product with

three TBA counter cations was collected through rotary evaporation and washed

by 10 mL of cold Et2O to become orange solid powder.

Synthesis of KFE8-Z

Fmoc-Lys(Mmt)-OH, Fmoc-Glu(OAll), and POM-AA (two sodium and one TBA) were

used for the preparation of KEF8-Z, in which the synthetic procedure is same as

LZVFF. After on-resin coupling, the subsequent deprotections were performed to re-

move OAll and/or Mmt before cleavage.52 For OAll deprotection, 3 equiv Pd(Ph3P)4
(0.3 mmol, 346.67 mg), 6.66 mL CHCl3, 360 mL acetic acid and 180 mL NMM were

used and reacted with the resin at 25�C for 30 min followed by DCM washing

(3 3 4 mL). After that, sodium N,N-diethyldithiocarbamate (0.02 M in DMF, 3 3 4 mL,

15 min) were added to remove Pd. The resin was further washed with DMF (3 3 4 mL)

and DCM (3 3 4 mL). For Mmt deprotection, a cleavage cocktail of DCM:TFE:AcOH

(70:20:10, v/v/v) were prepared and reacted with the resin at 25�C for 15 min followed

by DCM washing (33 4 mL). The crude product with three sodium counter cations was

cleaved and collected with the same procedure as the above.

Purification of POM peptides

The crude POM peptides were purified through reverse-phase high-performance

liquid chromatography (RP-HPLC) on a Phenomenex C18 Kinetic-Evo column with

a 5 mm pore size, a 110 Å particle size and with the dimensions 150 3 21.2 mm. A

gradient from 5% acetonitrile 95% water to 100% acetonitrile was run with a flow

rate of 12 mL/min. Dry peptides were obtained (as TBA salt) by lyophilization and

then verified by analytical LC-MS. Analysis of POM peptides was performed by

analytical LC-MS on a Bruker MaXis Impact instrument with an Agilent Poroshell

120 EC-C18 (4.6 3 150 mm, 2.7 mm) column. A gradient from 0.1% FA water to

0.1% FA acetonitrile was run with a flow rate of 1 mL/min (Figure S36). The mass

peaks and LC traces were analyzed with Compass software. The above methods

of purification and analysis have been applied to all the POM peptides.

Analysis of ZLVFF

Yield: 64 mg, 0.026 mmol, 26%. 1H NMR (DMSO-d6, 600 MHz): d = 0.80 (m, 12H, CH3),

0.94 (m, 36H, CH3), 1.23–1.81 (m, 32H, CH and CH2), 2.38 (m, 2H, CH2), 2.61 (m, 2H,

CH2), 2.74–3.05 (m, 4H, CH), 3.16 (m, 24H, CH2), 3.51–4.60 (s, 4H, CH2),7.20 (m, 10H,

CH), 7.62 (s, 1H, NH), 8.02 (m, 1H, NH2), 62.3 (br, 12H, CH2). Elemental analysis: calc.

for MnMo6O31C89H166N9 (2,489.0 g mol�1): C 43.0 H 6.69 N 5.08; found C 41.3 H

6.77 N 5.00. IR (KBr pellet, 4,000–500 cm�1): 3,291, 2,961, 2,873, 1,637, 1,537, 1,175,

1,100, 1,030, 941, 918, 654, 562 cm�1. The typical peak at 1,030 cm�1 can be assigned

to Tris-modified Anderson structure. UV-vis (nm): 205, 250, 334.
Sample preparation of POM peptides

All the POM peptides (both TBA and sodium salts) can be readily dissolved in two

commonly used solvent systems in peptide research: DMSO and CH3CN/H2O
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(50:50, v/v). For subsequent experiments with Ab1–40 and Dnak proteins, the original

DMSO solution of POM peptides were further diluted by certain buffers (i.e., HEPES,

PBS), to ensure that the volume percentage of DMSO is lower than 5%. In these orig-

inal and diluted solutions, POM peptides maintain well-dissolved in the solution

phase without forming any precipitate.

Pre-treatment of Ab1–40 sample

Ab1–40 was purchased from Abcam (ab120479). The powder of Ab1–40 protein was

dissolved in HFIP at the concentration of 1 mg/mL. The resultant solution was shaken

at 4�C for 2 h in a sealed vial for complete dissolution. After that, the HFIP was readily

removed by evaporation under a gentle stream of N2. Next, the above operation cy-

cle of dissolution and solvent-removing was repeated twice to guarantee the com-

plete disaggregation of Ab1–40. The obtained solid sample of Ab1–40 was further

dissolved in 10 mM HEPES buffer (pH 7.4) with 150 mM NaCl.

