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Preface 

 
In this master thesis, four different polyoxotungstates were tested for inhibition against agaricus 

bisporus polyphenoloxidase four. After recombinant expression the enzyme was purified and 

activated with Proteinase K. The activity of the enzyme in the presence of polyoxotungstates 

was followed via spectroscopic measurements. The stability of polyoxotungstates under 

physiological conditions was analyzed with nuclear magnetic resonance measurements. Both 

inhibition type and inhibition constant were evaluated. The thesis is presented as a cumulative 

study and begins with an introduction to the interdisciplinary topic, which is followed by a 

submitted paper to a scientific journal. 

 

Publication 
 
as main author: 

Lampl, R.; Breibeck, J., Gumerova, I.N., Galanski M.; Rompel A.; Wells-Dawson 

phoshotungstates as mushroom tyrosinase inhibitors – A speciation study  

Submitted to Scientific Reports on February 16th 2020. 
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1.  Motivation and Aim 
Recent studies demonstrated that polyoxometalates (POMs) have a broad range of applications 

in catalysis, protein crystallization (e.g. [TeW6O24]6- as co-crystallization agent of latent Agaricus 

bisporus polyphenoloxidase 4), and in biochemistry. POMs show anti-HIV, anti-bacterial, anti-

virus or anti-diabetes effects, due to their wide spectrum of structure, shape and properties. 

However, the mechanism with biomolecules often is unknown.  

It was shown that the Wells-Dawson polyoxometalate K6[α-P2W18O62]∙14H2O has good inhibition 

effects against the signal transport protein Ca2+-ATPase (Gumerova et al., 2017). Moreover, for 

high affinity polyoxometalates (i.e. Wells-Dawson K6[α-P2W18O62]∙14H2O and K12[α-

H2P2W12O48]∙16H2O) there is a relation between charge-density (charge divided by volume in 

Å3) and inhibitory effect.  

Experiments by Gumerova et al. (2018) revealed that the Wells-Dawson archetype POMs show 

good anti-bacterial properties against bacteria Moraxella catarrhalis, which indicates further 

polyoxometalate-protein interaction.  

Moreover, in 2019 Breibeck et al. investigated the charge-dependent inhibition of Keggin-type 

polyoxometalates on agaricus bisporus (mushroom) polyphenoloxidase four.  

In the present study, Wells-Dawson [P2W18]6-, and the related lacunary anions [P2W17]10-, 

[P2W15]12-, [P2W12]12- are tested against agaricus bisporus (mushroom) polyphenoloxidase four 

to explore their inhibitory effect and to obtain a deeper understanding of the inhibiting 

mechanism. Other than in previous surveys, the composition of the Wells-Dawson POTs under 

physiological conditions via 31P- and 183W- NMR spectroscopy is studied. 

The aim of this thesis is to get fundamental knowledge of the interaction between Wells-Dawson 

archetype POTs with polyphenoloxidase four from mushroom. Inhibition curves and 

Lineweaver-Burk plots provide insight into the inhibitory strength (i.e. Ki -values and α-

parameter) of the inhibitor. The NMR spectra give an outlook for the testing of further POT - 

abPPO4 interaction in coming studies. 
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2. Introduction 
2.1. Agaricus bisporus Polyphenoloxidase 4 (abPPO4) 

AbPPO4 (agaricus bisporus) is a copper containing metalloenzyme of the family of 

polyphenoloxidases, with catalytic activity in the melanin biosynthesis of white button 

mushroom. The enzyme catalyzes the o-hydroxylation of monophenols to o-diphenols 

(monophenolase or cresolase activity) and the subsequent oxidation of o-diphenols to o-

quinones (diphenolase or catechol oxidase activity). It has a type three copper center and the 

fully oxidized state (oxy form) of the protein contains dioxygen in “side-on” bridging mode (µ-η2: 

η2). In abPPO4, the C-terminus forms a cap for the active center and has to be removed to 

transfer the enzyme from its latent to the permanently active form.  

 

2.2. Polyoxometalates (POM) 
Polyoxometalates (POMs) are negatively charged metal cluster compounds built up of MO6 

octahedra. M is the so called addenda atom, which in mostly W, Mo, or V in a high oxidation 

state. POMs have a vast spectrum of applications in computer science, catalysis, protein 

crystallography, material science and biochemistry. There are several archetypes of POMs, for 

example Lindquvist, Anderson, Keggin or Wells-Dawson.  

Wells-Dawson POMs form different isomers, where the three edge-sharing octahedra of a triad 

at the top or bottom (“cap”) are rotated by π/3 (60°). The different isomers are denoted as α-, β-, 

and γ-isomer, and additional rotation of the six corner-sharing oxtahedra yields the α*-, β*-, and 

γ*-isomers. POMs can be hydrolyzed to have vacant (“lacunary”) positions, where α1- indicates 

a missing octahedron in the middle plane (“belt”) and α2 denotes a missing octahedron at the 

“cap”. The synthesis of most polyoxotungstates works with reflux heating of orthotungstate and 

inorganic acid. Through varying pH-value, temperature and reflux time different archetypes can 

be synthesized. In aqueous solution, they are stable at low pH values (e.g. pH = 2) and 

decompose at higher pH values (e.g. pH = 6.8). The tungsten atoms in POTs can easily take up 

electrons, which is reflected in the blue colour of the reduced form (“heteropoly blues”).  

 

2.3. Nuclear Magnetic Resonance spectroscopy (NMR-
spectroscopy) 

NMR spectroscopy is a method to study the structure (e.g. biomolecules, organic or inorganic 

molecules) and dynamics (equilibrium or far from equilibrium) of chemical compounds, using the 

nuclear core spin of an NMR-active isotope. The only nuclear cores which are not NMR-active 

have an even number of protons and even mass number.  

A magnetic field is applied to the sample, which splits the quantum energetic level of the core 

spin into an upper and a lower level. Afterwards, transitions from the lower to the upper spin 

state are excited by radio waves. The energy difference of the spin states ∆" is given by 
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∆" = 	%ℏ'( = ℎ*																																																																	(1) 
% is the gyromagnetic ratio of an isotope, ℏ is the Plancks constant divided by 2π, '( is the 

magnetic field of the spectrometer and * is the frequency of the radio waves.  

The core spin depends on the measured element and on its chemical neighborhood. For the 

interpretation of NMR-spectra, the chemical shift is calculated via 

. = 	./01234 	−	.647464894.647464894
.																																																								(2) 

If the chemical shift is lowered with regard to a standard reference signal, it is called upfield shift 

(high field), otherwise it is called downfield shift (low field). In POM chemistry, 31P-, 51V-, 95Mo- 

or 183W-NMR are often used to explore the structure of the clusters by the symmetry positions of 

addenda and heteroatoms.  

 

3. Major results 
3.1. Kinetic measurements 

The diphenolase activity (catechol oxidase activity) of abPPO4 was assayed with L-DOPA (L-

3,4-dihydroxyphenylalanine). The measurements were taken in triplicates. Non-linear 

regression, with starting values for Ki and the α-parameter from Lineweaver-Burk plots, was 

used to obtain activity curves of the enzyme in the presence of POT inhibitors. These hyperbolic 

functions showed a kindred shape, hinting to a similar response mechanism for the different 

POTs. The three Lineweaver-Burk lines of each tested Wells-Dawson POT intersected in the 

third quadrant, exhibiting mixed-type inhibition. According to a hyberbolic curve fit with OriginPro 

8, [P2W17]10- had the greatest inhibitory activity (Ki = 6.53 mM) followed by [P2W12]12- (Ki = 7.50 

mM), [P2W18]6- (Ki = 9.65 mM) and [P2W15]12- (Ki = 13.63 mM).  

 

 
Illustration 1. Structural formula of substrate L-DOPA (L-3,4-dihydroxyphenylalanine) 

 

3.2. Speciation of POT inhibitors with 183W-NMR and 31P-NMR 

To obtain crucial insight into the actual POT composition in solution, NMR-spectroscopy of 

tungsten-183 and phosphorus-31 was performed. The measurements were carried out at 

biological conditions (pH 6.8). The 183W-NMR spectra confirmed the POT speciation from the 
31P-NMR. [P2W17O61]10- was the main species found in all NMR-spectra without addition of 

substrate. Via integration of the 31P-NMR peaks of the monolacunary form, the following 
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amounts of the main species in the POT samples were derived: [P2W12]12-(~76.9%)<[P2W15]12-

(~82.4%)<[P2W18]6-(~97.8%)<[P2W17]10-(100%).  

 

 

Illustration 2. Overview of NMR-spectroscopy measurements without and with addition of L-

DOPA. At pH 6.8, H3[P2W17O61]7- was the main species, which could be found in all samples. As 

predicted by the literature, [P2W18O62]10- is not stable at pH 6.8.  

 

After addition of substrate to [P2W18]6-, the solution turned blue. Therefore, subsequent NMR 

measurements with the addition of substrate to the POT solutions were undertaken, revealing 

rearrangement in [P2W12]12- to H3[PW11O39]4-. 

 

3.3. Charge density dependence on inhibitory effects of Wells-
Dawson POT species 

Furthermore, the charge density concept was introduced to describe the inhibitory activities of 

the phosphotungstates. The charge of the POT compounds (q) was divided by the number of 

tungsten addenda atoms (m) to obtain the charge density (q/m). The charge density is 

influenced by protonation and reduction of the POT, where the protonation state was taken from 

the literature. The monolacunary species [P2W17O61]10- (Wells-Dawson) and [PW11O39]7- 

(Keggin) are reported to take up three protons in the neutral pH range. Considering that, the 

charge densities of the most inhibiting species were q/m = 0.36 for H3[PW11O39]4- (Ki = 7.50 

mM,) and q/m = 0.41 for H3[P2W17O61]7- (Ki = 6.53 mM,), respectively. Therefore, the similar 

charge densities explain the inhibitory effects of the POTs closely resembling each other.  
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4. Publication 

4.1. Title 

Wells-Dawson phosphotungstates as mushroom 

tyrosinase inhibitors - A speciation study 

Raphael Lampl[1], Joscha Breibeck[1], Nadiia I. Gumerova[1], Markus Galanski[2] and Annette 
Rompel*[1] 

 

1 Universität Wien, Fakultät für Chemie, Institut für Biophysikalische Chemie, Althanstraße 14, 

1090 Wien, Austria; https://www.bpc.univie.ac.at 
2 Universität Wien, Fakultät für Chemie, Institut für Anorganische Chemie, Währinger Str. 42, 

1090 Wien, Austria. 

*Correspondence to: annette.rompel@univie.ac.at 

 

4.2. Abstract 
The polyphenol oxidase from mushroom (abPPO4) performs mono- and diphenolase reactions 

and its activity has been inhibited by polyoxometalates. In the present work, the diphenolase 

activity of abPPO4 is targeted at pH 6.8 by the four Wells-Dawson phosphotungstates 

