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Metal-assisted hydrolysis of peptide bond is a promising alternative for enzymatic cleavage of proteins
with prospective applications in biochemistry and bioengineering. Many metal ions and complexes have
been tested for such reactivity with a number of targets, from dipeptides through oligopeptides through
proteins. The majority of reaction mechanisms reported so far is based on the Lewis acidity of a given

metal ion. In the alternative hydrolysis reaction the metal ion, Cu(Il), Ni(Il) or Pd(II), plays a structural
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role by forming a square planar complex with Ser/Thr-His or Ser/Thr-Xaa-His sequence, which enables
a N— O rearrangement of the acyl moiety in the peptide bond downstream from the Ser/Thr residue.
Both Lewis acid and N — O acyl rearrangement reaction types are discussed in detail, including molec-
ular mechanisms, the chemical character of hydrolytic agents, reaction conditions, and the origins of
differences between the results obtained for peptide and protein models. Toxicological implications and

practical applications of metal assisted peptide bond hydrolysis are also presented, with a focus on the
Ni(II) assisted N — O acyl rearrangement in Ser/Thr-Xaa-His sequences.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Peptide bond, the focus of this review, is one of the most impor-
tant linkages in the realm of biomolecules. Its main function is to
connect amino acid residues, forming peptide and protein chains.
In Nature, the peptide bond is formed by the condensation reaction
between the a-carboxylic group of one amino acid and the a-amino
group of another one, resulting in the loss of a water molecule. In
the cells the reaction is catalyzed by ribosome, a large protein/RNA
structure which accelerates it by a factor of 107 [1,2]. One may say
that the creative limitedness of protein structures results directly
from properties of the peptide bond, especially from the partial
double-bond nature of the C—N bond which imposes planarity in
this structure, as showninFig. 1 [3].Itis however important to men-
tion that in the reality of protein structures significant deviations
from the planarity may occur for individual bonds, with significant
consequences for their stability [4].

The peptide bond is very stable in water solution under physio-
logical condition. Its half-life is estimated at 350-600 years at 25 °C
and neutral pH [5]. This remarkable kinetic stability is required for
its function, but presents a challenge when there is a physiologi-
cal need to break it. There are three general types of peptide bond
cleavage mechanisms: oxidative, photooxidative and hydrolytic
[6-9]. The first two introduce covalent modifications into the
cleaved moiety, being thus irreversible. They are also difficult to
control, often causing “collateral damage” of covalent modifications
of other functional groups in proteins. Only the hydrolysis reac-
tion, reciprocal to the condensation reaction, can cleave the peptide
bond by restoring the carboxylic and amine functional groups. This
chemical strategy was adopted by living organisms, where sev-
eral classes of peptidases, enzymes hydrolyzing the peptide bonds,
evolved.

Enzymes catalyze peptide bond hydrolysis using two general
strategies: either utilizing a one-step process in which the activated
water molecule is a nucleophile attacking the amide bond, or in a
two-step process with the participation of a nucleophilic residue.
According to the former mechanism, a water molecule is activated
by an aspartic acid residue or a metal ion, usually Zn(II). In the

Fig. 1. The structure of the peptide bond in the context of the peptide chain. Pla-
nar fragments are marked with gray rectangles. The common trans-conformation is
shown.

second case, a Ser, Thr, or Cys residue performs a nucleophilic
attack, which results in the covalent binding of C-terminal part of
the processed protein to the enzyme. The N-terminal part of the
substrate is released simultaneously. In the second step of this reac-
tion type the acyl-enzyme intermediate is hydrolyzed finally by an
activated water molecule [10,11].

The proteolytic enzymes have different types of specificities,
depending on their function. Some, like those responsible for post-
translational processing of proteins or peptides, e.g., Angiotensin
Converting Enzyme, are highly sequence specific [12]. Others, like
Proteinase K, cleave all peptide bonds non-specifically [13]. This
function can be reproduced chemically in a simple procedure of
acid digestion at elevated temperatures [14]. Thus, current efforts
in providing chemical tools for peptide bond hydrolysis focus on
reactions that provide at least moderate sequence specificity. This
goal cannot be really provided by simple non-enzymatic chemical
agents, notably cyanogen bromide, which not only have poor speci-
ficity, but also usually require harsh reaction conditions, leading to
unwanted side reactions [15,16].

Autocatalytic peptide bond hydrolysis mechanisms evolved for
posttranslational modifications of proteins separately from enzy-
matic mechanisms. The most important of these mechanisms are
N— O and N— S acyl transfer reactions, utilizing serine, thre-
onine and cysteine residues. Under particular steric conditions
enforced by specific protein domain fold, the Ser/Thr hydroxyl or
Cys thiol group can attack the carbonyl carbon of the preceding
amide bond results in an (thio)ester intermediate. The (thio)ester
then splits into two separate molecules. At physiological conditions
this reaction is not favored, but an acidification or an alkalization
shifts the reaction equilibrium toward the products. Proteins which
undergo such autoproteolysis facilitate the process by enhancing
the deprotonation of catalytic —OH/—SH group, the amino group
protonation and the destabilization of the hydrolyzed peptide bond
by structural changes [17]. As mentioned above, the autoproteol-
ysis process, while very clean in terms of side-reactions, requires
large protein domains and cannot be easily used to cleave bonds in
other proteins.

These circumstances encouraged the search for novel agents for
peptide bond hydrolysis in the field of metal ion chemistry. The pur-
pose of this review is to present the current stage of this research
area and to sketch some perspectives for its further development.
Some approaches described below are aimed to mimic or para-
phrase metalloproteases, while other look for novel reactivities.
Three general reaction mechanisms depicted in Fig. 2 are exploited
in these studies.

Two of these mechanisms are based on Lewis acid properties
of given metal ions. In this paradigm the metal ion can (i) activate
a water molecule or (ii) activate/destabilize the peptide bond by
engaging its carbonyl oxygen. These two mechanisms often occur
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Fig. 2. Three general mechanisms of metal-assisted peptide bond hydrolysis: (i)
activation of a water molecule by metal ion M; (ii) polarization of carbonyl group by
interaction of a metal ion with the amide oxygen; and (iii) N — O acyl rearrangement
in sequences containing hydroxyl or carboxyl group in side-chain residues.

simultaneously, or are difficult to distinguish. In principle, they can
occur for any peptide bond, although as detailed below, a signifi-
cant degree of sequence specificity can be achieved by additional
interactions. The third mechanism (iii) is based on the acyl shift
rearrangement, which has not been identified in metalloproteases,
but is employed in Nature in Ser/Thr/Cys proteases and the intein
protein self-cleavage process. In contrast with mechanisms (i) and
(ii), mechanism (iii) is explicitly sequence dependent, requiring the
presence of a hydroxyl, thiol, or carboxyl group in the side-chain of
the residue flanking the hydrolyzed bond. Nevertheless, also mech-
anism (iii) appears to coincide with mechanisms (i) and (ii) in some
cases, adding complexity to the presented reactions.

Anumber of metal ions and their complexes were demonstrated
to promote peptide bond hydrolysis under a large variety of reac-
tion conditions, and against various substrates. These metal ions
include (in the alphabetical order) Cd(Il), Ce(Ill), Ce(IV), Co(III),
Cr(VI), Cu(Il), Eu(II), Hf(IV), Mo(IV), Mo(VI), Ni(II), Pd(II), Pr(II), Pt(1I),
V(V), W(IV), W(VI), Zn(I), and Zr(IV). Below we describe the cur-
rent state of this research field according to the reaction mechanism
and substrate type, followed by a short account of toxicological and
aspects of selected reactions associated with their biotechnological
applications.

2. Hydrolysis according to Lewis acid mechanisms

A large number of studies were performed for metal ions inter-
acting effectively with oxygen ligands, and thus able to maintain
reaction mechanisms (i) and (ii) presented in Fig. 2. The bulk of
studies were performed for dipeptides, with some research on
longer peptides and proteins. They are described below in this
order. The perfect metal-based Lewis acid hydrolytic agents should
not only prefer to interact with oxygen ligands as mentioned above,
but should also be able to form complexes with high coordination
numbers. Further requirements include fast ligand exchange and a

lack of redox activity that could lead to side processes along with
the hydrolysis reaction.

2.1. Hydrolysis of peptide bond in dipeptides

Dipeptide is the simplest possible model for studying the metal-
assisted peptide bond hydrolysis. Having only a single reaction site,
dipeptides enable very precise studies of the reaction mechanism,
facilitating analysis of experimental data and adding certainty to
their interpretation. Comparing the results for different dipeptides
one can recognize the initial preferences of metal cleavage agents
toward the residues composing the bond. This leads to preliminary
estimates for sequence specificities of given agents, and helps in
selecting the best reaction conditions.

Gly-Gly and Gly-Ser are the two most popular dipeptides
used in metal-assisted hydrolysis studies. The reaction parame-
ters determined for the most effective and important hydrolytic
agents are listed in Table 1. The efficacy of hydrolysis is presented
as the rate constant or the conversion degree, depending on the
data presentation in original papers. The most important reaction
conditions (pH, temperature and agent-to-peptide molar ratio) are
also provided.

The metal-based hydrolytic agents can be divided into five
groups: simple soluble metal ions, oxo-metal anions, poorly sol-
uble metal hydroxides, metal-substituted polyoxometalates, and
various metal complexes which cannot be systematized. They are
described in this order in the following section of this review.

2.1.1. Simple soluble metal ions

Yashiro and co-workers studied the ability of the number of
metal chlorides to cleave dipeptides [18]. Incubation of peptides
with almost all metal ions tested significantly increased the amount
of hydrolysis products. After a 24-h incubation with Gly-Ser at pH
7.0 and 70°C, the highest conversion degree (83%) was observed
for Zn(II), followed by Pr(IIl) (63%), Eu(III) (58%), Ni(II) (52%), Ce(III)
(49%), and Cd(II) (43%). The active intermediates were metal com-
plexes formed by the metal ion binding to the N-terminal amino
group and the carbonyl (peptide) oxygen. Incubation of Gly-Ser
with Cu(Il) did not assist the hydrolysis due to a specific coordina-
tion mode of this ion, via the N-terminal amine, the amide nitrogen,
and the C-terminal carboxyl group. This mode prevents the peptide
bond cleavage due to Lewis acid mechanisms, because the carbonyl
oxygen is not engaged by the Cu(ll) ion.

The hydrolysis by Zn(II), Ni(II), and Cd(Il) ions was more selective
toward Gly-Ser than that for Eu(Ill), a representative lanthanide
metal. The character of the N-terminal residue had a low impact

Table 1

The comparison of metal-assisted hydrolysis of Gly-Ser and Gly-Gly peptide bonds by different Lewis acid metal containing agents.
Agent pH/pD T(°C) Agent:peptide Rate constant (s~!) Conversion degree Refs.

molar ratio (time/h)
Gly-Ser Gly-Gly Gly-Ser Gly-Gly
ZnCl, 7.0 70 1:1 n.d. n.d. 83% (24) 6% (24) [18]
MoOf{ 7.0 60 60:1 5.9x 1076 n.d. 68% (60) 4% (60) [19]
Cro%- 7.0 60 60:1 44x1077 nd. n.d. nd. [19]
W03 7.0 60 60:1 6.5 x 1077 nd. nd. nd. [19]
VOi’ 7.4 60 10:1 133x 1076 n.d. 52% (140) n.d. [20]
7.4 37 10:1 8.9x 108 n.d. n.d. n.d. [20]

Ce(NH4)2(NO3)s 7.0 50 1:1 6.4x 107> 7.7 %1073 n.d. n.d. [23]
1:2 Ce(IV)-Kg POM 7.4 37 10:1 7.5x1077 2.8x10°8 n.d. n.d. [32]
ZrCly 7.1-7.2 60 5:1 n.d. n.d. 28% (20) 26% (20) [24]
ZrCly +4,13-diaza-18-crown-6 7.0-7.2 60 5:1 n.d. n.d. 88% (20) 90% (20) [24]
1:2 Zr(IV)-WD POM 5.0 60 1:1 3.5x 1076 1.5x 1076 n.d. n.d. [27,28]
4:2 Zr(IV)-WD POM 7.4 60 6:1 23x10°6 4.7 x 1077 n.d. n.d. [31]
1:2 Zr(IV)-Ld POM 7.4 60 1:1 1.5x 1076 1.9x 1077 n.d. n.d. [29]
2:2 Zr(IV)-Kg POM 5.4 60 1:1 6.33x 1076 444 %1077 n.d. n.d. [30]

POM denotes polyoxometallate; n.d. denotes a parameter not determined.
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Fig. 3. The proposed mechanism of hydrolysis Gly-Ser (A, B) and His-Ser (C) dipep-
tides by VO2~ (A) and MoO2™ (B, C) [19,20].

on the hydrolysis by these metal ions. Conversion degrees compa-
rable to Gly-Ser or even higher were observed for Phe-Ser (91%),
Leu-Ser (81%), and Pro-Ser (80%) after 24 h, at pH 7.0 and 70°C
for Zn(II)-assisted hydrolysis. The decrease in temperature by 20°C
resulted in an almost four-fold reduction of the yield of Zn(II)-
assisted Gly-Ser hydrolysis [18].

2.1.2. Oxo-metal anions

The second group of hydrolytic agents are oxo-metal anions,
homologous agents widely used in catalytic reactions. Parac-Vogt
and co-workers proved that MoO3~, WO3~, CrO%~, and VO~ are
able to cleave peptide bond in various dipeptides [19,20]. The
Xaa-Ser sequence was also more prone to hydrolysis than other
tested ones. The conversion degree for Gly-Ser was more than 22
and 17 times higher than for Ser-Gly for MoOﬁ’ and VOi’, respec-
tively under the same reaction conditions and incubation time, (pD
7.0,60°C and 60 h for MoO2~ and pD 7.4, 60 °C and 140 h for VO3~ ).
Among all the oxyanions studied, MO2~, where M was Mo(VI),
Cr(VI), W(VI),and V(V), MoOi’ was the most effective one followed
by VO3~, W03~, and Cr03~ (see Table 1 for details). The more than
four times lower rate constant for VOi’ compared to Mooﬁ’ may
result from the differences in the coordination of these species to
Gly-Ser (Fig. 3A and B).

