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ABSTRACT: The mechanism responsible for the peptide bond hydrolysis by Co(IlI) and Cu(Il) complexes with (oxa)cyclen lig-
ands has been revisited by means of computational tools. We propose that the mechanism starts by substrate coordination and an
outer-sphere attack to amide carbon of a solvent water molecule assisted by the metal-hydroxo moiety as a general base, which
occurs through six-membered ring transition states. This new mechanism represents a more likely scenario than the previously
proposed mechanisms that involved an inner-sphere nucleophilic attack through more strained four-membered rings transition
states. The corresponding computed overall free-energy barrier of 25.2 kcal mol” for the hydrolysis of the peptide bond in Phe—
Ala by Co(Ill)-oxacyclen catalyst (1) is consistent with the experimental values obtained from rate constants. Also, we assessed the
influence of the nature of the ligand throughout a systematic replacement of N by O atoms in the (oxa)cyclen ligand. Increasing the
number of coordinating oxygen atoms accelerates the reaction by increasing the Lewis acidity of the metal ion. On the other hand,
the higher reactivity observed for Cu(Il)-oxacyclen catalyst respect to the analogous Co(IIl) complex can be attributed to the larger
Bronsted basicity of the Cu(Il)-hydroxo ligand. Ultimately, the detailed understanding of ligand and metal nature effects allowed us
to identify the double role of the metal-hydroxo complexes as Lewis acids and Bronsted bases and to rationalize the observed reac-

tivity trends.

INTRODUCTION

The selective hydrolysis of highly kinetically inert peptide
bonds in biological systems represents an important process
within the fields of biochemistry and biotechnology due to its
potential application in proteomics,' protein sequencing,* foot
printing,” and engineering,® or the design of new catalytic
drugs capable to bind and inhibit pathogenic proteins.’ Natural
hydrolytic enzymes, also called proteases or peptidases can
efficiently speed up this chemical reaction, although they are
usually expensive and provide poor selectivity. In addition,
their biological nature only allows them to operate in a narrow
range of temperature and pH. Aiming to overcome these is-
sues, the development of artificial metalloproteases has been
largely explored in the last decades. Most of the proposed
hydrolytic agents consist in transition metal (TM) complexes
based on Co, Cu, Zn, Pd, Pt, Zr, Ni, Mo, Mn, or Fe as hydro-
Iytically active centres.’

Specifically, Co(IlI)- and Cu(Il)-based complexes with
tetradentate 1,4,7,10-tetraazacyclododecane (cyclen) or 1-oxa-
4,7,10-triazacyclododecane (oxacyclen) ligands have shown
the ability to hydrolyze selectively a wide range of biological
molecules such as lysozyme, myoglobin, albumin, globulin,
amyloid-f (AP) peptide or human islet amyloid peptide (h-
IAPP).”* Importantly, the cyclen family of ligands can incor-
porate an organic alkyl or aryl pendant that induces an en-
zyme-like recognition of the catalyst by the biological system,
in such a way that the hydrolysis process becomes highly
selective. This approach has been successfully applied to
hydrolyze AP oligopeptides selectively at peptide bonds be-

tween Phe20-Ala21 and Ala21-Glu22,">* making metal-
cyclen complexes highly attractive as a novel family of drugs
for Alzheimer’s disease, which is presumably caused by the
formation of misfolded aggregates of AP oligomers.”” Never-
theless, although their hydrolytic activity has been extensively
studied experimentally, the mechanism governing the hydroly-
sis process at molecular level is still not fully understood.

