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The hydrolytic activity of the Zr'V-substituted Keggin-type
(EtoNH,)g[{a-PW;,039Z1-(n-OH) (H,0)},]-7H,0 (1), Lindqvist-
type (MeyN),[W50,5Z1r(H,0)3] (2), and Wells-Dawson-type
Na14[Zrs(P2W16050)2(13-0)2(OH),(H20)4]-57H,0 (3) polyoxo-
metalates (POMs) towards the peptide bonds in the oligo-
peptides triglycine, tetraglycine, glycylglycylhistidine, and
glycylserylphenylalanine was investigated by kinetic meth-
ods and multinuclear NMR spectroscopy. *'P NMR and UV/
Vis spectroscopy showed that 1-3 were stable under the con-
ditions used to study peptide bond hydrolysis. The reactivity
of 1-3 towards oligopeptides was compared on the
basis of the amount of free glycine produced at a certain time
increment. In the presence of 1-3, rate constants in the range

6.25X107to 10.14X107s! were obtained, whereas no
hydrolysis was observed after one month in the absence of
these POMs. The results showed that the Keggin-type com-
plex 1 was the most active towards peptide bond hydrolysis
in tri- and tetrapeptides. 'H and '*C NMR spectroscopy
showed that triglycine, tetraglycine, and glycylserylphenyl-
alanine interact with 1 and 2 preferentially through the
amine nitrogen atom and the N-terminal amide oxygen atom
to activate the peptide bond towards hydrolysis. The coordi-
nation of glycylglycylhistidine resulted in multiple com-
plexes with 1-3 as a result of additional imidazole coordina-
tion to the Zr'V centers.

Introduction

Polyoxometalates (POMs) are composed of MoVYl, WV,
and/or VV ions bridged by oxo ligands.l"! Under appropriate
reaction conditions, they undergo hydrolysis to form
lacunary structures that can act as ligands for metal ions
and, thereby, forming metal-substituted POMs (MSPs). A
broad range of transition-metal and lanthanide ions have
already been incorporated into lacunary POM species of
the Lindqvist, Keggin, and Wells-Dawson types.’l Owing
to their structural diversity and their highly tunable physical
and chemical properties, MSPs have attracted considerable
attention in the fields of catalysis, medicine, and materials
science.[?*3] MSPs are particularly interesting for catalysis
applications owing to the Lewis acidity or redox properties
of the embedded metal centers and the charged surface of
the POM, which can interact with the substrate through
electrostatic, van der Waals, or hydrogen-bond interac-
tions.?4-354 For example, MSPs have been developed as ef-
fective catalysts for H,O,- and O,-based green oxidations.
The MSP-catalyzed epoxidations of various substrates such
as olefins, allylic, and homoallylic alcohols as well as the
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oxidations of various sulfides in the presence of H,O, have
been reported.’) Moreover, the application of MSPs as
effective homogeneous catalysts for water oxidation has
also been demonstrated recently.’! MSPs also act as Lewis
acid catalysts for esterification and C-C bond formation
in Mannich, Diels—-Alder, and Mukaiyama reactions.l”! The
catalytic activities of HfY- and Zr!'V-substituted Keggin-
and Wells-Dawson-type POMs such as [o,-M(OH)-
PW11039]L and [(11-M(H20)4P2W17O61]67 are hlghcr than
those of their lanthanide analogs as a result of the increased
Lewis acidity of the HfY and Zr™ centers.’¢74!
Interestingly, Hf'V- and Zr™V-substituted POMs also act
as efficient catalysts for both phosphoester and peptide
bond hydrolysis in dipeptides and proteins such as hen egg
white lysozyme, human serum albumin, and bovine serum
albumin.®! Unactivated peptide bonds are extremely stable
under physiological conditions, and the estimated half-life
for their hydrolysis is up to 600 years.”] As peptides are
effective ligands for metal ions under physiological condi-
tions owing to their high metal binding affinity,l'” many
transition-metal or lanthanide ions and their complexes
have emerged as promising reagents for the hydrolysis of
peptides and proteins.[''l Reactivity towards peptide bond
hydrolysis was observed in the presence of Ce!, Zr'V, and
HfYY complexes owing to the strong Lewis acidic and
oxophilic nature of these metal ions as well as the high co-
ordination numbers and flexible coordination geometries of
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the resulting complexes.'lil Therefore, in our quest to
further develop MSPs as Lewis acid catalysts for peptide
bond hydrolysis, we recently focused our attention on Zr'-
substituted POMs.

The sandwich 1:2 Zr'V-substituted Wells-Dawson POM
was the first POM that exhibited peptide bond hydrolysis
in a variety of dipeptides and oligopeptides under mildly
acidic conditions.!®?-8:82.121 Their hydrolysis was signifi-
cantly accelerated owing to the binding of the Zr'V ion to
the amine nitrogen atom and the amide carbonyl oxygen
atom. Lewis acid mediated dipeptide hydrolysis by the
dimeric  dizirconium(IV)-substituted  Keggin POM
(Et,NH,)s[{a-PW 1, O39Zr-(u-OH)(H,0)},]- 7H,O - (1) was
also observed at pD 5.4 and resulted in significant accelera-
tion of Gly-Ser hydrolysis.®4! Catalytic reactivity towards
dipeptide hydrolysis at physiological pH was also observed
for the monomeric Zr™V-substituted Lindqvist POM
(MeyN),[W;s0,5Zr(H,0)5] (2).18¢! The hydrolysis of His-Ser
and Gly-Ser in the presence of 2 was particularly
accelerated relative to the rate of the blank reaction. The
structures of 1 and 2 are presented in Figure 1.

thew

3

Figure 1. Schematic representation of the structures of 1-3.

