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CONSPECTUS Selective cleavage of
peptide bonds in proteins is of paramount
importance in many areas of the biological
and medical sciences, playing a key role in
protein structure/function/folding analysis,
protein engineering and targeted proteolytic
drug design. Current applications that
depend on selective protein hydrolysis
largely rely on costly proteases like trypsin,
which are sensitive to pH, ionic strength and
temperature conditions. Moreover, >95% of
peptides deposited in databases are
generated from trypsin digests, restricting
the information within the analyzed proteomes. On the other hand, harsh and toxic chemical reagents
like BrCN are very active but cause permanent modifications of certain amino acid residues.
Consequently, transition metal complexes have emerged as smooth and selective artificial proteases
owing to their ability to provide larger fragments and complementary structural information. In the
last decade, our group has discovered the unique protease activity of diverse metal-oxo clusters
(MOC), and pioneered a distinctive approach for the development of selective artificial proteases. In
contrast to classical coordination complexes which often depend on amino acid side chains to control
regioselectivity, the selectivity profile of MOCs is determined by a complex combination of structural
factors, such as protein surface charge, metal coordination to specific side chains, and hydrogen
bonding between the protein surface and the MOC scaffold.

In this account, we present a critical overview of our detailed kinetic, spectroscopic and
crystallographic studies in MOC-assisted peptide bond hydrolysis, from its origins to the current
rational and detailed mechanistic understanding. To this end, reactivity trends related to structure and
properties of MOCs based on the hydrolysis of small model peptides, and key structural aspects
governing the selectivity of protein hydrolysis are presented. Finally, our endeavors in seeking the next
generation of heterogeneous MOC-based proteases are briefly discussed by embedding MOCs in
metal-organic frameworks or using them as discrete nanoclusters in the development of artificial
protease-like materials, i.e. nanozymes. The deep and comprehensive understanding sought
experimentally and theoretically over the years in aqueous systems with intrinsic polar and charged
substrates provides a unique view of the reactivity between inorganic moieties and biomolecules,
thereby broadly impacting several different fields e.g., catalysis in biochemistry, inorganic chemistry
and organic chemistry.




KEY REFERENCES

1. Mihaylov, T. T.; Ly, H. G. T.; Pierloot, K.; Parac-Vogt, T. N., "Molecular Insight from DFT
Computations and Kinetic Measurements into the Steric Factors Influencing Peptide Bond Hydrolysis
Catalyzed by a Dimeric Zr(IV)-Substituted Keggin Type Polyoxometalate." Inorg. Chem. 2016, 55,
9316-9328. https://doi.org/10.1021/acs.inorgchem.6b01461

One of our theoretical studies that helped to consolidate the proposed mechanism for the metal-
substituted POM catalyzed peptide bond hydrolysis by examining the speciation, coordination

chemistry and effect of amino acid’s side-chains on the reaction energetics.'

2. H. G. T. Ly, T. T. Mihaylov, P. Proost, K. Pierloot, J. N. Harvey, T. N. Parac-Vogt, "Chemical
Mimics of Aspartate-Directed Proteases: Predictive and Strictly Specific Hydrolysis of a Globular
Protein at Asp—X Sequence Promoted by Polyoxometalate Complexes Rationalized by a Combined
Experimental and Theoretical Approach" Chem. Eur. J. 2019, 25, 14370-14381.
https://doi.org/10.1002/chem.201902675

Rationalization of the molecular origins of the predominant cleavage of proteins at Asp-X residues
observed for metal-substituted POMs by combining experimental and theoretical approaches, which
relied on reactivity and interaction data to examine different hydrolysis mechanisms of Asp-X bond in

protein environments.”

3. Vandebroek, L.; De Zitter, E.; Ly, H. G. T.; Coni¢, D.; Mihaylov, T.; Sap, A.; Proost, P.; Pierloot,
K.; Van Meervelt, L.; Parac-Vogt, T. N., "Protein-Assisted Formation and Stabilization of
Catalytically Active Polyoxometalate Species." Chem. Eur. J. 2018, 24, 10099-10108.
https://doi.org/10.1002/chem.201802052

Experiments and theory enabled a unique view of the influence of a protein in the structure, solution
behavior and reactivity of metal-substituted POMs. Lower relative permittivity nearby protein surfaces
stabilization of the 1:1 metal-POM catalytic active complex allowed the first experimental observation

of this elusive species.’