Several mechanisms for the peptide hydrolysis assisted by
TM complexes have been proposed in the literature.”*** Most
of them involve the initial coordination of the amide oxygen of
the peptide bond to the TM center that acts as a Lewis acid,
activating the amide carbon towards a nucleophilic attack.
However, they differ from each other in the way in which this
nucleophilic attack occurs. Scheme 1 compiles the main
mechanistic proposals for the nucleophilic attack step reported
in previous computational works, classified on the basis of
their inner- or outer-sphere nature. The proposed inner-sphere
mechanisms include the direct attack of either a hydroxo (i and
ii) or an aqua ligand (iii-v) bound to the metal, which can be
assisted by a Bronsted base capable of abstracting a proton
from the attacking group increasing its nucleophilicity. Among
them, the carboxylate group of a residue nearby (iv), the amide
oxygen (v) or nitrogen (ii and iii) have been considered to act
as a general base. The outer-sphere attack of an external water
molecule from the solvent has been analyzed as assisted by the
amide N (vi), by the C-terminal carboxylate group in the hy-
drolysis of dipeptides (vii), or by the metal-hydroxo moiety
(viii, this work).



Scheme 1. Compilation of the computationally studied
mechanisms for the peptide bond hydrolysis catalyzed by
artificial metalloproteases. Nucleophilic groups are high-
lighted in red and those acting as a general base in blue.
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Previous computational studies on monometallic hydroxo
complexes,”™™ including Co- and Cu-(oxa)cyclen complex-
es,”  have assumed that the nucleophilic hydroxo ligand attacks
directly to the electrophilic, carbonyl carbon. However, we
noticed that for first row transition-metals this process in-
volves an unfavorable four-membered ring transition state
(Scheme 1, i-iv), which, in the case of Co(Ill)- and Cu(I)-
(oxa)cyclen complexes, resulted in a high, computed energy
barrier for the hydrolysis of the Phe—Ala dipeptide bond, ca.
40 kcal mol™.*® This suggests that hydroxo group could play a
different role acting as a basic center to activate the nucleo-
philic attack of an external water molecule via a more favora-
ble six-membered ring transition state (see Scheme 1). This
mechanism has been very recently proposed to be competitive
for a second-row transition-metal complex such as the Zr-
substituted polyoxometalate.”’ Also recently, Lim and cowork-
ers have performed detailed mechanistic investigations (exper-
imental and computational) on the anti-amyloidogenic activity
of closely related Co(Il)- and Cu(Il)-(tetra-N-methylated
cyclam) complexes, concluding that the inhibition activity can
be directly related to the hydrolytic cleavage of AP peptide
bonds.** These studies suggested the participation of metal-
hydroxo groups; however the extent or degree to which it
participates in the amide activation is not clear.* Following
our interest in the computational modelling of artificial prote-
ases,” herein we revisit the previously proposed mechanism®®
for peptide hydrolysis of the Phe—Ala dipeptide by the
Co(IIl)-oxacyclen (1, depicted in Figure 1), -cyclen (1b) and
Cu(Il)-oxacyclen complexes (1°"), exploring whether the
hydroxo ligand acts as Bronsted base activating an external
water for the nucleophilic attack (highlighted in Scheme 1).
The new mechanistic proposal allows reproducing and ration-
alizing the observed reactivity trend as a function of the ligand

type and of the metal nature, 1“>1> 1b, and then, to assess
the effect of additional ligand modifications.

Co(lll)-oxacyclen

Figure 1. Schematic and ball-and-stick representation of the
Co(IIl)-oxacyclen [N30O,] complex 1, used as artificial metallo-
protease. Color code: Co (magenta), C (gray), O (red), N (blue), H
(white). C-bonded H atoms are omitted for clarity.

RESULTS AND DISCUSSION

Mechanism for peptide hydrolysis by cobalt-oxacyclen
compounds.