Our previous studies showed that the hydrolytic reacti-
vity of Zr™-substituted POMSs towards dipeptides is
governed by the binding of the substrate to the Zr'V center
on the one hand and secondary interactions between the
POM skeleton and the amino acid side chain of the sub-
strate on the other hand. These studies showed that binding
of the Zr'V ion to the amide oxygen atom and the terminal
amine nitrogen atom of Gly-Gly is a prerequisite for the
acceleration of the hydrolysis process.[®l However, different
factors such as the size, charge, and chemical nature of the
C-terminal amino acid also play a significant role. For ex-
ample, the hydrolysis of dipeptides containing a Ser residue
at the C-terminus is accelerated by the intramolecular
attack of the Ser hydroxyl group on the amide carbonyl
carbon atom to produce a five-membered cyclic transition
state, which is rearranged to an ester intermediate. As a
consequence, C-terminal Ser dipeptides can be autocataly-
tically hydrolyzed with half-lives of approximately two
months.®] However, the intramolecular attack of the Ser
hydroxyl group in dipeptides containing a Ser residue at the
N-terminus results in an unfavorable four-membered cyclic
transition state. Consequently, the amount of Ser-Gly
hydrolyzed in the absence of catalyst is similar to that of
Gly-Gly; therefore, the Ser residue at the N-terminus has
little impact on the promotion of peptide bond hydrolysis
in Ser-Gly. Furthermore, dipeptides containing a His resi-
due are more readily hydrolyzed owing to electrostatic inter-
actions between the negatively charged POM surface and

Eur. J. Inorg. Chem. 0000, 0-0

the positively charged amino acid side chain. These studies
indicate that even dipeptides, which can be considered to be
the smallest models for protein hydrolysis, exhibit complex
behavior during peptide bond hydrolysis. Therefore, a
systematic evaluation of the hydrolysis of longer peptides is
required to further understand the factors that influence the
selectivity and the rate of hydrolysis. Moreover, our
previous studies on larger protein substrates indicate that
despite the presence of an electrostatic component, the co-
ordination of the embedded hydrolytically active metal ion
to the protein chain also plays an important role.!8¢13
Therefore, smaller substrates can be of particular use in un-
raveling the origin of this metal-directed binding.

To further study the effect of amino acid composition on
the reactivity and selectivity, the hydrolytic properties of
three Zr-containing POMs towards a range of oligopeptides
differing in length and the nature of the amino acids are
explored in this study. For comparison, in addition to
POMs 1 and 2, we also examined the hydrolytic activity of
the Wells-Dawson POM Na4[Zrs(P,W6059)2(113-O)5-
(OH)»(H»0)4]-57H,0 (3), which is also shown in Figure 1.
The POMs in this study belong to three different structural
types, that is, Lindqvist, Keggin, and Wells-Dawson, and,
in screening experiments, they exhibited the highest reacti-
vity within their category towards the hydrolysis of the
peptide bonds in dipeptides.

In the first step, the length of the peptide chain was in-
creased from Gly-Gly to Gly-Gly-Gly and Gly-Gly-Gly-
Gly, and preferential peptide bond hydrolysis was investi-
gated. As the presence of Ser and His amino acids in di-
peptides significantly influences the rate of peptide bond
hydrolysis, the reactivity of POMs 1-3 towards Gly-Gly-His
and Gly-Ser-Phe was also investigated in detail for all three
POM:s.

Results and Discussion

Screening experiments with 1-3 showed that the highest
reactivity towards dipeptide hydrolysis was obtained at pD
5.4 for 1 and at pD 7.4 for 2 and 3. The stability of 1 was
dependent on pD, concentration, and temperature. The par-
tial conversion of a 2.0 mM solution of 1 into the inactive
1:2 Zr™V-Keggin species at pD 7.4 and 60 °C resulted in
lower peptide bond hydrolysis rates compared with the rates
observed at pD 5.4.134 However, complexes 2 and 3 were
stable over a wide pD range (Figure S1), and the highest
catalytic activities towards dipeptides were obtained at pD
7.4.18

Hydrolysis of Gly-Gly-Gly

The hydrolysis of Gly-Gly was previously investigated in
the presence of 1.1841 At nearly neutral pH, the monomeric
species [0-PW,039Zr(OH)(H,O)]* coexists in equilibrium
with 1 and is presumed to be the catalytically active species
in the hydrolytic process. On the basis of the experimental
NMR spectroscopy chemical shifts, the most likely hydro-
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lytically active complex is formed by the coordination of
Gly-Gly to the Zr'V ion through its amine nitrogen atom
and amide oxygen atom. As a result, the peptide bond in
Gly-Gly is activated towards nucleophilic attack by the
internal Zr-bound OH nucleophile.