[P2W18O62]6-, [P2W17O61]10-, [P2W15O56]12- and [H2P2W12O48]12- in order to elucidate their structure-

activity relationship. Kinetic data were obtained from the dopachrome assay for evaluation of 

the inhibition parameters according to a generalized Michaelis-Menten model and Lineweaver-

Burk plots. The monophasic inhibition behavior was confirmed by a Hill-based algorithm. The 

speciation in the tested polyoxotungstates (POTs) solutions at the dopachrome assay 

conditions was identified by 183W-NMR and 31P-NMR spectroscopy, facilitating a straightforward 

assignment of inhibition effects to the identified POT species. The inhibitory activity of Wells-

Dawson phosphotungstates is correlated to the degree of their relative rearrangement to 

[P2W17O61]10-. Without addition of the substrate (L-DOPA), [P2W18O62]6-, [P2W15O56]12- and 

[H2P2W12O48]12- exhibit partial disintegration to the monolacunary [P2W17O61]10- anion, while 

[P2W17O61]10- retained its structural integrity exhibiting the strongest binding to the enzyme (Ki = 

6.53 mM). In the presence of L-DOPA, only [H2P2W12O48]12- changes its speciation and converts 

to the Keggin type anion [PW11O39]7- (Ki = 7.50 mM). The tight binding and consequently good 

inhibitory effect of the Wells-Dawson H3[P2W17O61]7- and Keggin H3[PW11O39]4- anions is 

explained by their low charge density values (q/m = 0.41 and 0.33, respectively). 
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4.3. Introduction 

Polyphenol oxidases (PPO) are omnipresent copper-containing proteins present in animals, 

fungi, plants and bacteria1,2,3, with tyrosinases and catechol oxidases being prominent members 

of this enzyme family. Tyrosinases exhibit cresolase activity (EC 1.14.18.1; ortho-hydroxylation 

of monophenols to ortho-diphenols, monophenolase activity) and catecholase activity (EC 

1.10.3.1; oxidation of ortho-diphenols to ortho-quinones; diphenolase activity) and give rise to 

the rate determining step in the melanogenesis of mushrooms involved in pigment coating and 

browning4. For its negligible lag phase and generally faster reaction velocity, the diphenolase 

activity of tyrosinases is usually assayed using L-DOPA (L-3,4-dihydroxyphenylalanine, Figure 

S1 A), as the substrate for the dopachrome assay5. The POT inhibition parameters were 

determined by fitting the kinetic data to a generalized Michaelis-Menten model and Lineweaver-

Burk plots, accompanied by POT speciation studies applying 31P-NMR and 183W-NMR under 

physiological conditions (pH 6.8) with or without the substrate L-DOPA. The strongest 

mushroom PPO inhibitor is the structurally related kojic acid (Figure S1 B), which holds 

inhibition constant (Ki) values in the µM range6 and acts as a competitive inhibitor6. Mushroom 

(Agaricus bisporus; abbr: ab) PPO is present in great quantity in fruiting bodies7. The enzyme 

has been thoroughly characterized in its structure8,9 and activity10. Following the established 

protocol by Pretzler et al.11, abPPO4 was recombinantly expressed in E. coli, purified in its 

active form and used in inhibition studies. 

Polyoxometalates (POMs) are metal-oxygen clusters commonly built up by W, Mo or V addenda 

atoms, which are usually in their highest oxidation states exhibiting the electronic configuration 

d0 or d1 12. POMs show a widespread biological applicability such as antibacterial13 and anti-

tumor activity14, and stable polyoxotungstates (POTs) have successfully been applied as 

additives in co-crystallization experiments with proteins15, 16, 17. Apart from the Anderson-Evans 

archetype18 (e.g. [TeW6O24]6- is stable in aequous solution between pH 4.5 and 7.5), most POTs 

show low pH stability at physiological conditions, requiring solution NMR-measurements to 

reveal the true composition under the applied conditions. As POTs possess a higher chemical 

stability than polyoxomolybdates (POMos), tungsten is usually selected as the addenda atom in 

biological investigations. 

Recently, a systematic approach varying the charge density in a series of Keggin 

polyoxotungstates (POTs) was reported by Breibeck et al.19 to characterize their inhibitory 

effects against recombinant abPPO411. A detailed assignment of the active Keggin POT species 

was undertaken applying NMR spectroscopy19. A charge dependence of the inhibitory 

capacities was derived, where the inhibitory effect is reversely related to the net charge of the 

POT species. The most active Keggin POT was [SiW12O40]4- (Ki = 4.7 mM), but the more stable 

anions with higher charge density did not reduce the enzymatic activity.  
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Another prominent POM scaffold investigated for biological activity is the Wells-Dawson 

archetype with the general formula [(Xn+)2M18O62](16-2n)- 20, where M is either W or Mo and Xn+ is 

commonly phosphorus(V) or arsenic(V). For the intact form of this cluster, 18 MO6 octahedral 

units enclose both inner heteroatom groups {XO4} by corner and edge-sharing (Figure 1). Wells-

Dawson POMs exhibited antibacterial activity21, and both the intact anion and the hexalacunary 

form showed inhibition against Ca2+-ATPase and P-type ATPase22. Wells-Dawson POMos were 

used as inhibitors against α-glucosidase with Ki-values covering a wide range down to the µM 

scale23. 

In this study, the inhibitory effect of four structurally related Wells-Dawson POTs 

Cat6[PV
2WVI

18O62]·14H2O (Cat = K+, NH4
+) 24, 25, K10[α2-PV

2WVI
17O61]·20H2O 25, 26, 

K12[PV
2WVI

15O56]·24H2O 26, 27 and (NH4)12[H2PV
2WVI

12O48]·24H2O 28, 29 (Table S2) with formal net 

charges from 6- to 12- on the catecholase activity of abPPO4 was explored (Figure 1). For the 

inhibition studies, the POTs were buffered at pH 6.8 in 50 mM Na-citrate and the resulting 

samples in solution are termed [P2W18]6- for K6[PV
2WVI

18O62]·14H2O and 

(NH4)6[PV
2WVI

18O62]·14H2O, [P2W17]10- for K10[α2-PV
2WVI

17O61]·20H2O, [P2W15]12- for 

K12[PV
2WVI

15O56]·24H2O and [P2W12]12- for (NH4)12[H2PV
2WVI

12O48]·24H2O to distinguish the 

buffered sample from the solid compound. The focus was on the identification of the active 

species present under biological conditions that inhibit the diphenolase activity. Therefore, the 

charge density was systematically varied by lacunarization, i.e. by stepwise removal of WOx 

entities. 

 

 

Figure 1. The POTs A)-D) feature the Wells-Dawson archetype and they are derived from the α-isomer of 

[P2W18O62]6-. Colour code: {WO6} octahedra, green; {PO4} tetrahedral, turquoise. 

4.4. Results and Discussion 
4.4.1. Activity plots of abPPO4 inhibited by Wells-Dawson POTs 

AbPPO4 was purified and activated according to Pretzler et al.11 The ESI-MS of active abPPO4 

is presented in Figure S2 and Table S1 and the SDS-PAGE analysis of abPPO4 is shown in 

Figures S4 and S5. The protocols for the synthesis of the Wells-Dawson POTs were taken from 

published procedures (cf. Table S2) and their identity was confirmed by IR in solid state (Figure 
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S6). For the investigation of potential inhibition of abPPO4 by the Wells-Dawson POTs, they 

were dissolved at pH 6.8 in 50 mM Na-citrate buffer ([P2W18]6-, [P2W17]10-, [P2W15]12-, [P2W12]12-) 

and the diphenolase activity of the tyrosinase was monitored using 1 mM L-DOPA as the 

substrate. The concentration of the investigated Wells-Dawson phosphotungstates was in the 

range 0–5 mM. If enzymatic inhibition was observed, data were taken in triplicates and fitted 

with a hyperbolic function (cf. SI equation (5)) from a mixed inhibition model to evaluate the Ki 

and α-parameters. All four tested solutions [P2W18]6-, [P2W17]10-, [P2W15]12- and [P2W12]12- 

exhibited the mixed-type inhibition with Ki values in the mM range, binding both to the free 

enzyme and to the enzyme-substrate complex30 (Table 1, Figure 2). As a positive control for the 

inhibition of abPPO4 diphenolase activity and for validation of the kinetic methodology, the well-

characterized natural PPO-inhibitor kojic acid was additionally tested and evaluated applying 

exactly the same mathematical model. This organic inhibitor features a Ki in the µM range 

corresponding to a much higher affinity to the enzyme as revealed for the Wells-Dawson 

phosphotungstates. To investigate the effect of POT charge density (POT charge q divided by 

the number of tungsten atoms m, Tables 2, S3)31, the inhibitory data for the lacunary Keggin 

POT [PW11O39]7- 32 ([PW11]7-), which was previously tested under the same conditions,19 were 

compared with the data obtained in this study. 

Table 1. Summary of kinetic evaluation of abPPO4 inhibition by Wells-Dawson POTs. Ki: inhibition constant. α: 

inhibition parameter, R2: curve fit determination coefficient; the parameters were determined [a] from activity plot and 
[b] from the Lineweaver-Burk slopes or intercepts. 

Effector Ki [mM] α R2 Inhibition type 
[P2W18]6- 9.65[a], 12.96[b]  0.013[a], 0.219[b] 0.80 Mixed-type 

[P2W17]10- 6.53[a], 10.63[b] 0.01[a], 0.01[b] 0.93 Mixed-type 

[P2W15]12- 13.63[a], 10.74[b] 0.003[a], 0.2[b] 0.96 Mixed-type 

[P2W12]12- 7.50[a], 5.61[b] 0.017[a], 0.28[b]  0.91 Mixed-type 

Control: kojic acid 6,19  4.5[a], 4.3[b] µM 2.6 ∙ 1015 1.0 Competitive 

Control: [PW11]7- 19 12.0[a], 9.9[b] 0.12[a], 0.17[b] 0.91 Mixed-type 

 

To evaluate the inhibitory effect, the activity plots for four Wells-Dawson phosphotungstates 

were plotted in the concentration range 0–5 mM (Figure 2). The four inhibition curves show a 

highly similar shape, suggesting the responsible POT species in solution to be very similar or 

even identical. Among the Wells-Dawson clusters, [P2W17]10- showed the greatest inhibitory 

effect (Ki = 6.53 mM) and the fitted α-parameter suggests a mixed mode of inhibition (Table 1). 

According to Ki values [P2W17]10- (Ki = 6.53 mM) and [P2W12]12- (Ki = 7.50 mM) exhibited nearly 

identical inhibitory activity. [P2W18]6- (Ki = 9.65 mM) and [P2W15]12- (Ki = 13.63 mM) showed a 

lower inhibition capacity. These findings hint towards expectable structural changes of the 

phosphotungstates at physiological pH 6.8, which are addressed by 31P-NMR and 183W-NMR-

POT speciation studies (see Figure 3 and explanation as well as Section 4, 5 in SI). 
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Figure 2. Activity plots of abPPO4 with four Wells-Dawson phosphotungstates. The dopachrome assay was 

performed using 1 mM L-DOPA as the substrate in 50 mM Na-citrate buffer at pH 6.8. The measurements were taken 
in triplicates and a hyperbolic curve fit (equation (5), SI) was performed. The parameters are summarized in Table 1. 