To study the feasibility of our mechanistic proposal, we ini-
tially reproduced those found in the literature for the peptide
hydrolysis by metal-(oxa)cyclen compounds. To do so, we
selected the Co(IlI)-oxacyclen complex 1 as catalyst (Figure
1), employed in previous studies.”® This complex consists in a
1-oxa-7-ethyl-4,7,10-triazacyclododecane ring coordinated to
the Co(IIl) center in a tetradentate fashion in a syn-anti con-
formation of the chelating NH groups in positions 4 and 10.
Other conformations were computed to be energetically acces-
sible, although the ligand conformation was found to have a
minor impact in the reactivity (<3 kcal mol” range in free-
energy barriers). The alkyl pendant used experimentally to
induce selectivity was modelled as an ethyl group bonded to
the nitrogen in position 7, and the N- and C-terminus frag-
ments of the Phe20—Ala21 dipeptide were capped with a —-H
and a —Me groups, respectively.

Figure 2 compares the free-energy profile associated to the
novel mechanism viii (see Scheme 1) with that of the previ-
ously proposed inner-sphere pathway. The initial coordination
of the amide oxygen to the Co center to replace an aqua ligand
from species 1 is endothermic by 5.8 kcal mol™ and yields the
hydrolytically active species 2, in which the amide carbon is
activated by the Lewis-acid effect of the metal center. From
this species, the inner-sphere nucleophilic attack of the hy-
droxo ligand can take place through a four-membered ring TS
structure (TS,.;, shown in Figure 2) overcoming a high, but
still affordable, free-energy barrier of 29.4 kcal mol™ from the
reactants. This generates the tetrahedral intermediate 3 (Figure
S1), which corresponds to a rather shallow minimum located
at 29.0 kcal mol™ above the reactants. It was proposed that 3
can evolve to products through another four-membered ring
TS (TS;.p, represented in Figure 3) that implies the concerted
C—N bond cleavage and proton transfer from the hydroxyl
group to the leaving amine nitrogen.”® According to our calcu-
lations, this process would need to overcome a prohibitively
high, overall free-energy barrier of 45.0 kcal mol”, as shown
in Figure 2. This value is similar to previously reported values
of ca. 40 kcal mol'l,28 which do not account for the endother-
micity of the peptide coordination (1 — 2). The highly unsta-
ble character of TS;p was ascribed to the stain induced by the
two condensed four-membered rings. Thus, we considered this
pathway inaccessible even at the experimental temperature of
50 °C.
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Figure 2. Gibbs free-energy (kcal mol™) profile for the peptide bond hydrolysis in Phe—Ala catalyzed by the Co(Ill)-oxacyclen complex 1.
Solid lines represent the herein proposed outer-sphere mechanism, whereas the more energy-demanding inner-sphere is represented in
dashed lines. Values in parenthesis were computed at B3LYP-D3/TZVP level for comparison. The red arrow highlights the rate-
determining step. Structures on the right panels correspond to the optimized geometries for TS, ; and TS,.4, associated to the nucleophilic
attack step in the inner- and the outer-sphere mechanisms, respectively. Main distances in A. C-bonded H atoms are omitted for clarity.

TS,p (+45.0)

TSsp (+23.9)

Figure 3. B3LYP-optimized geometries for the transition states
(TS;.p and TSs.p) for the C—N bond cleavage in the hydrolysis of
Phe—Ala bond by the Co(III)-oxacyclen catalyst 1. Main distanc-
es shown in A and relative energies to the reactants in kcal mol™.
C-bonded H atoms are omitted for clarity.

Alternatively, the outer-sphere nucleophilic attack of an ex-
ternal water molecule from the solvent, assisted by the Co—
OH moiety acting as a Bronsted base occurs through a less
strained, six-membered ring transition state (TS,.4, displayed
in Figure 2). This process involves a lower free-energy barrier
of 25.2 (from 1 to TS,.4) that can be readily overcome at the
experimental conditions. Thus in this case, we can conclude
that the outer-sphere mechanism is more favorable than the
inner-sphere one. The resulting tetrahedral intermediate 4
(Figure S1) lies 22.9 kcal mol' above the reactants, being ~4
kcal mol ™" more stable than the intermediate resulting from the
inner-sphere nucleophilic attack 3. The intermediate 4 rapidly
evolves to the more stable species 5 (4.3 kcal mol” below in
energy) after a bond rotation about the single (Co)O—C bond
that induces a proton transfer from the aqua ligand to the am-
ide nitrogen. The proton transfer step was found to be barrier-
less or to occur through a very smooth barrier, since all the
attempts of characterizing the conformational isomer of 4
generated via bond rotation led to species 5. Nevertheless, we
could estimate a barrier of < 1 kcal mol” based on electronic