4. Ly, H. G. T.; Fu, G.; Kondinski, A.; Bueken, B.; De Vos, D.; Parac-Vogt, T. N., "Superactivity of
MOF-808 toward Peptide Bond Hydrolysis." J. Am. Chem. Soc. 2018, 140, 6325-6335.
https://doi.org/10.1021/jacs.8b01902

Our seminal work developing heterogeneous proteolytic nanozymes uncovered the potential of MOF's

as efficient, practical and selective artificial metalloproteases.*

2



INTRODUCTION

One of the main challenges in the development of new catalysts for protein hydrolysis is site
selectivity. In nature, evolution resulted in very efficient and selective proteases, a class of enzymes
which nowadays also play a key role in modern science owing to the emergence of proteomics™® and
targeted protein degradation drug development.’® These fields are the basis of several other biomedical
areas and largely depend on protein structure and function determination, which in turn requires
controlled and selective protein cleavage to streamline analysis. Despite being widely applied in these
contexts, natural enzymes are expensive and highly sensitive to reaction conditions. Moreover, they
often give rise to short fragments, which limits the information retrieved from parent protein structures.
Therefore, new chemical approaches for selective protein cleavage are highly desirable, and the
development of selective artificial proteases has gained prominence.”!'”

Metal-oxo clusters (MOCs) are a vast class of compounds, with a rich history in inorganic
chemistry.!!"'> These clusters have been frequently regarded as discrete soluble intermediates of
polymeric metal oxides, and possess extremely attractive physicochemical properties for the
development of catalysts, electronic and photochemical devices with a plethora of potential
applications in chemistry and technological areas.'*>"'> In addition, MOCs exhibit promising antiviral,

-bacterial and -cancer activity,'®!?

and have been long-established in crystallographic studies with
protein and nucleic acids.?® Such prominent chemistry between MOCs and biomolecules inspired us
to study their virtually unexplored reactivity with biomolecules. Our initial studies focused on the
reactivity of MOCs towards DNA and RNA model systems. Surprisingly, these anionic phospho-esters
were hydrolyzed in the presence of [M070,4]% and [V4O12]*" despite the high negative charge of these

metal clusters,?!?

indicating that this reactivity could be more than a mere curiosity and prompting
further exploration with other biomolecules such as proteins.

In this account, we review the hydrolytic reactivity of MOCs toward peptides and proteins developed
over the past decade. Among the several types of MOCs, most of our efforts were directed to the
reactivity of anionic polyoxometalates (POMs) due to their aqueous solubility and well-developed
chemistry. This initial interest recently evolved to insoluble MOCs and metal-organic frameworks
(MOFs), which provide interesting complementary properties, such as the ease of catalyst separation
due to the heterogeneous nature of reaction. Overall, relying on a multidisciplinary and multi-technique
approach, our findings uncovered key aspects correlating interaction and reactivity between MOCs

and proteins, which may be useful for bio-, medicinal, and catalysis chemists across different areas of

science.?



FUNDAMENTALS IN THE REACTIVITY OF POMs AND PEPTIDES

Before engaging in the hydrolysis of proteins, the hydrolytic activity of POMs was developed using
small, commercially available dipeptides as model substrates. Inspired by the phosphoesterase activity
observed in our early work, isopolyoxomolybdates’* and -vanadates’® were investigated under
physiological pH conditions. In general, higher hydrolytic activity was consistently observed for Ser-
containing dipeptides, most likely due to the presence of the OH group in the Ser side chain which is
able to engage in a well-established N,O-acyl rearrangement mechanism.>** Although this reactivity

proved useful later in protein hydrolysis,?

molybdates and vanadates have an inherent dynamic
behavior in solution that is difficult to control and study, thereby hampering optimization of their
activity due to the uncertainty regarding the catalytically active species.”’” Therefore, this intrinsic
challenge in controlling the speciation motivated the search for more stable catalysts based on POM
clusters.

Among the available MOCs, phosphotungstate based POMs were the most suitable for further
development as catalysts (Figure 1). Phosphotungstate clusters are stable over broad pH and
temperature ranges. Moreover, their lacunary derivatives can bind various Lewis acidic metal ions,
which results in metal-substituted POMs (M-POMs) with additional catalytic properties. The
speciation and solution behavior of these M-POMs can be easily followed by *'P NMR spectroscopy,
rendering them highly convenient and designable catalysts. Accordingly, the ready availability of
several metal-substituted phosphotungstates allowed us to quickly obtain an overview of their
hydrolytic activity toward the peptide bond using glycylglycine (Gly-Gly) dipeptide as a model

substrate.?
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Figure 1: Metal-substituted polyoxometalates (M-POMs) are highly designable/tunable catalysts readily
available from inexpensive inorganic salts. Color code: metal (dark-red spheres), oxygen (blue spheres), [PO4]
(orange tetrahedra), [WQ4] (grey octahedra)