4.4.2. Determination of inhibition modes for effective compounds 

The type of enzymatic inhibition is usually investigated by linear plots according to Lineweaver-

Burk, also allowing for further validation of the inhibitory constant Ki. For each of the four Wells-

Dawson clusters as well as the kojic acid control measured in our previous study19, the 

dopachrome assay was repeated at five different substrate concentrations (varying from 0.4 to 2 

mM) and three different inhibitor concentrations, respectively (SI section 7, Figures S13-S16, 

Tables S4, S5). 

4.4.3. Lineweaver-Burk evaluation of inhibition types  

To determine the kind of inhibition, Lineweaver-Burk plots were generated from the reaction 

velocities obtained at five different substrate concentrations (0.4-1.5 mM) and three different 

POT concentrations (0-6 mM), respectively (Figures S13-S16). Each POT analysis yielded a set 

of three lines intersecting in a common point. The slopes (SI equation (13), insets in Figures 

S13-S16) and ordinate intercepts of these lines were further evaluated to validate the inhibitory 

constant Ki and the α-parameter from the non-linear regression procedure. Therefore, the 

slopes were plotted against the used inhibitor concentrations to give lines intersecting the 

abscissa at -Ki. Similarly, the Lineweaver-Burk ordinate intercepts were evaluated for the α 

parameter (cf. Table S5 and Table 1). In good accordance with their structural similarity, the 

respective intersection point of the three Lineweaver-Burk lines was found in the third quadrant 
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for all four Wells-Dawson POTs tested here, which indicated mixed-type inhibition.30, 33 The 

same inhibition behavior with abPPO4 was exhibited by Keggin POTs before19. 

4.4.4. Speciation of Wells-Dawson POT by 183W-NMR and 31P-NMR analyses 
at pH 6.8  

The stability of Wells-Dawson phosphotungstates was not accurately verified in most biological 

application studies reported so far. However, the detailed structural information about species 

under the respective experimental conditions is essential for understanding of POM activity. 

All Wells-Dawson POTs were dissolved in reaction buffer (50 mM Na-citrate, pH 6.8) and were 

adjusted with 1 M HCl or 1 M NaOH to pH 6.8 for measurements with abPPO4. Upon 

dissolution of [P2W18]6- and [P2W17]10-, the physiological pH of the buffer slightly decreased, 

whereas [P2W15]12- and [P2W12]12- behaved as strong bases.  

 

Figure 3. 31P-NMR spectra of [P2W18]6-, [P2W17]10-, [P2W15]6- and [P2W12]12- at pH 6.8 (Table S3). The assignable 

educts and products of the hydrolytic rearrangement reactions of the respective POTs (approximately 20 mM) under 

the given buffer conditions are depicted to illustrate the sample speciation. A) educt/product H3[P2W17O61]4- B) 
educts: H2[α-P2W18O62]10- and H2[β-P2W18O62]10- on the left side; product: H3[P2W17O61]4- on the right side; C) product: 

H3[P2W17O61]4-; D) product: H3[P2W17O61]4-; Signal assignment according to ref. 34. Colour code: {WO6} octahedra, 

white; {PO4} tetrahedra, blue, green, red; O atoms, red. 
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183W-NMR in combination with 31P-NMR is established as a useful technique to determine the 

structural composition of POTs12 and was successfully applied for Keggin clusters speciation in 

an analogous study.19 To verify the identity of [PV
2WVI

18O62]6- and its stability at pH 4, where the 

intact anion has been reported to be stable, NMR-measurements were performed (Figure S7, 

S10). The analysis of the spectra identified the α-isomer (two 183W-signals; one 31P signal) and 

small amounts (~20 % according to signals intensities) of β-isomer (four 183W-signals; two 31P 

signals). At the experimental conditions (50 mM Na-citrate, pH 6.8), the predominant species is 

[P2W17O61]10- (nine 183W-signals; two 31P signals) for all four tested compounds. In aqueous 

solution at pH 6.8, [P2W18]6- showed partial hydrolysis of [PV
2WVI

18O62]6- to [PV
2WVI

17O61]10- 

(Figure 3 B, S8 B), [P2W17]10- exhibited [PV
2WVI

17O61]10- as the only present species (Figure 3 A, 

S8 A), whereas in the 183W- and 31P-NMR spectra for [P2W15]12- (Figure 3 C, S8 C) and 

[P2W12]12- (Figure 3 D, S8 D) rearrangement to [P2W17O61]10- was observed (Figure 3, S8). 

In every 31P-NMR analysis, peaks for free phosphate were observed, indicating the release of 

HxPO4
x-3 from the POT clusters as a consequence of partial decomposition or rearrangement 

(Figure 3 B-D). The comparison of the integrated 31P-NMR peaks for [PV
2WVI

17O61]10- in [P2W18]6-

, [P2W15]12- and [P2W12]12- with those detected in [P2W17]10- (set to 100%) gives the approximate 

amount of the active species [PV
2WVI

17O61]10- in solution. The so-derived quantities of 

[PV
2WVI

17O61]10- (illustrated in Figure 5) increased in the order [P2W12]12-(~76.9%)<[P2W15]12-

(~82.4%)<[P2W18]6-(~97.8%)<[P2W17]10-(100%). 

Hydrolysis and rearrangement processes of POMs in aqueous solution occur usually very fast 

and the newly formed species can be considered as stable. To check the stability of 

[PV
2WVI

17O61]10-, which was formed in [P2W18]6-, 183W- and 31P-NMR spectra were recorded on 

the day of preparation and after 28 days (Figure S11 and S12). The analysis of these spectra 

shows that it is only the amounts of α- and β-isomers of the intact Wells-Dawson anion which 

vary, while the peak intensities for monolacunary [PV
2WVI

17O61]10- were not changed. 

4.4.5. Influence of the substrate L-DOPA at pH 6.8 on POT speciation  

During the kinetic measurement of [P2W18]6-, the solution turned blue immediately after addition 

of L-DOPA, hinting towards the reduction of this POT anion35 in the presence of the substrate 

(Figure 5). Sadakane et al.36 reported the reduction and protonation from [PV
2WVI

18O62]6- to 

H2[PV
2WVI

12WV
6O62]10- at pH 6.8. Therefore, 31P-NMR (Figure 4) and 183W-NMR (Figure S7, S8, 

S9) spectra were recorded for [P2W18]6-, [P2W15]12- and [P2W12]12- in the presence of 1 mM L-

DOPA. [PV
2WVI

17O61]10- was confirmed as the predominant and stable species in [P2W18]6- and 

[P2W15]12- in the presence of substrate. The 31P-NMR of [P2W18]6- and [P2W15]12- showed no 

significant increase of the free phosphate peaks, which indicated no further decomposition of 

POT in comparison to substrate-free conditions (Figure 3 and 4) and confirmed [PV
2WVI

17O61]10- 

as the most stable species (Figure 5). Interestingly, the decomposition of [P2W12]12- with L-

DOPA at buffer conditions resulted in the rearrangement to [PW11O39]7- (six 183W signals, one 
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31P-signal, Figures 4 [31P-NMR], S9 [183W-NMR]). No further measurements were undertaken for 

[P2W17]10-, as it already exhibits the Wells-Dawson species [PV
2WVI

17O61]10- most stable under 

these conditions, which is the product of rearrangement for the other three Wells-Dawson POTs 

(summarized in Scheme S1). 

 

 

Figure 4. 31P-NMR spectra of [P2W18]6- and [P2W12]12- at pH 6.8 in the presence of L-DOPA. The assignable educts 

and products of the hydrolytic rearrangement reactions of the respective POTs (approximately 20 mM) under the 
given buffer conditions are depicted to illustrate the sample speciation. A) product: H3[P2W17O61]4-; B) product: 

H3[PW11O39]4-; signal assignment: For A) according to ref. 34, for B) according to ref. 37. Colour code: {WO6} 

octahedra, white; {PO4} tetrahedra, pink, blue; O atoms, red. 

4.4.6. Charge density dependence of inhibitory effects of Wells-Dawson 
POT species 

Table 2. Stability at physiological conditions and charge densities (q/m) of the Wells-Dawson POTs used. The POT 

species assigned to observed inhibitory capacity against abPPO4 are depicted in blue. 

Educt POT 
Charge 

density q/m 
of POT educt 

Stability 
at pH 6.8 

Effective POT 
Charge density q/m of 

POT product 
without L-

DOPA  
in the presence 

of L-DOPA 
without 
L-DOPA 

in the 
presence of 

L-DOPA 
[P2W18O62]6- 0.33 no H3[P2W17O61]7-  H2[P2W18O62]10- 0.41 0.56 

[P2W17O61]10- 0.59 yes H3[P2W17O61]7- H3[P2W17O61]7- 0.41 0.41 
[P2W15O56]12- 0.8 no H3[P2W17O61]7- H3[P2W17O61]7- 0.41 0.41 
H2[P2W12O48]12- 1 no H3[P2W17O61]7- H3[PW11O39]4- 0.41 0.36 

 

The charge densities for Wells-Dawson clusters were calculated as the ratio between the POT 

charge q and the number of tungsten atoms m and summarized in Table 2. For the lacunary 

Wells-Dawson anion [P2W17O61]10-, which is the main species in [P2W18]6-, [P2W17]10- and 

[P2W15]12- systems, protonation to H3[P2W17O61]7- has been reported38, resulting in a 
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considerable decrease of the POT charge density (q/m = 0.41, Table 2). [P2W18]6- (Ki = 9.65) 

and [P2W15]12- (Ki = 13.63) showed lower inhibitory capacities than [P2W17]10- (Ki = 6.53) due to 

their lower content of active H3[P2W17O61]7- species. For the [P2W12]12- system with L-DOPA, the 

predominating species is the protonated Keggin anion H3[PW11O39]4- 39. The similar extent of 

inhibitory activity of [P2W17]10- and [P2W12]12- can be explained by the comparable charge 

densities of the dominating species H3[P2W17O61]7- (q/m = 0.41) and H3[PW11O39]4- (q/m = 0.36).  

 

Figure 5. The inhibitory activity of POTs is compared with the main species at pH 6.8 and at assay conditions. The 

intensity of the violet arrows correlates with the relative rearrangement to H3[P2W17O61]7- for the different inhibitors at 

pH 6.8. The more H3[P2W17O61]7- is in the sample, the higher the observed inhibitory activity of the POT. For 
[P2W12]12-, the Keggin archetype H3[PW11O39]4- is the main species at assay conditions, which results in an decrease 

of the charge density of the POT and in an increase of the inhibitory activity. Colour code: {WO6} octahedra, green; 

{PO4} tetrahedra, turquoise. 