In hydrolytically active complexes, vanadate can bind to Gly-Ser
by the amine nitrogen and carbonyl oxygen, while MoOi’ also
binds to the carboxyl oxygen. This interaction adds stability to
the reactive complex, resulting in a faster hydrolysis. In support
of this concept, the presence of a coordinating His side-chain, in
the His-Ser dipeptide caused an almost two-fold acceleration of
the hydrolysis by MoOi’ compared to Gly-Ser (Fig. 3 C).

The proposed reason for the lower constant rate for chromate is
a smaller size of CrO;~ compared to MoO3 ", resulting in a higher
solvation degree of CrO2~, impeding its coordination to the peptide

[19]. The sizes of ionic radii of MoOi’ and WOi’ are similar, result-
ing in the formation of complexes with similar binding constants,
as for EDTA [21]. However, the tungstate forms more labile chelates
than molybdate with respect to the individual metal-ligand bonds,
which is a likely cause for a lower rate constant for Gly—Ser hydrol-
ysis by W03~ [19,21,22].

The pD dependence of observed rate constant ks for hydrolysis
of dipeptides by oxo-metal anions has a bell-shaped profile, with
the maximum at pD about 7.0 and 7.4 for the hydrolysis of Gly-Ser
by Mooi‘ and VOi‘, respectively (the reactions were investigated
by NMR in D, 0 solutions). The observed optimum is associated with
the pD distribution of oxo-metal anion forms. Dissolved oxo-metal
anions tend to form polyoxyanions, whereas only the monomeric
species are hydrolytically active. For oxomolybdates the oligomeric
[Mo7024]5~ and [MogOy5]*~ species predominate at acidic condi-
tions. The reaction is fastest about pD 7.0, when the monomeric
[Mo004]?~ anion becomes the only observed oxomolybdate species.
A similar trend was observed for vanadates. At low pD values, the
decavanadate was the major observed species, while at neutral pD
the mixture of mono- di-, tetra-, and pentavanadate existed in the

solution. Further increase of pD shifted the equilibrium in favor of
the monomeric form [19,20].

Despite the higher amount of hydrolytically active monomeric
anions under alkaline conditions, the observed rate constant was
lower. This phenomenon was explained by the possible coordina-
tion of the metal species by the amide nitrogen. The metal ion
bound to the amide nitrogen has significantly weaker polarizing
properties than the proton it replaced, thus making the amide car-
bonyl carbon a less preferred target for the nucleophilic attack
[19,20].

The hydrolytic nature of the described reaction was also
confirmed by NMR measurements, which did not detect any para-
magnetic Mo(V) and V(IV) species that should be formed if MoOi’

and VOi’ were to oxidize the dipeptides [19,20].

2.1.3. Poorly soluble metal hydroxides

Ce(IV) and Zr(IV) could be perfect peptide hydrolytic agents
due to their oxophilic properties, high +4 oxidation state, abil-
ity to form complexes with high coordination numbers, and a
fast-ligand exchange kinetics. However, at neutral pH the Ce(IV)
and Zr(IV) compounds usually yield insoluble hydroxide species
forming gels and precipitates upon dissolution. Despite of the het-
erogeneous nature of such solid state compounds, Komiyama and
Grant groups tested their ability to hydrolyze dipeptides by adding
Ce(IV) or Zr(IV) salts to their solutions [23,24]. Ce(NH4)2(NO3)g
was the most effective hydrolytic agent among the studied precur-
sors (Ce(NHg4)2(S04)4, Ce(SO4),, and Ce(OH)4 ). Despite well-known
properties of Ce(IV) as oxidant, no oxidative cleavage prod-
ucts were found by NMR. The hydrolysis in the presence of
Ce(NH4)2(NO3)s-H20 was the fastest for Phe-Gly, Ala-Phe, and
Gly-Phe, with the rate constants of 0.97-1.14 x 10~4s~1 at pH 7.0
and 50°C. For Xaa-Phe dipeptides, the rate constant decreased
with the increase of the non-coordinating Xaa residue side chain
volume. Such dependence was not observed for Gly-Xaa dipep-
tides. The Ce(IV) ion complexed to the peptides via the amino
group, the carboxylate oxygen, and the carbonyl oxygen [23]. The
decrease in the extent of Ce(IV) precipitation was achieved by the
cyclodextrin application. The mixture of the peptide, Ce(IV) and y-
cyclodextrin was homogenous in a water solution, no precipitation
was observed. After 24 h at pH 8.0 and 60°C, 39 and 36% of the
most susceptible dipeptides, Gly—Phe and Phe—Gly, were cleaved
by Ce(1V) in the y-cyclodextrin presence [25].

Despite the precipitation of zirconium hydroxides, also ZrCly
was an effective hydrolytic agent toward a number of dipeptides.
After 20h at pH 6.9-7.4 and 60 °C, the hydrolysis degree ranged
from 4% for Gly-Met to 42% for Gly-Gly [24]. The conversion degree
increased dramatically after the addition of an azacrown ether,
4,13-diaza-18-crown-6. The effect was most striking for Ser-Gly
(from 7% to 91%) and negatively charged dipeptides such as Gly-Glu
(from 10% to 97%), Asp-Gly/Gly-Asp (from 19/30% to 85/87%), but
was also significant for Gly-Gly (from 42% to 90%) and Gly-Ser
(from 28% to 88%). No hydrolysis was observed in control exper-
iments with peptides and the azacrown ether without Zr(IV). The
addition of azacrown ether to the Zr(IV) containing solution also
led to the hydrolysis of the N- and C-terminally blocked pep-
tide Ac-Gly-Gly-OMe, up to 26%, while almost no cleavage was
observed in the absence of the macrocyclic chelator. Although the
azacrown ether increased the Zr(IV) precipitation, the hydrolysis
was accelerated. The application of Tris decreased the amount of
Zr(IV) precipitate, but the hydrolysis rate also decreased [24].

The only by-product of the hydrolysis reaction described above
was a cyclic dipeptide dimer (diketopiperazine) formed by a con-
densation reaction between the terminal carboxylate and amine
groups. Ce(IV) did not promote this cyclization reaction in contrast
to other tested metals, e.g., Zr(IV), and Hf(IV) [23].

Please cite this article in press as: N.E. Wezynfeld, et al., Coord. Chem. Rev. (2016), http://dx.doi.org/10.1016/j.ccr.2016.02.009



dx.doi.org/10.1016/j.ccr.2016.02.009

G Model
CCR-112203; No.of Pages 22

N.E. Wezynfeld et al. / Coordination Chemistry Reviews xxx (2016) xXx—-Xxx 5

ra
.

OH

A B C
(\m/ﬁ (\N/w (\NHZ
o o H
o] e] o

L)
Fetule

Fig. 4. Compounds that accelerated the Zr(IV)-assisted hydrolysis of
Gly-Gly peptide most effectively: (A) 4,13-diaza-18-crown-6; (B) 1,4,10-
trioxa-7,13-diazacyclopentadecane; (C) 2-(2-aminoethoxy)-ethanol and (D)
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) [26].

In the a study building on the results described above, Kassai
and Grant used 17 ligands to enhance the Zr(IV)-assisted pep-
tide bond hydrolysis, including macrocyclic crown ligands, but also
HEPES and Tris and their derivatives. The most effective ones, pre-
sented in Fig. 4, were: 4,13-diaza-18-crown-6; 1,4,10-trioxa-7,13-
diazacyclopentadecane; 2-(2-aminoethoxy)-ethanol and HEPES
[26].

Both cyclic and linear compounds increased the hydrolysis
rate, but the cyclic ones were the most productive. This effect
was attributed to the ordering of the coordination sphere around
the Zr(IV) ion. The equatorial sites would be occupied by the
macrocyclic chelator, thus enhancing an interaction of free axial
coordination sites on the Zr(IV) ion with the hydroxide nucleophile
and the dipeptide amide oxygen.

The significant level of precipitation was observed for almost all
ligands studied, except Tris and 2,2’,2”-nitrilotrisethanol. In parallel
with the reduction of the precipitate amount, the hydrolysis rate
for these ligands also decreased [26].

2.1.4. Metal-substituted polyoxometalates

Oxo-metal compounds described above as hydrolytically active
as monomeric species are also used in metal-based hydrolysis in
their regular oligomeric forms, polyoxymetalates (POMs). A POM
is a kind of a scaffold, in which one or more atoms can be replaced
by a selected metal center, changing properties POM coordination
properties. POMs were applied to Zr(IV)- and Ce(IV)-assisted pep-
tide bond hydrolysis as compounds used to obtain homogenous
solution of these metals after an incorporation of Zr(IV) and Ce(IV)
ions into the POM structure.

Studies on Wells—Dawson type polyoxometalates K;sH[M(a-
P,W17061 )2]25H20, revealed that Zr(1V) and Hf(IV) species showed
the highest hydrolytic activity toward the Gly-Gly dipeptide [27].
A lack or significant reduction of activity of other compounds has
several reasons. It is due to the limited number of metal coordi-
nation sites which can be available for peptide binding after the
incorporation into the POM structure (Mn(III), Fe(III), Co(II), Ni(II),
and Cu(IIl)). It can also result from a decrease of their Lewis acid-
ity or the dimer formation (Y(III), La(IlI), Eu(Ill), and Yb(IIII)). The
half time for Gly-Gly hydrolysis by K;5H[Zr(o;-Po W17061 )2 [25sH2 0
(1:2 Zr-WD POM) was 5 days at pD 5.0 and 60°C. The Zr(IV) pre-
cipitation did not occur in the POM presence, but cyclization of
Gly-Gly (up to 7.5%) was observed. The reaction rate peaked at pD
5.0, probably as a consequence of predomination of a hydrolyt-
ically active 1:1 Zr(IV):POM at acidic conditions. The Zr(IV) ion
interacts with Gly-Gly via the amine nitrogen and the amide oxy-
gen. This activates the peptide bond for a nucleophilic attack of
the coordinated or solvent-derived water molecule. This species
is superseded at higher pD values by a complex including the
coordination of Zr(IV) to the amide nitrogen. The experiments on

other Gly-Xaa dipeptides showed preferences expected for the
participation of N— O rearrangement in the hydrolysis mecha-
nism [28]. The Gly-Ser hydrolysis was more than two times faster
than Gly-Gly. The rate constant decreased with the increase of
the aliphatic/aromatic side chain volume. The negatively charged
Gly-Glu dipeptide was less susceptible to hydrolysis because the
coordination via the C-terminal and side chain carboxyl groups
prevented the polarization of the amide bond, necessary for the
nucleophilic attack. The presence of positively charged amino acids
supports the Zr(IV)-assisted hydrolysis due to a secondary interac-
tion between them and the negatively charged POM surface at pD
5.0 [28].

The wusage of Zr(IV)-substituted Lindqvist type POMs
(MeygN);[W50418Zr(H20)3] (1:1 Zr(IV)-Ld POM) resulted in the
shift of the pD dependence maximum of the rate constant to 7.5
from 5.0, observed for the previously described 1:2 Zr(IV)-WD
POM. The Zr(IV) precipitation was also inhibited. The coordi-
nation of the fastest His-Ser peptide to Zr(IV) via the imidazole
nitrogen, the amine nitrogen and the amide oxygen promoted
the hydrolysis. At acidic pD the imidazole nitrogen protonation
inhibited the reaction, while at basic pD, the Zr(IV) binding to
the amide nitrogen ceased the polarization of the peptide bond.
The rate constant decrease at high pD could also result from a
partial decomposition of 1:1 Zr(IV)-Ld POM into [WO4]?>~ and
Zr(IV) hydroxides. The Zr(IV)-assisted hydrolysis by 1:1 Zr(IV)-Ld
POM was slower than that observed for 1:2 Zr(IV)-WD POM or
the Zr(IV) complex of 4,13-diaza-18-crown-6 (by 2 and 20 times,
respectively, for Gly-Ser). The hydrolysis in the presence of 1:1
Zr(IV)-Ld POM combines two features which are desirable from
the application point of view: the homogenous nature of the
reaction mixture (no precipitation) and the highest reaction yield
at physiological pH [29].

Keggm type POMs, (EtzNHz )8[{(X—PW1103921'—( }L—OH)(HzO)}z]
7H,0 (2:2 Zr(IV)-Kg POM) also belong to the group of Zr(IV)-
substituted POMs used in the dipeptide hydrolysis. The rate
constants for Gly-Gly and Gly-Ser hydrolysis were 4.44 x 10~7 s~1
and 63.3 x 107 s~1, respectively, at pH 5.4 and 60 °C. The hydrol-
ysis of Gly-Gly by the 2:2 Zr(IV)-Kg POM was more than two
times faster than that for 1:1 Zr(IV)-Ld POM, but almost 3.5 times
slower than that for the 1:2 Zr(IV)-WD POM. The formation of cyclic
products—diketopiperazines, accompanied the hydrolysis reaction
for 2:2 Zr(IV)-Kg POM, 1:2 Zr(IV)-WD POM, and 4:2 Zr(IV)-WD
POM. Such dipeptide cyclization is a reversible process. The hydrol-
ysis of cyclic dipeptides includes two steps: the ring-opening back
into linear peptides and the cleavage of linear dipeptides into
amino acids. The simultaneous cleavage of two amide bonds is very
unlikely, as it would require a three-party process. As a result, the
cyclicdipeptides are hydrolyzed about 20 times slower than the lin-
ear ones. The dipeptide cleavage by 2:2 Zr(IV)-Kg POM is fastest in
the pD range 5.0-6.5. At lower pH, the protonation of amine nitro-
gen hinders the active complex formation. At higher pH, the amount
of the less active 1:2 Zr(IV)-Kg POM increased, in which the Zr(IV)
coordination sphere is saturated by lacunary Keggin units, causing
the decrease in the number of available coordination sites, com-
pared to 2:2 Zr(IV)-Kg POM, where Zr(IV) has two water molecules
in the first coordination sphere [30].

