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ABSTRACT: The catalytic activity of metal—organic frameworks

(MOFs) toward peptides and proteins provides an attractive route

for the development of nanozymes for applications in biotechnol-

ogy AandA prote.omics, particularly in the field of protein Varying Ce/Zr
identification using mass spectrometry. Here, we report that ratios
carefully tuning the Ce/Zr metal ratio is a promising strategy to

overcome structural limitations that originate from the high

connectivity of the Zry node and also increase the peptidase

activity of the MOF while preserving the material’s nano-topology

and stability. A series of bimetallic Ce/Zr-UiO-66 MOFs, in which Robust UiO-66 structure

the amount of Ce was systematically varied from 28 to 87 mol%,

have been shown to efficiently catalyze peptide bond hydrolysis in a large variety of peptides with different functional groups,
demonstrating their nanozyme potential. Detailed kinetic analysis of the hydrolysis of peptide bonds with a range of Ce/Zr MOFs
suggests that among the different metallic clusters present in UiO-66, the Ceg clusters have superior reactivity compared to the
CeZr; sites. In addition to increasing the catalytic potency of the MOF toward peptide bond hydrolysis, the introduction of Ce(IV)
also broadens the reaction scope of MOF catalysts. Selective oxidation of the thiol sidechains and the formation of disulfide bridges
have been observed at physiological pH both in cysteine and in glutathione tripeptide as substrates. The rate of oxidation is directly
proportional to the amount of Ce present in the MOF, demonstrating that the introduction of Ce into these nanomaterials is a
promising strategy to introduce oxidase activity toward biologically relevant substrates. In addition to this, adsorption of dipeptides
onto MOF nanomaterials has been studied for the first time. These studies revealed a close link between the nature of peptide side
chains and the extent of their adsorption, which has a direct influence on their ability to act as substrates in MOF-catalyzed reactions.
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B INTRODUCTION sequencing via mass spectrometry (MS), proteins must be
digested into shorter fragments to be identified using MS.
However, this is a challenging task as peptide bonds are highly
stable and this is reflected in their very long half-life for
hydrolysis, which is up to 600 years at physiological
temperature and pH.'>'® Most of the artificial metal-
loproteases developed so far are based on homogeneous
catalysis'’~*' and often exhibit limited reactivity under
physiological pH conditions.”* ¢ Among many metals that
have been proposed as catalysts for the hydrolytic cleavage of
peptide bonds,">*”*" Zr(IV) is particularly effective due to its
strong Lewis acidity, large coordination numbers, flexible
coordination geometries, and fast ligand-exchange kinetics.'®
However, Zr(IV) salts are prone to hydrolysis at neutral pH,

Metal—organic frameworks (MOFs) are an emerging class of
porous nanomaterials with a large potential in the field of
heterogeneous catalysis.' MOFs are formed from metal ions or
metal—oxygen clusters joined together by organic linkers,
resulting in highly porous crystal structures. Using different
metal clusters and types of linkers results in many different
MOEF structures with diverse properties, tunable pore
diameters, and particle sizes that can range from a few
nanometers to micrometers in diameter.” The high internal
surface areas of MOFs, which arise from the presence of pores,
are key to their use as catalysts, as well as in the fields of
ads.orption,*%_5 drug delivery,6 and enzyme immobilization.”
In particular, the incorporation of Lewis acidic metal ions
like Zn(II), Ce(IV), Ti(IV), and Zr(IV) in the secondary
building blocks endows MOFs with excellent catalytic
properties.*™'" Recently, we discovered that Zr(IV)-MOFs
act as excellent catalysts for hydrolytic cleavage of the peptide
bond."”™"* Selective and efficient cleavage of peptide bonds is
of great importance in different areas of biotechnology and
proteomics. For protein identification and de novo peptide
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resulting in the formation of insoluble gels, which greatly
impairs reactivity.””’' We have shown that the incorporation
of Zr(IV) into metal-oxo clusters such as polyoxometalates
(POMs) results in stable and selective artificial peptidases
which operate at physiological pH.”>™*® However, the
solubility of Zr(IV)-POMs in water hinders recovery of the
catalyst and product purification. Therefore, the use of
heterogeneous catalyst nanozymes has recently emerged as a
promising alternative.””'*** MOF nanozymes are an area of
great interest due to their tailorability and potential to mimic
catalytic sites of naturally occurring enzymes. For example, by
forming a MOF@COF (covalent-organic framework) con-
struct with the MOF NH,-MIL-88B and a “spiky” COF, a
peroxidase-type nanozyme was shown to efficiently inhibit
bacteria, with the COF acting to enhance bacteria—construct
interactions. ™

We recently reported that Zr(IV)-based MOFs, which
include 6-, 8-, and 12-connected MOF-808, NU-1000, and
UiO-66, respectively, act as efficient catalysts for hydrolysis of
the peptide bond in short peptides and in hen egg white
lysozyme protein.'”~'* Depending on the MOF, an increase in
the reaction rate of up to 3 orders of magnitude was achieved
compared to the homogeneous hydrolysis with Zr(IV)-
substituted POM complexes.”> More strikingly, this translates
to a large increase in peptide bond hydrolysis compared to the
uncatalyzed hydrolysis, which in §lycylglycine has a half-life of
6 years under similar conditions.”'