Notably, the relative amount of the Keggin species as derived from 31P-NMR integration 

corresponded to only 50.8% of H3[P2W17O61]7-, but pure H3[PW11O39]4- demonstrated a weaker 

inhibition effect on abPPO4 (Ki = 12.0). This supports our previous finding that additional POT 

species resulting from structural rearrangement processes providing H3[PW11O39]4- are most 

likely involved in protein binding.19 Those anions with a very high charge, such as the trivacant 

[P2W15]12- and hexavacant [P2W12]12- Wells-Dawson forms, did not even persist under 

physiological conditions. Our findings are additionally supported by recent reports about POMs 

as superchaotrops,40,41,42 meaning that POMs with intermediate charge density (q/m = 0.4) 

interact considerably strong with various surfaces of different or mixed polarities as presented 

by a protein molecule43,44. 
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4.5. Conclusions 

The inhibitory effects of four Wells-Dawson phosphotungstates starting from intact, mono-, 

three- and hexalacunary forms against abPPO4 were investigated with focus on speciation 

under the dopochrome assay conditions. During the investigation of [P2W18]6-, [P2W17]10- and 

[P2W15]12-, the inhibition effect was assigned to the stable POT species H3[PV
2WVI

17O61]7-, to 

which [PV
2WVI

18O62]6- and [P2W15O56]12- rearrange under buffered conditions in significant 

quantities (>75%) (Figure 5). Interestingly, [P2W12]12- was the only system affected by the 

presence of the substrate L-DOPA, as it was converted to the stable active monolacunary 

Keggin anion H3[PW11O39]4-. The observed order of inhibitory activities is: [P2W15]12- (Ki = 13.63) 

< [P2W18]6- (Ki = 9.65) < [P2W12]12- (Ki = 7.50) < [P2W17]10- (Ki = 6.53) (Figure 5). The magnitude of 

the inhibitory activities correlated with the amount of H3[P2W17O61]7- in the samples, which was 

quantified by integration of the respective phosphate peaks in the 31P-NMR spectra. The similar 

inhibitory activity of [P2W17]10- and [P2W12]12- was explained by the comparable charge densities 

of the dominating species H3[P2W17O61]7- (q/m = 0.41) and H3[PW11O39]4- (q/m = 0.36), 

conforming the importance of the charge density for the strength of the inhibitory activity. 

4.6. Methods 

Protocols for synthesis, spectroscopic assignments and kinetic curves are discussed in the 

supplementary information. All chemicals have been purchased from Sigma-Aldrich (Vienna, 

Austria) and Carl-Roth (Karlsruhe, Germany) and were at least of analytical grade. They were 

used without further purification. 

4.6.1. Preparation of abPPO4 in its active form  

For the preparation of active abPPO4, the procedure published by Pretzler et al.11 was used. 

Briefly, latent (inactive) abPPO4 was expressed with an N-terminal gluthathione-S-transferase 

tag in E. coli BL21(DE3). For the protein expression, ZYM-5052 medium45 without addition of 

trace elements and with addition of Cu2+ 46 was used for 20 h at 20 °C, before 0.5 mM CuSO4 

was added to the medium and incubation was continued for further 20 h. The cells were 

collected in Tris/HCl buffer.  

The cell lysis was done via French press. After centrifugation, the supernatant was loaded onto 

an affinity-chromatography GSTrap Fast Flow column and abPPO4 was yielded after elution 

with glutathione. The GST tag was cut by digestion with HRV-3C protease. After another 

affinity-chromatography the inactive latent abPPO4 was obtained in the flow-through. For 

activation of latent abPPO4 for inhibition studies the C-terminal cap was separated from the 

PPO with Proteinase K and the activated form was yielded via removal of the C-terminus with 

size-exclusion chromatography in 50 mM Na-citrate buffer pH 6.8. 
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4.6.2. Synthesis of α-Wells Dawson POTs  
The Wells-Dawson POTs were synthesized according to the procedures given in Table S2 in 

the Supplementary Information. Slight modifications during the preparations are given below: 

1) (NH4)6[P2W18O62]·14H2O : During the synthesis no bromine water was added. 

2) (NH4)12[α-H2P2W12O48]·24H2O: The precipitate was collected after reaction overnight. 

 

4.6.3. IR spectroscopy  
A Bruker Vertex 70 IR Spectrometer equipped with a single-reflection diamond-ATR unit was 

used to verify the structure of the applied POTs. The distortion vibrations of W-O-W arise at 400 

to 900 cm-1, the W=O stretching vibration occurs in the range of 930-960 cm-1 and the P=O 

vibrations appear between 960-1200 cm-1 (Figure S6). 

 

4.6.4. Nuclear magnetic resonance spectroscopy  
183W-NMR and 31P-NMR were recorded with a Bruker FT-NMR spectrometer Avance Neo 500 

MHz (Bruker, Rheinstetten, Germany) at 25 °C. Chemical shifts were measured relative to 1 M 

Na2WO4 and 85% H3PO4. 183W-NMR samples were prepared in 2.7 mL Na-citrate buffer (50 

mM, pH 6.8) with POT concentration of 2 mM with or without 1 mM L-DOPA and measured in 

10 mm tubes. The experimental time was ca. 60 hours, with a standard pulse program at 

20.836 MHz and a 63° flip angle with 1s relaxation delay. Subsequently, 31P-NMR was 

measured at 202.53 MHz. 

 

4.6.5. 183W-NMR 
183W-NMR was performed in 50 mM Na-citrate buffer at pH 6.8 to obtain insight into chemical 

speciation and hydrolytic stability of POTs. The peaks of the 183W-NMR for [P2W18]6- are shifted 

by approx. 4-5 ppm downfield to the assignment in the literature. The slight shifting can be 

explained by different buffer conditions and ionic strength of solution with regard to the 

reference data. 

The 183W-NMR speciation indicates the presence of H3[α2-P2W17O61]7- anions in all samples at 

pH 6.8 (Figure S8, S11). For the 183W-NMR of [P2W18]6- at pH 4 two lines (1:2) were assigned 

(Figure S7), whereas for the same compound at neutral pH a mixture of [α-P2W18O62]6- (1:2) and 

H3[α2-P2W17O61]7- (2:2:2:2:1:2:2:2:2) was observed (Figure S8). Also, the β-isomer was found at 

pH 4 and pH 6.8, respectively (Figure S7, S8). Interestingly, the spectra for [P2W18]6- at pH 6.8 

with L-DOPA exhibits only signals for H3[α2-P2W17O61]7- (Figure S8). 



 23 

Moreover, in the 183W-NMR spectra for [P2W12]12- at buffer conditions signals for H3[α2-

P2W17O61]7- were encountered (Figure S9). In the spectra for [P2W12]12- with L-DOPA 

rearrangement to H3[α2-P2W17O61]7- was detected (Figure S8). 

Upon storage of [P2W18]6- for 28 d, low amounts of the α-isomer, but no β-isomer was detected 

(Figure S11). 

 

4.6.6. 31P-NMR  

The presence of H3[P2W17O61]7- in the 183W-NMR at pH 6.8 was confirmed by two respective 

signals in the 31P-NMR (Figure 3, S10). The signals at 0 or higher ppm values were assigned to 

HxPO4
x-3 (x = 1, 2), indicating the decomposition of POTs. The signals at -7.3 ppm and -14.46 

ppm were assigned to H3[P2W17O61]7. The signal at -10.95 ppm in the 31P-NMR of [P2W12]12- with 

substrate corroborated the assignment of H3[PW11O39]4- from the 183W-NMR (Figure 3). 

 

4.6.7. Electrospray ionization mass spectroscopy  
The mass spectrum (Figure S4) was recorded with a LTQ Orbitrap Velos Mass spectrometer 

(Thermo Fisher Scientific, Bremen, Germany) fitted with a nanospray ion source, coupled to a 

nano HPLC-system (UltiMate 3000, Dionex), followed by deconvolution with Bruker Compass 

Software.  

The sample was firstly loaded on a µ-Precolumn 5 mm x 300 µ i.d. C4 PepMapp300, 5 µm, 300 

Å (Thermo Scientific) with 0.1% TFA. The separation of the sample was implemented on a C4 

analytical column 50 cm x 75 µm Accucore C4, 2.6 µm, 150 Å (Thermo Fisher Scientific) at a 

flow rate of 300 nL/min. Mobile Phase A consisted of 2% ACN, 98% H2O and 0.1% FA. Mobile 

Phase B comprised 80% ACN, 20% H2O and 0.1% FA. 

 

4.6.8. Dopachrome assay  

UV-VIS measurements were carried out on a Shimadzu UV 2401PC following the specific 

absorption of dopachrome at 475 nm (ε = 3700 M-1cm-1 5). For all measurements, 50 mM Na-

citrate at pH 6.8 was used as the buffer agent to ensure physiological conditions. The stock 

solutions of POTs were prepared on the day of measurements and could be used within 3 days. 

For a general 1 mL reaction setup in a plastic cuvette, 1 µg/mL abPPO4 was used to catalyze 

the reaction. The relative inhibition was investigated using 1 mM L-DOPA as the substrate and 

applying an inhibitor concentration range from 0-5 mM to obtain activity curves. For the 

Lineweaver-Burk plots, an L-DOPA concentration range of 0.4-1.5 mM was assayed for three 

different POT concentrations, respectively. 
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4.7. Supplementary information 
4.7.1. Structural formulas of L-DOPA and kojic acid 

 

Figure S1. A) L-3,4-dihydroxyphenylalanine (L-DOPA) was used as substrate assaying the catechol oxidase activity 

of abPPO4. The diphenol group is oxidized to a quinone11. L-DOPA was added to [P2W18]6-, [P2W15]12- and [P2W12]12 

for measurements with 31P-NMR and 183W-NMR spectroscopy (Figure 4, S9, S10). B) The competitive inhibitor kojic 
acid served as a reference compound with known inhibition characteristics in this study. 

 

4.7.2. Characterization of abPPO4 
For ESI-MS analysis, the sample was loaded on a trap column µ-Precolumn 5 mm x 300 µ i.d. 

C4 PepMapp300, 5 µm, 300 Å (Thermo Scientific) with 0.1% TFA. Further separation of the 

sample from organic molecules and salts was implemented on a C4 analytical column 50 cm x 

75 µm Accucore C4, 2.6 µm, 150 Å (Thermo Fisher Scientific) at a flow rate of 300 nL/min. 

Mobile Phase A consisted of 2% ACN, 98% H2O and 0.1% FA. Mobile Phase B comprised 80% 

ACN, 20% H2O and 0.1% FA. The electrospray voltage was set to 2.1 kV and temperature of 

the ion transfer capillary was 300 °C. The Full MS scans were gained in positive ion mode at 

400-2000 m/z range at a resolution of 7500 (FWHM at 400 m/z). The mass obtained for the 

enzyme was 44269 Da (Figure S2). 
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Figure S2. ESI-spectrum (after deconvolution) for active abPPO4 after proteolytic cleavage with Proteinase K. 