Recently, Parac-Vogt and coworkers published results
of dipeptide hydrolysis by a multi metal center POM,
where two Wells-Dawson anions [P;W;0s59]'2~  were

connected by a [Zra(ps3-0)2(OH)y(H0)4]1%*  cluster, form-
ing a tetrazirconium(IV)-substituted Wells—-Dawson POM,
Nay4[Zrg(P,W16059)2(3-0)2(OH)2(H20)4]-57H20  (4:2 Zr(1V)-
WD POM). Despite a higher number of Zr(IV) atoms capable to
cleave the peptide bond per hydrolytic compound, no acceler-
ation of Gly-Gly hydrolysis was observed compared to the 1:2
Zr(IV)-WD-POM. The half time of this reaction was three times
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longer than those determined for previously studied mono-metal
center Wells-Dawson POM at the same temperature. The 4:2
Zr(IV)-WD POM was also a less effective hydrolytic agent than 2:2
Zr(IV)-Kg POM, but was more effective than 1:1 Zr(IV)-Ld POM,
having the rate constant pD dependence similar to those observed
for 4:2 Zr(IV)-WD POM (maximum around pD 7.5). The decrease
in Lewis acidity of Zr(IV) is the suggested reason for a slower
than expected cleavage of peptides by 4:2 Zr(IV)-WD POM. The
rate reduction is thought to be due to a higher number of Zr(IV)
bridging oxygen atoms and a higher negative charge of the POM
framework compared to other types of POM compounds studied
[31].

Ce(IV)-substituted Keggin-type POM [Ce(a-PW11039),]10 (1:2
Ce(IV)-Kg POM) cleaved dipeptides containing serine residues at
C-terminus with rate constants 4.7-10.3 x 10~7 s~ at pH 7.0 and
60°C [32]. It is a reaction much slower than those observed for
Ce(IV) salts [23]. The decrease in rate constant after incorporation
of Ce(IV) into the POM structure may result from a lower number of
available coordination sites, decrease in Lewis acidity, changes in
the coordination environment, and a lower ligand exchange capac-
ity. The 1:2 Ce(IV)-Kg POM is the least efficient hydrolytic agent for
dipeptides among all described here. Compared to 1:2 Zr(IV)-Kg
POM, the Gly-Ser hydrolysis was eight times slower. For Gly-Gly,
the difference was even more pronounced. Almost a 16-fold reac-
tion rate decrease was observed after the change of hydrolytic
compound from 1:2 Zr(IV)-Kg POM to 1:2 Ce(IV)-Kg POM [32].

2.1.5. Various metal complexes

Westheimer and Trapmann groups showed that Co(II), Cu(II)
and Ni(Il) ions are able to cleave Phe-Gly-NH; and Gly-Leu dipep-
tides [33,34]. No mechanistic concepts were proposed for these
reactions that were performed at 75°C, a temperature sufficient
for partial hydrolysis of dipeptides in the absence of metal ions.
Moreover, these reactions could have a mixed character due to a
possibility of oxidation of these metal ions (or rather their com-
plexes with 2,6-lutidine used as a buffer) by air oxygen, which could
result in oxidative peptide bond cleavage.

The Co(Ill) complex B-[Co(trien)OH(H;0)]?* is one of the best
studied metal ion complexes capable of fast peptide bonds hydrol-
ysis[35-38]. The complete hydrolysis of Gly-Gly, Gly-Phe, Phe-Gly
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and Ala-Gly dipeptides occurred within 30 min. at pH 7.5 and
60-65 °C. The reaction of B-[Co(trien)OH(H;0)]?* with a dipeptide
at an equimolar ratio proceeded via the formation of a ternary com-
plex, in which the N-terminal amine of the peptide replaced an
equatorially coordinated water molecule in the octahedral Co(III)
complex. This mode of coordination positioned the axially bound
hydroxyl group to attack the peptide carbonyl. The N-terminal
amino acid resulting from the hydrolysis remained to be coor-
dinated to Co(Ill) after the reaction. The reaction mechanism is
presented in Fig. 5.

Among other tested Co(Ill) compounds belonging to the same
family of four nitrogen donors, [Co(X)(OH)(OH);]?*, X = B-trien, a-
trien, tren, and (en),, the cis-B-[Co(trien)OH(H,0)]** complex was
the most effective one. The half-time of Gly-Gly hydrolysis by cis-[3-
[Co(trien)OH(H,0)]** was 48-80 times shorter than the hydrolysis
of this peptide by other Co(Ill) compounds [37]. The peptide hydrol-
ysis by cis-B-[Co(trien)OH(H;0)]** was not strictly dependent on
the complex stereochemistry, as the reaction was also observed
for[Co(en),(OH)(OH),]?* [36] and for a-[Co(trien)OH(H,0)]%* [37],
which can easily swap the configuration between the cis and trans
species and form a mixture of different ternary complexes with the
hydrolysis product.

Studies on hydrolysis of other dipeptides by cis-3-
[Co(trien)OH(H,0)]?* revealed that those containing Asp at
the N-terminus required a much higher pH to be hydrolyzed than
most other dipeptides, readily hydrolyzed at pH about 7.4. No
or little hydrolysis was also observed for Gly-Pro and Glu-Phe
[37,38].

The ternary complexes of Co(Ill) with bis-N,N-carboxymethyl-
L-phenylalanine (H3bcmpa) or bis-N,N-carboxymethyl-L-glutamic
acid (Hsbcmga) and dipeptides were synthesized to improve the
selectivity of Co(lll)-assisted peptide bond hydrolysis. In addi-
tion to the previously reported binding of Co(lll) complexes
to peptides via the amine nitrogen and amide oxygen, various
weak interactions, such as hydrogen bonds, steric repulsion, elec-
trostatic interactions affect the process of peptide hydrolysis.
For [Co(bcmpa)(Gly-Xaa)]~, the amount of the cleavage prod-
uct, [Co(bcmpa)(Gly)]~ decreased with the increasing C-terminal
non-aromatic side chain volume. No hydrolysis was observed for
Gly-Phe and Gly-p-Phe due to a hydrophobic interaction between

Hi Co——N
TSNHD
X1

Fig. 5. The mechanism of hydrolysis of N-terminal peptide bond by 3-[Co(trien)OH(H,0)]?* according to the activation of the water molecule (i) or the interaction with
carbonyl oxygen (ii) concept of metal-assisted hydrolysis of peptide bond (2) [36]. The chirality of the complex was not indicated for a better clarity of presentation.
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the phenyl moiety and the C-terminal side chain in these dipep-
tides, which inhibits the hydroxide attack on the carbonyl group.
The application of H3bcmga, which has no ring in the structure,
resulted in the hydrolysis of Gly-Phe and Gly-p-Phe with the
yield higher than for Gly-Leu. Thus, the peptide bond cleavage in
synthetic [Co(bcmpa)(Xaa-Xaa)]~ complexes provided an elegant
example for sequence selectivity in peptide bond hydrolysis result-
ing from a variety of noncovalent interactions observed naturally
in enzyme-catalyzed reactions [39].

2.2. Hydrolysis of longer peptides according to Lewis acid
mechanisms

Among the metal ion based hydrolytic agents tested against
dipeptides, only a few were applied successfully in the hydrolysis
of longer peptides. These reactions are described in this chapter,
along with those that have only been tested for such longer targets.
A general rule is that the site specificity of hydrolysis depends on
the anchoring of metallic agents at specific amino acid side chains.

2.2.1. Anchoring at the N-terminus: Co(lll) and Ce(IV) agents

The Co(III) agent described in Section 2.1.5 can also hydrolyze
longer peptides, having three, four or six residues, as well as the
larger ones: bradykinin, glucagon, oxidized insulin chain A, and the
whole bovine insulin [35,37]. Since the reaction is stoichiometric
rather than catalytic, the hydrolysis of longer peptides requires the
molar excess of 3-[Co(trien)OH(H,0)]?* corresponding to the num-
ber of residues in the peptide molecule, as well as longer incubation
times. As described above and illustrated in Fig. 5, the reaction
occurs at the N-terminal residue. The Co(Ill) complex can be thus
considered as a stoichiometric aminopeptidase.

The preference to cleave the N-terminal over the C-terminal
peptide bond was also observed for the hydrolysis of Gly-Gly-Gly
and Gly-Gly-Gly-Gly by Ce(NH,4),(NOs3)g, as well as for the hydrol-
ysis of Gly-Gly-Phe and Phe-Gly-Gly by Ce(IV) and y-cyclodextrin
[23,25]. It is a consequence of the formation of a favorable five-
membered ring including the N-terminal amino group and the
corresponding carbonyl group. The cleavage of the next peptide
bond according to the Lewis acid mechanism in longer peptides
would be associated with the formation of an unfavorable seven-
membered ring.

2.2.2. Anchoring at the Cys side chain: molybdocene.

Erxleben showed that molybdocene dichloride, Cp,MoCl,, was
able to cleave the Cys-Gly peptide bond in GSH and Gly-Cys-Gly
[40]. The incubation of Cp,;MoCl, with GSH resulted in the forma-
tion of a number of ternary complexes. Their distribution depended
on the pH, temperature, and the peptide: Cp,MoCl, ratio. In
hydrolytically active complexes, Mo(IV) was coordinated only by
the glutathione thiolate. Such arrangement allows for the nucleo-
philic attack of the hydroxide ion provided by Mo(IV) on the
Cys-Gly peptide bond carbonyl group. This reaction is regiose-
lective. Only the Cys-Gly peptide bond was cleaved, as a result
of the formation of a more favorable six-membered chelate ring.
The y-Glu-Cys bond cleavage would require the formation of a
seven-membered ring. The yield of this reaction at pH 7.4 and room
temperature was low, because the active complex amounted only
to 10% of total Mo(IV) complexes. A temperature increase to 60°C
caused the conversion of other complexes to the hydrolytically
active one, increasing the conversion degree to 80%. The mecha-
nism of this reaction is illustrated in Fig. 6.

The treatment of the Gly-Cys-Gly peptide by Cp,MoCl, also
leads to the cleavage of the C-terminal Cys-Gly peptide bond,
but according to a different mechanism, based on the inter-
molecular aminolysis. The products of this reaction are the
2,5-diketopiperizine derivative cyclo-(Gly-Cys) and glycine. This

reaction proceeded specifically in the presence of Cp,;MoCl,. No
condensation was observed in the control experiments without the
metal complex. The cyclic product was formed at the same rate
as the released glycine. Cp;Mo?2* was proposed to assist the cis-
trans isomerization of the amide bond, which is required for the
cyclization process. This particular reaction was mediated specifi-
cally by the complex having Mo(IV) coordinated by the thiolate and
the amide nitrogen, and required heating. The 2:1 peptide-Mo(IV)
complex, also present in the reaction solution, was hydrolytically
inactive, even at the elevated temperature. The reaction mecha-
nism presented in Fig. 7 was confirmed by experiments on a range
of model peptides [40]. No complex formation and no hydroly-
sis was observed for molecules without a thiolate docking site
for Cp;Mo2*, glycinamide and the activated amide, glycine-p-
nitroanilide (Gly-pNA). Ac-Cys, Cys-Gly, and Gly-Cys formed 2:1
complexes with Cp;Mo?2*, containing S,0- and S,N-chelates, but
none of them was hydrolytically active.

2.2.3. Anchoring at Met, Cys and His side chains: Pd(Il) and Pt(II)

The studies of peptide bond hydrolysis by Pd(Il) and Pt(II)
ions and complexes by Kosti¢ and coworkers were presented in a
coherent series of papers describing the substrates spanning from
dipeptides to proteins. Because the bulk of their work regarded
oligopeptides, we chose to describe their introductory dipeptide
experiments below, along with the rest of their peptide studies,
instead of Section 2.1.

In contrast to the previously described reactions, the
Pd(I1)/Pt(I)-assisted hydrolysis of peptide bonds requires the
presence of the coordinating side chain Cys, Met, or His in the
cleaved peptide or protein sequence. The cleavage mechanism is
similar to those described previously and summarized in Fig. 2,
combining the internal water molecule delivery (i) or the external
attack of a solvent-derived water molecule (ii), but the specific
coordination properties of these metal ions resulted in novel
sequence specificities of hydrolysis [41-43].

Studies on short peptides (dipeptides and tripeptides including
glutathione) revealed that Pt(II) and Pd(Il) complexes preferen-
tially cleaved peptide bonds involving the carboxylic group of the
anchoring side chain. The release of glycine was observed after
the reaction of Ac-Met-Gly, GSH and S-methylglutathione (GSMe)
with [PtCl4]2~. No hydrolysis was observed for Met-Gly, due to the
Pd(II) coordination via the amine nitrogen and the side chain sulfur.
A very slow release of acetic acid was noted for N-acetylcysteine
and S-methyl-N-acetylcysteine, but not for N-acetylmethionine,
where there were no amide bonds at the carboxyl side of the
anchoring residue. However, the acetic acid release was around 140
times slower than the peptide bond hydrolysis in Ac-Met-Gly, GSH
and GSMe. For GSMe, the hydrolysis promoted by Pt(Il) compounds
was 10 times faster than for Pd(II) compounds, with rate constants
3.67x10°s 1and3.67 x 10-6s~1 at pH 1.2-1.3 and 40°C [41,42].

Pd(II) ions are able also to bind at the His imidazole [43-45]. The
hydrolysis of di- and tripeptides occurs at the carboxyl side of an
anchoring His residue, according to the same pattern as for pep-
tides containing anchoring Cys and Met when [PdCl4]2~ was used
[43]. For the hydrolysis caused by [Pd(H,0)4]%* both peptide bonds
around the anchoring side chain were cleaved at comparable rates,
as shown for Ac-His-Gly [46]. The rate constant for hydrolysis of
Ac-His-Xaa dipeptides by [PdCl4]*> decreased with the side chain
volume increase from 2.8 x 10~ s~! for Ac-His-Gly to 5 x 1072 s~!
for Ac-His-Tyr at pD 1.46 and 60°C. In contrast to the hydroly-
sis of peptides containing Cys and Met in aqueous solution, the
Pd(II)-assisted hydrolysis of Ac-His-Xaa was catalytic (turnover
rate >4), due to the lability of Pd(II) complexes. The authors con-
cluded that for the catalytic reaction to occur, the products should
be weaker Pd(II) chelators than the substrate. Therefore, side chains
in the vicinity of the anchoring residue should be non-coordinating.
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Fig. 6. The mechanism of hydrolysis of y-Glu-Cys-Gly (glutathione) by Cp,MoCl,, where Cp is m5-cyclopentadienyl [40].