ThT fluorescence spectroscopy

The kinetics of Ab aggregations were monitored by using the dye ThT, the fluores-

cence of which is dependent on the formation of amyloid fibrils. Fluorescence mea-

surements were caried out with a Tecan Infinite 200 PRO plate reader. The fluores-

cence signal (excitation at 444 nm) was recorded between 460 and 650 nm; 10 nm

slites were used for both emission and excitation measurements. The concentrations

of Ab1–40, POM peptides, and ThT were set at 40, 20 and 10 mM, respectively. The

fluorescent intensity of aliquots of the Ab solutions was taken at different time. The

original solution of POM peptides were prepared in DMSO and further diluted (203)

by HEPES buffers for subsequent experiments. HEPES buffer contains large amount

of sodium, way more than TBA counter cations in the system. Therefore, all the POM

peptides can be solely regarded as pure sodium salts, and the effect of highly

diluted and ionized TBA counter cations on the aggregation of Ab1–40 peptides

can be omitted.

DnaK cloning, culture and purification

The substrate binding domain of DnaK (389–607) was cloned from Escherichia

coli BL21(DE3) using the following primers: GGATCCgtactgctgctggacgtta and

GCAAGCTTGtcaggcatgttgctgctggg. The gene was amplified by PCR with a stan-

dard Phusion polymerase protocol with adjusted annealing temperatures then di-

gested by BamHI and HindIII restriction enzymes. The products were subsequently

inserted into a pHisTEV plasmids, which was transformed into DH5a(DH3) and Le-

mo(DE3) strains. A single colony was picked up and expended overnight in Luria-

Bertani liquid medium, supplemented with the 50mg/ml of kanamycin. The next

day, 1/100 of the cultures were inoculated into fresh Luria-Bertani liquid medium

and grown at 37�C and 200 rpm until the OD600 reached 0.6–0.8. The cells were

thereafter induced with 0.5 mM IPTG for 16 h at 25�C and 200 rpm. Cells were har-

vested by centrifugation for 15 min at 16�C and 4,000 rpm and the supernatant was

discarded. The pellet was weighted and frozen at �80�C until further use.

The bacterial paste was resuspended in the lysis buffer (150 mM NaCl, 20 mM Bis-

Tris, pH 6.8 and 1.5 mM b-mercaptoethanol), supplemented with 2 complete

EDTA-free protease inhibitor tablets (Sigma-Aldrich) and 4 mg/g DNase (Sigma-Al-

drich). Cells were thereafter lysed with the cell disruptor fromMicrofluidics Corpora-

tion at 30 kpi. The lysate was cleared by centrifugation (19,000 rpm, 15min and 4�C).
The supernatant was more thoroughly clarified of the remaining cells debris by

filtering through a 0.45 mm filter and applied onto a 5 mL His-Trap FF column (GE

Healthcare), pre-equilibrated with the lysis buffer, at a flow rate of 5 mL/min. Bound
12 Chem 8, 1–15, October 13, 2022
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proteins were first washed with 10 column volume (CV) of lysis buffer then elutedwith

250 mM of imidazole. Factions, containing the protein of interest, were pulled

together, and applied into a desalting column (16/10 GE Healthcare, 10 mL/min),

pre-equilibrated with the lysis buffer, to remove any presence of imidazole. The

His6-tag was also removed by incubating the protein of interests with tobacco

etch virus (TEV) protease overnight at 4�C. The His6-tag and uncut proteins were

eliminated with a second 5 mL His-Trap FF column run. The flowthroughs were

collected and concentrated before injection onto a Superdex 200 16/600 size

exclusion column (GE Healthcare), pre-equilibrated in lysis buffer, at a flow rate of

1 mL/min. A final step of concentration to the desired concentration was performed

before flash freezing the protein using liquid N2 and stored at �80�C. The protein

concentration was controlled and assessed using photometric analysis (Nanodrop

2000, Thermo Scientific) and the purity was analyzed by SDS-PAGE.
Microscale thermophoresis

MST binding affinity measurements were performed using a Monolith NT 115 sys-

tem (Nanotemper Technologies). Labeling of different proteins was performed us-

ing the Monolith Labeling Kit RED-NHS 2nd generation according to the manufac-

turer’s instructions. For this, a 10 mM dilution of the desired protein was prepared

in the supplied labeling buffer NHS (130 mM NaHCO3, 50 mM NaCl, pH 8.2). To

yield a 600 mMdye solution, 25 mL DMSOwas added to dry powder. For the labeling

procedure, 7 mL of the freshly prepared dye solution was mixed with 7 mL of the la-

beling buffer NHS. Subsequently, 10 mL of the diluted dye solution were added to

90 mL of the diluted protein to yield a 3-fold molar excess of dye. The mixture was

kept in the dark for 30 min at room temperature. Subsequently, the labeled protein

was separated from excess dye using the supplied B-column equilibrated in gel

filtration buffer + 0.05% Tween-20. The final concentration of the labeled protein

was determined via UV-vis spectrometry. Afterwards, the labeled protein was either

used immediately for MSTmeasurements or stored for further use by flash freezing in

liquid N2.

In preparation for a MST measurement, a buffer exchange of the desired ligand into

the same buffer was performed. Serial ligand dilutions were created according to the

manufacturer’s instructions, with the maximum ligand concentration adjusted to the

expected Kd. The MST experiment was carried out at 25�C with an automatically

detected excitation power, the MST power was set to medium. The subsequent

measurements required to achieve biological triplicates were performed with the

previously determined excitation power. A Kd measurement with standard error

was calculated using the MO. Affinity Analysis v2.3 software.
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