The nature of the embedded Lewis acid, the POM structure and the metal/POM ratio in the catalyst
each influenced the hydrolysis rate of Gly-Gly by metal-substituted POMs. Early on, we observed the
superior reactivity of Zr(IV), Hf(IV)*® and Ce(IV)* analogues over first-row transition metals and
trivalent lanthanide substituted POMs, presumably due to the stronger Lewis acidity of the +4 stable
oxidation states, and the higher coordination numbers that these metals can adopt. On the other hand,
hydrolysis was observed regardless of the nature of POM ligand, albeit different reaction rates were
obtained depending on the type of M-POM complex used (Scheme 1). In general, the higher activity
should be expected for catalysts in which the embedded Lewis acid metal ion has free coordination
sites to interact with the substrate. Accordingly, faster Gly-Gly hydrolysis was observed for Zr-Wells
Dawson 1:2 and Zr-Keggin 2:2, which are prone to generate a 1:1 species in solution (Scheme 2). Such
mechanism is also consistent with the low activity of the coordinatively saturated Zr-Keggin 1:2, which
only dissociates partially under the reaction conditions,* and with the good reactivity observed for the
Zr-Wells-Dawson 4:2 complex, which despite not undergoing dissociation, intrinsically contains

coordinatively unsaturated Zr(IV) sites in its structure (Figure 1).%!
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Scheme 1: Structure of the Zr-POM catalyst influences the rate of peptide bond hydrolysis compared to the
uncatalyzed, spontaneous hydrolysis of glycylglycine under the same reaction conditions*

Mechanistic experiments and Density Functional Theory (DFT) calculations further confirmed that
metal-substituted POMs accelerate peptide bond hydrolysis through a Lewis acid activation
mechanism, which requires free coordination sites at the embedded metal center (Scheme 2). Thus,
initial dissociation of M-POMs precursors determines the availability of the metal-POM 1:1
catalytically active species (A), which in turn accounts for the influence of M-POM structure on
reaction rate. Similar trend has been also observed in several organic solvents.*? Next, coordination of
the dipeptide substrate can happen in several ways (B), but dipeptide chelation through the N-terminal
amino group and an amide carbonyl oxygen is the major reactive intermediate (C). In this species,
synergistic Lewis acid activation of the amide carbonyl group and the C-terminal carboxylate assisted
water deprotonation decreases the energy barrier of an outer-sphere water nucleophilic attack, leading
to peptide bond cleavage.'’! In addition to hydrolysis, the correspondent cyclic dipeptide is also
transiently formed in these reactions, probably derived from a ‘non-productive’ coordination mode in
B. The M-POMs mediated ‘fast equilibrium’ between Gly-Gly and 2,5-diketopiperazine,*> was also
recently exploited, disclosing M-POMs as a new class of atom-economic and water tolerant amide

bond forming catalysts.>*
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Scheme 2: General mechanism proposed for the peptide bond hydrolysis catalyzed by metal-substituted POMs

Once the basic catalytic activity towards the peptide bond hydrolysis was developed, we also evaluated
a large variety of dipeptides to probe the role of side-chains in reactivity. A range of different Gly-Aa
(Aa = amino acid) dipeptides was successfully hydrolyzed; however, the reaction rates were largely
dependent on the nature of the side-chain group in Aa. The reaction rates were particularly sensitive
to steric hindrance, and bulky side chains slowed the hydrolysis rate (Figure 2).3! Such behavior is
consistent with a less effective substrate-catalyst interaction, proposed in Scheme 2, since the substrate
undergoes conformational changes to encounter the entering water molecule, and this can be hampered
by bulky substituents.! On the other hand, serine containing dipeptides consistently showed higher
than expected rates, indicating that intramolecular participation of the hydroxyl group, which is known
to accelerate peptide hydrolysis, is also likely to take place in these dipeptides. Finally, in some cases
Lewis basic side-chains like carboxylates (Asp, Glu), carboxamide (Asn) and imidazole (His) were
observed by 'H and '3C NMR to aid interaction with the catalyst, although direct coordination between
these groups and the catalyst could not be evidenced. These interactions apparently played only a
secondary role in these reactions, thus having a quite distinct role from prior artificial metalloproteases
based on Cu(II) and Pd(II) complexes that required direct anchoring to the amino acid side chains.'®
Moreover, the electrostatic interactions between the M-POM and the amino acid side chains also did

not appear to play a relevant role in the hydrolysis of small peptides, although a rate increase was

observed in some cases.



2.4x10° §cr

2.1x106-

1.8x106-.

1A5x10‘—-

1.2x106—- His
[ ]

| Lys
9.0x107 °

Thr °

Kobs (S_I )

Arg
6.0x107 G.ly .
i Ala  Asp Asn
3.0x10” Ll AA = Phe
| Val Leu
AGIn 1
0.0 - Ile

$ 1 2 T i T 3 T ] T ) T . T Y T
40 60 80 100 120 140 160 180 200
Volume (A%)

Figure 2: Reaction rates for the hydrolysis of Gly-X dipeptides showcases how the size and nature —
hydrophobic (m), positively-charged (e), hydrophilic (V), or carbonyl-containing ( A) — of the peptide side-
chain influences reaction rate and mechanism (representative chart for Zr-Wells-Dawson 4:2, reproduced with
permission from ref. 31. Copyright (2015) American Chemical Society).