The few recent examples of MOF-catalyzed peptide bond
hydrolysis were all based on the Zrg-cluster as a catalytic site in
the MOF structure. The Zrg-cluster [Zrg(u3-O),(u5-OH),]'*,
which is the secondary building block of UiO-66, consists of
Us-bridging oxido and hydroxyl groups between Zr(IV)
centers, which are 12-connected by the linker 1,4-benzenedi-
carboxylate (BDC). Such an arrangement results in a Fm3m
framework with 11 A octahedral and 8 A tetrahedral pores
(Figure 1).” Among the examined MOFs, UiO-66 is
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Figure 1. Synthesis of bimetallic Ce,Zr(_,)O,(OH),(BDC);. The
crystal structure is based on the analogous Zr-UiO-66.>

particularly interesting as a catalyst due to its unique
robustness, with reported stability up to 500 °C or pH 11
without loss of structure.*>** Unfortunately, despite being the
most stable among the Zrs-based MOFs, UiO-66 is the least
active nanomaterial tested for peptide bond hydrolysis'*~"*
most likely due to the 12-connected Zrs node, which leaves few
coordination sites open for catalysis. A possible way to increase
the reactivity of UiO-66, while preserving its nano-topology, is
by introducing other Lewis acid metals with higher
coordination numbers into the core cluster.” Specifically,
substitution of one or more of the Zr(IV) ions in the [Zrg(u;-
0),(u3-OH),]"*" secondary building unit for another metal,
like Ce(IV), can potentially enhance its nanozymatic peptidase
potential because Ce(IV) has shown a superior activity toward

peptide bond hydrolysis in previous studies.””**~>° Moreover,

compared to its Zr(IV) analogue, the pure Ce(IV)-MOF and
Ce(IV)-doped Zr(IV)-MOFs have shown better reactivity in
catalyzing degradation of organophosphorus-based nerve
agents through hydrolysis reactions.”>*

In addition to increasing the catalytic potency of the MOF
toward peptide bond hydrolysis, the introduction of Ce(IV)
could also broaden the scope of MOF catalysts because the
redox activity of Ce(IV) could be exploited for catalysis of
other reaction types. The redox activity of Ce-UiO-66 and its
dimethyl-substituted analogue has been reported in the
oxidation reactions of benzyl alcohol,® olefins,’® and in
oxidative coupling of thiophenols.”* However, the redox
activity of MOFs toward biologically relevant building blocks
has been scarcely explored, especially considering that redox
reactions are essential in many biological processes, such as
photosynthesis, metabolism, and DNA repair.”> Due to redox
chemistry of the Ce(IV)/Ce(III) couple, Ce(IV)-MOFs might
be suitable as catalysts for biologically relevant reactions, such
as the oxidation of amino acids and peptides.*® Recently, a Ce-
based MOFzyme, AU-1 has been shown to be highly efficient
at inducing oxidative stress in airborne fungi in a species-
dependent manner, paving the way for redox active MOFs to
be used in nanomedicine.”

In this work, we set out to explore the potential of Ce(IV)-
based MOFs as nanozymes toward amino acids and peptides.
We specifically aimed to extend the scope of bimetallic Ce/Zr-
UiO-66 MOFs both as an artificial nanozyme for the hydrolysis
of peptide bonds and as a redox active material, and to explore
the effect of the Ce(IV) to Zr(IV) molar ratio on the catalytic
and redox activity within this nanomaterial.

B EXPERIMENTAL PROCEDURES

Synthesis of MOF Catalysts. Zr,0,(OH),BDC)s. A 500 mL
VWR pressure plus+ bottle was charged with ZrCl, (0.625 g, 2.68
mmol), S mL of HCI (37%), and 25 mL of N,N-dimethylformamide
(DMF). A second 100 mL VWR pressure plus+ bottle was charged
with 1,4-benzenedicarboxylic acid (0.615 g, 3.70 mmol) and 50 mL of
DME. Both bottles were sonicated until a homogeneous solution was
obtained. After the solutions were prepared, 1,4-benzenedicarboxylic
acid solution was added to the S00 mL VWR pressure plus+ bottle
and manually homogenized. Next, the reaction mixture was heated at
80 °C overnight in an oven. After cooling down to room temperature,
the precipitate was recovered through centrifugation and washed with
DMF (3 X 45 mL for 2 h each time) followed by EtOH (2 X 45 mL
for 1 h each time, and 1 X 45 mL overnight). The product was dried
under atmospheric conditions overnight. The structure of UiO-66 was
confirmed by powder X-ray diffraction (PXRD) and scanning electron
microscopy (SEM) analysis. Finally, UiO-66 was activated at 200 °C
for 20 h. The final product was obtained as a white solid (0.7 g, 94%
yield).