energies obtained by including one explicit solvent molecule

in the model that stabilizes the strongly polarized species
involved in this process (see Scheme S1). Upon protonating
the amide nitrogen, the C—N bond is weakened as reflected in
the distance elongation from 1.45 A in 4 to 1.60 A in 5. This
permits the C—N bond cleavage through a rather smooth free-
energy barrier of 5.3 kcal mol”! (TSs.p in Figure 3). This final
step yields the hydrolysis products, and upon a coordination of
a water molecule to Co, the catalytic complex 1 is recovered to
close the catalytic cycle.

The overall peptide hydrolysis process is computed to be
exergonic by 0.5 kcal mol™ as shown in Figure 2. The highest-
energy species in the outer-sphere mechanism (solid lines in
Figure 2) is the transition state for the water nucleophilic at-
tack to amide carbon (TS,4), resulting in a computed overall
free-energy barrier of 25.2 kcal mol™. Importantly, this value
is significantly closer to the experimental rate constants, from
which we can estimate free-energy barriers of ca. 25-26 kcal
mol™” (see Table S2),'"" than that from previous proposed
mechanism (~40 kcal mol™).”® To check our methodology, we
have re-evaluated the initial steps of the mechanism using a
larger basis set and introducing dispersion corrections to DFT
method (B3LYP-D3/TZVP level, see Computational Details).
At this level, the computed free energy barrier for water attack
through (TS,.) is 23.3 kcal mol, also close to experimental
values. In addition, TS,_4 is also lower than the transition state
for the inner-sphere mechanism (TS, ;) and higher than the the

transition state for C-N cleavage (TSsp) by 2.6 and 5.6 kcal
mol™, respectively (see Table S1). Moreover, depending on
the corrections to the obtained Gibbs free energies (see Com-
putational Details), the computed overall barrier varies from
23.3 to 25.0 kcal mol™, getting closer to experiments. We note
that dispersion corrections enhance the non-bonding interac-
tion between the catalyst and the dipeptide substrate yielding
to a slightly exergonic coordination of the dipeptide to form
intermediate 2, which becomes resting-state of the process.
Nevertheless, we have not been able to find any experimental



evidence for the formation of such a metal-peptide adduct.
This suggests that dispersion corrections could overstabilize
the catalyst-substrate interactions, but they are present in the
reactant and the transition state, and consequently do not affect
the energy barrier.

In summary, the activity of the reaction is governed the ex-
ternal water nucleophilic attack to the amide carbon. However,
the transition state for the C—N cleavage (TSsp) is close in
energy to TS,.4, and therefore, variations in the ligand or in the
metal nature could switch the rate-determining transition state.
Moreover, the inner-sphere mechanism involving four-
membered ring transition states such as TS, structure could
be significantly stabilized by second row transition metal
elements.*® In fact, Prabhakar et al. have recently found low
free-energy barriers (<15 kcal mol™) for metal-hydroxo nucle-
ophile attack to the amide carbonyl carbon in second-row
Zr(IV) complexes bearing diaza-18-crown-6 ligands.*

cyclen 1,7-dioxacyclen
[N4] (1b) [N,O,] AG =0.0

1,4-dioxacyclen
[N,O,] AG = +0.6

12-crown-4

Cu(ll)-1-oxacyclen
[N5O4] (1)

1,4,7-trioxacyclen
[N;O4] [Od]

Figure 4. Ball-and-stick representation of the DFT-optimized
structures for the Co(IIl)-based cyclen [N4] (1b), 1,7- and 1,10-
dioxacyclen [N,O,], 1,4,10-trioxacyclen [N;O;] and 12-crown-4
[O4] and the Cu(I)-based 1-oxacyclen [N30;] (1*) catalysts.
Relative Gibbs free energies for two isomers of the Co-
dioxacyclen compound are given in kcal mol™.