 

AbPPO4 contains a vector-derived N-terminal sequence GPLGSPGIP from the protein 

expression (Figure S3). 

 

GPLGSPGIP      
MSLLATVGPT GGVKNRLDIV DFVRDEKFFT LYVRALQAIQ DKDQADYSSF FQLSGIHGLP 

FTPWAKPKDT PTVPYESGYC THSQVLFPTW HRVYVSIYEQ VLQEAAKGIA KKFTVHKKEW 

AQAAEDLRQP YWDTGFALVP PDEIIKLEQV KITNYDGTKI TVRNPILRYS FHPIDPSFNG 

YPNFDTWRTT VRNPDADKKE NIPALIAKLD LEADSTREKT YNMLKFNANW EAFSNHGEFD 

DTHANSLEAV HDDIHGFVGR GAIRGHMTHA LFAAFDPIFW LHHSNVDRHL SLWQALYPGV 

WVTQGPEREG SMGFAPGTEL NKDSALEPFY ETEDKPWTSV PLTDTALLNY SYPDFDKVKG 

GTPDLVRDYI NDHIDRRYGI KK    

Figure S3. Protein sequence of abPPO4 after cutting with Proteinase K; green: main domain of the enzyme to lysine 
(K) 382; violet: histidine (H) at the active center binding the dinuclear copper core; yellow: part of vector sequence11. 
 

Through the digestion with Proteinase K the peptide sequence GPLGSP was cut from the main 

peptide sequence and during purification of the tyrosinase glutathione was bound to a cysteine 

(Table S1). When the ESI-MS was measured under acidic conditions the two copper atoms 

were lost. 

 
Table S1. The mass of abPPO4 was precisely confirmed by ESI-MS. 
Theoretical mass of 
abPPO411[Da]  

Mass of vector amino 
acids (GPLGSP) [Da] 

Mass of 
glutathione [Da] 

Adduct 
water [Da] 

Experimental mass of 
abPPO4 [Da] 

44451.96  - 526.6 + 307.3 + 2 x 18.0 =  44269 
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Figure S4. SDS-PAGE of the chromatographic purification of recombinant abPPO4 in its active form according to 

Pretzler et al.11 For preparation of this figure, the gel was cropped (see Figure S5 for the original image). Lane: M: 

Precision Plus ProteinTM Standard (BIO-RAD), 1: active abPPO4: 44.5 kDa. 

 

 

Figure S5. Original gel photography of the SDS-PAGE analysis shown in Figure S4. The image was taken with a 

Biorad Molecular Imager Gel Doc. The software used was ImageLab (version 5.2.1.) with standard settings for 

Coomassie-stained SDS-PAGE. 

 

4.7.3. Characterization and NMR-measurements of Wells-Dawson POTs 
The Wells-Dawson POTs were analyzed by IR and 183W- and 31P-NMR spectroscopy. The 

monolacunary Wells-Dawson anion was verified to be the α-isomer12, (183W-NMR peak 

intensities: 2:2:2:2:1:2:2:2:2, 31P-NMR: one peak at -13.09 ppm). In [P2W18]6- at pH 4 and pH 

6.8, a mixture of mostly [α-P2W18O62]6- and [β-P2W18O62]6- (183W-NMR peak intensities: 1:1:2:2, 
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31P-NMR: two peaks at -11.59 ppm and 12.37 ppm) were revealed. The β-isomer is a common 

byproduct during the synthesis of the α-isomer.25 
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4.7.3.1. IR spectroscopy 

 

Figure S6. IR spectra of the Wells-Dawson POTs used in this study in the region of W-O-W, W-O-P and W=O bonds 

vibrations (1200 – 400 cm-1). 
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4.7.3.2. 183W-NMR  

 

Figure S7. 183W-NMR of [P2W18]6- at pH 4 (Table S2). Signal assignment according to ref.47. [α-P2W18O62]6- and [β-

P2W18O62]6- could be confirmed as stable at pH 4 as suggested by the literature (ref. 24). Colour code: [α-P2W18O62]6-: 

cap of {WO6} octahedra, blue; belt of {WO6} octahedra, red; [β-P2W18O62]6-: cap of {WO6} octahedra, petrol; belt of 
{WO6} octahedra, grey; {PO4} tetrahedron, white. 
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Figure S8. 183W-NMR spectra of [P2W18]6-, [P2W17]10-, [P2W15]12- and [P2W12]12- at pH 6.8 (Table S2). The assignable 
educts and products of the hydrolytic rearrangement reactions of the respective POTs under the given buffer 

conditions are depicted to illustrate the sample speciation. A) educt/product: H3[P2W17O61]7-; B) educts: [α-P2W18O62]6- 

and [β-P2W18O62]6-, product: H3[P2W17O61]7- ; C) product: H3[P2W17O61]7-; D) product: H3[P2W17O61]7-. Signal 
assignment according to ref.47. Rearrangement to H3[P2W17O61]7- was observed in all cases. Colour code: [α-

P2W18O62]6-: cap of {WO6} octahedra, blue; belt of {WO6} octahedra, red; [β-P2W18O62]6-: cap of {WO6} octahedra, 

petrol; belt of {WO6} octahedra, grey. H3[P2W17O61]7- {WO6} octahedra: top, olive green; upper belt left, dark grey; 
upper belt middle, lavender; upper belt right, light green; lower belt left, light blue; lower belt middle, turquoise; lower 

belt right, gold; bottom left, pink; bottom right, orange; {PO4} tetrahedra, white. 
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Figure S9. 183W-NMR spectra of [P2W18]6- and [P2W12]12- in the presence of L-DOPA at pH 6.8 (Table S2). The 

assignable educts and products of the hydrolytic rearrangement reactions of the respective POTs under the given 
buffer conditions are depicted to illustrate the sample speciation. A) product: H3[P2W17O61]7-; B) product: 

H3[PW11O39]4-; Signal assignment: for A) according to ref.47; for B) according to ref.37. Rearrangement to 

H3[P2W17O61]7- was observed in A), and rearrangement to H3[PW11O39]4- was observed in B). Colour code: 
H3[P2W17O61]7- {WO6} octahedra: top, olive green; upper belt left, dark grey; upper belt middle, lavender; upper belt 

right, light green; lower belt left, light blue; lower belt middle, turquoise; lower belt right, gold; bottom left, pink; bottom 

right, orange; {PO4} tetrahedron, white. H3[PW11O39]4- {WO6} octahedra: top and belt right, dark petrol; belt middle, 
light blue; belt left, dark red; bottom left, violet; bottom right, brown; {PO4} tetrahedron, purple. 
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4.7.3.3. 31P-NMR 

 

Figure S10. 31P-NMR of [P2W18]6- at pH 4 and [P2W15]12- + L-DOPA at pH 6.8 (Table S2). Signal assignment for A) 

according to ref.25 and for B) according to ref.37. A) [α-P2W18]6- and [β-P2W18]6- were verified as proposed by the 
literature (ref. 25). B) Most of [P2W15]12- rearranged towards [P2W17]10- under release of free phosphate. Colour code: 

{WO6} octahedral, white; {PO4} tetrahedral in [α-P2W18O62]6-, green; {PO4} tetrahedra in [β-P2W18O62]6-, red; {PO4} 

tetrahedra in H3[P2W17O61]7-, blue. 
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4.7.3.4. Long term stability of [P2W18]6- determined by 183W-NMR and 
31P-NMR 

To explore the long term stability of Wells-Dawson POTs, the sample composition was analyzed 

after 4 weeks of storage at room temperature. 183W-NMR and 31P-NMR were measured for 

[P2W18]6- at pH 6.8. After 28 days, a decrease of [α-P2W18O61]6- as well as the disappearance of 

[β-P2W18O61]6- could be observed. Furthermore, a slight increase in the phosphate peak was 

found, which indicated more decomposition of POT. All the other NMR measurements in this 

study were carried out after one day. 

 

 

Figure S11. 183W-NMR spectra of [P2W18]6- after 28 d, at pH 6.8 (Table S2). Signal assignment: for A) according to 

ref.47. A) educts: [α-P2W18O62]6- and [β-P2W18O62]6-, product: H3[P2W17O61]7-. B) educt/product: [P2W18O62]6-, product: 

H3[P2W17O61]7-. In comparison to the measurement after 1 d, complete transformation of [β-P2W18O62]6- to the α-form 
was discovered as the loss of corresponding signals in the spectrum. Colour code: [α-P2W18O62]6-: cap of {WO6} 

octahedra, blue; belt of {WO6} octahedra, red; [β-P2W18O62]6-: cap of {WO6} octahedra, petrol; belt of {WO6} 

octahedra, grey. H3[P2W17O61]7- {WO6} octahedra: top, olive green; upper belt left, dark grey; upper belt middle, 

lavender; upper belt right, light green; lower belt left, light blue; lower belt middle, turquoise; lower belt right, gold; 
bottom left, pink; bottom right, orange; {PO4} tetrahedra, white. 
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Figure S12. 31P-NMR - of [P2W18]6- after 1 d and 28 d, at pH 6.8 (Table S2). Signal assignment according to ref.25,37. 

A) educts: [α-P2W18O62]6- and [β-P2W18O62]6-, product: H3[P2W17O61]7-. B) educt/product: [α-P2W18O62]6-, product: 

H3[P2W17O61]7-. In comparison to the measurement after 1 d, an extinction of signals for [β-P2W18O62]6- was 
discovered, demonstrating complete conversion to the α-form. Colour code: {WO6} octahedra, white; {PO4} tetrahedra 

in [α-P2W18O62]6-, green; {PO4} tetrahedra in [β-P2W18O62]6-, red; {PO4} tetrahedra in H3[P2W17O61]7-, blue. 

 

4.7.4. Comprehension of structural POT rearrangements 
The rearrangement processes at pH 6.8 for the Wells-Dawson POTs under study identified by 
31P- and 183W-NMR analysis in the preceeding sections are illustrated in Scheme S1: 

 

 

Scheme S1: Proposed chemical equations for the structural interconversions observed in buffered solutions of Wells-
Dawson POTs at pH 6.8 without L-DOPA ((1) – (3)) and in the presence of L-DOPA ((4)). HPO42- was chosen as the 

dominating phosphate form at neutral pH, and the protonation of POT anions was neglected for simplification. 

However, the degree of protonation does not affect the structural scaffolds illustrated here. 
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4.7.5. Summary of POT charge densities of Keggin and Wells-Dawson 
POTs 

In order to facilitate comparison of the inhibitory capacities of the Keggin and Wells-Dawson 

POT samples tested in our laboratory against abPPO4 and to obtain a structure-activity 

correlation, the charge densities (anionic charge per W addenda atom) of the species present 

before and after solubilization in physiological buffer were arranged in Table S3. With regard to 

the charge densities, the following stability windows for POTs can be identified: 

1) intact closed clusters: q/m ≈ 0.33 – 0.50 

Structures with higher charge densities were not analyzed. Structures with a q/m value lower 

than 0.33 tend to hydrolysis or reduction under suitable conditions, both leading to an increase 

in charge density. 