Ce,Zr(5_04(0OH)4(BDC)s. 1,4-benzenedicarboxylic acid (1.15
mmol, 191.4 mg) and 1.54 mL of concentrated formic acid were
dissolved in 5.4 mL of DMF in a Pyrex glass reaction vial. An aqueous
solution of cerium(IV) ammonium nitrate (0.533 M) (1) and an
aqueous solution of zirconium(IV) dinitrate oxide hydrate (0.533 M)
(2) were added in different ratios as indicated in Table S1, and
reaction vials were heated for 15 min at 100 °C under continuous
stirring. After cooling down, the precipitate was centrifuged and
washed with DMF (2 X 10 mL for 10 min each time) and acetone (3
% 10 mL for 10 min each time). The product was dried for 24 h under
atmospheric conditions. The ratio of Ce/Zr in each MOF was
determined with inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) after dissolving S mg of MOF in 2 mL of aqua
regia under heating. The structure of the Ce/Zr-UiO-66 MOFs was
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confirmed with PXRD and SEM analysis. Finally, Ce/Zr-UiO-66
MOFs were activated at 200 °C for 18 h.

Hydrolysis and Oxidation of Peptides. Hydrolysis Study of
Glycylglycine. 900 uL of D,O was mixed with 2 pgmol MOF and
stirred for 20 min. 100 uL of a 20 mM glycylglycine (GG) solution
was added and pD was adjusted to 7.4 with NaOD. Reactions were
performed in individual vials at 60 °C and the supernatant was
collected at certain time points by 2 X 10 min centrifugation at 14,000
rpm. 3-(trimethylsilyl)propionic-2,2,3,3-d, acid sodium salt (TMSPA-
d,) was added, and the reactions were followed with 'H NMR
spectroscopy. The data were fitted to a first-order decay and reaction
rates were determined from the slope of the equation.

Hydrolysis Study of Gly-X. The hydrolysis of different Gly-X
dipeptides was followed. 800 uL of D,O was added to 2 ymol MOF
and mixed with 200 uL of dipeptide solution (10 mM) and the pD
was adjusted to 7.4 with NaOD. After 169 h of stirring at 60 °C, the
supernatant was collected, and conversion and adsorption values were
determined based on 'H NMR using TMSPA-d, as the internal
standard. The hydrolysis yield of Gly-X was determined by
quantification of the glycine yield in the supernatant. Adsorption of
Gly-X was determined by quantification of glycine and Gly-X in
solution and subtracted from the initial concentration present before
the reaction.

Oxidation of Cysteine. 900 uL of D,0O was added to 2 yumol MOF
and stirred for 20 min. 100 uL of cysteine solution (S0 mM) was
added and the pD was adjusted to 7.4 with NaOD. Reactions were
followed for 4 h, and at certain time points, the supernatant was
collected and conversion was determined based on the 'H NMR yield
using TMSPA-d, as the internal standard.

Oxidation of Cysteine in a N, Atmosphere. D,0 was degassed by
purging N, through it for 10 min. 900 xL of degassed D,O was added
to 2 umol Ce6l. 100 uL of a cysteine solution (50 mM), also
degassed with N,, was added and the pD was adjusted to 7.4 as fast as
possible. The reaction was followed for 1 h under a continuous N,
atmosphere, the supernatant was collected, and conversion was
determined based on the 'H NMR yield using TMSPA-d, as the
internal standard.

Oxidation of Tryptophan and Histidine. 900 uL of D,O was
added to 2 ymol MOF and stirred for 20 min. 100 4L of a tryptophan
(Trp) or histidine (His) solution (50 mM) was added and the pD was
adjusted to 7.4 with NaOD. Reactions were followed for 1—24 h, and
at certain time points, the supernatant was collected and conversion
was determined based on the 'H NMR yield using TMSPA-d, as the
internal standard (Table S2).

Oxidation of Glutathione. 900 uL of D,O was added to 2 pmol
MOF and stirred for 20 min. 100 uL of a glutathione solution (S0
mM) was added and the pD was adjusted to 7.4 using NaOD.
Reactions were followed for 24 h and conversion was determined
based on the 'H NMR yield using TMSPA-d, as the internal standard.