Influence of the ligand and the metal nature on the activity

Several kinetic studies on the peptide hydrolysis by metal-
cyclen complexes suggested that the reaction rate is sensitive
to the features of the ligand and the nature of the TM ion. In
general, cobalt complexes with oxacyclen [N;0;] ligands (1 in
Figure 1) perform better than Co-cyclen [N4] ones (1b in Fig-
ure 4), attaining the hydrolysis of the substrate up to ten times

faster.'® In addition, Suh and co-workers showed that Cu(II)-
oxacyclen complexes can exhibit greater hydrolytic activity
than their Co(Ill)-based analogues,10‘13’17’19 although they are
less popular for in vivo applications because Cu(Il) ions can
be more easily released from the catalyst structure to the me-
dium in a living body.® The proposed metal-hydroxo base-
assisted mechanism provides a new platform to evaluate the
influence of the ligand and the metal nature on the peptide
hydrolysis activity by comparing different catalytic structures.

Table 1. Influence of the Nature of the Ligand in the Hy-
drolysis of Phe—Ala Peptide Bond by Co(IIT) Complexes.*

Ligand Coord dimoc Tc-o  AGH
(compound) atoms (energy)  (1-5TSyy4)
cyclen (1b) Ny 2.13 +14.4 28.5
1-oxacyclen (1) N3O, 2.04 +14.0 25.2
1,7-dioxacyclen N,O, 2.05 +14.3 259
1 ,4-di0xacyclen" N,O, 2.03 +13.9 23.9
1,4,7-trioxacyclen N;O3 1.94 +13.4 19.5
12-crown-4 Oy 1.92 +12.9 15.2

“ Distances in A, energies of Natural Bond Orbitals in eV and
Gibbs free-energy barriers in kcal mol’. ? The Co-14-
dioxacyclen complex in which the oxygen of the ligand and the
hydroxo ligand are in cis conformation is > 5 kcal mol™ less
stable and therefore, it was not considered.

First, we analyzed the influence of the ligand by comparing
the reactivity of 1 towards the Phe—Ala peptide bond hydrol-
ysis with that of the experimentally tested Co-cyclen 1b,
which does not contain any oxygen in the structure of the
ligand. Then, we explored other Co complexes containing
different number of coordinating oxygen atoms in the ligand
scaffold. Using the ligand of complex 1 as reference, the N
atoms were systematically replaced by O atoms, evaluating the
free-energy barriers for the rate-determining process (from the
reactants to TS,4). The studied catalytic species are displayed
in Figure 4 and Table 1 compiles the free-energy barriers
obtained for the most stable isomer of each of the ligands.
Importantly, we observed a decrease in the overall free-energy
barrier when moving from the Co-cyclen complex 1b to the
Co-oxacyclen 1 (AG (1>TS,4) of 28.5 and 25.2 kcal mol™,
respectively). Experimentally, 1 can promote the hydrolysis of
peptide bonds up to the ten-fold faster than 1b,'® which corre-
sponds to a AAG* of 1.5 kcal mol™. Thus, the computed ener-
gy difference of ca. 3 kcal mol™ is not only in qualitative but
in quantitative agreement with the experimental data, further
validating the new mechanistic proposal.