Otherwise, the cleavage was stoichiometric, as for the His-Ala pep-
tide bond in Ac-Cys-His-Ala [43].

Naturally occurring peptides, including pentagastrin,
angiotensin II, insulin chains A and B, methionine enkephalin,
as well as the protein fragments: a 19-amino acid fragment of
the monomeric protein myohemerythrin and the 11-14 sequence
of angiotensinogen were employed to determine the rules for
sequence specificity of Pd(II)/Pt(Il)-assisted hydrolysis in amino
acid sequences longer than tripeptides and to explain the dif-
ferences between the reactivities in these two substrate types
[47-49]. No hydrolysis was observed for the oxidized insulin
chain A, which contains no His, Met, or reduced Cys residues.
An analogous situation was noted for human pentagastrin and
the fragment of human angiotensinogen, where Met and His are
present at the third position in the sequence, respectively. The
presence of free terminal amino group in these peptides resulted
in the formation of hydrolytically inactive Pd(Il) complexes. The
presence of free N-terminus also inhibited the hydrolysis by Pd(II)
in peptides with Met and His as the first, second or third residue
of the sequence. This is due to the formation of bis(bidentate),
tridentate or tetradentate complexes involving the anchoring side

chain and the upstream main chain nitrogens. If the anchoring
side chain was in the position four or further down the peptide
chain, then Pd(II) ions cleaved the second peptide bond upstream
or the first downstream from the anchoring residue [47-49]. Pt(II)
hydrolyzes the first peptide bond downstream the Met residue
[50]. This mechanism is presented in Fig. 8 for the example of
Pd(Il)-assisted hydrolysis of peptide containing a His residue.

At pH 2.3 the hydrolytically active bidentate complex 2 and
the hydrolytically inactive complex 3 were present in the solution.
Complex 2 caused the cleavage of the second peptide bond down-
stream of His, because it was appropriately oriented toward this
bond and contained coordinated water molecules, suitable to be
exchanged with the carbonyl oxygen in the coordination sphere
of Pd(Il) (mechanism (ii) in Fig. 2) or to deliver a water molecule
according to the internal mechanism (i). The Pd(II) coordination
via the nitrogen atoms of the second and the third peptide bond
downstream of His (complexes 3 and 4, respectively) made the
Pd(I) complex inactive. Complex 1 is also active and causes the
cleavage of the first peptide bond downstream of His, but it can
exist only at very low pH, due to the significant decrease of amide
nitrogen pK, by Pd(Il) (to ca. 2.0). At pH 0.5, where both active
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Fig. 7. The mechanism of hydrolysis of Gly-Cys-Gly by Cp>MoCl,, where Cp is m°-cyclopentadienyl [40].

complexes were present, the hydrolysis of the first and the second
peptide bonds downstream of His was detected [49]. The Pd(II)-
assisted hydrolysis is limited to the pH range about 1.0-4.0 not only
due to the coordination of metal ions by amine or amide nitrogens,
but also due to the formation of insoluble, hydroxo-bridged Pd(II)
complexes at a higher pH. The Pd(II) assisted reactions were also
accompanied by acid-promoted background cleavage of peptide
bonds at pH below 1.5 [49]. The extension of pH range for Pd(Il)-
assisted hydrolysis was achieved for the cleavage of the Xaa-Pro
peptide bond in Xaa-Pro-His and Xaa-Pro-Met sequences. Pro is
the only amino acid residue forming a tertiary peptide bond, which
lacks the hydrogen atom and thus makes its peptide bond, second
downstream of His/Met, unavailable for Pd(II) binding. The Xaa-Pro
peptide bond was more susceptible to hydrolysis than Xaa-Gly in
the Xaa-Pro/Gly-Met/His sequence. The rate constants of hydroly-
siswere 9.8 x 1074 s~1and 4.7 x 10~ s~ 1 respectively at pH 2.0 and
60°C. At pH 7.0 the rate of Pd(II)-assisted hydrolysis of the Xaa-Pro
peptide bond was similar to that observed for the Xaa-Gly pep-
tide bond at pH 2.0 in the Xaa-Pro/Gly-Met/His sequence [51]. No
preferences for Met or His were seen for the hydrolysis of a pep-
tide containing both anchoring side chains, and the similar rate
constants were established for His- or Met-containing peptides

[49]. According to the DFT calculation the most preferred mech-
anism of this reaction involved the creation of the active bidentate
complex of [Pd(H,0)4]?* and peptide in the trans configuration
and the internal rather than external attack. The substitution of
Pd(II) with Pt(Il) caused a small reduction in the energy barrier by
0.53 kcal/mol [52].

The residue selective hydrolysis of peptide bonds preceding Pro
was observed for peptides without anchoring groups (Met, Cys, or
His) in the presence of [Pd(H,0)4]*. The rate constant of the cleav-
age of the Ala-Pro bond for Ac-Ala-Ala-Pro-Ala-nephtylamide
was 6.4 x10->s~! at pH 7.0 and 60°C. For peptides containing
more Pro residues, the hydrolysis of all peptide bonds preced-
ing Pro was observed. Application of a conjugate of [Pd(H,0)4]%*
and B-cyclodextrin resulted in a sequence selective hydrolysis. 3-
cyclodextrin recognized aromatic residues (Phe, Tyr, and Trp) and
only peptide bonds preceding Pro, which were in the proximity to
the aromatic residues were cleaved [53]. The theoretical calculation
according to the hybrid quantum mechanics/molecular mechan-
ics approach revealed that the inclusion of the cyclodextrin ring
at two CH; groups downstream of the metal center could cause a
three-hundred-thousand-fold acceleration of the reaction toward
the Ser-Pro-Phe sequence. The Co(Il) ion is theoretically more
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Fig. 8. The formation of hydrolytically active and inactive complexes for peptides containing His as an anchoring site for Pd(II) ions [47].

suitable than Pd(II) for this conjugate. The metal replacement could
increase the rate constant of hydrolysis by further 37,000 times
[54].

The impact of the precursor Pd(Il) species on the
hydrolytic activity was determined using the Ac-Ala-Lys-Tyr-
Gly-Gly-Met-Ala-Ala-Arg-Ala peptide. The hydrolysis by
[Pd(H,0)4]%* or [Pd(NH3)4]%* was almost two times faster than the
hydrolysis by [PdCl4]?>~ or cis-[Pd(en)(H,0),]?*. This finding can
be easily explained by the fact that H,O and NH3 ligands are bound
more weakly to the Pd(Il) ion and could be exchanged quickly for
peptide donor atoms. Chloride ions and ethylenediamine form
more stable Pd(Il) complexes. In addition, chlorides decrease the
Pd(I) Lewis acidity [49]. For 2-picolylamine, a Pd(Il) chelator
more bulky than ethylenediamine, a significant deceleration
of hydrolysis was observed for Ac-Met-Gly-His-Gly-NH, and
Ac-Met-Gly-Gly peptides. The application of 2,2-dipyridylamine,
the most bulky among ligands studied for Pd(II), resulted in the
inhibition of the peptide cleavage [55,56].

Differences in the cleavage pattern between Pt(II)- and
Pd(I)-assisted hydrolysis are caused by the contrasting ligand
exchange properties of these metals, as demonstrated for the cis-
[Pd/Pt(en)(H,0),]%* couple. Pt(Il) is much more inert than Pd(II)
with respect to the ligand substitution. Only the Pt(II) analog of
complex 1 from Fig. 8, where the Pt(II) ion is coordinated via
Met sulfur (Pt(I) does not eagerly bind to the His residue) is the
hydrolytically active complex. Due to the Pt(II) binding at the amide
nitrogen, the resulting complex 2 is inactive, as it does not contain
water molecules required for the Lewis acid mechanism of Pt(II)-
assisted peptide bond hydrolysis. The remaining Pt(Il) coordination
sites are occupied by ethylenediamine, which cannot be easily
replaced by water molecules, in contrast to the reaction observed
for Pd(II) [50,52].

In addition to mononuclear Pt(II) complexes, dinuclear ones
containing different bridging diazine ligands, such as pyrazine
and pyridazine, were tested for their hydrolytic activities, at
2.0<pH>2.5[57-60]. The complex {[Pt(en)(H,0)],(-pz)}** with
two Pt(Il) ions bridged by pyrazine was more efficient than the

corresponding mononuclear complex in the hydrolysis of
Ac-Met-Gly. The better catalytic activity of the dinuclear vs.
the mononuclear Pt(II) complex was attributed to a possible
cooperation between two pyrazine-bridged Pt(Il) ions. One of the
Pt(II) ion in such complex could polarize the carbonyl oxygen
atom and the other could deliver a water molecule [60]. Between
the two tested bridging ligands, the pyridazine complex was
less active. It is probably the result of an increased steric effect
emerging from the ortho-position of the two nitrogen atoms in
the pyridazine ring. As a consequence, the pyridazine Pt(II) dimer
promotes the cleavage of the peptide bond involving the Met but
not the His residue. In contrast, the pyrazine Pt(Il) dimer cleaves
peptide bonds next to Met and His residues [58].

Diamminedichloroplatinum(Il), the active component of cis-
platin, a well-known anticancer drug hydrolyzed a range of
oligopeptides containing Met or His residues at weakly acidic pH.
The complex reacted rather slowly (days), as the reaction kinetics
expended additionally on the rate of replacement of chloride lig-
ands with water molecules that reacted with the peptide substrate
according to the Lewis acid mechanisms. The sequence specificity
observed for cisplatin was analogous to that described above for
other Pt(II) and Pd(Il) complexes [61,62].

In the protein sequences, cysteine residues are usually involved
in the disulfide bridges, which are not prone to coordinate Pd(II)
or Pt(Il) ions. The reduced cysteine was a useful anchoring side
chain for PA(II)/Pt(Il)-assisted hydrolysis, but systematic studies of
its reactivity were not undertaken [41,42].

2.3. Proteins

Peptides, so widely used in this research area, are not the main
targets of metal-assisted hydrolysis. They merely serve as mod-
els for protein reactions, as their much less complicated structure
is more suitable for the detailed description of interactions with
metals. Many metal compounds, which were successfully applied
to cleave peptides were also employed in protein hydrolysis.
Some of them required modification for applications with proteins.
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Several compounds were also tested in protein reactions without
previous or follow-up studies on model peptides. Bovine serum
albumin (BSA) is probably the most frequent target protein for
testing hydrolytic compounds, due to its perfect solubility, and
very good commercial availability. Other popular proteins include
human serum albumin (HSA), hen-egg-white lysozyme (HEWL),
and horse heart myoglobin (Mb). The comparison of sites of cleav-
age caused by various hydrolytic agents except Pd(Il) and Pt(II)
compounds described below for these four proteins is presented in
the Supporting Information Figs. S1-S4, which present amino acid
sequences with the cleavage sites marked. These figures are accom-
panied by protein structure animations (Figs. S5-S8). We decided
not to include Pd(II) and Pt(II) cleavage sites for the clarity of the
presentation due to a usually high number of hydrolysis sites in
respective proteins, caused by these metal ions.

2.3.1. Cu(ll), Co(Ill) and Zn(II) complexes

BSA hydrolysis by Cu(ll) 1,4,7-triazacyclononane dichloride
(Cu[9]aneN3)Cl,) was one of the first examples for protein
hydrolytic cleavage by a metal compound. Two fragments, with
molecular masses approximately 27 and 40kDa were observed
after an incubation of BSA (66kDa) with Cu[9]aneN3)Cl; in a
HEPES buffer, as a result of the cleavage of Cys243-Cys244 and
GIn219-Lys220 peptide bonds (confirmed by Edman degrada-
tion). The hydrolysis of two other bonds, Ser270-Ser271 and
Glu250-Cys251 is less certain. The selection of cleavage sites was
associated with a specific local conformation of the protein, rather
than the specific amino acid residues. The reaction was slow. After
7 days at pH 7.8 and 50 °C only about 12.5% of BSA (0.21 mM) was
cleaved by 1 mM Cu[9]aneN3 )Cl,. The hydrolytic nature of the reac-
tion was supported by performing the experiments under anerobic
conditions and confirmed by a successful identification of BSA frag-
ments by Edman degradation. The reaction was declared to be
catalytic on the basis of experiments with Gly-Gly mentioned in
the paper, but no mechanistic information was provided to sub-
stantiate this declaration [63].

BSA was also susceptible to hydrolysis in the presence of
[Cu(HL')Cl, ], where HL! is 2-[(bis(pyridylmethyl)amino)methyl]-
4-methyl-6-formylphenol. At pH 7.2 and 50 °Cor 70 °C, the reaction
half times were 30 and 0.2 min, respectively. It makes [Cu(HL!)Cl,]
a much more effective reagent than Cu[9]aneNs3)Cl,, but also a
clearly less specific one. The cleavage sites in this case were pro-
posed to be present in the following regions: Phe205-Glu207,
Val292-Asp295, Lys362-His366, and Cys436-Glu441, on the basis
of gel electrophoresis and mass spectrometry, but the bonds actu-
ally hydrolyzed were not indicated. The pH optimal for hydrolysis
was 7.2, where the most active species (the deprotonated form
of [Cu(HL)Cl,]) was the only complex species observed in the
solution. The Cu(ll) ion was bound via two pyridine and one
amino nitrogens, a phenol oxygen, and two chlorides. The distance
between the phenol oxygen and Cu(ll), 2.82 A is one of the longest
one observed for such complexes. It is a consequence of the proto-
nation of the phenol group and the presence of an intramolecular
hydrogen bond. After the phenol group deprotonation, the distance
between Cu(Il) and the phenol oxygen was shortened to 2.13 A. This
unique binding mode and labile coordination sites probably caused
such fast hydrolysis of proteins by this complex. The oxidative
cleavage was excluded by obtaining similar results with and with-
out hydroxyl radical scavengers and under anerobic conditions.
Cu(HL!)Cl, also caused degradation of Taq DNA polymerase under
conditions typical for polymerase chain reaction assays (PCR). The
application of 30 WM [Cu(HL!)Cl; ] resulted in the hydrolysis of 50%
of Tag DNA polymerase during the experiment. The PCR reaction
inhibition was too strong to result from the amount of cleaved
Taq DNA polymerase, perhaps due to an interaction of the stud-
ied complex with the catalytic site of the enzyme and with DNA.