Further details on the protocols used are present in the Supporting
Information.

B RESULTS AND DISCUSSION

Hydrolysis of Glycylglycine by a Bimetallic Ce/Zr-
UiO-66 MOF series. In the initial step, the reactivity of pure
Ce-UiO-66 MOF toward GG as a model dipeptide was
studied. This MOF has good water stability in a broad pH
range from 1 to 13 but rather low thermal stability.*
Incubation of GG with Ce-UiO-66 MOF at 60 °C and pD
7.4 for 24 h resulted in a nearly threefold increase in the rate of
GG hydrolysis compared to pure Zr-UiO-66."* However,
PXRD experiments of the MOF after the reaction revealed that
an extra phase was formed, which may arise from the reduction
of Ce(IV) to Ce(IlI) (see discussion below), indicating the
low stability of pure Ce-UiO-66 under reaction conditions
(Figure S2). To find the optimal balance between the MOF’s
stability and its reactivity, the bimetallic Ce/Zr-MOFs were
further explored as catalysts. Compared to pure Ce-UiO-66,

the bimetallic Ce/Zr-UiO-66 MOF is known to have better
stability, and therefore, a series of MOF catalysts with different
Ce/Zr metal ratios was synthesized in the next step.” The
structure of these MOFs were confirmed by PXRD and
textural analysis and all MOFs showed a typical UiO-66
architecture (Figures S3—S6 and 2). The exact Ce/Zr ratio in
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Figure 2. SEM images of the as-synthesized bimetallic Ce/Zr-UiO-66.
(a) Ce28, (b) Ce43, (c) Ce61, and (d) Ce87.

the synthesized MOFs was determined using ICP-OES (Table
1). The Ce content in all MOFs was above 17%, as under such

Table 1. Characterization of Bimetallic Ce/Zr-UiO-66"

entry MOF Ce/Zr [at. %] diameter (pm) Sper (m? g7t)
1 Ce28 (28:72) + 6 0.20 + 0.05 1394
2 Ce43 (43:57) + 8 0.22 + 0.04 1425
3 Ce6l (61:39) + 3 0.33 + 0.05 1723
4 Ce87 (87:13) + 8 145 + 042 1098

“Ce/Zr [at. %] measured with ICP-OES, diameter determined via
SEM measurements (Figure 2), and the BET surface (Sgpr)
determined via N, physisorption measurements (Figure S6).

conditions only CeZry and Cey clusters are present, so that
consistent comparison between the ratio of these clusters could
be obtained.”® The amount of Ce was systematically increased
resulting in a series of four bimetallic MOFs with 28, 43, 61,
and 87 mol% Ce, which will be further referred to as Ce28,
Ce43, Ce61, and Ce87, respectively. The PXRD pattern in the
7 and 25° 26 region showed a shift to lower diffraction angles
with increasing %Ce, which is caused by the larger size of
Ce(IV) compared to that of Zr(IV) (Figure S4). Additionally,
the increasing amount of Ce resulted in a larger particle size,
with Ce87 having a particle diameter four to seven times larger
(1.45 vs 0.20—0.33 nm) than the other MOFs in the series
(Table 1 and Figure 2). Supporting Information regarding the
effect of %Ce on the MOF surface area was obtained by N,
physisorption measurements (Figure S6), which showed a
small increase in the Brunauer—Emmett—Teller (BET) surface
with increasing %Ce from Ce28 to Ce61. It should be noted
that in addition to its larger particle size, Ce87 showed a
decrease in the BET surface area (Table 1 entry 4), which can
potentially influence the hydrolysis rates of GG. No significant
difference in the amount of missing linker defects in the MOF
series could be observed based on thermogravimetric analysis
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(TGA) as the calculated missing linkers, based on the literature
procedure,”” are in the same range (Figure S5 and Table S4).
Finally, the bimetallic Ce/Zr-UiO-66 MOFs were more stable
than pure Ce-UiO-66, as all bimetallic Ce/Zr-UiO-66 MOFs
in the obtained series have been shown to be stable under
conditions used for peptide hydrolysis (see discussion below,
Figure S8).

The hydrolytic activity of mixed Ce/Zr-UiO-66 was probed
with the model substrate GG using "H NMR spectroscopy.
Hydrolysis of GG results in the formation of glycine (G) and
the presence of the byproduct cyclic glycylglycine (cGG),
which was also observed in the '"H NMR spectra (Figures 3
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Figure 3. Hydrolysis of GG to G and GG cyclization to ¢GG in the
presence of bimetallic Ce/Zr-UiO-66 MOEF.

and S7a). The hydrolysis reaction is characterized by the
decrease in GG resonance between 3.82 and 3.84 ppm, with
the simultaneous increase in the G signal at 3.56 ppm and an
initial increase followed by a gradual decrease in the c¢GG
signal at 4.04 ppm (Figure S7a). For each MOF;, the change in
GG concentration was plotted as a function of time and the
data were fitted to first-order kinetics, giving reaction rate
constants as a result (Figure S7b).