In view of the promising and rich reactivity with dipeptides, a gradual increase in the complexity of

2836 and the oxidized insulin chain B, an

the systems was pursued by examining short oligopeptides
unstructured polypeptide consisting of 30 amino acids.*’ In general, hydrolysis of tri- and tetrapeptides
followed the same principles observed in dipeptides, and in the case of insulin chain B, the preferential
hydrolysis at Gly8-Ser9, followed by Phel-Val2, GIn4-His5, and Leu6—Cys(SO3H)7 matched very
well the reactivity trends observed with dipeptides.?” These results clearly indicated that Lewis acid
mediated cleavage of peptide bonds also occurred in larger molecules, and prompted us to probe the

reactivity of MOCs with several protein substrates.

SELECTIVE PROTEIN HYDROLYSIS BY MS-POMs

Based on the deep understanding of the catalytic activity of metal-substituted POMs towards peptides,
we relied on the catalytic potential of Zr(IV), Hf(IV) and Ce(IV) POMs (here referred as M-POMs) to
explore the reactivity of MOCs with proteins. As a result, the selective hydrolysis of different proteins
has been reported with a wide variety of intrinsic properties, such as isoelectric point (pl), size and
surface charge by these M-POMs (Figure 3).>33* Hereon, we showcase the tunability and selectivity

of MOC catalysts to highlight their potential as promising artificial metalloproteases.
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Figure 3: a) Metal-substituted POM:s selectively hydrolyze proteins under mild reaction conditions. b) Sodium
dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of protein fragments obtained after reaction
illustrated with the hydrolysis of haemoglobin by 2:2 Zr-Keggin (reproduced with permission from ref. 2.
Copyright (2019) Wiley-VCH Verlag GmbH&Co. KGaA.) ¢) Overview of selected proteins hydrolyzed by
Hf"-, Zr'V- or CeV-POMs. At physiological pH blue areas are positively charged, red areas are negatively
charged.

The hydrolysis of proteins with Zr(IV)-, Hf(IV)- or Ce(IV)-substituted POMs under physiological pH
conditions (pH 7.4, 37-60°C, 10-20 mM buffer) is very straightforward to carry out. The simple “mix
and incubate” nature of the reported reactions allowed for facile analysis by sodium dodecyl-
polyacrylamide gel electrophoresis (SDS-PAGE), revealing the formation of discrete, hydrolytically
cleaved protein fragments in typically 24 — 48 h.>32%384042 gually, after 24 hours of reaction no new
discrete protein fragments were observed but the ones already formed increased in intensity,
evidencing that protein hydrolysis by M-POMs is selective in nature. Additionally, the smoothness of
M-POM protein cleavage generates protein fragments in the range of 3-15 kDa, which are suitable for
middle-down proteomics. This emerging area of proteomics is highly promising as it reduces the
inherent loss of information by analyzing larger protein fragments than the ones generated by

established natural proteases such as trypsin .+



The site selectivity of the hydrolysis was elucidated by Edman degradation, a standard N-terminal
derivatization that allows the stepwise identification of N-terminal amino acids, which allowed
identification of the specific peptide bonds that were cleaved (Table 1). Notably, among the many
peptide bonds available in a single protein, M-POM complexes target specifically those that are solvent
exposed and located in positive patches of the protein surface. Moreover, peptide bonds with polar
charged side-chain residues were favored over the Lewis basic His and Cys residues that were targeted
by other metallic complexes.! More interestingly, identical cleavage patterns were observed for
myoglobin in the presence of different Zr-POMs, regardless of the POM scaffold having a Lindqvist,

Keggin or Wells-Dawson structure.*’

Table 1. Selectivity of protein hydrolysis observed in presence MS-POMs

Number of M-POM Number of

Protein Cleavage sites
residues (M =Zr"V, HflY, Ce!Y)  cleavages

Argl14-Leul1s,

Human serum Ala257-Asp258,
585 1:2 Zr-Wells-Dawson 4
albumin’® Lys313-Asp314,
Cys392-Glu393
Asp4-Glys,

Asp20-Ile21,

Horse heart 153 2:2 Zr-Keggin 6 Asp44-Lys45,

myoglobin*’ Asp60-Leub61,

Aspl26-Alal27,
Aspl4l-Tle142

a-subunit:
Aspb6-Lys7,
Asp74-Asp73,
572 2a2P)
_ Asp75-Leu76,
a-subunit: PN
sp85-Leu86,
Haemoglobin® 141 2:2 Zr-Keggin 11 P
Asp94-Pro95,
[3-subunit:
Aspl116-Phel17
145

[-subunit:
Asp46-Leud7,
AspS51-Ala52,
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Cytochrome c*

Ovalbumin*!

Hen Egg White

Lysozyme®?’