To better understand the catalytic activity of 1 towards
peptide bond hydrolysis in oligopeptides, the hydrolysis of
triglycine was investigated first. A mixture containing Gly-
Gly-Gly (3G, 1.0 mMm) and 1 (2.0 mm) was reacted at 60 °C
and pD 5.4. The '"H NMR spectra of 3G in the presence
of 1 recorded at different time increments are presented in
Figure S2. The assignments of the hydrolysis product
glycine (G) and the intermediate products glycylglycine
(2G) and cyclic glycylglycine (cGG) is based on a compari-
son of their chemical shifts with those of the pure products
at the same pD value. The amounts of the tripeptide and
all of the products observed during the course of hydrolytic
reaction were determined by integration of their respective
'H NMR spectroscopic resonances (Figure 2). After 1d,
the hydrolysis of 3G to equal amounts of 2G and G was
observed. As was also the case for a 1:2 Zr'V-substituted
Wells—-Dawson POM,® cyclization of 2G was observed
with a maximal amount of 10% c¢GG. Interestingly, the to-
tal amount of 2G and ¢cGG was smaller than that of G
after 10 d, indicating that hydrolysis of 2G and 3G to G
occurred. Eventually, complete hydrolysis of 3G was
achieved in the presence of 1 (Scheme 1). By fitting the de-
crease in the concentration of 3G to a monoexponential
function (Figure S3), a hydrolysis rate constant kg,p, =
(7.22+0.25) X107 s " at 60 °C and pD 5.4 was obtained.

The complete hydrolysis of 3G in the presence of 2 and
3 was also observed (Figures S4 and S95). Detailed kinetic
profiles for the hydrolysis of 3G in the presence of these
two complexes could not be obtained due to the signal over-
lap in their '"H NMR spectra. However, a comparison of
the reactivity of these compounds towards 3G can be made
on the basis of the amount of G present in solution at a
certain time. After four weeks at 60 °C, ca. 65, 45, and 30%
of G was formed in the presence of 1, 3, and 2, respectively.
A similar reactivity trend of these complexes towards 2G
was observed.!®¢-8d Notably, the hydrolysis of 1.0 mm 3G in

+H,0

) 4 o
HZNJ]\H/EI/NJI\OH
3G

Scheme 1. Hydrolysis of 3G in the presence of 1.
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Figure 2. The percentages of 3G, 2G, cGG, and G as a function of
time for the reaction between 3G (1.0 mm) and 1 (2.0 mm) at pD
5.4 and 60 °C.

the absence of 1-3 at 60 °C was very slow at both pD 5.4
and pD 7.4. After two months at 60 °C, a negligible amount
of G was observed in the NMR spectrum, which suggests
that the hydrolysis of 3G was due to the presence of POMs
1-3. The presence of the tripeptides did not affect the sta-
bility of 1-3, and the reaction mixture was completely
homogeneous throughout the hydrolytic reaction. The 3'P
NMR spectra of 1 and 3 measured in the presence of 3G
after 7d showed no extra signals compared to their 3'P
NMR spectra in the absence of 3G; therefore, 1-3 are stable
in the presence of 3G (Figures S6 and S7). The UV/Vis ab-
sorbance spectra of 2 in the absence and presence of 3G
after adjustment to pD 7.4 showed an absorbance maxi-
mum at A = 265nm, characteristic of oxygen—tungsten
charge transfer in 2 (Figure S8). After 7 d at 60 °C, the UV/
Vis spectrum of 2 in the presence of 3G was similar to that
in the absence of the substrate (Figure S9). Similar results
were also observed when 2 was used as a catalyst for the
hydrolysis of the dipeptide His-Ser. In the presence of His-
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Ser, the structural integrity of 2 was further studied by
small-angle X-ray scattering (SAXS). For 2, no differences
in particle size in the absence or the presence of His-Ser as
well as after complete hydrolysis of His-Ser were observed.
This is indicative of the stability of the complex.!® From
these findings, we can conclude that the structure of 2 is
also retained in the presence of 3G.