2) lacunary clusters: q/m = 0.36 – 0.45 

Structures with lower charge densities were not analyzed. Structures with a q/m value higher 

than 0.45 achieve stabilization by taking up protons for charge compensation. However, too 

highly charged anions decompose and rearrange to more stable solution structures. Both of 

these pathways result in a decrease in charge density. 

Overall, the preferred stable charge densities at neutral pH of both the intact and lacunary POTs 

investigated took values close to 0.4, and higher charge densities were only revealed as stable 

for intact clusters. This seems to be an intrinsic POT property as a combined result of 1) the 

reactivity of lacunary oxygen sites and 2) the hydrolytic susceptibility to hydroxide anions in 

aqueous solution in competition with electrostatic repulsion with the anionic POT charge. 

Notably, the size of the POT cluster does not play a role for these effects concerning single 

metal centers in their oxygen-bound environment. 

The scenario is different when looking at the POT interaction with the enzyme abPPO4. Among 

the same-sized Keggin compounds exhibiting inhibitory effects on the enzyme, the apparent Ki 

values show a clear correlation to the q/m values, with the lowest charge density corresponding 

to the highest protein affinity. But going to the larger Wells-Dawson archetype, comparing the 

active lacunary species H3[PW11O39]4- (Keggin) and H3[P2W17O61]7- (Wells-Dawson), higher 

protein affinities were observed for the bigger cluster despite of slightly higher charge densities. 

As stated in the main text, the basic inhibition effect shown by the Wells-Dawson clusters was 

revealed to correlate to the amount of the protein-binding species H3[P2W17O61]7- present in 

solution. The observed inhibition effect for the POT sample [P2W12]12- appears to be caused by 

two lacunary species with suitable charge density.  
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4.7.6. Hyperbolic activity curve fit  
Copeland et al.30 presented the hyberbolic curve fit for enzymatic activity based on the 

Michaelis-Menten equation (1), which is 

$ = 	$'() 	
[+]

-. + [+]
.																																																																						(1) 

$ is the enzymatic reaction velocity, $'() the maximal enzymatic velocity of the enzyme, -. the 

concentration of the half-maximal velocity and [+] the substrate concentration. If enzyme 

inhibition is taken into account, apparent values (e.g. $(11, $'(),(11,	-.,(11) are employed. For 

all inhibition mechanisms the apparent maximal velocity $'(),(11 is given by 

$'(),(11 =
$'()

1 +
[3]
α-5

																																																																				(2) 

and the apparent Michalis-Menten constant	-.,(11	is 

-.,(11 =
-.(1 +

[3]
-5
)

1 +
[3]
α-5

																																																																	(3) 

Expressions (1) and (2) are inserted into equation (3). To obtain the relative inhibition (in %), 

$(11 is divided by the uninhibited enzymatic velocity $.  

$(11
$

= 100
-. + [+]

-. 91 +
[3]
-5
: + [+] 91 +

[3]
;-5

:
																																					(4) 

 

The concentration of L-DOPA was kept constant at 1 mM for all experiments. As determined by 

Pretzler et al.Fehler! Textmarke nicht definiert., KM was set to 26.1 mM. The final hyberbolic 

equation (5) was used for the curve fit with OriginPro 8: 
$(11
$

= 100
27.1

27.1 + >
26.1 +

1
;

-5
@ [3]

.																																														(5) 

The initial parameters for the regression were taken from the Lineweaver-Burk plots as 

described in Section 4.7.8. 
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4.7.7. Curve fit via algorithm with Dr-Fit software 
To investigate the underlying inhibition processes in more detail (e.g. multiple stimulatory or 

inhibitory effects), a multiphasic model was employed to fit the data. Therefore, an algorithm 

implemented in the Dr-Fit software (https://sourceforge.net/projects/drfit/) was used for 

modeling49. The basic mathematical entity of the program is the Hill model based on equation 

BC5DD(E; BG, BH, BEIH, J) = BH +
BG − BH

1 + L
BEIH
E M

C .																																						(6) 

The BEIH value is the concentration at half-maximal effect,	BH is the effect if no inhibitor is 

present, J is the Hill exponent, BG is the maximal effect, BC5DD is the resulting effect from the Hill 

equation and E is the concentration. 

For a system with multiphasic inhibition (e.g. points of inflection in the curves, connected 

agonist and antagonist effects), a simple Hill equation does not properly describe the complex 

binding behavior between enzyme and inhibitor. For this reason, an extended model is 

introduced, where each phase is considered as a part of a consecutive reaction to yield the total 

effect B(E). It can be obtained as the product of the effect of every partial process B5(E). 

B(E) = Π5
OB5(E)																																																																				(7) 

B5(E) is written, 

B5(E; BG5, BEIH5, J5) = 1 +
BG5 − 1

1 + L
BEIH5
E M

CP
																																								(8) 

The general equation is, 

B(E; BG5 …BGO, BEIH5 …BEIHO, J5 …JO) = Π5
O S1 +

BG5 − 1

1 + L
BEIH5
E M

CP
T													(9) 

Although there is no theoretical limit, in the software the case with V = 3 is applied, which 

proved to be suitable to explain most experimental data. It is 

B(E) = S1 +
BG	W − 1

1 + L
BEIH	W
E M

CX
TS1 +

BG	Y − 1

1 + L
BEIH	Y
E M

CZ
TS1 +

BG	[ − 1

1 + L
BEIH	[
E M

C\
T					(10) 

To obtain the relative effect as the final fitting equation, it has to be divided by B'(): 

B(E)

B'()
= S1 +

BG	W − 1

1 + L
BEIH	W
E M

CX
TS1 +

BG	Y − 1

1 + L
BEIH	Y
E M

CZ
TS1 +

BG	[ − 1

1 + L
BEIH	[
E M

C\
T					(11) 

An optimization algorithm was applied using this fir to optimize the parameters. For all POT 

inhibitors here, a monophasic dose-response curve was found. 
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4.7.8. Determination of Ki- and α-parameter through Lineweaver-Burk plot 
In a Lineweaver-Burk plot, the reciprocal reaction velocities v are plotted against the reciprocal 

substrate concentration [S], where for every inhibitor concentration a straight line is yielded50. 

As described by Breibeck et. al 19, the slopes m of the Lineweaver-Burk lines and the intercepts 

t with the ordinate can be used to calculate estimates for Ki and the α-value for further non-

linear regression, where 

1

$(11
= 	
-.(1 +

[3]
-5
)

$'()
∗ 	
1
[+]

+
1

$'()
	^1 +	

[3]

α-5
_ = ` ∗

1
[+]

+ a																(12) 

describes the double-reciprocal plot. For further evaluation of m and t, 

` =
-.
$'()

∗
1

-5
[3] +

-.
$'()

																																																							(13) 

and 

a = 	
1

$'()	α	-5
	[3] +

1

$'()
																																																							(14) 

were used. The intersection points with the ordinate in these equations yield values for -Ki and 

-α•Ki, respectively, and allow for extraction of starting values of Ki and the α for equation (5) in 

section 4.7.6. 

 
In Lineweaver-Burk plots, the slopes of the lines and the location of the intersection points 

enables unambiguous determination of the inhibition type. All POTs in this study exhibited an 

intersection point of the three lines to the left of the y-axis and below the x-axis, indicating 

mixed-type inhibition and a value for α < 1. The results imply that the inhibitors bind both to the 

free enzyme B and to the enzyme-substrate complex	B+, where the enzyme-substrate complex 

or subsequent species are preferred. 
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Figure S13. Kinetic evaluation of abPPO4 inhibition by [P2W18]6- using Lineweaver-Burk plot and evaluation of Ki-
value via slopes of the curves plotted against inhibitor concentration (Table S4). The plot shows the mixed-type 

inhibition, since the intersection point lies in the third quadrant. The inset illustrates the inhibitor concentration plotted 

against the slopes of the straight lines of the Lineweaver-Burk plot (Table S5). 

 

 

Figure S14. Kinetic evaluation of abPPO4 inhibition by [P2W17]10- using Lineweaver-Burk plot and evaluation of Ki-

value via slopes of the curves plotted against inhibitor concentration (Table S4). The plot shows the mixed-type 

inhibition, since the intersection point lies in the third quadrant. The inset illustrates the inhibitor concentration plotted 
against the slopes of the straight lines of the Lineweaver-Burk plot (Table S5). 
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Figure S15. Kinetic evaluation of abPPO4 inhibition by [P2W15]12- using Lineweaver-Burk plot and evaluation of Ki-

value via slopes of the curves plotted against inhibitor concentration (Table S4). The plot shows the mixed-type 

inhibition, since the intersection point lies in the third quadrant. The inset illustrates the inhibitor concentration plotted 
against the slopes of the straight lines of the Lineweaver-Burk plot (Table S5). 

 

Figure S16. Kinetic evaluation of abPPO4 inhibition by [P2W12]12-using Lineweaver-Burk plot and evaluation of Ki-
value via slopes of the curves plotted against inhibitor concentration (Table S4). The plot shows the mixed-type 

inhibition, since the intersection point lies in the third quadrant. The inset illustrates the inhibitor concentration plotted 

against the slopes of the straight lines of the Lineweaver-Burk plot (Table S5). 
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Table S4. Kinetic evaluation of Lineweaver-Burk plot. m: slope, t: ordinate intersect, R2: line fit determination, [I]: 

inhibitor concentration, [S]: substrate concentration. 

Inhibitor Figure [I] [S] m t R2 

[P2W18]6- 
S9 

0 mM 

0.4-1.5 mM 

0.0316  0.014 0.98 

3 mM 0.0371 0.0251 0.98 

6 mM 0.0457 0.0415 0.92 

Inset 0-6 mM 0.0024 0.0311 0.98 

[P2W17]10- 
S10 

0 mM 

0.4-1.5 mM 

0.0439 0.0017 0.99 

1.25 mM 0.048 0.0119 1.0 

2.5 mM 0.0542 0.0263 0.95 

Inset 0-2.5 mM 0.0041 0.0436 0.99 

[P2W15]12- 
S11 

0 mM 

0.4-1.5 mM 

0.041 0.0077 0.99 

1 mM 0.0443 0.0106 1.0 

2 mM 0.0486 0.0147 0.99 

Inset 0-2 mM 0.0038 0.0408 0.99 

[P2W12]12- 
S12 

0 mM 

0.4-1.5 mM 

0.0395 0.0044 1.0 

1,5 mM 0.0489 0.0093 1.0 

3 mM 0.0616 0.0148 1.0 

Inset 0-3 mM 0.07202 0.0404 0.99 
 

Table S5. Kinetic evaluation for α·Ki, m: slope, t: ordinate intersect, R2: line fit determination, [I]: inhibitor 

concentration, [S]: substrate concentration. 