Table 1 reveals a general trend upon systematic replacement
of coordinating amino groups by oxygen atoms. Roughly, the
higher is the number of coordinating oxygen atoms in the
ligand, the lower the free-energy barrier and consequently, the
faster the hydrolysis. Comparing 1,7- and 1,4-dioxacyclen
ligands (Figure 4), we also found that the coordination posi-
tion of the oxygen atoms has also an influence on the hydroly-
sis activity. Thus, the coordination of an oxygen atom trans to
the aqua ligand, which has to be replaced by the amide car-
bonyl group, disfavors peptide hydrolysis. As previously pos-
tulated by Kim et al. on the basis of the experimental, catalytic
activity of 1 and 1b,'® this reactivity trend can be ascribed to
the decreased basicity of the ligand upon incorporating oxygen
atoms, which increases the Lewis acidity of the metal and in
turn, favors the activation of the amide carbon towards a nu-
cleophilic attack. In agreement with this hypothesis, we found
a clear correlation (see Table 1) between the overall free-
energy barriers and the distance between the cobalt ion and the
amide oxygen in Co-dipeptide complex (analogous to species
2 in Figure 2). The distance decreases with the number of

coordinating oxygen atoms as a consequence of the larger
Lewis acidity of Co ion resulting in lower free-energy barriers.
Accordingly, the energy of the mw*-_o molecular orbital that
receives the nucleophilic attack of water molecule decreases
by increasing the number of O atoms in the cryptand (going
down the 4th column in Table 1). These trends are also ob-
served for the two dioxocyclen isomers differing on the geo-
metric position of the oxygen donor atoms. The less reactive
Co-1,7-dioxacyclen complex has larger C-O(=C) distances
and higher energy-lying n*c_o molecular orbital than Co-
oxacyclen (1) and Co-1,4-doxacyclen complexes (see Table
1). There are not experimental evidences corroborating the
computational results for the hydrolysis of A oligomers cata-
lyzed by di-, trioxacyclen or 12-crown-4. However, this reac-
tivity trend was observed for the cleavage of DNA using
Cu(Il) complexes,”” suggesting that indeed, an increasing
content of oxygen in oxacyclen ligands would facilitate the
activation of highly kinetically inert peptide bonds by TM
complexes.
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Figure 5. Gibbs free-energy profile (kcal mol™) for the peptide bond hydrolysis in Phe—Ala catalyzed by the Cu(Il)-oxacyclen complex
1. Solid and dashed lines represent the outer- and the inner-sphere mechanisms, respectively. The red arrow highlights the rate-
determining step. Structures on the right panels correspond to the optimized geometries for TS, " and TSsp"". Main distances shown in

A. C-bonded H atoms are omitted for clarity.

Next, we evaluated the influence of the nature of the metal
by comparing the behavior of cobalt complex 1 with the anal-
ogous Cu(Il)-oxacyclen catalyst 1<, both coordinating the
same 1-oxa-7-ethyl-4,7,10-triazacyclododecane ligand (Figure
4 and 5). Also, we computed the key mechanistic steps for
another geometric isomer of the ligand, the syn-1-oxa-4-ethyl-
4,7,10-triazacyclododecane, resulting in complex 1" (Figure
S3). Note that previous computational studies have considered
the Cu complex lc"’, which is the most stable isomer,28 but as
we will discuss below it is not the most reactive. Thus, we will
focus the discussion on complex 1" since the differences with
cobalt complex 1 can be only attributed to the nature of the
metal and not to the geometry of the ligand. Figure 5 shows
the free-energy profile for the Phe—Ala hydrolysis by 1< and
the geometries of key species. Although the coordination of
the dipeptide to the Cu(Il) center is somewhat more endergon-

ic than for Co(IIl) (+7.2 vs +5.8 kcal mol‘l), the overall free-
energy barrier for the outer-sphere nucleophilic attack in
Cu(Il) complex (AG* (1 ">TS,.,") = 21.5 keal mol™) is ap-
preciably lower than that found for Co (25.2 kcal mol™). As a
consequence, the transition state for C—N cleavage (TSs.p)
becomes slightly higher in energy (21.7 kcal mol™), determin-
ing the overall free-energy barrier of the process (see Figure
5). Also for Cu complex, the transition state for the inner-
sphere attack of the Cu-hydroxo moiety to the amide carbon of
the peptide (TS,.5"") is higher in energy than the outer-sphere
attack (TS,.,""), by 2.3 kcal mol™ in this case (Figure 5).