[Cu(HLY)Cl,] did not, however, cleave DNA under the conditions
used in the experiment [64].

Yet another Cu(ll) complex able to hydrolyze
BSA is [Cu(tdp)(tmp)]ClO4, where H(tdp) is 2-[(2-(2-
hydroxyethylamino)ethylimino)methyl]phenol and tmp is 3,4,7,8-
tetramethyl-1,10-phenanthroline. The mixed ligand character of
these complexes was necessary for its hydrolytic activity. The
tetradentate phenolate ligand was responsible for the formation
of stable, square-planar Cu(ll) complexes. The diimine recognized
and interacted with the protein (tmp binds to hydrophobic protein
domains). Hydrolysis did not occur for the Cu(ll) complexes
without tmp ([Cu(tdp)]ClO4-0.5H,0), and after replacing tmp
with other diimines, such as 2,2’-bipyridine, 1,10-phenanthroline,
and dipyrido|[3,2-d:2’,3’-fl]quinoxaline. No cleavage was observed
for Cu(ClO4);-6H,0 and for H(tdp) and tmp ligands without
Cu(Il). Incubation of BSA and HEWL with [Cu(tdp)(tmp)]|ClO4
resulted in the appearance of new fragments with approximate
molecular masses 5kDa and 4kDa, respectively. By comparing
their results with the previous literature [65,66], Rajendiran
and co-workers suggested that cleavage of BSA and lysozyme
by [Cu(tdp)(tmp)]ClO4 occurred at Alal150-Pro151 and after
Ser190 peptide bond for BSA and at Trp108-Val109, as well as
Glu35-Asp52 for HEWL. The hydrolysis of BSA and HEWL by
[Cu(tdp)(tmp)]ClO4 was extremely fast. The half time at physio-
logical pH and temperature was 1.7 min for BSA and 2.3 min for
HEWL. The hydrolytic character of this reaction was proved by
performing the experiments in the presence of a radical scavenger
and under anerobic atmosphere [67].

HEWL was also cleaved by Co(Ill) complexes, pentaam-
mineaquacobalt(Ill) (CoPA) and tetraamminediaquacobalt(IIl)
(CoTA) [68]. In this case, Co(Ill) compounds acted as exopeptidases,
rather than the endopeptidase B-[Co(trien)OH(H,0)]?* described
inSections 2.1.5 and 2.2. In the presence of other Co(Ill) compounds,
hydrolysis did not occur (for cis or trans isomers of bisethylenedi-
aminediaquacobalt(Ill) bromide, hexaamminecobalt(IIl) chloride)
or was very slow (for chloropentamminecobalt(IIl), chlorotetraam-
minecobalt(Ill) or chlorotetraamminecarbonatocobalt(IIl)). After
the incubation of HEWL (approximately 14 kDa) with CoTA and
CoPA at 37 °C and neutral pH, two new fragments (approximately 2
and 12 kDa) were noticed. Mass spectrometry and Edman degrada-
tion methods indicated that they resulted from the Ala110-Trp111
peptide bond cleavage. However, this reaction did not affect the
activity of this enzyme [68].

Co(Il) and Cu(ll) complexes with a combinatorial library of
cyclen (Cyc) derivatives with peptide nucleic acids (PNA) were
synthesized to selectively hydrolyze Mb. The general formula of
the studied compounds was CycAc(Q),LysNH;, where Q is a PNA
monomer: A", T",G,or C.(A" and T are modified nucleobases, which
recognize T and A respectively, but do not recognize each other
and can be used in the library method of PNA preparation). The
best one (Cyc1) contains 9-mers of A", Its structure is shown in
Fig. 9.

The Co(IIl) complex of Cyc1 showed a higher activity than the
Cu(II) complex. The reaction half-time for Co(IIl): Cyc1 was 30h at
pH 7.5 and 37 °C. The cleavage at two different positions was noted
for this complex, Leu89-Ala90 and Leu-72-Gly73. Fe(Ill), Hf(IV),
Pt(IV), Zr(1V), Pd(II), and Ce(IV) complexes of Cyc1 exhibited no pro-
teolytic properties. Incubation of BSA, y-globulin, elongation factor
P, gelatin A, and gelatin B with Cu(Il) and Co(IIl) complex of Cyc1
did not result in the cleavage of these proteins. No changes in Mb
structure were observed in experiments with CuCl,, Cu(II)Cyc, and
Co(II)Cyc. The Cu(Il) and Co(Ill) complexes of Cyc1 hydrolyzed up
to 2.5 or 6 mol equivalents of Mb, respectively, indicating a cat-
alytic nature of the studied reaction. The pH dependence of kcat
was bell-shaped, with the optimum at the physiological pH. The
reaction was not affected by aerobic/anerobic conditions. Also the
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Fig. 9. The structure of the most active cyclen derivative of peptide nucleic acid,
used in the form of a Cu(II) or Co(Ill) complex as an artificial protease for myoglobin
hydrolysis [69].

successful N-terminal sequencing of reaction products suggested a
hydrolytic origin of the process [69].

The ability of cyclen to bind Cu(ll) tightly was also used by
Yoo and co-workers to synthesize artificial metalloproteases con-
taining multinuclear metal centers [70]. The idea of multinuclear
compounds was inspired by naturally occurring metalloenzymes
containing two or more metal ions in active sites. The aim of this
approach was not only to cleave proteins but also to recognize
and bind at their specific regions. The catalytic module containing
Cu(II) cyclen complexes was attached to a derivatized crosslinked
polystyrene support (PS). The structures of studied compounds are
shown in Fig. 10.

The tetrameric compound (Cu(II)C-PS) was much more effective
than the dimeric (Cu(II)B-PS) and the mononuclear (Cu(II)A-PS).
For example, the Mb hydrolysis half-time by Cu(II)B-PS at pH 9.0
and 50°C was almost 3 times lower (faster reaction) than for Mb
hydrolysis by Cu(II)C-PS at the same pH and a lower temperature
37°C (2 and 0.7 h respectively). The catalytic efficiency increased
a hundred times, due to the increase of the catalytic group den-
sity in the module from the mono- to the tetranuclear compound.
The pH 9.0 was chosen as optimal for this reaction from the kcat

ib%w

Cu(I)A-PS

u— N—H

“&%
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pH dependence and catalytic efficiency plots. Two initial cleavage
sites, GIn91-Ser92 and Ala94-Thr95, were found for Mb hydrolysis
by Cu(II)B-PS, which agrees with the length of the linkage con-
necting two catalytic moieties of Cu(Il)B-PS. The heme carboxylate
group was proposed as the anchoring site for the catalytic com-
pounds. No cleavage was observed for a 3 days incubation of Mb
with Cu(II)B or Cu(II)C not immobilized at PS at pH 7-9 and 50°C.
BSA and bovine serum <y-globulin were not affected by the stud-
ied compounds within 24 h incubations at pH 7-10 and 50°C. An
added aldehyde group was used to extend the range of proteins sus-
ceptible to hydrolysis by Cu(ll)/cyclen complexes immobilized on
polystyrene [71]. It can reversibly form imine bonds with e-amino
groups of Lys side chains presented on the surface of proteins. Two
types of compounds, Cu(I1)AA-PS and Cu(II)BB-PS, were used in that
study with corresponding controls devoid of the aldehyde group,
Cu(INAA"-PS and Cu(I)BB’-PS, Fig. 11.

All six studied proteins (Mb, «y-globulin, BSA, HSA, HEWL, and
ovalbumin) were cleaved by Cu(II)AA-PS and Cu(II)BB-PS. The half
times of these reactions were in the range of 4.6-19 min at pH 9.0
and 50°C. The catalytic efficiency of Mb hydrolysis by reagents
carrying the aldehyde group was 20-80 times higher than for
Cu(II)B-PS. The reaction in the presence of control compounds with-
out the aldehyde group was much slower.

For Cu(I)AA-PS seven Mb cleaveage products were identified,
whereas for Cu(II)BB-PS there were five of them. All contained a Ser
or Thr at the C-terminus of the hydrolyzed bond. The GIn91-Ser92
and Ala94-Thr95 peptide bonds were amongst the main cleavage
sites in Mb, similarly to the hydrolysis of Mb by Cu(II)B-PS. For other
proteins, the presence of Ser/Thr adjacent to the cleaved peptide
bond was not so frequent as for Mb, and was equal to the incidence
of Cys/Met or Gly/Ala residues [71].

Suh and co-workers proved that the hydrolytic activity of
Co(III)/Cu(Il) complexes of cyclen could be increased by the replace-
ment of one cyclen nitrogen atoms with an oxygen [72,73]. The
catalytic efficiency of the 1-oxa-4,7,10-triazacyclododecane Co(III)
complex (Co(Ill)-oxacyclen) was 4-14 times higher than those
observed for Co(Ill)-cyclen complexes toward BSA, HEWL, Mb,
and bovine serum <y-globulin. For the Cu(ll)-oxacyclen complexes,

H20 " / oy
</E\>>/\NH ’ H/N\)

Fig. 10. The structures of artificial metalloproteases containing Cu(Il) complexes of cyclen attached to a derivate of cross-linked polystyrene, used for myoglobin hydrolysis

[70].
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Fig. 11. The structures of artificial metalloproteases containing a cyclen Cu(Il) complex and the aldehyde group attached to a derivate of cross-linked polystyrene [71].

the catalytic efficiencies similar or higher than those for Co(lll)-
oxacyclen complexes were established. The differences between
Co(III)/Cu(Il) cyclen and oxacyclen complexes are associated with
the higher Lewis acidity in oxacyclen compounds or with the steric
effects.

A DFT study revealed that the best location for the nitro-
gen/oxygen substitution with respect to hydrolytic properties of
oxacyclen should be position 10 rather than 1, used in the previ-
ously described study. The energy barrier for the hydrolysis is lower
by 1.1 kcal/mol and 3.8 kcal/mol for the compound with the oxygen
at position 10 and 4 respectively, compared to the compound with
the oxygen at position 1 [74].

The oxidized insulin chain B, a 30 amino acid polypeptide,
was hydrolyzed by Cu(ll) [75,76] and Zn(Il) [77] compounds.
These experiments were carried out at a very low pH 2.5 and
a temperature of 37-40°C. The reason for choosing such very
acidic conditions was not provided in the paper. It seems that
it could have been dictated by a need for a direct compari-
son between Cu(Il)/Zn(II)-assisted hydrolysis and that caused by
Pd(II)/Pt(II) compounds. It is also possible that the authors wanted
to avoid a coordination of Cu(Il) by amide nitrogen, unfavorable
for Lewis acid mechanisms of peptide bond cleavage. One cleav-
age site was observed for hydrolysis of oxidized insulin chain B
by CuCl,, Gly8-Ser9 [75]. The application of [CuL(H,0)]?*, where
L is 2-[bis(2-aminoethyl)amino]ethanol resulted in two additional
peptide bonds being hydrolyzed, Asn3-GIn4 and Phe1-Val2 [76].
The reaction with ZnCl, resulted in the hydrolysis of Asn3-GIn4,
His5-Leu6, Gly8-Ser9, and Glu21-Arg22 bonds [77].

2.3.2. Oxoanions and POMs

Hydrolytic properties of oxomolybdate(VI) toward HEWL [78]
were studied as a follow-up of the successful cleavage of dipeptides
by this compound [19]. Incubation of HEWL with oxomolybdate(VI)
over several days at pH 5.0 and 60°C resulted in the hydrolysis
at four peptide bonds, Asp18-Asn19, Asp48-Gly49, Asp52-Trp53,
and Asp101-Gly102. Interestingly, the Asp residue occurred at the
N-terminus of all identified cleavage sites. The studies on dipep-
tides showed the preference of oxomolybdate(VI) toward Xaa-Ser
sequences, but they were performed at a higher pH, 7.0. The coor-
dination of molybdate(VI) by the Asp side chain carboxylate, as
well as the formation of a succinimidyl bond between the amide
nitrogen and the carboxylic carbon of the Asp side chain at high
pH could decrease the hydrolysis rate under basic conditions. The
HEWL hydrolysis occurred also at pH 7.0, but was much slower
than at pH 5.0. The mechanisms of Asp-Xaa hydrolysis, confirmed

in dipeptide experiments are similar to that reported elsewhere for
Xaa-Ser, Fig. 12.

In both of them the side chain hydroxyl group (Ser or Asp)
attacks the carbonyl of the peptide bond adjacent to the Ser/Asp
according to the N— O acyl rearrangement process, while this
group is polarized by the metal compound. The Asp-Xaa bond is
labile at high temperatures even without a catalyst or a metal ion
assistance. The half-times of uncatalyzed hydrolysis of Asp-Gly
dipeptide are 115 and 229h at 60°C and pH 5.0 and 7.0, respec-
tively. The addition of oxomolybdate(VI) accelerated this reaction
by 1.4 times at pH 5.0. No significant changes were observed at
pH 7.0. A three day incubation of HEWL without the metal species
under the same condition indicated that the protein was stable
during experiments [78].