Comparing the rates of GG hydrolysis for MOF samples
Ce28, Ce43, and Ce6l, in which %Ce was systematically
increased, revealed the importance of the Ce(IV) amount on
the rate of GG hydrolysis (Figure 4). MOFs Ce28, Ce43, and
Ce61 exhibit minimal variations in the particle size and BET
surface (Table 1 entry 1—3), which minimizes the effect of
morphological features on the reaction rate. Therefore, the
observed increase in the GG hydrolysis rate can be directly
linked to the amount of Ce present in the MOFs. The GG
hydrolysis by Ce87, which has the highest %Ce, was the
slowest in the series. Ce87’s hydrolysis rate was 1.5 times
smaller than the rate observed for Ce61, which is consistent
with the lower BET surface area and bigger particle sizes
observed for Ce87 in comparison with other MOFs in the
series.””®" GG and G have a calculated Stoke’s radius of 4.4
and 2.6 A, respectively, which would allow both the substrate
and product to diffuse through the pores of this MOF with
diameters of 8 and 11 A. The pore diameters for all MOFs in
this work are similar and we can assume that the measured
surface area is accessible to the substrate. Ce87 has a lower
accessible surface area compared to the other MOFs, so it is
less reactive toward GG hydrolysis as the amount of accessible
active sites will be lower than for the other MOFs with a higher
surface area. However, this effect seems to be compensated for
by the high amount of Ce in this MOF, resulting in similar
reaction rates to those observed for Ce43 which has a higher
BET surface area but a smaller amount of Ce. Interestingly, the
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Figure 4. Effect of the ratio of Ceq:ZrsCe clusters on the reaction rate
of hydrolysis of GG (2 umol) by Ce/Zr-UiO-66 (12 pumol M*)
determined with first order kinetics. Pure Zrg clusters are not present
in the MOF series.

rate constant for GG hydrolysis observed for pure Zr-UiO-66
was very similar to that obtained for Ce28 (7.9 vs 6.11 X 1077
s~!, respectively), although its BET surface area is much lower
compared to Ce28 (861 m* g~' compared to 1394 m*> g”' of
Ce28)."" As Ce28 consists mostly of mixed metal CeZr,
clusters (Table 2),>® it appears that this type of cluster is the
least reactive. Upon increasing %Ce, pure Ce, clusters (Table
2) are formed, and these are likely to be present in samples
Ce43, Ce61, and Ce87 along with CeZrs clusters. Previous
DFT calculations have shown that GG binds the ZrsOg4 cluster
preferably in a bidentate manner, bridging two metal ions in
one cluster and activating the carbonyl group for nucleophilic
attack of a water molecule.”” The higher activity of Ceg
compared to the Zry cluster is consistent with the superior
reactivity previously reported for Ce(IV) compared to Zr(IV)
salts in peptide bond hydrolysis.”” The reasons for the lower
reactivity of CeZr clusters are however still unclear and might
be related to less preferred peptide coordination to two
different metal centra, resulting in the decrease in the reaction
rate.

When the bimetallic Ce/Zr-UiO-66 samples were incubated
with GG in water at pD 7.4 and 60 °C for 24 h, an excellent
stability of all MOFs was observed by PXRD after the reaction
(Figure S8). TGA further confirmed that the overall
temperature stability of the MOF series was preserved (Figure
SS). ICP-OES analysis of the supernatant was performed and
showed only a very small amount of leached Zr(IV)
(maximum 0.007%) for all the MOFs, while only Ce87
showed a small amount (0.005%) of Ce leached into solution
(Table S10 entry 1—4). These data indicate that the hydrolysis
of GG was caused by the heterogeneous MOF catalysts and
was not due to soluble metal species that could have leached
into solution.

Reaction Scope. The reaction scope of Ce/Zr-UiO-66
catalysts was further examined using Ce43 as a representative
example because of its high stability and intermediate particle
size and BET surface. A range of different dipeptides was
successfully hydrolyzed in good to excellent yields without the
formation of the cyclic byproduct, revealing the selectivity of
the catalyst toward hydrolysis of Gly-X bonds (Table 3). In
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Table 2. Type of Metal Clusters Present in the Bimetallic Ce/Zr-UiO-66 Series

Type of clusters in MOF (%)?

Entry MOF
1 Ce28 0 138
2 Ce43 0 31+10
3 Ce61 0 47+4 53+4
4 Ce87 0 16+7 84+7

“Numbers are estimated based on literature®®

and can slightly deviate from the real values. Zr = blue, Ce = pink.