1:2 Ce-Keggin

104
1:2 Zr-Keggin
2:2 Zr-Keggin
385 1:2 Hf-Wells-Dawson
1:2Hf- Wells-Dawson
129

1:2 Ce-Keggin

11

Asp68-Ser69,
Asp78-Asp79,
Asp98-Pro99
Trp60-Lys61,
Gly78-Thr79
Asp3-Val,
Asp51-AlaS2,
Gly78-Thr79
Phel3-Aspl4,
Arg85-Asp86,
Asn95-Asp96,

Alal39-Aspl40,

Ser148-Trp149,

Ala361-Asp362,
Asp362-His363,

Pro364-Phe365
Aspl18-Asn19,
Asp48-Gly49,
Thr51- Asp52,
Asp52-Tyr53,
Asp66-Gly67,

Aspl01-Gly102

Trp28-Val29,
Asn44-Arg45

Remarkably, proteins greatly varying in size, pI and three-dimensional structure, such as human serum
albumin (HSA),** haemoglobin,? Hen Egg White Lysozyme (HEWL),? and ovalbumin*' (Figure 3c),
were predominantly hydrolyzed at Asp-X or X-Asp bonds, especially in the presence of Hf'V and Zr"Y
substituted POMs. This keen preference towards Asp sites is uncommon in natural proteases, even
though Asp containing peptide bonds are among the most labile bonds in a peptide chain.** Such
favorable cleavage was rationalized by means of DFT calculations on the hydrolysis of a model peptide
bearing an internal aspartate residue by a Zr'V-Lindqvist complex. For the Asp-X linkages, the Zr-

POM was found to facilitate an intramolecular nucleophilic attack by the side-chain carboxylate group



of aspartate residue to a backbone amide bond, leading to formation of a five-membered cyclic
hemiaminal intermediate, which collapses to yield the final cleaved product and regenerated catalyst
(Figure 4a). In comparison with its homologue glutamate, the aspartate intramolecular attack is favored
mostly by slightly lower activation energies, and the different stability of the corresponding succinic
and glutaric cyclic anhydrides formed (Figure 4b). On the other hand, the same intramolecular attack
mechanism is not favored for the cleavage of X-Asp bonds and they probably undergo a conventional
Lewis acid mechanism (Scheme 2). Here, the Asp carboxylate group might work more efficiently than
other side-chain functional groups as an ‘intramolecular base’ that deprotonates the water molecule
attacking the peptide bond, thus accelerating X-Asp cleavage in comparison to other peptide bonds, 2

due to the kinetic preference for formation of five- over six-membered rings

12
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Figure 4: Simplified schematic representation of the a) key intermediates and b) energy profiles along the

Finally, even though a similar cleavage pattern was obtained for the diverse group of proteins in Table
1, some interesting differences in the outcome of the protein hydrolysis reactions were also observed
depending on the metal embedded in the M-POM catalyst employed. For example, in the hydrolysis

of cytochrome ¢ with isostructural Ce'¥- and Zr'V-Keggin POMs,* two peptide bonds were hydrolyzed



by the former (Trp60-Lys61 and Gly78-Thr79), while three cleavage sites were obtained for the latter
(Asp3-Val4, Asp51-Ala52 and Gly78-Thr79). Similarly, Ce'V-Keggin hydrolyzed HEWL at only two
bonds (Trp28-Val29 and Asn44-Arg45), while Hf"Y-Wells-Dawson cleaved six peptide bonds with
exclusive Asp-selectivity (Asp18-Asnl9, Asp48-Gly49, Thr51- Asp52, Asp52-Tyr53, Asp66-Gly67,
Aspl101-Gly102). The reasons behind these differences in selectivity are still not fully understood.

However, partial reduction of Ce'V-Keggin to Ce'!!

-Keggin was observed during the reaction with both
proteins, which likely affects the coordination chemistry and the reactivity of this M-POM catalyst.*®
Detailed kinetic studies with a series of amino acids and peptides revealed that side chains of Cys, Trp,
Tyr, Phe and His amino acids can reduce Ce'V-POMs.*® This study further confirmed that the protein’s
surface redox activity could alter the M-POMs reactivity if the embedded Lewis acid is a redox active

element like Ce(IV).

THE ROLE OF POM-PROTEIN INTERACTIONS IN THE HYDROLYSIS OF PROTEINS
To gain a better understanding of the reactivity and selectivity profile observed for metal-substituted
POMs towards proteins, we carried out several experiments to elucidate how M-POMs and proteins
interact. In early work with coordination complexes, selectivity was primarily achieved through
conventional coordination chemistry.'®3* However, even though the embedded Lewis acid metal is
what renders the M-POM hydrolytically active, the interaction between the POM framework and the
proteins is an important first step to bring the Lewis acid in close proximity to the reactive amide
bond.*” Such importance was directly observed in the hydrolysis of HSA by Zr'V-Wells-Dawson 1:2,
in the absence and presence of a surfactant.’® The presence of surfactant affects the protein structure
and consequently POM-protein interactions, allowing for the tuning of the cleavage sites.*®* Such
interactions have been frequently studied by X-ray crystallography,?® but have been less explored in
solution. Therefore, we have studied in detail how these interactions affect speciation of the POM
catalyst on one hand, and selectivity of protein hydrolysis on the other.