The high selectivity for Asp-Xaa peptide bonds was also
detected in the Mb hydrolysis by a Zr(IV)-substituted POM. The
most effective reaction was performed at pH 5.0 and 60°C in
the presence of 2:2 Zr(IV)-Kg POM, described in Section 2.1.4.
After three days, 40% of Mb was hydrolyzed by 2:2 Zr(IV)-
Kg POM. All six detected cleavage sites have the Asp residue
at the N-terminus of the hydrolyzed peptide bond: Asp4-Gly5,
Asp20-1le21, Asp44-Lys45, Asp60-Leu61, Asp126-Alal27. The
peptide bonds at two other Asp residues of Mb (Asp109-Ala110
and Asp122-Phe123) were not susceptible to the reaction, because
of unfavorable surface properties for the interaction with POM and
the competition between adjacent Asp122 and Asp126 residues for
the cleavage agent binding. A similar selectivity was not observed
for Glu residues. Despite the presence of a carboxyl group capable
to bind oxophilic Zr(IV), Glu forms a six-membered intermediate,
less stable than the five-membered one with Asp [79].

HEWL was also a model protein for the hydrolysis by a
Ce(IV) Keggin POM 1:2 Ce(IV)-Kg POM. Experiments carried
out at pH 7.4 and 37°C showed that the studied compound
cleaved the Trp28-Val29 peptide bond, localized in the a-helical
structure, almost immediately. The hydrolysis at the second
site, Asn44-Arg45, was observed later, after about 9h from
the beginning of the reaction. In contrast to peptides, HEWL
was not hydrolyzed by Ce(IV) salts, Ce(NH4),(NO3)g-4H,0 and
Ce(NH4)2(S04)s-4H0. No HEWL decomposition was noticed in
the presence of POM without Ce(IV). These observations suggest
that both the structure provided by the POM and the presence
of Ce(IV) are necessary for protein hydrolysis. The properties of
proteins, especially the local surface charge, are important for a
successful reaction. The advantage of POM is based on an protein-
POM electrostatic interaction. The negatively charged 1:2 Ce(IV)-Kg
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Fig. 12. Mechanism of hydrolysis of Asp—Xaa bond assisted by oxomolybdate(VI) [78].

POM can facilitate the interaction with HEWL, which is posi-
tively charged under the experimental conditions. Another protein,
a-lactalbumin, despite a three-dimensional structure almost iden-
tical to HEWL, was not susceptible to Ce(IV)-assisted hydrolysis
due to its negatively charged surface. The electrostatic interaction
between the positively charged area of the protein surface in the
proximity of Trp28-Val29 and the negatively charged POM surface
was responsible for such fast cleavage of this peptide bond. The
hydrolysis at the second cleavage site Asn44-Arg45 was mostly
directed by the propensity of Ce(IV) to interact with the side chain
carboxyl groups. The replacement of Ce(IV) with Zr(IV) or Hf(IV)
gave the same pattern of hydrolysis, but lowered the reaction rates
[32]. A more detailed study regarding the nature of the interaction
of proteins and metal-substituted POMs was conducted using HSA
and different types of Zr(IV)-substituted POMs: (i) Wells-Dawson-
type POMs, 1:2 Zr(IV)-WD POM and 4:2 Zr(IV)-WD POM, previously
described in Section 2.1.4; (ii) Keggin type POMs, the previously
described 2:2 Zr(IV)-Kg POM and its analog 1:2 Zr(IV)-Kg POM
(Et;NH3)10[Zr(PW11039)2]-7H,0; (iii) a Lindqvist-type POM, 2:2
Zr(IV)-Ld POM (nBuygN)g[{W5018Zr(-OH3)}]-2H;0.

The most effective Zr(IV) compounds were Wells-Dawson
POMs, 1:2 Zr(IV)-WD POM and 4:2 Zr(IV)-WD POM, with 75 and
50% conversion degrees after 48 h, at pH 7.4 and 60°C. Less than
35% of HSA was hydrolyzed under the same conditions by other
POMs. The significant role of the incorporation of Zr(IV) into POM
for metal-supported hydrolysis was proved by the absence of reac-
tivity or a very low reaction yield for ZrCl, or a POM without
Zr(IV). The cleavage sites of HSA hydrolysis by 1:2 Zr(IV)-WD
POM were Argl14-Leul15, Ala257—Asp258, Lys313-Asp314, and
Cys392-Glu393. All of them are located in positively charged
areas of the protein surface, which can attract the POM elec-
trostatically. Additionally, the last three cleaved peptide bonds
contain C-terminal carboxylic acids, which enhance the possibil-
ity of anchoring the Zr(IV) ion. The comparison of the hydrolysis
yield and the charge of POM, metal ion, and a metal substituted
POM revealed that the POM charge was the most important fac-
tor in the HSA hydrolysis. The more negative the POM charge, the
higher the yield of HSA hydrolysis [80].

Oxidized insulin chain B was chosen as a next model for
hydrolysis by Zr(IV)-substituted Wells-Dawson POM [81]. Four

cleavage sites were observed for reaction performed at 37°C
(Phe1-Val2, GIn4-His5, Leu6-Cys(SO3H)7, Gly8-Ser9) and five
at 60°C (additionally Gly20-Glu21). For another Zr(IV) com-
pound, Zr(IV)-substituted 4,13-diaza-18-crown-6, 13 cleavage
sites were detected after an 8 h incubation at pH 7.0 and 60°C
[82]. The major ones were: Gly8-Ser9, Gly20-Glu21, Ser9-His10,
Cys(SO3H)7-Gly8, and Cys(SO3H)19-Gly20. The half time of this
hydrolysis was about 8 h. It was much (17 times) faster than that
performed in the presence ZrCly, but more than five times slower
than for 1:2 Zr(IV)-WD POM.

2.3.3. Pd(Il) and Pt(1l) complexes

Pd(II) complexes performed the cleavage of cytochrome c, Mb,
ubiquitin, -casein and BSA [47,83,84]. Cytochrome c was cleaved
at sites His18|Thr19, Gly24|Lys25-His26, Asn31|Leu32—His33,
Thr63|Leu64-Met65, Thr78|Lys79-Met80 (metal anchoring
residues in italics, hydrolysis sited marked with |) [47,85].
Ubiquitin was susceptible to hydrolysis by Pd(Il) at site
Thr66|Leu67-His68 with and without the presence of a detergent
(CHAPS or Zwittergent 3-14) and at several other sites in the
presence of CHAPS or Zwittergent 3-14 [47,84|. Mb was cleaved
by Pd(Il) at 13 sites, in the vicinity of methionine, histidine, and
arginine residues [83]. B-casein, a 224-amino-acid protein had 24
scissile peptide bonds [84]. BSA (607 amino acids) was cleaved at
80 sites in the presence of CHAPS and Zwittergent 3-14 [84].

The oxidized insulin chain B underwent the hydrolysis caused
by cis-[Pd-(en)Cl;] or cis-[Pd-dtco-3-OH)Cl;] only in the presence
of urea. The incubation of the peptide with Pd(Il) complexes at pH
2.5 and 40°C over 10 days in the absence of a denaturing agent
did not result in the hydrolysis of the peptide. Pd(Il) was bound
to insulin only via the terminal amino group under these condi-
tions. The protein denaturation caused by urea allowed Pd(Il) to
bind also at His5 and His10, leading to the hydrolysis of two peptide
bonds in the vicinity of these anchoring residues, Leu6-Cysqx7 and
Gly8-Ser9. Neither the type of Pd(II) complexes used, nor the pH of
the reaction affected the hydrolytic rate of cleavage [86]. However,
Milovi¢ and Kosti¢ showed that incubation of insulin chain B with
cis-[Pd-(en)(H,0);]%* at pH 2.0 and 60 °C resulted in the hydrolysis
of Asn3-GIn4 and Gly8-Ser9 peptides bonds although no urea was
present in the reaction mixture [47]. The differences between the
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reactivity of cis-[Pd(en)Cl,] and cis-[Pd(en)(H,0),]?* were prob-
ably caused by a faster ligand exchange in cis-[Pd(en)(H,0), ],
compared to cis-[Pd(en)Cl,]. For cis-[Pt(en)(H,0)2]%* only one
cleavage site, His10-Leul1 was observed in the oxidized insulin B
chain after 11 days of incubation at pH 2.5 and 40 °C. No denaturing
agents were used in this experiment [86].

2.3.4. Ca(ll) dependent autocleavage domains

Metal dependent cleavage of autocatalytic protein domains,
while very different from most of the metal based reactions
described in this review, nevertheless belong to the category
of metal-dependent hydrolytic reactions. The best characterized
example comes from a domain present in a microorganism, Vib-
rio coralliilyticus ATCC BAA-450. This domain, originally dubbed
DUF1521 (the acronym originating from the phrase “domain of
unknown function”) exhibits metal ion-inducible autocleavage
activity in the presence of a range of divalent metal ions. Ca(Il)
and Mn(II) ions exhibited the highest activity, followed by Cd(II),
Co(II), and Ni(Il), with a weak reactivity from Mg(II), Cu(Il), and
Zn(Il) ions [86]. The reaction mechanism has not been deter-
mined so far, but most likely has a structural basis (the cleavage
occurring at the Asp-Pro bond does not seem to be metal-
catalyzed directly), because the whole domain, ca. 140 amino acid
residues is necessarily required for the process [86,87]. Several
analogous domains cleaving the Asp-Pro bond are known from
other microorganisms, but these are specifically Ca(Il) dependent
[88,89].

3. The non-Lewis acid reaction mechanisms based on the
N — O rearrangement

All the reactions described above were confirmed or presumed
to employ Lewis acid properties of metal ions. In some cases the
acceleration of hydrolysis of peptide bonds preceding a Ser or Thr
residue was observed. It was commonly attributed to a mixed reac-
tion mechanism with a participation of the N — O rearrangement
of the acyl moiety (case (iii) in Fig. 2). In this section we describe
three instances of reactions that are based solely or largely on the
N — O rearrangement, and do not employ Lewis acid properties
of respective metal ions. In all cases the hydrolysis reactions are
assisted by those metal ions which can effectively deprotonate and
bind to multiple peptide nitrogen atoms and, opposed to some sys-
tems presented above, such binding mode is prerequisite for the
hydrolysis.

3.1. Diamminedichloroplatinum(Il) hydrolysis of Ser-Met bond

The Lewis acid reactivity of diamminedichloroplatinum(II) (the
active substance of the antitumor drug cisplatin) and similar com-
plexes was described above in Section 2.2.3. The pH dependence of
this reactivity, common for all Pd(II) and Pt(Il)-assisted reactions,
exhibited a sharp decrease of the rate with the pH increase, due
to the replacement of water molecules in the first coordination
sphere by peptidic ligands and/or by the formation of hydroxo-
bridged oligomers. In contrast, the pH dependence of the reaction
of diamminedichloroplatinum(Il) with the Ac-Ser-Met dipeptide,
after passing through a minimum at pH 4.4, increased again,
reaching a plateau at pH 7.5-9.5. The Pt(Il) complex with the reac-
tion substrate was fully saturated by substrate donor atoms (Met
thioeter and two preceding peptide nitrogens) and the remaining
ammine ligand. The reaction mechanism determined for this pro-
cess has a pure N— O acyl rearrangement character, with Ser
hydroxyl serving as a nucleophile [90]. Unfortunately, this inter-
esting line of research was not continued.

3.2. Cu(ll) hydrolysis of Thr-His and Ser—His bonds

Allen and Campbell were first to report a hydrolysis reac-
tion assisted by a metal ion, which did not rely on its Lewis
acid properties. They reported the hydrolysis of a series of hep-
tapeptide substrates by Cu(Il) ions [91]. This work was inspired
by their discovery of site specific degradation of an antibody
upon storage in buffers containing a residual Cu(II) contamination
[92]. The reaction was specific for the Xaa—(Ser/Thr) bond within
-Xaa—(Ser/Thr)-His-Zaa sequences, with reaction rates influenced
by Xaa and Zaa substitutions and a strong temperature dependence.
Although most of the work was done for Thr containing peptides,
the Ser substituted peptide was hydrolyzed 1.8 times faster. The
process, very slow at low pH and room temperature, was acceler-
ated very significantly at pH ~8 and temperatures above 50 °C. The
mechanism proposed to account for these properties involved the
N — O acyl rearrangement, with the metal ion playing the role of a
proton in coordinating the nitrogen atom of the hydrolyzed amide
bond. However, the traces of hydrolysis product (1-2% of the yield)
were still detected upon the replacement of Thr with Ala. Although
not discussed explicitly by the authors, the pH dependence of the
reaction clearly suggest that a three-nitrogen (3N) Cu(Il) complex
with the metal ion coordinated to His imidazole, and two preced-
ing peptide nitrogens, provided by Xaa-Thr and Thr-His bonds was
the hydrolytic species. A very slow hydrolysis of the Xaa-Ala bond
is thus indicative of an additional Lewis acid contribution to the
mechanism, with the participation of an activated water/hydroxyl
molecule provided by the fourth coordination site at the Cu(II) ion.

3.3. Peptide bond hydrolysis in four-coordinate square-planar
complexes of peptides with transition metal ions

The title reaction was discovered in the course of studies of
interactions of Ni(Il) ions with peptides derived from human
histone sequences. During a pH titration of a model peptide
Ac-Thr-Glu-Ser-His-His-Lys—-am derived from the C-terminal tail
of histone H2A a characteristic alternate pattern of bands in the
visible range of CD spectra appeared at a weakly alkaline pH. The
intensity of this band gradually increased with the time of incuba-
tion [93]. Such a band pattern is characteristic for square planar
complexes of peptides containing the N-terminal R1a-R2a-His
sequence (so-called ATCUN or NTS motif), shown in Fig. 13A
[94-97]. By looking at the original peptide sequence, we stated that
this effect could only be explained by a cleavage of either of two
peptide bonds flanking the Glu residue. Subsequent experiments
revealed that the bond preceding Ser was the sole reaction target.
This observation initiated a series of studies which resulted in the
elucidation of the molecular mechanism of the reaction. Parallel
studies, described in the next sections, provided chemical evidence
indicating the relevance of this reaction in toxicology, and its appli-
cability as a research tool in chemistry, biotechnology and cellular
studies.