Table 3. Yields of Peptide Bond Hydrolysis in Different Gly-X Dipeptides (X = Amino Acid)“

H Ce/Zr-Ui0-66
N.__CO,H OH + HyN__CO,H
~ Y2 2N ~VV2
HNT Y D,0, pD 7.4 HNT :
© R 60 °C, 7 days 0
Gly-X Gly X
R._CO,H R._CO,H R._COH R_CO.H
N*Hs
-Gly (a), 48% -Ala (b) -Leu (c), 16% -Lys (d), 28%

from Gly-Ala: 29%
from Ala-Gly: 16%

R COH R COH
N “coo
s ~

-Met (e), 28% -Asp (f), 32%

co2

-Phe (i), 18%

“Conditions: Gly-X (2 umol), Ce43 (12 umol M*),
CH,—NH,.

general, upon the incorporation of Ce(IV) in the UiO-66
framework, the affinity trend of the type of side chain was
similar to the one observed for pure Zr-UiO-66 analogues.'*
The yield of hydrolysis was highly dependent on the steric
hindrance imposed by the side chains of the amino acids and
decreased with the increasing bulkiness of the side chain. For
example, for a series of Gly-X peptides, the yield of hydrolysis
increased from X = Leu (c) over X = Ala (b) to X = Gly (a),
consistent with the proposed mechanism of peptide bond
hydrolysis in which the large volume of the X amino acid side
chain could hinder effective nucleophilic attack on the carbon
atom of the peptide bond.®” Interestingly, the yield decreased
when glycine was moved to the C-terminal position of the
dipeptide (X-Gly peptides), as 29% of Gly—Ala was hydrolyzed
compared to 16% of Ala—Gly. This indicates that the steric
hindrance at the N-terminal position of the X-Gly dipeptide

COH

T

-Trp (i), 24%
D,0 (1 mL), 60 °C, pD 7.4, 169 h. "H NMR yields of G in solution. R’ =

-Ser (g), 50% -Thr (h), 25%

COH

Y\NH
N=/

-His (k), 63%
—NH-C(=0)-

plays an even more important role in the effective hydrolysis of
the peptide bond by metal centra as the coordination to the
MOF cluster is hindered. Furthermore, the presence of
additional amine, thioether, carboxylate, and hydroxyl groups
in d, e, f, g and h peptide substrates did not hinder hydrolysis,
giving G in 25—50% vyield, and indicating an excellent
compatibility of MOF catalysts with Lewis basic functional
groups.

In addition to hydrolysis, the adsorption of all peptide
substrates on Ce43 has been evaluated (Table S6). The data
showed that the affinity of MOF catalysts toward peptides was
also greatly influenced by the nature of the amino acid’s side
chains. The presence of aromatic phenyl and indole groups in i
and j resulted in high adsorption, most likely due to 7—7x
interactions with the linker, and also explains the lower yields
observed for these substrates as they are not easily desorbed. In


http://pubs.acs.org/doi/suppl/10.1021/acsanm.1c00546/suppl_file/an1c00546_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c00546?fig=tbl3&ref=pdf

Cys

cystine IU‘

mwqu’w“‘wmm

(_1_\ “‘M“\

Cys

Il

cystine

(1‘

Y %mmwm

W\

I

wp————— Wmmmd\ “M\mmm:nﬂw

4.0

)
30 ppm

Figure 5. '"H NMR spectra of the oxidation reaction of 5 ymol Cys to cystine by Ce61 (12 umol M*) at room temperature and pD 7. 4 The
proton NMR resonances for Cys (3.06 and 3.99 ppm) and cystine (3.20, 3.40, and 4.13 ppm) are in agreement with the previous report.*

contrast, the presence of the imidazole ring in Gly—His (k)
resulted in only 9% adsorption (Table S6 entry 12). This
might be due to the partially positive charge on the imidazole
as its pK, value is close to the pH of the reaction mixture,”
making it less likely to engage in strong 77— interactions with
the linker. This weaker 7" —7 interaction resulted in the highest
yield of reaction (63%), showing that for efficient hydrolysis,
peptide adsorption to the MOF needs to be sufficiently strong
but not too strong as to prevent desorption of the substrates
and products. Interestingly, the highest adsorption of 58% was
observed for Gly—Asp (f), which is most likely due to the high
affinity of the carboxylate group in the side chain of Asp for
coordination to Zr(IV). This is in accordance with the
previously shown affinity of Zr(IV) to coordinate ligands
bearing carboxylate groups.'’