The metal-substituted POM activation of peptide bonds, which presumably takes place through
interaction with the carbonyl oxygen atom of the peptide backbone, requires free coordination sites at
the embedded Lewis acidic metal (Scheme 2). However, several of the protein hydrolysis reactions
were conducted using coordinatively saturated 1:2 complexes, which would need to undergo an
unfavorable dissociation in physiological pH to become catalytically active.?®* This puzzling
contradiction prompted us to investigate the effect of proteins in the speciation of M-POMs by both
experimental and theoretical methods. More specifically, HEWL was co-crystallized with Zr-Keggin
1:2, Zr-Keggin 2:2 and Hf-Wells-Dawson 1:2 complexes. Interestingly, all resulting structures were

obtained containing only the monomeric M-POM units.**' Such predominance of monomeric species

14



was further examined with theoretical calculations, which revealed an unexpected relationship
between the dielectric constant of the medium and M-POM speciation. At the protein surface, which
has a lower dielectric constant (¢ = 20-30), dissociation is favored due to both stabilization of the M-
POM 1:1 species by the protein surface, and decreasing of the shielding towards the electrostatic
repulsion between anionic POM ligands provided by solvent media with higher dielectric constants,
such as water (¢ = 80).> Together, these results indicate that the protein actually favors the formation
of catalytic active M-POM 1:1 species, which is consistent with the hydrolysis taking place regardless
of the precursor used.

Further analysis of protein-POM crystal structures also revealed that the M-POM 1:1 complexes were
located in the vicinity of observed cleavage sites. The Hf-Wells-Dawson was found to be interacting
with HEWL at three distinct sites either in direct or close proximity to Asp-cleaved sites observed
upon digestion of HEWL with Hf'Y-Wells-Dawson 1:2 (Figure 5),> and a similar scenario was
observed for Zr'V-Keggin/HEWL co-crystals.*®** The similar crystal structures of the
HEWL/monomeric Zr'V-Keggin complex obtained with either 1:2 Zr'V-Keggin or 2:2 Zr'V-Keggin,
also attested to the prominent role of the POM framework in the interaction of metal-substituted POMs
with proteins. Furthermore, when the crystal structure was prepared using the Zr'V-Keggin 2:2
precursor, in one of the interaction sites the embedded Zr" metal center was oriented towards the
carbonyl oxygen atom of asparagine 65 of HEWL, thereby mimicking the interactions putatively
responsible for the activation of the peptide bond.* Both the prominence of POM scaffolds in the
interactions and the ability of the embedded Lewis acidic metal to complex amide bonds are consistent
with the reaction mechanism rationalized using dipeptide substrates (Scheme 2) and the protein

hydrolysis observed in Table 1.
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Figure 5: Overview of the three different binding sites of Hf-Wells-Dawson near D18-D87-D101 (a), D48-
D52-D66 (b) and D119 (c) on the positive patches of Hen Egg White Lysozyme (HEWL) surface. Hf(IV): blue
sphere, POM as lines, protein: pale green cartoon with Asp-residues as magenta sticks (reproduced with
permission from ref. 3. Copyright (2018) Wiley-VCH Verlag GmbH&Co. KGaA).

Another interesting feature evident in the crystallographic structures was the preference of metal-
substituted POMs for the positively charged protein surfaces. The charged residues on protein surfaces
permit an electrostatic interaction with negatively charged POM frameworks, and are likely driving
forces in the observed M-POM assisted protein hydrolysis.?-3*4244-50-55 The importance of electrostatic
interactions between proteins and MS-POMs was clearly observed by tryptophan (Trp) fluorescence
spectroscopy. The quenching of Trp fluorescence in proteins in the presence of exogenous ligands
gives insight into the strength of the interaction,”® and was found to depend on both the nature of
protein and M-POMs. 3423033 In these experiments, the observed fluorescence quenching was
attributed to the electrostatic interaction of M-POMs with the protein surface, and this was further
strengthened by comparing the Trp fluorescence quenching in a-lactalbumin (a-LA) and HEWL. Even
though HEWL and a-LA are structurally highly homologous, the quenching constant was two orders

of magnitude lower for a-LA compared to HEWL, due to very different surface potentials with a-LA
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being mainly negatively charged and HEWL being positively charged at physiological pH . The
quenching constants were consistent with the hydrolysis of HEWL and the absence of a-LA hydrolysis
observed in the presence of Ce'Y-Keggin, thereby supporting the hypothesis that attractive electrostatic
interactions between the M-POMs framework and proteins are crucial for the observed reactivity.>?