The acceleration of 3G hydrolysis by 1-3 indicates that
the substrate interacts with the POMs. The interactions of
3G with 1-3 were investigated on the basis of the 'H and
13C NMR spectroscopy chemical shift changes of 3G upon
the addition of 1, 2, or 3. The 'H NMR spectra of 3G in
the absence and presence of 1 are shown in Figure S10.
Slight shifts of Ad = 0.03 and 0.04 ppm were observed for
the resonances of 4-H and 6-H, respectively (Table S1). In
addition, the '3C NMR chemical shift changes of 3G in the
presence of 1 are shown in Figure S11 and Table S2. The
biggest shift (Ad = 0.28 ppm) upon the addition of 1 was
observed for the resonance of the C-5 carbon atom. The
mentioned shifts in the 'H and '3C NMR spectra of 3G
are indicative of the embedded Zr" ion binding to the N-
terminal amide oxygen atom, resulting in the polarization
of the N-terminal amide bond. In addition, a shift of Ad =
0.05 ppm for the resonance of the C-6 carbon atom was
also observed. This could result from the binding to the
terminal amine nitrogen atom. This coordination is indis-
pensable for the hydrolysis of peptide bonds, as demon-
strated in previous studies.’>11-141 Notably, the differences
in the '3C NMR chemical shifts of the other carbon atoms
were negligible. From these results, we can conclude that
the acceleration of 3G hydrolysis by 1 results from the coor-
dination of the Zr'V ion to 3G through the amine nitrogen
atom and the amide carbonyl oxygen atom of the N-
terminal Gly residue to form the hydrolytically active com-
plex proposed in Scheme 2. Such binding promotes the
hydrolysis of 3G to form equal amounts of 2G and G
during the initial stages of hydrolysis. The hydrolysis inter-
mediate product 2G is then hydrolyzed after forming a
similar hydrolytically active complex to facilitate its hydrol-
ysis to G, as demonstrated in our previous study.® As re-
cently experimentally detected for the first time, the mono-
meric form of 1 is in fast equilibrium with the dimeric struc-
ture shown in Figure 1.['3] The most stable coordination
mode likely occurs through the coordination of the N-
terminal amine group and the amide carbonyl group of the
first residue to the monomeric form of 1. It is worth men-
tioning that the presence of 3G did not cause any changes
in the 3'P NMR spectrum of 1 (Figure S12). This could be
due to the rather weak binding between the POM and the
substrate or fast exchange between free and bound 3G on
the 3'P NMR time scale.

The binding of 3G to a Zr'V center in 2 displays a similar
coordination mode as that determined for 1, but it appears
to be weaker as smaller shifts were obtained for the reso-
nances of C-5 and C-6 carbon atoms (Figure S13, Tables S3
and S4). This could explain the slower hydrolysis of 3G in
the presence of 2 compared to that in the presence of 1.
However, in the presence of 3, the coordination of 3G

Eur. J. Inorg. Chem. 0000, 0-0
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Scheme 2. Hydrolytically active complex between 3G and a Zr'v
center for the hydrolysis of 3G in the presence of 1.

appears to be more complicated (Figure S14 and Table S5).
The resonances of all of the carbon atoms of 3G were
shifted in the presence of 3. In addition, the resonances of
all three CH, protons of 3G were shifted, and the biggest
shift (Ao = 0.09 ppm) was for the 4-H protons (Figure S15
and Table S6). These shifts indicate the presence of multiple
coordination modes between 3G and POM 3, possibly be-
cause four Zr'V ions are available for interaction.

Hydrolysis of Gly-Gly-Gly-Gly

The hydrolysis of the tertrapeptide Gly-Gly-Gly-Gly
(4G) is interesting because this peptide possesses one in-
ternal peptide bond, unlike Gly-Gly and Gly-Gly-Gly. The
hydrolysis of 4G (1.0 mm) catalyzed by 1 (2.0 mm) was
studied at 60 °C and pD 5.4. The '"H NMR spectra of the
reaction at different time increments are presented in Fig-
ure S16. The assignments of the intermediate products and
hydrolysis product glycine are based on a comparison of
their chemical shifts with those of the pure products (Gly,
Gly-Gly, and Gly-Gly-Gly) at the same pD value. The
amounts of 4G and all of the products observed during the
course of hydrolytic reaction were determined by integra-
tion of their respective '"H NMR spectroscopic resonances
(Figure 3). Initially, only the hydrolysis of 4G to 3G and G
was observed during the first 24 h at 60 °C. The presence
of 2G, which could result from the hydrolysis of the N-

100
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0 200 400 600 800 1000 1200 1400 1600 1800
Time (h)
Figure 3. Percentages of 4G, 3G, 2G, ¢GG, and G as a function of

time for the reaction between 4G (1.0 mm) and 1 (2.0 mm) at pD
5.4 and 60 °C.
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Figure 4. 3C NMR spectra of 4G in the absence (black) and presence (red) of 1 at pD 7.4 (the signal at § = 42.4 ppm belongs to the

CH, carbon atom of the ethyl group in the counterion).

terminal peptide bond of 3G or the internal peptide bond
of 4G, was only observed after 24 h, and its maximal
amount of 17% was obtained after 20 d. These findings
indicate that the hydrolysis of the N-terminal peptide bond
of 4G is more favorable than the hydrolysis of the internal
or C-terminal peptide bonds of 4G. The tetrapeptide 4G
was eventually fully hydrolyzed to G. The observed rate
constant for 4G hydrolysis of (6.75=0.30) X 107 s ! at pD
5.4 and 60 °C was calculated from the decrease in concen-
tration of 4G (Figure S17).