A B
o 2a (,) 2a
R1a~\/K'\,l —0 R1a—(k|\|‘ =0
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Fig.13. (A) The ATCUN/NTS motif generated by N-terminal R1a-R2a-His sequences.
Rc denotes the C-terminal peptide chain. (B) The precursor motif, differing from the
ATCUN/NTS motif by the non-terminal position of the R1a residue, which results in
the peptide, rather than amine character of the R1a nitrogen donor. Ry denotes the
N-terminal peptide chain, M denotes Cu(II), Ni(II), or Pd(II) [110].
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The first follow-up study confirmed the specificity of hydrolysis
for the same Glu-Ser bond in a 34-peptide covering the sequence
of the C-terminal tail of the H2A protein, and for the whole H2A
protein in the presence of Ni(ll) ions at pH 7.4 and 37°C [98]. In
the same work, the metal specificity of the reaction was tested. The
Cu(Il) ions enabled the hydrolysis, but Co(Il) and Zn(II) ions did not.
Reaction rates for the short and long peptides and the whole protein
differed several-fold, in favor of the 34-peptide, indicating that the
reaction was sensitive to conformational/steric factors.

In the next two studies oligopeptides were used to investi-
gate the sequence specificity of the Ni(ll) reaction. A tentative
R;-(Ser/Thr) -Xaa-His-Zaa-R; sequences pattern was established,
with Ry being any amino acid sequence forming a peptide bond
with the Ser or Thr residue, and R, being any amino acid sequence
[99,100]. In these preliminary studies only a few Xaa and Zaa
substitutions were investigated. However, the investigation of the
pH dependence for the reaction of the Thr-substituted peptide sug-
gested that the hydrolysis occurred solely in a complex species
containing the Ni(Il) ion coordinated to the His imidazole and three
preceding peptide nitrogens (a four-nitrogen, in brief 4N complex,
differing from the ATCUN/NTS motif by the amide in place of the
amine nitrogen) [100] (see Fig. 13B, noting that R1a and R2a corre-
spond to Ser/Thr, and Xaa, respectively). This result supported the
view that the reaction might occur for any Xaa (except of Pro) and
any Zaa substitution.

The next stage of investigations included a search for general
correlations between the properties of these variable amino acids
(Ser or Thr, Xaa, and Zaa) and the rate of hydrolysis. For this purpose,
a peptide library, which contained 17 Xaa variants (except of Cys,
Asp, and Glu) and 19 Zaa variants (except of Cys) was designed
[101]. The exclusions were motivated by known abilities of side
chains of these residues to bind Ni(Il) ions, which would interfere
with the 4N binding mode of the Ni(Il) ion presented in Fig. 13B,
and by that would presumably prevent the hydrolysis [102-105].

The screening of this library confirmed the initial assumption.
All tested peptides were susceptible to hydrolysis, but the reaction
rates differed very significantly according to Xaa and, remark-
ably, also Zaa substitutions. The statistical analysis of reaction
rate estimates (scores assigned on the basis of manual analysis
of MALDI-TOF spectra, see [101] for details) revealed that bulky
and hydrophobic residues in positions Xaa and Zaa accelerated
the reaction very significantly, but their individual contributions
to the rate were mutually independent. A preliminary molecular
mechanics analysis indicated that the Xaa and Zaa residues were
separated in space, being located on the opposite sites of the com-
plex plane defined by the Ni(Il) ion and its four nitrogen ligands.
This finding explained the independence of contributions of these
residues to the reaction rate, and indicated that steric crowding
was a driving force of the reaction. Another observation of the
library screening was that the Ser peptides were generally more
susceptible to hydrolysis than the Thr peptides.

The library-based results were confirmed by detailed studies on
seven peptides, predicted by the library analysis to have different
reaction rates. In the course of these studies an intermediate reac-
tion product (IP) was found, characterized with the same mass as
the substrate. The IP was subsequently isolated for one of these pep-
tides and identified to be an intramolecular ester by IR spectroscopy
combined with the MS characterization [ 106]. Quantitative experi-
ments performed in that study demonstrated that the reaction rate
for the substrate decay/IP formation at any given pH value and
Ni(Il)/peptide molar ratios was the product of the maximum reac-
tion rate (determined at pH 11.6 where the 4N complex formation
was 100%) and the molar fraction of the 4N complex. Therefore, this
step of the reaction was pH-independent, and thus did not include
a water molecule activation. On the other hand, the decay of IP was
strongly pH dependent, and was unmeasurably fast under strongly

alkaline conditions. These results led to a proposal of the general
reaction mechanism, shown in Fig. 14.

In this mechanism, the 4N Ni(Il) complex with the (Ser/Thr)-
Xaa-His sequence is formed initially, and then undergoes the N — O
rearrangement. The N-terminal R; moiety migrates from the pep-
tide bond to form an ester with the Ser/Thr hydroxyl group. This
ester undergoes a spontaneous hydrolysis, yielding two final reac-
tion products, the Ry peptide and the ATCUN/NTS Ni(Il) complex
with the rest of the molecule [106].

In several subsequent studies further details of this reaction
mechanism were established. As predicted, Xaa substitutions with
Glu or Asp resulted in poorly reactive oligopeptides [107]. The
involvement of sterical crowding in the reaction mechanism was
confirmed by another peptide library study, which showed that
another aromatic residue upstream of Zaa was also beneficial for
fast hydrolysis [108]. A study on a series of b-amino acid substi-
tuted peptides demonstrated that the stereochemistry of the Ni(Il)
binding Ser-Arg-His residues is another crucial feature of the reac-
tion (Arg was the most efficient substitution in previous studies)
[109]. The fastest hydrolysis was achieved for all-L or all- D isomers,
while the mixed D/L cases were much less reactive. No hydrolysis at
all was found for peptides containing the p-Ser-L-Arg-L-His and L-
Ser-D-Arg-D-His sequences. The D/L substitutions did not affect the
affinity of peptides for Ni(Il) ions and retained the square-planar
complex structure, but changed the up/down orientations of the
side chains vs. the complex plane. Therefore, the hydrolytically
optimal complex conformation requires the same orientation of
all three Ni(II) binding residues.

Further experiments performed with the isolated intermediate
ester in its metallated and metal-free forms yielded a better under-
standing of the role of Ni(Il) ion in the reaction. In addition to its
indirect structural role (imposing the strain on the hydrolysable
peptide bond via the square-planar complex structure and by pla-
cing the Ser/Thr side chain in a position enabling its role as the acyl
group acceptor), it has a direct function, destabilizing the R;-Ser
peptide bond directly through its peptide nitrogen coordination.
The engagement of the lone pair of the Ser/Thr amine by Ni(Il) in
the complex with the intermediate ester prevents its reversal to
the thermodynamically more stable amide [110].

Comparative studies of model oligopeptides derived from pro-
teins, and of their larger domains, or even whole proteins revealed
that the hydrolysis rate may be increased or decreased, compared to
a prediction based simply on Xaa and Zaa substitutions, as a result
of a specific conformational context of the reactive complex pro-
vided by secondary protein structures (loops, helices and 3-sheets
[107,111,112].

The ability of the Cu(Il) ion to convey the same reactivity was
indicated previously [113]. A quantitative study demonstrated that
the Cu(II) ion reacted according to the mechanism presented above
for Ni(II), but much less eagerly (by one to two orders of magnitude,
depending on the temperature) [111]. Preliminary experiments
confirmed that Pd(Il) ions, which form isostructural complexes
with His-containing peptides, assist in the reaction, characterized
by the same sequence specificity and intermediate product and
similar rates. This observation thus definitely demonstrated that
the formation of a4 N square-planar complex is in Ser/Thr-Xaa-His
sequences is both necessary and sufficient for the hydrolysis to
occur [114,115].

The N — O rearrangement at the core of the hydrolytic mech-
anism presented above is analogous to the N — S rearrangement
yielding a thioester, and known e.g., for intein autocatalytic pro-
tein cleavage mechanism [116]. We examined this possibility for
the peptides containing a Cys residue in place of Ser/Thr, but found
that its thiol group binds the Ni(Il) ion, thus preventing the acyl
shift and forming an unproductive Ni(Il) complex [117]. Instead,
the Cys residue was able to replace the His residue as the Ni(Il)

Please cite this article in press as: N.E. Wezynfeld, et al., Coord. Chem. Rev. (2016), http://dx.doi.org/10.1016/j.ccr.2016.02.009



dx.doi.org/10.1016/j.ccr.2016.02.009

G Model
CCR-112203; No.of Pages 22

N.E. Wezynfeld et al. / Coordination Chemistry Reviews xxx (2016) xXx—-Xxx 17
Xaa Xaa
H/CH3 ) HICHz )
HO o N N|— aa HO O NH HN O o aa
R N N
S ( “ Jaleatn®
N R
¥ 2
HoO
(+H) ki ks
Xaa 0 Xaa
HCHg H/CH3 l
N N—g _
O NHp—Ni—N 0 - + 2H HN 2aa
o R ~ HN‘g: ) NI2+ O{ (/ N
H
(-\J1 N / R 0 O
2
H
HoO k N
(+OH) 2 ) (+H )
o Xaa 0 Xaa
HCHz ) HCHz
'}l —0 + NH =0
. e} 0
HO NH2—I}I|—N Zaa o NHz HN Zaa
N o= N N
+ Z A z
( / H <g:O R1 / H ‘gzo
_ N R2 ™~ N R2
0 H H
O:<
R4
(G

Fig. 14. Mechanism of metal-substituted hydrolysis of peptide bond preceding Ser/Thr in (Ser/Thr)-Xaa-His-Zaa sequences [106,109].

binding residue, while with a somewhat lower efficacy of hydroly-
sis. Therefore, also the Ser/Thr-Xaa-Cys sequences are susceptible
to the hydrolysis process. Further studies, currently in progress in
our laboratory, are aimed at a full elucidation of the geometrical
aspects of the N — O acyl rearrangement in the context of square-
planar complexes.

4. Toxicological implications of metal assisted peptide
bond hydrolysis

Among the metal ion assisted processes, only the Ni(Il) depend-
ent peptide bond hydrolysis reaction has been considered as yet
as a source of toxicity. Ni(Il) ions are carcinogenic, especially upon
the inhalatory exposure to poorly soluble particles containing Ni(II)
compounds [118,119]. The contact or oral exposure to nickel metal
or Ni(II) salts causes allergy in sensitized individuals. Also in this
case, the soluble Ni(Il) species are thought to be the toxic agents

[120,121]. Implants made of alloys containing nickel, such as stain-
less steel, give rise to both types of nickel toxicity by means of a
slow release of Ni(Il) ions [122,123].

Ni(II) related hydrolysis of peptide bonds may contribute to
nickel toxicity by two chemically independent mechanisms. Pro-
tein fragmentation, a direct effect of hydrolysis, may have obvious
consequences, such as loss of function, or acquiring alternative
properties out of sync with cellular or tissue mechanisms. Sta-
ble 4N Ni(Il) complexes with C-terminal reaction products may
produce oxidative damage when exposed to hydrogen peroxide,
which is an endogenous molecule. Such reactivity, proceeding
via Ni(Ill) intermediates, was demonstrated for a range of syn-
thetic complexes and for naturally occurring peptides bearing
analogous N-terminal His-3 sequences [124-127]. It is very
likely to contribute to molecular processes underlying Ni(Il) car-
cinogenesis [118,119,128], and perhaps also to nickel allergy
[129].
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Fig. 15. The fragment of human «-1-antitrypsin (AAT) containing the C-terminal
cleavage site for Ni(ll)-assisted hydrolysis (marked red). The first residue of the
known resolved structure, close to the N-terminal disordered cleavage site, is shown
as violet sticks. Two representations of the protein are shown, displaying the surface
of the protein (A) and its secondary structure (B) [112].

An early study demonstrated that Ni(Il) hydrolysis of histone
H2A also occurred in Ni(Il) exposed cell cultures [130]. This reac-
tion occurred at high, but not cytotoxic exposures to Ni(Il) salts.
However, its toxicological consequences were not investigated at
that time. Later research using model peptides indicated a range
of potential targets for hydrolysis among human proteins. Perhaps
the most striking case regards human C2H2 zinc fingers. Nearly
25% (2922 out of 14,816 sequences catalogued in the Pfam 25.0
database as of 2010) contain Ser/Thr-Xaa-His sequence patterns.
The susceptibility of these sequence patterns to hydrolysis was con-
firmed experimentally for two of these zinc finger peptides [107].
Further research confirmed this reactivity on the level of a whole
zinc finger protein [131].

Annexins comprise another group of protein potentially suscep-
tible to Ni(Il) hydrolysis. As explained in the previous section, the
conformational freedom of the Ser/Thr-Xaa-His sequence, which
has to create aloop around the metal ion, is prerequisite for efficient
hydrolysis. Such readily accessible reactive sites were identified in
disordered regions or loop motifs on surfaces of annexins A1, A2,
and A8, and the susceptibility to hydrolysis of synthetic peptides
representing these sequences was demonstrated experimentally
[111]. A study in progress supported the occurrence of hydrolysis
also on the level of recombinant annexins [132].

Human a-1-antitrypsin (AAT) is an abundant serum protein
serving as protector of lung tissue from the excessive activity of pro-
teases. Lung AAT is inversely correlated with chronic obstructive
pulmonary disease (COPD), a serious and often deadly condition
in the aging population. Three hydrolysis sites were identified
in AAT and cleavage at any of them abolished the activity of
AAT in an additive manner. Also, Ni(Il) ions bound to hydroly-
sis products demonstrated an ability to generate reactive oxygen
species [112]. AAT was hydrolyzed not only by soluble Ni(Il)
salts, but also in the presence of Ni(Il) oxide particles, which
are actual forms of nickel entry into the respiratory tract. The
rate of hydrolysis depended on the type of NiO tested, with
nanoparticles being the most effective ones [133]. These results
implicated the Ni(Il) exposure as a contributing factor in AAT-
related pathologies, in line with previous results, correlating
exposure to cigarette smoke and products of fossil fuel combus-
tion with aggravation of AAT deficiency and COPD. Fig. 15 presents
the fragment of an AAT structure containing C-terminal cleavage
sites, Ala284-Ser285. The N-terminal cleavage sites, Asp12-Thr13
and Thr13-Ser14, occur in the fragment for which the structure
has not been determined, and so they are not included in the
Fig. 15.