The mainly electrostatic nature of the interactions between MS-POMs and proteins was further
confirmed in a broad X-ray crystallographic study of four different metal-substituted Wells-Dawson
POMs [M™(02-PaW17061)]™ 12 (M™ = Zr**, Co**, Ni**, Cu?**) bound in a non-covalent complex with
HEWL.> Each POM exhibited very similar interactions with HEWL at flexible loop-like parts with
positively charged residues, such as arginine, lysine and asparagine. This behavior indicates that
mainly electrostatic, and to a lesser extent water-mediated hydrogen bonding interactions between the
POM framework and the protein surface are the driving force for the hydrolytic reaction to take place.
These interactions observed in crystallo were further supported by molecular dynamics and molecular

54,55

docking calculations, which confirmed that M-POM/protein binding is mainly driven by
electrostatic interactions and direct or solvent-mediated hydrogen bonds. These interactions arise
between the basic oxygens in the POM framework and the side chains of positively charged (arginine
and lysine) and polar non-charged (tyrosine, serine and asparagine) amino acids. However, the strength
of the interaction varied with the number of positively charged side-chains involved in the interactions,
leading to energetically more favored binding sites when more charged side chains were present.’*

Furthermore, the extent to which metal-substituted POMs influence the protein structure was
investigated by Circular Dichroism (CD) spectroscopy. Secondary protein structures, such as alpha-
helices and beta-sheets are sensitive to ligand binding, providing a measure for the integrity of the
overall structure of proteins upon ligand binding or interaction.’® Using CD spectroscopy, several
protein/M-POM couples have been investigated.?®3%424459-33 Generally, the introduction of an M-POM
species was observed to affect the a-helical and B-sheet secondary structure content of the protein,
with the perturbation extent dependent on the size and charge of both M-POM and protein. In general,
M-POMs had more pronounced effect on the secondary structure of smaller proteins; however, the
native 3D fold of the proteins remained largely intact in most of the binding studies. Moreover, larger
perturbations were observed upon addition of larger POMs such as Zr-Wells-Dawson 4:2 compared to
the smaller Zr-Keggin or Zr-Lindqvist POMs.?***" It is clear that a larger POM framework causes a
greater structural perturbation of a protein; however, this did not necessarily correlate with a higher
hydrolytic reactivity. Although somewhat intriguing, this is not surprising since the POM-protein
interactions should be followed up by other key mechanistic steps, such as the formation of the

catalytic active 1:1 species and its interaction with the amide carbonyl oxygen, in order to result in

effective cleavage of the peptide bond.
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HETEROGENEOUS GROUP IV MOC AS THE NEXT GENERATION OF ARTIFICIAL
METALLOPROTEASES - EN ROUTE TO EFFICIENT NANOZYMES

Even though most of our work has focused on metal-substituted POMs, our recent efforts have been
dedicated towards developing the catalytic activity of other Lewis acidic Zr(IV)- and Hf(IV)-oxo
clusters for the peptide bond hydrolysis in model dipeptides and proteins. Besides expanding our
studies related to the reactivity between MOCs and biomolecules, these clusters are conveniently
available as heterogeneous materials, which could facilitate MOC and protein digest separation and
streamline the analysis of generated protein fragments. These new research interests resulted in
pioneering contributions reporting the protease activity of Zre-based metal-organic frameworks
(MOFs) and discrete Hf-oxo clusters, thus indicating a promising future role for these materials in the
development of artificial hydrolytic nanozymes.*

Recently, we have shown that a large, discrete HfV-based metal-oxo cluster,
[Hf18010(OH)26(S04)13(H20)33] (Hf1s), selectively hydrolyzes Horse Heart Myoglobin (HHM) at Asp-
X and X-Asp peptide bonds (Figure 6).°° The Hf1s cluster is insoluble in water, but could hydrolyze

fIV centers and the Brgnsted acidic surface of Hfis,

HHM through a combined action of Lewis acid H
resulting in cleavage of two Asp sites located in negative patches of the protein that previously
remained unreacted when MS-POMs were used as catalysts.**® Notably, protein and cluster were
found to strongly interact, resulting in complete adsorption of HHM onto the solid cluster surface after
a few minutes. Although this interaction still hinders full recovery of protein fragments, initial
mechanistic studies pointed to the stability of the cluster under the reaction conditions, indicating
potential recyclability of the catalyst. Moreover, previous reports have already shown Lewis acid
mediated hydrolysis of proteins by Hf!V-substituted POMs, but Hfis provided a first proof that a
combination of Lewis and Brgnsted functionalities could be applied to future catalyst design.
Additionally, this was the first report that used a heterogeneous discrete metal-oxo cluster as an all-

inorganic protease, which, considering the vast variety of metal-oxo cluster-based materials, promises

a broad scope for future studies and applications.
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Figure 6: a) Hf™V-based metal-oxo cluster, [Hf1s010(OH)26(SO4)13 - (H20)33] (Hf1s). Hafnium polyhedral: teal,
sulfate polyhedral: yellow.® b) Hfys hydrolyzes Horse Heart Myoglobin (HHM) under simple mix and stir
conditions. (reproduced with permission from ref. 60, Copyright (2020) Wiley-VCH Verlag GmbH &Co.
KGaA).