The binding between 4G and 1 was further studied by
NMR spectroscopy. The 'H NMR spectroscopic data of
4G in the presence and absence of 1 are shown in Fig-
ure S18 and Table S7. The biggest shifts of Aé = 0.07 and
0.06 ppm were obtained for the 6-H and 8-H protons,
respectively. In addition, upon the addition of 1, bigger
chemical shift changes were observed for the C-5 and C-7
amide carbonyl carbon atoms than for the C-3 amide carb-
onyl carbon atom (Figure 4 and Table S8). In addition, a
shift of Ad = 0.07 ppm was also observed for the N-terminal
methylene carbon atom, and no changes were found for the
carboxylate carbon atom. The unaffected chemical shift of
the carboxylate carbon atom upon the addition of 1
indicates that the carboxylate oxygen atom is not involved
in coordination to the POM. These changes in the 'H and
13C chemical shifts upon the addition of 1 are likely a con-
sequence of complex formation between the Zr'Y center and
4G through the terminal amine nitrogen atom and the first
and second amide carbonyl oxygen atoms from the N-
terminus, as shown in Scheme 3. This type of binding facili-
tates the cleavage of the N-terminal and internal peptide
bonds of 4G to form the intermediate hydrolysis products
3G and 2G, as discussed above.

In the presence of 2 and 3, complete hydrolysis of 4G
was achieved at pD 7.4 and 60 °C (Figures S19 and S20).
After 28 d, ca. 55, 45, and 30% of G was formed in the

Eur. J. Inorg. Chem. 0000, 0-0

N

N
N
N
N

'
i

N, e

N7

Scheme 3. Hydrolytically active complex between 4G and a Zr'V
center for the hydrolysis of 4G in the presence of 1.

presence of 1, 3, and 2, respectively. Thus, the reactivity of
Zr™V-substituted POMs towards 4G can be arranged in the
order 1>3>2. The hydrolysis of 4G in the absence of 1-3
at 60 °C and pD 5.4 or 7.4 was also studied. After 28 d, no
free G could be observed in solution, and only ca. 3% of
the tetrapeptide was hydrolyzed after two months; this
suggests that the presence of Zr™-substituted POMs
accelerates the hydrolysis of 4G.

The binding of 4G to 2 and 3 was also studied on the
basis of changes in the '*C NMR spectrum of 4G upon the
addition of these POMs. In the presence of 2, the binding
is very weak, as only small shifts were obtained (Figure S21
and Table S9). This could explain why 2 exhibits the lowest
reactivity of the examined Zr™V-substituted POMs towards
4G hydrolysis. The '3C NMR spectroscopic data of 4G in
the presence of 3 show big shifts of the resonances of all
carbon atoms (Figure S22 and Table S10). The '*C NMR
chemical shift changes for all of the carbon atoms of 4G
were also observed in the presence of the 1:2 Zr'V Wells—
Dawson POM.®1 This suggests that there is no preferred
coordination mode and, consequently, the hydrolysis is less
efficient and the reaction rate is lower than those for 1.

Hydrolysis of Gly-Ser-Phe

The hydrolysis of Gly-Ser-Phe (GSF, 1.0 mm) in the
presence of 1 (2.0 mm) was studied at 60 °C and pD 5.4.
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The 'H NMR spectra of GSF in the presence of 1 at
various reaction times are shown in Figure S23. The inter-
mediate product Ser-Phe (SF) and the hydrolysis products
glycine (G), serine (S), and phenylalanine (F) were assigned
on the basis of a comparison of their chemical shifts with
those of pure products at the same pD value. On the basis
of the integration of the respective '"H NMR spectroscopic
resonances, the amounts of the GSF and all of the products
observed during the course of hydrolytic reaction were de-
termined (Figure S24). The observation of only G and SF
during the first stages of the reaction indicates that GSF is
initially hydrolyzed at the Gly-Ser bond. Interestingly, Gly-
Ser was not observed throughout the reaction. These
findings indicate that the hydrolysis of GSF at the Ser-Phe
bond to produce GS and F did not occur. Interestingly, the
observation of S and F in the NMR spectra indicates that
Ser-Phe was partially hydrolyzed into S and F in the next
step. The hydrolysis reaction of GSF is presented in
Scheme 4. As can be seen from Figure S23, the complete
hydrolysis of GSF to G and SF was achieved, but SF was
still prominent in the mixture. By fitting the decrease in the
concentration of GSF to a monoexponential function, a
rate constant ko, of (10.14+0.04) X 107 s was obtained
(Figure S25). The observed selectivity for the Gly-Ser bond
can be explained by the nucleophilic nature of the hydroxyl
group of the Ser residue. The internal attack on the carb-
onyl carbon atom of the Gly residue through an N—O acyl
rearrangement results in an ester intermediate, which can
be more readily hydrolyzed. Consequently, GSF can be
autocatalytically hydrolyzed. After two months, 5% of G

oMo 0
H
HQN\)J\ N
N OH
H
h

Op
GSF
l +Hy0
@) HO o
HZN\)I\OH + H
G HoN OH
© P SF
l+ H,O
0]
0 H,N o
H
HaN OH +
Ph
OH
S F

Scheme 4. Hydrolysis of GSF in the presence of 1.
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formed at pD 5.4 and 1% formed at pD 7.4 in the absence
of 1 (Figure S26). The hydrolysis of Gly-Ser by 1 at pD 5.4
and 60 °C is approximately six times faster than the hydrol-
ysis of Gly-Ser-Phe.®d! The slower hydrolysis of Gly-Ser-
Phe compared to that of Gly-Ser is most likely caused by
the presence of the bulky phenyl group in the side chain of
the Gly-Ser-Phe tripeptide. The bulkiness of the Phe residue
sterically impedes the intramolecular attack of the Ser
hydroxyl group on the amide carbonyl carbon atom.