In going from the cobalt 1 to the copper 1< complex, we
computed an appreciable reduction of the overall free-energy
barrier of 3.5 kcal mol™, indicating that Cu(II) is more reactive
than Co(III) metal. This trend is clearly observed when com-
paring experimental rate constants of Co(Il)- and Cu(Il)-



cyclen complexes,'*">'® for which the estimated energy differ-

ence is ~2 kcal mol”' (see Table S2). For oxacyclen complexes
the energy difference is smaller (Table S2),'"'"" but com-
parison between them is more difficult because Co and Cu
complexes could be active in different structural isomers. In
fact, we characterized another structural isomer 1< (depicted
in Figure S3) which lies 1.5 kcal mol” below 1", Interesting-
ly, 1¢ catalyst shows a higher overall barrier (AG' (1 —>TS,.
+2") = 24.6 kcal mol™") than 1", slightly lower than that calcu-
lated for Co catalyst 1 (25.2 kcal mol™). As shown in Figure
S4, the oxygen atom of the ligand is partially decoordinated
from the Cu center during the nucleophilic attack (Cu—O
distance elongation from 2.56 A in 2" to 2.71 A in TS,,“"),
yielding a distorted trigonal bipyramid geometry around the
Cu(Il) in the transition state. In fact, the high lability of Cu-
bonded ligands has been observed experimentally.®

To further investigate the origin of the different catalytic ac-
tivity of Co- and Cu-containing oxacyclen complexes, we
compared the electronic properties of the catalyst-substrate
coordination complexes 2 and 2" (Table 1 and 2). Interesting-
ly, although the more electron-rich Cu(Il) center is a weaker
Lewis acid than Co(IIT),* it displays a lower overall barrier.
For 2C", this trend is manifested in the lower polarization and
stabilization of the n*_o antibonding orbital of the coordinat-
ed amide carbonyl group that receives the nucleophilic attack
(E(n*c—o) = +15.3 and +14.0 eV for 2" and 2, respectively).
Thus, the higher reactivity of copper complexes has to be
explained by the stronger basicity of the Cu(I[)—OH moiety
that abstracts a proton from an external water molecule during
the nucleophilic attack. Accordantly, the NPA atomic charge
supported by the O atom of the hydroxo group is more nega-
tive in 2" (~1.08 a.u.) than in 2 (-0.91 a.u.), what is fully
consistent with the experimentally determined pK, values for
the respective TM-aqua complexes of 3.3 for Co(III)'® and 8.7
for Cu(II).17 The electronic features of 2" isomer are similar
to those of 2" but slightly less pronounced in comparison
with the cobalt complex 2 (see Table 2). Overall, this analysis
shows that Co- and Cu-hydroxo complexes have an ambiphilic
behavior in the catalysis of peptide hydrolysis acting both as
Lewis acids and Bronsted bases. For these complexes the
Bronsted basicity of the hydroxo ligand controls their relative
reactivity.

Table 2. Geometric and Electronic Properties and Reactiv-
ity towards the Phe—Ala Peptide Bond of Two Different
Isomers (2" and 2°") of the Cu(II)-Oxacyclen Catalyst.

species dryooc Tc=0 (€NEIZY) o nydroxo AGIoverall
2Cu 2.19 15.3 -1.08 21.7
2cw 2.19 15.0 -1.07 24.6

“ Distances in A, Gibbs free energies in kcal mol™'; energies of
Natural Bond Orbitals in eV and atomic charges derived from
NPA analysis in a.u.