In addition to discrete clusters, extended structures like MOFs have also exhibited promising
hydrolytic activity towards peptides and proteins. MOFs are a diverse group of porous network
materials based on metal ions or metal-oxo clusters linked by rigid organic linkers, whose structure
tunability grants them excellent catalytic potential, among other applications.’! Based on the superior
peptidase activity observed for Zr-POMs, MOFs based on ZrsOs clusters such as MOF-808,* UiO-
66%% and NU-1000% were explored for their peptidase activity (Figure 7). Notably, all three MOFs
hydrolyzed the Gly-Gly model substrate faster than Zr-POMs, suggesting that Zr-oxo clusters lower
the energy barrier of peptide bond cleavage more efficiently than soluble metal-substituted POMs.
Furthermore, the MOF network structure directly impacts the reaction rates, which decrease in the
order MOF-808 > > NU-1000 > UiO-66. This behavior is probably due to the diverse accessibility of
the presumed ZreOs catalytic sites, the different number of free coordination sites on Zr(IV) resulting
from distinct MOF connectivity, as well as differences in pore size, shape, and even particle size. More
interestingly, in this preliminary work we already observed that tuning the properties of the pore

directly tunes MOF hydrolytic activity. For example, by changing the 3D octa- and tetrahedral shape
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of MOF-808’s pores to the ‘2D channels’ of NU-1000 significantly increased the entropy of activation,

showing that MOF architecture directly impacts the reaction energetics.®® Similarly, introducing

functional groups and/or modulating the number of defects in the UiO-66 structure resulted in different

hydrolytic efficiencies for a range of dipeptides, indicating that residue selectivity might result from

distinct pore decorations.®?
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Figure 7: a) Highly porous MOF networks, NU-1000,% UiO-66% and MOF-808* available from simple
molecular components. b) {ZrsOg} clusters embedded in the extended MOF-808 network are catalytically active

towards the hydrolysis of peptides and proteins with high selectivity. Color code: {ZrsOs} clusters: turquoise or

teal, C: black, O: red.

Finally, these three Zr-MOFs also exhibited exquisite protease activity towards the HEWL model

protein substrate, providing similar cleavage pattern by SDS-PAGE analysis, thus suggesting the
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reactivity is largely governed by the Zrs-0xo cluster embedded in the structure. Further comparison
with the protein hydrolysis using metal-substituted POMs allowed us to speculate that these MOFs are
Asp-selective proteases as well, thus underlining the potential of these materials as selective hydrolytic
nanozymes. This prospect is further enhanced by the remarkable stability of the Zr-MOFs under the
reactions conditions, in contrast to the prompt decomposition of a Cu'-MOF (HKUST-1) observed

during hydrolysis of bovine serum albumin.®*

CONCLUSIONS AND OUTLOOK

Our quest to develop the hydrolytic activity of metal-oxo clusters towards peptide bonds is ongoing,
but it has already resulted in many important insights for catalysis and bioinorganic chemistry. Here,
we have summarized the key factors that influence the protein and peptide hydrolysis catalyzed by
metal-substituted POMs, and provided insight into this scarcely explored area of polyoxometalates’
reactivity. Altogether, the complementary experimental and theoretical studies have painted a rich and
insightful picture of the different molecular and supramolecular features of the interactions between
M-POM complexes and proteins that drive hydrolysis. Interestingly, they suggest that the POM
framework quite remarkably engages in an “enzyme-like” non-covalent interaction with specific
regions of the protein, placing the embedded metal nearby the position where it selectively cleaves the
protein backbone. In addition to this controlled regioselectivity, the metal-substituted POM also
imparts the relaxation of the secondary structure of the protein upon binding, which might be essential
to make potential cleavage sites more accessible to the embedded Lewis acid. These features are
strikingly similar to the control that natural proteases have over their substrates, which highlights the
unique potential of M-POMs to behave as true artificial metalloproteases. Further, we have shown that
the concepts uncovered with homogeneous metal-substituted POMs can be leveraged to explore other
heterogeneous MOC:s such as discrete metal-oxo clusters and MOFs, that also exhibit a very promising
potential to be developed as hydrolytic nanozymes. Naturally, the complete design and control of all
features that are characteristic for enzymes is still far away, but these first steps certainly show the

promising opportunities of inorganic clusters to contribute to this gigantic multidisciplinary endeavor.
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