The hydrolysis of GSF in the presence of 2 and 3 was
also observed (Figures S27 and S28); however, detailed
kinetic studies for the reactions in the presence of these two
complexes cannot be obtained owing to signal overlap in
the '"H NMR spectra. After 10 d of reaction, ca. 55, 31, and
20% of G was found in the presence of 1, 3, and 2, respec-
tively; therefore, the same reactivity tendency as that dem-
onstrated for 3G and 4G was observed for GSF.

The coordination of GSF to 1 was examined on the basis
of the shifts in the 'H and '3C NMR spectra of GSF upon
the addition of 1. The '3C NMR spectra of GSF in the
absence and presence of 1 are shown in Figure S29. The
changes in the '3C NMR chemical shifts of GSF induced
by the addition of 1 are summarized in Table S11. It can be
clearly seen that the presence of 1 caused a shift of Ad =
0.28 ppm for the resonance of the C-5 carbon atom, indica-
tive of the binding of the Zr'V center to the amide oxygen
atom of the Gly residue. Moreover, the shift of Ad =
0.07 ppm for the C-6 carbon atom upon the addition of 1
is a result of the binding of the Zr!'V center to the amine
nitrogen atom. The binding of the amine nitrogen atom to
a metal ion is indispensable for the acceleration of peptide
bond hydrolysis, as extremely slow hydrolysis rates were ob-
tained for N-terminal-protected dipeptides.B>!1-141 The
resonances of all of the other carbon atoms were almost
unaffected by the presence of 1. Additionally, the "TH NMR
spectra of GSF show a significant shift of Ad = 0.06 ppm
for the resonance of the H, proton of the Gly residue, which
supports the binding between GSF and 1 through the
amine nitrogen atom and the amide carbonyl oxygen atom
of the Gly residue (Figure S30). From these results, we can
conclude that the enhancement in hydrolysis of GSF is due
to the complexation of the Zr'V center to GSF to form the
hydrolytically active complex proposed in Scheme 5. The
binding results are in accordance with the kinetic data for

Scheme 5. The proposed hydrolytically active GSF-Zr!'V complex
for the hydrolysis of GSF in the presence of 1.
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GSF hydrolysis, in which only the GS bond was initially
hydrolyzed, and the SF bond was hydrolyzed only after the
complete hydrolysis of GSF to G and SF.

Hydrolysis of Gly-Gly-His

A mixture containing Gly-Gly-His (GGH, 1.0 mm) and
1 (2.0 mm) was reacted at 60 °C and pD 5.4. The '"H NMR
spectra of GGH in the presence of 1 recorded at different
time increments are presented in Figure S31. The assign-
ments of the hydrolysis products glycine (G) and histidine
(H) as well as the intermediate products glycylglycine (2G)
and glycylhistidine (GH) are based on comparisons of their
chemical shifts with those of pure products at the same pD
value. The amounts of the tripeptide and all of the products
observed during the course of the hydrolytic reaction were
determined by integration of their respective 'H NMR
spectroscopic resonances (Figure 5). After 20 h of reaction,
approximately 6% of G, 5% of GH, and 0.5% of H were
found, whereas no 2G was observed in the NMR spectrum.
This result indicates that the hydrolysis of GGH initially
occurred at the GG peptide bond to form G and GH and
that GH further hydrolyzed to G and H [Scheme 6, Path-
way (1)]. The hydrolysis of GGH to 2G and H [Scheme 6,
Pathway (2)] in the presence of 1 was also observed at latter
stages of the reaction. After 95h, ca. 10% of GGH
hydrolyzed to G + GH and 3% hydrolyzed to 2G + H;
therefore, both pathways run in parallel during the hydroly-
sis of GGH. In addition, as the amount of GH was always
greater than that of 2G throughout the reaction, the N-
terminus peptide bond is more susceptible to hydrolysis
than the C-terminus peptide bond in GGH. Complete hy-
drolysis of GGH was obtained with an observed rate con-

stant of (6.25%0.21) X 1077 s7!. Interestingly, in the control
reactions at 60 °C and pD 5.4 or pD 7.4, only Pathway (1)
was observed for the hydrolysis of GGH. After two months,
only ca. 0.5% of GGH hydrolyzed to G and GH at pD
5.4, whereas ca. 2% hydrolyzed at pD 7.4; therefore, the
hydrolysis of GGH was significantly facilitated by 1.

—u— GGH
100 |
—e—2G
—A—G
80 —4—H
—*—GH

Percentage (%)

— T T " T T T T T T
0 200 400 600 800 1000 1200 1400

Time (h)
Figure 5. Percentages of GGH, 2G, GH, H, and G as a function

of time for the reaction between GGH (1.0 mMm) and 1 (2.0 mm) at
pD 5.4 and 60 °C.