Inhibitor α · Ki [I] [S] m t R2 
[P2W18]6- 2.85 0-6 mM 

0.4-1.5 mM 

0.0046 0.0131 0.99 

[P2W17]10- 0.10 0-2.5 mM 0.0098 0.001 0.99 

[P2W15]12- 2.14 0-2 mM 0.0035 0.0075 0.99 

[P2W12]12- 1.58 0-3 mM 0.0034 0.005 0.98 

 

4.7.9. Two isomers of α-[P2W17]10- 

The pH-adjusted sample [P2W12]12- is reported to initially rearrange towards the α1-lacunary 

isomer25 (Figure S17), and then more slowly to the thermodynamically stable α2-isomer51.  
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Figure S17. Two α-isomers A) & B) of [P2W17]10- are given. [α1-P2W17]10- has a missing equatorial {WO} group (“belt”) 

whereas in [α2-P2W17]10- the void is in polar position (“crown”)12. Above pH 5 in aqueous solution, isomerization of [α1-
P2W17]10- to [α2-P2W17]10- occurs12. Colour code: green: {WO6} octahedra; turquoise: {PO4} tetrahedron. 

 

4.7.10. Abbreviations 
Table S6. Abbreviations used in the supplementary information  

Å Ångström 

ab Agaricus bisporus 

ACN Acetonitril 

ATP Adenosine triphosphate 

Da Dalton 

FA Formic acid 

FWHM Full width at half maximum 

HPLC High pressure liquid chromatography 

LB-media Lysogeny broth media 

L-DOPA L-3,4-dihydroxyphenylalanine 

LTQ Linear Trap Quadruple 

mM Millimolar 

NMR Nuclear magnetic resonance 

PMSF Phenylmethylsulfonylfluoride 

POM Polyoxometalate 

POMos Polyoxomolybdates 

POT Polyoxotungstate 

PPO Polyphenol oxidase 
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6. Appendix 
6.1. Final Discussion 

The POT-protein interaction principles found before could be confirmed in this study, where all 

the used Wells-Dawson POTs showed inhibition against abPPO4. The similar shape of the 

kinetic curves was attributed to the stable main species [P2W17O61]10- and its comparable charge 
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density with H3[PW11O39]7-, which is formed in the [P2W12]12- sample with L-DOPA. The kinetic 

parameters were obtained by non-linear regression, with the starting values extracted from the 

Lineweaver-Burk plots. According to this analysis, all used POT solutions showed mixed-type 

inhibition.  

Since the POT solutions of [P2W18]6-, [P2W15]12- and [P2W12]12- were structurally unstable at 

physiological conditions (pH 6.8) and in the presence of the substrate L-DOPA, the speciation of 

the POTs was required to indentify active POT species responsible for the observable inhibition 

effects. The influence of the biological pH and of the substrate has been often neglected in 

biological POM applications, but is crucial to understand the involved protein-inhibitor 

interactions. 

For future inhibition studies a consideration of the choice of the substrate will be important to 

gain a full understanding of the inhibitory activities. To increase the hydrolytic stability of the 

POT inhibitors, the substitution of the intact Wells-Dawson cluster with another metal ion of 

lower charge is suggested to obtain e.g. [P2W17O61{M(H2O)}]n- with M = Co2+, Ni2+, Cr3+, …. 

Moreover, such a substitution can lead to an increased protein affinity and inhibitory effect, 

since Breibeck et. al. (2019) determined a lower Ki for Ni-substituted [PW11O39{Ni(H2O)}]5- (Ki = 

9.7 mM) than for the intact Keggin-POT [PW12]3- (Ki = 25.6 mM) and for the monolacunary form 

[PW11]7- (Ki = 12.0 mM). 

 

6.2. German Abstract  
Alle vier getesteten POT Lösungen ([P2W18]6-, [P2W17]10-, [P2W15]12- und [P2W12]12-) zeigten eine 

Inhibitionswirkung gegenüber abPPO4 (Ki = 6.53 – 13.63 mM). Zur kinetischen Bestimmung der 

Inhibitionswirkung wurde die Catecholoxidase-Aktivität des Enzyms herangezogen. Eine 

Untersuchung mit Hilfe eines Hill-basierten Algorithmus ergab ein monophasisches 

Bindungsverhalten zwischen POT und Protein. In 31P-NMR- und 183W-NMR-spektroskopischen 

Messungen wurde [P2W17O61]10- als die aktive Hauptspezies dieser Studie identifiziert. Diese 

monolacunare Form ging aus Umlagerungsprozessen der POT-Verbindungen hervor.  

Zusätzlich konnte für [P2W12]12- in der Gegenwart des Substrats L-DOPA die vollständige 

Umlagerung zu H3[PW11O39]7- beobachtet werden. Daher wurden die hydrolytische Stabilität 

unter biologischen Bedingungen (pH 6.8) und die Stabilität in Gegenwart von Substrat zu 

entscheidenden Parametern in dieser Studie. Diese Faktoren unterstreichen die Notwendigkeit 

der POT-Speziierung mittels NMR-Spektroskopie. Die relative Menge an [P2W17O61]10- und die 

Ladungsdichte der eingesetzten Polyoxowolframate wurde für die Interpretation der erhaltenen 

Inhibitionskurven herangezogen. Die Abhängigkeit der Inhibitionswirkung intakter und lacunarer 

Wells-Dawson Polyoxowolframate auf Enzyme von der Ladungsdichte steht im Einklang mit 

vorausgegangenen Studien. 
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6.3. English Abstract 
All four tested POT solutions ([P2W18]6-, [P2W17]10-, [P2W15]12- and [P2W12]12-) showed inhibition 

effects against abPPO4 (Ki = 6.53 - 13.63 mM). For the kinetic measurements, the diphenolase 

activity of the enzyme was assayed. Further investigations using a Hill-based algorithm 

revealed monophasic binding behavior between POT and protein. The undertaken 31P-NMR 

and 183W-NMR spectroscopic measurements identified [P2W17O61]10- as the main active species 

of this study. This monolacunary form resulted from rearrangement processes of the POT 

compounds. Moreover, for [P2W12]12- in the presence of substrate L-DOPA the full 

rearrangement to H3[PW11O39]7- was observed. Therefore, the hydrolytic stability at biological 

conditions (pH 6.8) and stability in the presence of substrate became crucial parameters in this 

inhibition study. These findings support the necessity of POT speciation with NMR 

spectroscopy. The relative amount of [P2W17O61]10- and the charge-density of the used POTs 

were used to explain the inhibitory activity of the POTs. The charge density dependence of the 

inhibitory effects of intact and hexavacant Wells-Dawson POTs against enzymes is in good 

accordance with previous studies.  

 

6.4. List of Tables 

Table 1. Summary of kinetic evaluation of abPPO4 inhibition by Wells-Dawson POTs. Ki: 

inhibition constant. α: inhibition parameter, R2: curve fit determination coefficient; the 

parameters were determined [a] from activity plot and [b] from the Lineweaver-Burk slopes or 

intercepts. 

 

Table 2. Stability at physiological conditions and charge densities (q/m) of the Wells-Dawson 

POTs used. The POT species assigned to observed inhibitory capacity against abPPO4 are 

depicted in blue. 

 
Table S1. The mass of abPPO4 was precisely confirmed by ESI-MS. 
 

Table S2. Wells-Dawson POTs synthesized in this study and tested for inhibitory activity 

against abPPO4. Numbered superscripts in brackets demonstrate the assignment of NMR 

signals to POT species in solution: (1) [α-P2W18O62]6-, (2) [β-P2W18O62]6-, (3) [α2-P2W17O61]10-, (4) 

[α-PW11O39]7-. The Wells-Dawson POT species are reflected in certain solid state compositions 

of the studied samples as well. [a] solution pH for NMR spectroscopy, [b] time after solution 

preparation before NMR measurement, [c] POT first reported by (…), [d] POT synthesis 

according to (…), [e] assignment according to (…), [f] assignment according to (…). 
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Table S3: Summary of Keggin and Wells-Dawson POT speciation from two studies. The 

speciation of various Keggin POTs was taken from 19, the speciation of Wells-Dawson POTs is 

the result of the present study. The POT compounds (educts) undergo different structural 

changes upon dissolution in 50 mM Na-citrate pH 6.8 to form species (products) most stable 

under these conditions. Colour code: orange, not stable; yellow, partially stable; light green, 

stabilized by protonation; green, stable; blue, obtained under long-term reducing conditions (3 

days) in the presence of 1 mM L-DOPA. The POT species assigned to observed inhibitory 

capacity against abPPO4 are depicted in italics. It becomes obvious that POT species with a 

charge density close to 0.4 dominate at neutral pH and interact most strongly with the enzyme. 

 
Table S4. Kinetic evaluation of Lineweaver-Burk plot. m: slope, t: ordinate intersect, R2: line fit 

determination, [I]: inhibitor concentration, [S]: substrate concentration. 

 
Table S5. Kinetic evaluation for α·Ki, m: slope, t: ordinate intersect, R2: line fit determination, [I]: 

inhibitor concentration, [S]: substrate concentration. 

 
Table S6. Abbreviations used in the supplementary information  
 

6.5. List of Illustrations, Figures and Schemes 
Illustration 1. Structural formula of substrate L-DOPA (L-3,4-dihydroxyphenylalanine) 

 

Illustration 2. Overview of NMR-spectroscopy measurements without and with addition of L-

DOPA. At pH 6.8, H3[P2W17O61]7- was the main species, which could be found in all samples. As 

predicted by the literature [P2W18O62]10- is not stable at pH 6.8.  

 

Figure 1. The POTs A)-D) feature the Wells-Dawson archetype and they are derived from the 

α-isomer of [P2W18O62]6-. Colour code: {WO6} octahedra, green; {PO4} tetrahedral, turquoise. 

 

Figure 2. Activity plots of abPPO4 with four Wells-Dawson phosphotungstates. The 

dopachrome assay was performed using 1 mM L-DOPA as the substrate in 50 mM Na-citrate 

buffer at pH 6.8. The measurements were taken in triplicates and a hyperbolic curve fit 

(equation (5), SI) was performed. The parameters are summarized in Table 1. 

 

Figure 3. 31P-NMR spectra of [P2W18]6-, [P2W17]10-, [P2W15]6- and [P2W12]12- at pH 6.8 (Table S3). 

The assignable educts and products of the hydrolytic rearrangement reactions of the respective 
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POTs (approximately 20 mM) under the given buffer conditions are depicted to illustrate the 

sample speciation. A) educt/product H3[P2W17O61]4- B) educts: H2[α-P2W18O62]10- and H2[β-

P2W18O62]10- on the left side; product: H3[P2W17O61]4- on the right side; C) product: H3[P2W17O61]4-

; D) product: H3[P2W17O61]4-; Signal assignment according to ref.34. Colour code: {WO6} 

octahedra, white; {PO4} tetrahedra, blue, green, red; O atoms, red. 