Only the peptide bonds preceding the Ser/Thr residue for R;-
(Ser/Thr)-Xaa-His-Zaa-R, sequence pattern were hydrolyzed after
the incubation of AAT with Ni(II) compounds. No additional cleav-
age of protein was observed. This observation confirms the high
selectivity of this reaction.

5. Practical applications of metal-assisted peptide bond
hydrolysis

The general practical aim of research on metal-based agents
for peptide bond hydrolysis has been the creation of easy to use
and efficient artificial proteases for biotechnological applications.
Several intended types of application can be identified in the lit-
erature of the subject, such as protein degradation, mimicking the
action of exoproteases, protein fragmentation for mass spectrome-
try applications, protein engineering, including affinity tag removal
in protein purification/separation procedures and applications in
metal sensing and organic synthesis.

The first of these application types has not been realized prac-
tically so far, but several reactions/agents carry some promise for
applicability as aminopeptidases. The Cu(Il) complexes of cyclens
with an aldehyde group immobilized on the polystyrene, studied
by Suh and coworkers, mentioned in Section 2.3.1, revealed the
broad substrate activity and short half times. Their properties can
be easily modified for example by the addition of catalytic modes
to enhance the reaction rate [70,71].

In another development of the work on cyclen complexes by Suh
and coworkers several libraries of Co(Ill) complexes were designed,
synthesized, and derivatized on the cyclen frame [134-136]. Sev-
eral complexes were active against soluble oligomers of human
amyloidogenic peptides: the Alzheimer’s Disease A[3(1-42) pep-
tide, human islet amyloid polypeptide (h-IAPP) related to type
2 diabetes and a-synuclein, related to Parkinson’s Disease. In a
follow-up study, a library of 612 aryl derivatives was obtained,
and their Co(Ill) complexes were tested as catalysts of hydroly-
sis of soluble oligomers of A3(1-42) and (h-IAPP). The attempts to
cleave AP(1-42) were unsuccessful, but one derivative was active
against h-IAPP. This reactivity was remarkably structure-selective,
as the active complex did not hydrolyze the standard monomeric
protein targets, BSA, HEWL, bovine heart Mb, and bovine serum
v-globulin. This study holds promise for a further development of
artificial enzymes with high selectivities that could be developed
into anti-amyloid drugs [137].

Metal-substituted POMs comprise one of the groups of
hydrolytic compounds studied most vigorously in the last few
years. Their hydrolytic activity was examined on various proteins
using different POM types described in Section 2.3.1 [32,79,80]. The
Zr(IV)-substituted Wells-Dawson type POM (1:2 Zr(IV)-WD POM)
seems to be the most promising compound from this group so far,
but the possibility of introducing a nearly infinite number of mod-
ifications into POMs gives a reasonable hope for obtaining even
better artificial proteases.

Low sequence specificity, determined by single amino acid
residues, primarily His and Met, providing the anchors for the for-
mation of acid stable Pd(Il) and Pt(Il) complexes, was proposed to
be turned into an advantage, as providing a facile tool for protein
fragmentation in mass spectrometry procedures of protein identi-
fication [84]. Among several fragmentation protocols used in these
procedures, the most popular one is provided by trypsin, which
cleaves peptide bonds flanked by Lys or Arg residues [138]. There-
fore, an alternative set of tools, cleaving at Cys, Met and/or His
residues should be welcome. Unfortunately, no attempts seem to
have been undertaken in this respect, probably because of a lack
of familiarity with palladium and platinum chemistry in the pro-
teomics community.

[Pd(en)(H,0),]?* was employed for the purification of a
cecropin CMIV expressed as a fusion protein with GST, where the
Cys—His unit was incorporated into the N-terminus of cecropin
CMIV. The His-Arg peptide bond (Arg is the first amino acid
of the cecropin CMIV) was cleaved in a pH-dependent manner.
The purified protein has a high antibacterial activity, similar to
that observed for the control natural CMIV. Nevertheless, the
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application of Pd(II) complexes as universal tag cleavage agents is
problematic due to number of potential cleavage sites for Pd(Il)
compounds in protein sequences [139].

The Cu(Il)-dependent cleavage of Ser/Thr-His bond was applied
to affinity purity a humanized antibody equipped with C-terminal
FLAG tag. Although successful in this particular case, this approach
was not converted into a generally applicable procedure [140,141].

Following on their discovery of the Ca(ll)/Mn(Il)-dependent
autocleavable domain DUF1521, Zehner and collaborators applied
it, relabeled as metal ion-inducible autocleavage domain (MIIA) to
affinity tag purification of recombinant proteins. They produced
two target proteins, MalE and mCherry as MIIA-Strep fusion pro-
teins in E. coli., affinity purified it and cleaved off the C-terminal
MIIA-Strep tag on the column and in solution, under very mild con-
ditions (pH range from 5.0 to 9.0 at a very low temperature of 6°C
worked equally well as the room temperature). The reaction was
extremely fast (a 90% yield within 5min.), and proceeded equally
well in conjunction with Ca(Il) and Mn(II) ions. Its main apparent
disadvantage is that a relatively long stretch of the autocleavage
domain remains at the C-terminus of the final product [142].

The reaction of Ni(Il) assisted peptide bond hydrolysis accord-
ing to the acyl rearrangement mechanism has gained the largest
number of different applications so far. Its relatively high sequence
selectivity approaching that of specific endoproteases, is based on
the tetrapeptide pattern which can be summarized as: Ser/Thr-
[Bulky]-His-[Aromatic]. This selectivity is further enhanced by the
requirement of a conformational freedom of the Ser/Thr-[Bulky]-
His unit, so that the Ni(Il) ion can be bound there in a productive
conformation. All amino acid residues required for this specificity
are located on one (C-terminal) side of the cleavage site. There-
fore, this reaction is well suited for removal of affinity tags located
at C-termini of recombinant proteins. This concept was confirmed
experimentally for a test protein SPI-2 [143] and demonstrated to
yield a very pure protein, suitable for high resolution crystallogra-
phy studies, with a high efficacy [144]. The affinity tag cleavage
(illustrated in Fig. 16) could be performed in solution, but also
directly on the affinity column, thus facilitating the process.

Further advantages of this reaction, impossible to be matched
by proteases, (but that could be shared by other metal based sys-
tems) include its applicability under denaturing conditions and in
the presence of detergents. Other recombinant proteins have been
purified successfully by this approach in several laboratories, both
under native and denaturing conditions [145-147].

SP12-SRHWAP-His,

(Fusion protein)

¢ 4
I

fe——)

Ni2+

In solution cleavage
On-column cleavage

S -
\

B

HPLC v

N4
SPI2

Fig. 16. The purification of a recombinant protein, SPI2-SRHWAP-Hisg using Ni(II)-
assisted peptide bond cleavage method [143].

This reaction also gave rise to other emerging applications. It
was utilized in FRET-based sensors for detection of Ni* and Cu?*
ions in water [148,149]. It was also applied in organic synthesis to
generate active thioesters as building blocks for protein engineer-
ing [150].

6. Conclusions and perspectives

The review of the field of metal based peptide bond hydroly-
sis presented above allows us to draw some conclusions regarding
the current state of research. Dipeptides were used as convenient
models in a large proportion of studies. It seems that the apparent
ease of work with dipeptides makes it a kind of a trap, because
the N-terminal amine plays a key role in the anchoring of the
metal ion to these target molecules. Because of that, the agents
proved successful with dipeptides do not necessarily interact with
any other peptide or protein targets, or if they do, they may act
according to completely different mechanisms. A good example
for such behavior is provided by oxo-metal ions and substituted
POMs. Experiments on dipeptides revealed that the Xaa-Ser pep-
tide bond was the one most prone for cleavage by these compounds.
The presence of the side chain hydroxyl group allows the formation
of a transient five-membered ring, which can be easily hydrolyzed
by the N — O rearrangement mechanism (iii) [18]. This process is
illustrated in Fig. 17A.

This rule holds for almost all metal compounds studied acting
as Lewis acids (Table 1). The acceleration factor ranges from 2.3
for Zr(IV)-substituted Lindqvist type polyoxymetalates (Zr(IV)-Ld
POMs) to 36 for Ce(IV)-substituted Keggin type polyoxymeta-
lates (Ce(IV)-Kg POMs) [18-20,23,24,27-29,31,32]. For Ser-Gly the
intermolecular attack of the hydroxyl group on the carbonyl car-
bon would require the formation of an unfavorable four-membered
ring. This is the reason for the absence of hydrolysis acceleration
for Ser-Gly, Fig. 17B.

However, for the proteins, the site of cleavage of oxo- and
polyoxo species mostly depends on the electrostatic interaction
between the protein surface charge and the charge of hydrolytic
agents. Studies of protein cleavage with metal ion complexes
focused on several common proteins, such as BSA, HEWL, or myo-
globin. As illustrated in the Supporting Information a huge variety
of cleavage patterns was observed for given proteins using dif-
ferent hydrolytic agents. No rules can be drawn from the current
state of research in this area. Perhaps the most interesting results
were obtained for polystyrene immobilized Cu(Il) and Co(III) cyclen
complexes, which provided broad possibilities for increasing selec-
tivity and reactions rates by chemical modifications of the chelating
unit [70,71] One can risk an opinion that a large variety of local
structures of protein surfaces will make it very difficult to design
universal protein cleavage agents that would be able to interact
with proteins in a predictable manner.

A

B
H
o 0
NH . NH \/“\
Hz'?‘/Y 0 HoN , 0-
. /O 1 '\ Je)
'Zn"'_ H 'Zn""’

Fig. 17. The comparison of hydrolysis mechanism of Gly-Ser (A) and Ser-Gly (B)
dipeptides by Zn(Il) ions according to the polarization of carbonyl group (ii) and
N — O acyl rearrangement types of peptide bond cleavage (iii) [18]. The reaction
presented in (B) does not occur, because a four-membered intermediate ring would
have to be formed.
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giZr(IV)—substituted Wells-Dawson POM, K;sH [Zr(0y-PaW17041),]-25H,0
A (1:2 Zt(IV)-WD-POM) [81]
CuCl,[75]
% [CuL(H,0)]?*, where L is 2-[bis(2~-aminoethyl)amino]ethanol [76]

ZnCl, [77]

% cis-[Pt(ethylenediamine)(H,0),]** [86]
cis-[Pd(ethylenediamine)(H,0),]?*, cis-[Pd(ethylenediamine)Cl,]2
or cis-[Pd(dithiacyclooctan-3-01)H,0),]2* [47, 86]

Fig. 18. Cleavage sites for the oxidized bovine insulin chain B (the sequence
on the basis of the UniProt P01317 record) for different hydrolytic agents
[47,76,77,81,82,86].

Significant differences in reactivity of the same or similar metal
containing agents when applied to peptide bond hydrolysis in pro-
teins vs. very short, and thus unstructured peptides prompted
the usage of longer peptides as intermediate model targets. This
approach is based on an assumption that such peptides might carry
some structural elements, but would not be structured as tightly as
test proteins described above. Therefore, the usage of such longer
peptides could help discern between the sequence, local struc-
ture and charge of protein surface as factors in targeting individual
hydrolytic metal compounds. Nevertheless, the reactions of some
natural peptides were rather unpredictable.

The comparison of cleavage sites in the oxidized insulin chain B
for various metal containing agents is presented in Fig. 18.

Most of the hydrolysis sites for Cu(II), Zn(II), Pd(II), and Pt(II)
coincided with the cleavage pattern observed for Zr(IV) reagents,
except for Asn3-Gln4. Based on the mass spectrometry analysis,
three binding sites were proposed for Cu(Il), Pd(II), and Pt(II) com-
plexes of oxidized insulin chain B, the N-terminal amine nitrogen,
and two imidazole nitrogens of His5 and His10. The His5 and His10
side chains, together with Arg22 were proposed as anchoring sites
for Zn(Il) ions. Taken together, the studies of metal-based hydrol-
ysis of oxidized insulin chain B indicated that in unordered or
partially ordered peptides specific (anchoring) interactions of metal
ions with coordinating side chains played a more significant role in
defining the cleavage specificity than electrostatic and hydrophobic
interactions that apparently dominated the cleavage of proteins.

The selective peptide bond hydrolysis for proteins, which is
based on sequence rather than structure recognition was achieved
only for some of the described hydrolytic agents. This approach
relies on coordination properties of given metal ions alone (aqua
ions) or in coordinatively unsaturated complexes leading to spe-
cific interactions with individual amino acid side chains or short
sequences. At pH around 5, Asp—Xaa peptide bonds are selectively
cleaved by metal ions as was shown for the HEWL and myoglobin
hydrolysis by oxomolybdate and Zr(IV)-substituted POM [78,79]. At
a lower pH 2.5, Pd(II) and Pt(II) compounds are effective hydrolytic
agents specifically toward the second peptide bond upstream or the
first bond downstream from the Met or His residue, respectively
[47,83,84].

The highest sequence selectivity and fully predictable cleav-
age specificity has been achieved in the reaction of Ni(Il) ions

with Ser/Thr-Xaa-His sequences. This selectivity is enhanced by
the requirement of a conformational freedom of the Ni(Il) bind-
ing sequence. As all residues interacting with the Ni(Il) ion are
present in the C-terminal hydrolysis product, this reaction is well
suited for removal of affinity tags in protein purification procedures
[144,145]. Its only practical disadvantage is the requirement of an
elevated temperature for fast hydrolysis.

This problem is not shared by a tag cleavage procedure which
utilizes the Ca(II)/Mn(II) dependent MIIA domain, which is cleaved
within minutes at low and temperatures [87,88]. The disadvan-
tage of this process is that a long stretch of unwanted amino acids
derived from the cleavage domain remains at the C-terminus of
the final protein product. It seems that the future applications of
metal assisted peptide bond hydrolysis in biotechnology belong to
the latter two approaches, if their weak points will be overcome.
There is also some promise in the cyclen complexes, especially in
their most recent applications for amyloid digestion [134-137].
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