The interactions between GGH and 1 were studied by
13C NMR spectroscopy by recording the spectra of GGH
in the absence and presence of 1 (Figure S32). The changes
in the 3C NMR chemical shifts of GGH induced upon the
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Scheme 6. Hydrolysis of GGH in the presence of 1.
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addition of 1 are summarized in Table 1. A shift of Ad =
0.28 ppm for the resonance of the C-5 carbon atom was
observed, and the resonance of the C-3 carbon atom was
shifted by Ad = 0.11 ppm. This could be a result of the
binding of the Zr'Y center to the two amide oxygen atoms,
which would polarize the amide carbon atoms and make
them more susceptible towards nucleophilic attack by water.
The observance of a stronger binding of the Zr'Y center to
the amide oxygen atom of the terminal Gly residue and the
amine nitrogen atom explains the dominance of Path-
way (1) for the hydrolysis of GGH. In addition to the
expected shifts, the resonances of all of the carbon atoms
of the side chain were also significantly shifted. This is most
likely a consequence of the electrostatic interaction between
the positively charged side chain and the negatively charged
POM surface as well as the binding of the Zr'V center to
the imidazole nitrogen atom, as observed for the dipeptide
Gly-His.®® As demonstrated previously by Harford and co-
workers, the binding of GGH to Cu'' and Ni'' centers
lowered the pK, values of the amide nitrogen atoms, re-
sulting in the deprotonation of the amide nitrogen atoms
and forming complexes through the amine nitrogen atom,
the two amide nitrogen atoms, and the imidazole N-3 nitro-
gen atom.!'9 In the presence of 1, the resonances of the C-
2 and C-4 carbon atoms were also shifted by Ad =
0.33 ppm, due to the complexation of the amide nitrogen
atoms or the carbonyl oxygen atoms. Additionally, the reso-
nance of the carboxylate group was also affected upon the
addition of 1, which indicates that this carboxylate group is
involved in coordination with the Zr'Y center. The coordi-
nation of the carboxylate group of Gly-His to the Zr!V
center in Zr'V-substituted Wells-Dawson-type POMs was
previously observed.[®® These findings suggest that multiple
coordination modes between GGH and 1 result in the for-
mation of different complexes with structures that are diffi-
cult to elucidate solely from '3C NMR spectroscopic data.
However, for the reaction Pathways (1) and (2) shown in
Scheme 6 to occur, the interaction between the Zr'V center
and the C-3 and C-5 carbonyl oxygen atoms must occur, as
is consistent with the observed shifts in Figure S32. The
shifts of the carbon resonances in the imidazole region
suggest additional coordination to N-3 in the side chain of
His, which facilitates the anchoring of the Zr'V center to
the polypeptide.

The hydrolysis of GGH in the presence of 2 and 3 was
further investigated, and the 'H NMR spectra of GGH in
the presence of 2 and 3 recorded at different time in-
crements are presented in Figures S33 and S34, respectively.
As can be seen from these two figures, complete hydrolysis
of GGH occurred. However, detailed kinetic profiles for the
hydrolysis of GGH in the presence of these two complexes
could not be obtained due to signal overlap in their 'H
NMR spectra. The interactions between GGH and the Zr™Y
ions in 2 and 3 were also explored by '*C NMR spec-
troscopy. The 13C NMR spectra of GGH before and after
addition of 3 are shown in Figure S35. The '3C NMR
chemical shifts of GGH are summarized in Table S12. Simi-
larly to the presence of 1, the presence of 3 results in a

Eur. J. Inorg. Chem. 0000, 0-0

Table 1. 13C NMR chemical shifts [ppm] of GGH (15.0 mm) in the
absence and presence of 1 (2.0 mm) at pD 7.4.

13C NMR GGH GGH + 1 AS
3, 176.76 176.47 0.29
5 54.54 54.21 0.33
5 168.35 168.24 0.11
4 42.33 42.66 0.33
Js 170.28 170.56 0.28
6 40.70 30.23 0.47
5 28.07 27.54 0.53
Py 130.97 130.02 0.95
o 117.34 117.18 0.16
S0 134.33 134.90 0.57

greater shift of the resonance of the C-5 carbon atom than
that of the C-3 carbon atom, indicating stronger interaction
with the amide oxygen atom of the terminal Gly residue
than that with the central Gly residue. The coordination to
the amine nitrogen atom was also observed, and this would
assist the hydrolysis by Pathway (1). Analogous binding at
the amide oxygen atoms and the amine nitrogen atom was
also achieved in the presence of 2, but, as with all other
oligopeptides in this study, the interaction was weaker as
smaller shifts were obtained (Figure S36 and Table S13). In
addition to these expected shifts for the acceleration of the
hydrolysis of the peptide bonds in GGH, similar shifts of
the resonances of all other carbon atoms to those observed
in the presence of 1 were also obtained in the presence of 2
and 3. These results demonstrate multiple coordination
modes for the complexation of Zr™-substituted POMs to
GGH, similarly to the multiple coordination modes that
were observed between oxovanadium and this tripeptide.['”)

Conclusions

In this paper, we report the hydrolysis of the oligo-
peptides triglycine, tetraglycine, glycylglycylhistidine, and
glycylserylphenylalanine by a series of Zr™-substituted
POMs 1-3 under mildly acidic and neutral conditions.
Homogeneous peptide bond hydrolysis was achieved for all
of the oligopeptides in the presence of all three POMs.