 
Figure 4. 31P-NMR spectra of [P2W18]6- and [P2W12]12- at pH 6.8 in the presence of L-DOPA. The 

assignable educts and products of the hydrolytic rearrangement reactions of the respective 

POTs (approximately 20 mM) under the given buffer conditions are depicted to illustrate the 

sample speciation. A) product: H3[P2W17O61]4-; B) product: H3[PW11O39]4-; signal assignment: For 

A) according to ref. 34, for B) according to ref. 37. Colour code: {WO6} octahedra, white; {PO4} 

tetrahedra, pink, blue; O atoms, red. 

 

Figure 5. The inhibitory activity of POTs is compared with the main species at pH 6.8 and at 

assay conditions. The intensity of the violet arrows correlates with the relative rearrangement to 

H3[P2W17O61]7- for the different inhibitors at pH 6.8. The more H3[P2W17O61]7- is in the sample, 

the higher the observed inhibitory activity of the POT. For [P2W12]12-, the Keggin archetype 

H3[PW11O39]4- is the main species at assay conditions, which results in an decrease of the 

charge density of the POT and in an increase of the inhibitory activity. Colour code: {WO6} 

octahedra, green; {PO4} tetrahedra, turquoise. 

 

Figure S1. A) L-3,4-dihydroxyphenylalanine (L-DOPA) was used as substrate assaying the 

catechol oxidase activity of abPPO4. The diphenol group is oxidized to a quinone11. L-DOPA 

was added to [P2W18]6-, [P2W15]12- and [P2W12]12- for measurements with 31P-NMR and 183W-

NMR spectroscopy (Figure 4, S9, S10). B) The competitive inhibitor kojic acid served as a 

reference compound with known inhibition characteristics in this study. 

 

Figure S2. ESI-spectrum (after deconvolution) for active abPPO4 after proteolytic cleavage with 

Proteinase K. 

 

Figure S3. Protein sequence of abPPO4 after cutting with Proteinase K; green: main domain of 

the enzyme to lysine (K) 382; violet: histidine (H) at the active center binding the dinuclear 

copper core; yellow: part of vector sequence11. 
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Figure S4. SDS-PAGE of the chromatographic purification of recombinant abPPO4 in its active 

form according to Pretzler et al. 11 For preparation of this figure, the gel was cropped (see Figure 

S5 for the original image). Lane: M: Precision Plus ProteinTM Standard (BIO-RAD), 1: active 

abPPO4: 44.5 kDa. 

 

Figure S5. Original gel photography of the SDS-PAGE analysis shown in Figure S4. The image 

was taken with a Biorad Molecular Imager Gel Doc. The software used was ImageLab (version 

5.2.1.) with standard settings for Coomassie-stained SDS-PAGE. 

 

Figure S6. IR spectra of the Wells-Dawson POTs used in this study in the region of W-O-W, W-

O-P and W=O bonds vibrations (1200 – 400 cm-1). 

Figure S7. 183W-NMR of [P2W18]6- at pH 4 (Table S2). Signal assignment according to ref. 47. [α-

P2W18O62]6- and [β-P2W18O62]6- could be confirmed as stable at pH 4 as suggested by the 

literature (ref. 24). Colour code: [α-P2W18O62]6-: cap of {WO6} octahedra, blue; belt of {WO6} 

octahedra, red; [β-P2W18O62]6-: cap of {WO6} octahedra, petrol; belt of {WO6} octahedra, grey; 

{PO4} tetrahedron, white. 

 

Figure S8. 183W-NMR spectra of [P2W18]6-, [P2W17]10-, [P2W15]12- and [P2W12]12- at pH 6.8 (Table 

S2). The assignable educts and products of the hydrolytic rearrangement reactions of the 

respective POTs under the given buffer conditions are depicted to illustrate the sample 

speciation. A) educt/product: H3[P2W17O61]7-; B) educts: [α-P2W18O62]6- and [β-P2W18O62]6-, 

product: H3[P2W17O61]7- ; C) product: H3[P2W17O61]7-; D) product: H3[P2W17O61]7-. Signal 

assignment according to ref. 47. Rearrangement to H3[P2W17O61]7- was observed in all cases. 

Colour code: [α-P2W18O62]6-: cap of {WO6} octahedra, blue; belt of {WO6} octahedra, red; [β-

P2W18O62]6-: cap of {WO6} octahedra, petrol; belt of {WO6} octahedra, grey. H3[P2W17O61]7- 

{WO6} octahedra: top, olive green; upper belt left, dark grey; upper belt middle, lavender; upper 

belt right, light green; lower belt left, light blue; lower belt middle, turquoise; lower belt right, 

gold; bottom left, pink; bottom right, orange; {PO4} tetrahedra, white. 

 

Figure S9. 183W-NMR spectra of [P2W18]6- and [P2W12]12- in the presence of L-DOPA at pH 6.8 

(Table S2). The assignable educts and products of the hydrolytic rearrangement reactions of 

the respective POTs under the given buffer conditions are depicted to illustrate the sample 

speciation. A) product: H3[P2W17O61]7-; B) product: H3[PW11O39]4-; Signal assignment: for A) 

according to ref. 47; for B) according to ref.37. Rearrangement to H3[P2W17O61]7- was observed in 
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A), and rearrangement to H3[PW11O39]4- was observed in B). Colour code: H3[P2W17O61]7- {WO6} 

octahedra: top, olive green; upper belt left, dark grey; upper belt middle, lavender; upper belt 

right, light green; lower belt left, light blue; lower belt middle, turquoise; lower belt right, gold; 

bottom left, pink; bottom right, orange; {PO4} tetrahedron, white. H3[PW11O39]4- {WO6} octahedra: 

top and belt right, dark petrol; belt middle, light blue; belt left, dark red; bottom left, violet; bottom 

right, brown; {PO4} tetrahedron, purple. 

 

Figure S10. 31P-NMR of [P2W18]6- at pH 4 and [P2W15]12- + L-DOPA at pH 6.8 (Table S2). Signal 

assignment for A) according to ref. 25 and for B) according to ref. 37. A) [α-P2W18]6- and [β-
P2W18]6- were verified as proposed by the literature (ref. 25). B) Most of [P2W15]12- rearranged 

towards [P2W17]10- under release of free phosphate. Colour code: {WO6} octahedral, white; {PO4} 

tetrahedral in [α-P2W18O62]6-, green; {PO4} tetrahedra in [β-P2W18O62]6-, red; {PO4} tetrahedra in 

H3[P2W17O61]7-, blue. 

 

Figure S11. 183W-NMR spectra of [P2W18]6- after 28 d, at pH 6.8 (Table S2). Signal assignment 

according to ref. 25. A) educts: [α-P2W18O62]6- and [β-P2W18O62]6-, product: H3[P2W17O61]7-. B) 

educt/product: [P2W18O62]6-, product: H3[P2W17O61]7-. In comparison to the measurement after 1 

d, complete transformation of [β-P2W18O62]6- to the α-form was discovered as the loss of 

corresponding signals in the spectrum. Colour code: [α-P2W18O62]6-: cap of {WO6} octahedra, 

blue; belt of {WO6} octahedra, red; [β-P2W18O62]6-: cap of {WO6} octahedra, petrol; belt of {WO6} 

octahedra, grey. H3[P2W17O61]7- {WO6} octahedra: top, olive green; upper belt left, dark grey; 

upper belt middle, lavender; upper belt right, light green; lower belt left, light blue; lower belt 

middle, turquoise; lower belt right, gold; bottom left, pink; bottom right, orange; {PO4} tetrahedra, 

white. 

 

Figure S12. 31P-NMR - of [P2W18]6- after 1 d and 28 d, at pH 6.8 (Table S2). Signal assignment 

according to ref. 25,37. A) educts: [α-P2W18O62]6- and [β-P2W18O62]6-, product: H3[P2W17O61]7-. B) 

educt/product: [α-P2W18O62]6-, product: H3[P2W17O61]7-. In comparison to the measurement after 

1 d, an extinction of signals for [β-P2W18O62]6- was discovered, demonstrating complete 

conversion to the α-form. Colour code: {WO6} octahedra, white; {PO4} tetrahedra in [α-

P2W18O62]6-, green; {PO4} tetrahedra in [β-P2W18O62]6-, red; {PO4} tetrahedra in H3[P2W17O61]7-, 

blue. 

 

Figure S13. Kinetic evaluation of abPPO4 inhibition by [P2W18]6- using Lineweaver-Burk plot 

and evaluation of Ki-value via slopes of the curves plotted against inhibitor concentration (Table 
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S4). The plot shows the mixed-type inhibition, since the intersection point lies in the third 

quadrant. The inset illustrates the inhibitor concentration plotted against the slopes of the 

straight lines of the Lineweaver-Burk plot (Table S5). 

 

Figure S14. Kinetic evaluation of abPPO4 inhibition by [P2W17]10- using Lineweaver-Burk plot 

and evaluation of Ki-value via slopes of the curves plotted against inhibitor concentration (Table 

S4). The plot shows the mixed-type inhibition, since the intersection point lies in the third 

quadrant. The inset illustrates the inhibitor concentration plotted against the slopes of the 

straight lines of the Lineweaver-Burk plot (Table S5). 

 

Figure S15. Kinetic evaluation of abPPO4 inhibition by [P2W15]12- using Lineweaver-Burk plot 

and evaluation of Ki-value via slopes of the curves plotted against inhibitor concentration (Table 

S4). The plot shows the mixed-type inhibition, since the intersection point lies in the third 

quadrant. The inset illustrates the inhibitor concentration plotted against the slopes of the 

straight lines of the Lineweaver-Burk plot (Table S5). 

 

Figure S16. Kinetic evaluation of abPPO4 inhibition by [P2W12]12-using Lineweaver-Burk plot 

and evaluation of Ki-value via slopes of the curves plotted against inhibitor concentration (Table 

S4). The plot shows the mixed-type inhibition, since the intersection point lies in the third 

quadrant. The inset illustrates the inhibitor concentration plotted against the slopes of the 

straight lines of the Lineweaver-Burk plot (Table S5). 

 

Figure S17. Two α-isomers A) & B) of [P2W17]10- are given. [α1-P2W17]10- has a missing 

equatorial {WO} group (“belt”) whereas in [α2-P2W17]10- the void is in polar position (“crown”)12. 

Above pH 5 in aqueous solution, isomerization of [α1-P2W17]10- to [α2-P2W17]10- occurs12. Colour 

code: green: {WO6} octahedra; turquoise: {PO4} tetrahedron. 

 

Scheme S1: Proposed chemical equations for the structural interconversions observed in 

buffered solutions of Wells-Dawson POTs at pH 6.8 without L-DOPA ((1) – (3)) and in the 

presence of L-DOPA (equation (4)). HPO4
2- was chosen as the dominating phosphate form at 

neutral pH, and the protonation of POT anions was neglected for simplification. However, the 

degree of protonation does not affect the structural scaffolds illustrated here. 
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