Oxidation of Cysteine and Glutathione. Besides
increasing the reactivity of the UiO-66 MOF toward peptide
bond hydrolysis, the incorporation of Ce(IV) is likely to
provide the MOF with redox act1v1?/ as Ce(IV) is known to act
as a one-electron oxidizing agent.”* Although Ce(IV)-MOFs
have been shown to oxidize thiol groups, ™ their redox
reactivity toward amino acids and peptides has not been
evaluated previously. In the initial experiment, the amino acid
cysteine (Cys) was used as a model substrate to evaluate the
redox activity of Ce28—Ce87 MOFs. The bimetallic Ce/Zr-
UiO-66 series was incubated with Cys at room temperature
and pD 7.4, and the reactions were monitored by '"H NMR
spectroscopy. The oxidation of Cys (resonances at 3.06 and
3.99 ppm) led to an increase of resonances at 3.20, 3.40, and
4.13 ppm (Figure S), which were unambiguously assigned to
cystine that was formed through oxidation of the thiol group
and the subsequent formation of the disulfide bond (Figure 6).

The yield of cystine formation was directly linked to the %
Ce incorporated in the MOF, with Ce87 showing 11 times
higher conversion compared to Ce28 after 1 h of reaction

SH

[ele]oy
- Ce/Zr-UiO-66 +
2 Hg’Nng _ TR Hs NY\S’S\)\NW{:&
o D,0 (pD=7.4) COOr
Cys room temperature cystine

Figure 6. Oxidation of Cys to cystine in the presence of bimetallic
MOF.

(Figure 7, Table S7). After 4 h of reaction, up to 76% of Cys
was oxidized with Ce87 (Figure 7). Upon increasing the
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Figure 7. Influence of the ratio of CeqZr;Ce:Zrg clusters on
conversion of Cys (5 umol) to cystine by Ce/Zr-UiO-66 (12 pmol
M*), at room temperature and pD 7.4, after 1 h (black) and 4 h
(blue).

reaction time from 1 to 4 h, the order of increase in conversion
of Cys varies strongly among the MOF series (Table S8). The
MOFs in the series containing higher amounts of Ce are less
stable in oxidizing environments (see discussion below),
indicating the role of Zr in increasing the stability and keeping
the MOFs with lower Ce content reactive for longer time
periods. Despite large differences in reactivity, all four MOFs
outperform the commercially available catalyst CeO, in Cys
oxidation reactions (Table S7).

The stability of Ce28—Ce87 was directly correlated with the
extent to which Cys was oxidized. As the yield of Cys oxidation
increased, a loss of MOF structure was observed. For MOFs
Ce61 and Ce87, which were the most active in the series, the
changes in structure were already observed after 1 h (Figure
S9a), while for Ce43, an additional phase was observed in the
PXRD pattern only after 4 h of reaction (Figure S9b). From
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these data, we propose that more than one Ce(IV) per cluster
may be irreversibly reduced to Ce(III), causing the loss of
MOF structure. This was confirmed by performing a Cys
oxidation reaction with Ce61 under N, atmosphere, which
prevented possible re-oxidation of Ce(II) to Ce(IV) by
oxygen and resulted in the same yield as that under air (Table
S7 entry 11—12). Previous results have shown that the MOF
structure is largely preserved if only one Ce(IV) per cluster is
reduced to Ce(III), but the reduction of additional Ce(IV)
centers in the same cluster leads to loss of structure.”* Because
a substantial amount of Ce4 clusters are present in all three of
the MOFs that show a significant structural change, it is
plausible to suggest that Cys oxidation occurs predominantly
at these sites because the reduction of one Ce(IV) present in
CeZr; is unlikely to result in the loss of the MOF structure.
Interestingly, oxidation of Cys by Ce28 resulted in 16% yield
after 4 h (Table S7 entry 8) with no detectable loss of MOF
structure (Figure S9b). As less than 10% Cey clusters are
present in this MOF, these data indicate that although
oxidation of Cys most likely happens preferentially at Ceg
clusters, it is also likely to occur at a mixed metal CeZr; cluster.
Despite the partial loss of MOF structure, it is important to
note that these oxidation reactions occur due to the
heterogeneous nature of the MOF and not due to Ce(IV)
ions leached into solution. The concentrations of leached Ce
were negligible, as demonstrated by ICP-OES measurements
of the supernatant that was collected after the reaction (Table
S10 entry 5—7).

In addition to Cys, other amino acids such as histidine (His)
and tryptophan (Trp), which have previously also been shown
to reduce Ce(IV) to Ce(Ill) in Ce(IV)-POMs,*® albeit to a
lesser degree than Cys, have been examined. No oxidation
products could be detected in the'H NMR spectra as these
amino acids tend to be regenerated by the reaction medium as
was previously reported.”® Therefore, the possible reduction of
Ce(IV) to Ce(III) was probably mediated by amino acids in a
catalytic fashion. The same additional phase in the PXRD
pattern as after oxidation of Cys was seen, suggesting reduction
of Ce(IV). Although, this was only observed for reactions at
enhanced reaction time and temperature (24 h and 60 °C vs 1
h and room temperature for the Cys reaction), indicating that
these reactions occurred at a much slower rate, and that Ce/
Zr-UiO-66 MOFs have the highest aflinity toward oxidation of
Cys (Figure S10).