Of the three POMs under investigation, the Zr!'V-substi-
tuted Keggin POM 1 was the most-active POM. Hydrolysis
rates in the order 1>3>2 were observed for all oligo-
peptides, and the hydrolysis with 1 was typically twice as
fast as that with 2. This higher reactivity might be explained
by the specific peptide coordination observed in the
presence of 1. Typically, the N-terminal amine group and
the amide carbonyl group of the first Gly residue coordi-
nate to the Zr'V center of 1 and, consequently, the first
peptide bond is activated and hydrolyzed. This type of co-
ordination was also observed in the presence of 2 and 3;
however, as the observed changes in the '*C NMR shifts
were smaller, the interactions are either weaker or less of
the active complex forms in solution, and the hydrolysis
rates are lower. The reason for the multiple coordination
modes observed between all of the oligopeptides and POM
3 could be that the dimeric form of POM 3 contains four

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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7YV ions, which offer multiple coordination possibilities.
Furthermore, it is plausible that, similarly to 1, this POM
exists in a monomer/dimer equilibrium that is too fast to
observe on the NMR time scale.['® This equilibrium would
result in a monomeric complex bearing two Zr'V centers
with several aqua ligands that could be readily substituted
by oligopeptide substrates. We are currently performing
theoretical calculations on the possible equilibria of 3 to
shed more light on this issue.

For the oligopeptides, the extension of the chain length
from 2G to 3G and 4G still resulted in complete hydrolysis;
therefore, POMs 1-3 can fully hydrolyze longer peptide
chains. On the basis of the preferential binding of 1 at the
N-terminal Gly residues in 3G and the fact that no 2G is
observed during the initial stages of 4G hydrolysis, in the
absence of any specific secondary interactions, 1 likely starts
to hydrolyze Gly oligopeptides at their N-terminus, and the
hydrolysis then progresses further downstream until com-
plete hydrolysis is achieved. The rate of oligopeptide hydrol-
ysis in the presence of 1 was fastest for the tripeptide GSF,
in which the Gly-Ser bond was preferentially hydrolyzed.
This further demonstrates the beneficial role that Ser resi-
dues play as internal nucleophiles in peptide hydrolysis.
However, the presence of bulky neighboring residues such
as Phe impedes the active role that Ser plays in GSF hydrol-
ysis.

The demonstrated trend in selectivity can be best com-
pared to that observed for oxidized insulin chain B.['?! The
selectivity of hydrolysis was also driven by coordination
chemistry between the Zr' ion in the POM and the poly-
peptide, whereas no evidence of specific electrostatic inter-
actions, as is the case for protein hydrolysis, was observed.
This can be explained by the lack of any tertiary structure
in the substrates under study. The results obtained in this
study are of importance for the design of artificial peptidase
agents for biotechnology applications in which frequently
denatured or polypeptide chains need to be selectively
hydrolyzed.

Experimental Section

Chemicals: Complexes 1, 2, and 3 were synthesized according to
the procedures reported previously.’411 Gly-Gly-Gly (3G), Gly-
Gly-Gly-Gly (4G), Gly-Ser-Phe (GSF), Gly-Gly-His (GGH), D0,
DCl, and NaOD were purchased from Sigma-Aldrich.

Measurements: The 'H NMR spectra were recorded with a Bruker
Advance 400 spectrometer, and [Dy]sodium 3-(trimethylsilyl)-
propionate ([D4JTMSP) was used as an internal reference. The *C
NMR spectra were recorded with a Bruker Advance 400 spectrom-
eter. As a reference, tetramethylsilane (TMS) in an internal refer-
ence tube was used. The 3'P NMR spectra were recorded with a
Bruker Advance 400 spectrometer, and 25% H;PO, in H,O in an
internal reference tube was used as a reference.

Hydrolysis Studies: The hydrolysis reaction mixtures typically con-
tained oligopeptide (1.0 mm), 1-3 (2.0 mm), and [2,2,3,3-D4JTMSP
in D,O. The pD of the reaction mixtures was adjusted to 5.4 or
7.4 with minor amounts of DCI (1.0 M) or NaOD (1.0 m). The pH
meter reading was corrected by the equation: pD = pH + 0.41.12]

Eur. J. Inorg. Chem. 0000, 0-0

The reaction mixtures were kept at 60 °C, and the '"H NMR spectra
were recorded after mixing and after different time increments. The
hydrolysis products were identified by comparison of the 'H NMR
chemical shifts with those of pure compounds at the same pD
value.

Supporting Information (see footnote on the first page of this arti-
cle): 'H, 13C, and 3'P NMR spectra; kinetic profiles for hydrolysis
reactions; UV/Vis absorbance spectra of 2 in the absence and pres-
ence of 3G.
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The hydrolytic activity of Zr!'V-substituted
Lindqvist-, Keggin-, and Wells—Dawson-
type polyoxometalates towards the peptide
bonds in tri- and tetrapeptides is investi-
gated by kinetic methods and multinuclear
NMR spectroscopy. The peptides are
hydrolyzed completely in nearly neutral
and neutral pH media. The Keggin com-
plex is the most active towards peptide
bond hydrolysis in the studied peptides.
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