To evaluate whether the oxidation reaction can occur in
parallel with the hydrolytic reaction and which type of reaction
would occur first, in the following step, the oxidation of the
tripeptide glutathione (GSH) was followed using the same
approach (Figure S11). GSH consists of three amino acids,
Glu—Cys—Gly, with two peptide bonds that could undergo
hydrolysis, and a free thiol group in the side chain of Cys
which can be oxidized to form a disulfide bond, resulting in the
GSSG product or the cystine product if oxidation is slower
than hydrolysis. The Ce28—Ce87 MOFs were incubated with
S pmol GSH at room temperature and pD 7.4 for 24 h. At
room temperature, the energy barrier for hydrolysis of the
tripeptide could not be overcome, and no additional peaks
arising from hydrolysis products were observed in the 'H
NMR spectrum. However, a decrease in GSH’s 'H NMR
resonance was observed at 2.96 ppm, accompanied by a
simultaneous increase in a resonance at 3.28 ppm correspond-
ing to the oxidized form GSSG, indicating that the redox
reaction is favored over the hydrolytic pathway (Figure S12).

Similar to Cys oxidation, the MOFs with higher %Ce showed
higher conversion of GSH to the oxidized product GSSG
(Table S9). However, the oxidation yields of the GSH
tripeptide were significantly lower compared to those observed
for Cys, and only MOFs Ce43—Ce87, which have higher
amounts of Ce(IV), showed reactivity. This indicates that
steric hindrance or unfavorable coordination to the active
center imposed by additional amino acids in GSH slows down
disulfide bond formation, which has been previously observed
with the Ce(IV)-substituted POMs."® The pure Zr-UiO-66
and mixed MOFs with a low amount of Ce (Ce28 and Ce43)
showed even less conversion compared to the blank reaction,
as Zr-MOFs are known for their low oxidation ability and even
for inhibiting some types of oxidation reactions.”’” Interestingly,
compared to the commercially available CeO,, Ce61 and Ce87
showed better activity toward GSH oxidation (Table S9).

The structure of all MOFs was well preserved after the
reaction with GSH as shown by the PXRD patterns (Figure
S$13). GSH showed much lower oxidation yields than Cys, and
at these low yields, it can be assumed that not more than one
Ce(IV) per metal cluster may be reduced to Ce(IIl),
preserving the MOF structure. Additionally, the concentration
of leached Ce was very low (Table S10 entry 8—9), indicating
that the stability and heterogeneous character of the MOFs
were preserved under reaction conditions.

B CONCLUSIONS

In summary, this work showcases the ability of the bimetallic
nanomaterial Ce/Zr-UiO-66 MOF to act as both a hydrolytic
catalyst and an oxidizing agent toward peptide substrates. The
amount of Ce(IV) present in the MOF nanozyme directly
influences the catalytic activity toward peptide bond hydrolysis
and oxidation of cysteine residues. These bimetallic Ce/Zr-
UiO-66 MOFs represent an optimal balance between the
stability of Zr-UiO-66 and the increased catalytic reactivity of
Ce-UiO-66. The systematic analysis of different Ce/Zr ratios
suggests that Ce4 clusters have superior hydrolytic reactivity
compared to the bimetallic CeZr; sites when incorporated into
this nanomaterial. Good yields were obtained with a broad
scope of peptides ranging from simple dipeptides to peptides
containing different functional groups in their side chains. By
evaluating dipeptide adsorption onto the nanomaterials for the
first time, the link between efficiency of the nanozyme and
adsorption has been demonstrated. In addition, the redox
activity of the bimetallic Ce/Zr-UiO-66 series was most
apparent in the oxidation of the thiol side chains, both in
cysteine and in glutathione tripeptide, giving the first example
of oxidase activity of MOFs toward biological substrates. While
oxidation preferably occurs at Ceq clusters, this work provides
the first indication that CeZr; clusters can also possess
oxidative ability. In conclusion, these results demonstrate that
careful tuning of the Ce/Zr ratio in nanomaterials is a
promising strategy to increase the peptidase activity and
introduce oxidase activity into MOF nanozymes while
preserving the MOF’s stability and topology on the nanoscale.
This further paves the way for applying MOFs as nanozymes in
proteomics applications. We are currently investigating
whether these Ce/Zr MOFs are suitable nanozymes for the
selective hydrolysis and oxidation of larger and more complex
protein substrates.
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