CONCLUSIONS

Herein, we propose a new mechanism for the hydrolysis of
peptide bonds catalyzed by Co(Ill) and Cu(Il)-(oxa)cylen
artificial metalloproteases, based on DFT calculations, that
consists of four main steps: 1) coordination of the peptide

substrate to the metal atom replacing one aqua ligand; 2) out-
er-sphere nucleophilic attack of a solvent water molecule to
the amide carbon assisted by the metal center as a Lewis acid
in addition to the TM—OH moiety acting as a Bronsted base;
3) proton transfer to the amide nitrogen atom from the TM—
OH, moiety; 4) cleavage of the C—N bond to yield the prod-
ucts. The outer-sphere nucleophilic attack involves a six-
membered ring transition-state structure, which is more fa-
vored than the previously proposed inner-sphere nucleophilic
attack of the hydroxo ligand through a strained, four-
membered ring structure. The new value for the computed
overall free energy barrier for the peptide hydrolysis in Phe—
Ala catalyzed by the Co(Ill)-oxacyclen catalyst 1 (25.2 kcal
mol™) is in better agreement with the values derived from
experimental rate constants (25-26 kcal mol'l) than previous
mechanistic proposal (~40 kcal mol™). Within this mecha-
nism, the activity of the process is determined by the energy
associated to the nucleophilic attack for Co(IIl) catalyst, while
for Cu(Il) the transition state for the final C-N cleavage is
isoenergetic with that for nucleophilic attack.

Upon replacing N atoms from the cryptand by less basic O
atoms, the Lewis acidity of the metal is enhanced, reducing the
overall free energy barrier from 28.5 kcal mol™ for the [N4]
cyclen ligand to 15.2 kcal mol™ for the all-oxygen substituted
12-crown-4 ligand. The assessment of the influence of the
nature of the metal ion, reveals that Cu(Il) is more reactive
than Co(Ill) due to the larger Bronsted basicity of the Cu-
hydroxo moiety. Both trends are in agreement with experi-
mental observations and indicate that Co(Ill)- and Cu(ID)-
oxacyclen catalysts play a double role in peptide hydrolysis
acting as Lewis acids and Bronsted bases.

COMPUTATIONAL DETAILS

DFT calculations were performed at B3LYP level” using
Gaussian 09 rev. A02 software.”” Co and Cu atoms were de-
scribed by LANL2DZ pseudopotential’® and Pople’s type 6-
31G basis set’”” was used for the remaining atoms. Those di-
rectly bonded to the transition metal or taking part in reactivity
were supplemented with polarization functions to s- and p-
type orbitals (referred as B3LYP/DZVP level). Additionally,
we have also tested the use of larger basis sets and the addition
of dispersion corrections to DFT method on the key steps of
the reaction. The geometries were re-optimized using a triple-§
basis set LANL2TZ” supplemented with a f shell** for Co and
Cu atoms, a 6-311++g(d,p) basis set™ for the rest of atoms,
and D3 dispersion corrections to B3lyp functional® (referred
as B3LYP-D3/TZVP level). Table S1 compares the two com-
putational levels for the key free energy barriers in peptide
hydrolysis by catalyst 1, and for the influence of the ligand
and metal nature in the overall free energy barrier (catalysts 1b
and 1", respectively). The results show the same trends for all
the analyzed catalytic steps with small energy differences (~2
kcal mol™) for overall barriers. Thus, the discussion is mainly
based on the more affordable B3LYP/DZVP level, what al-
lows straightforward comparison with previous study on pep-
tide hydrolysis by metal-(oxa)cyclen complex,” and our own
studies on related peptide bond activation by Zr-substituted
polyoxometalates.*” To compare computed and experimental
results, we make use of Transition State Theory (TST), Eyring
equation, in order to estimated free-energy barriers from ex-
perimental rate constants (see Table S2 for description of
experimental conditions in kinetic studies).



Solvent effects of water were included using the IEF-PCM mod-
eI’ as implemented in Gaussian 09. All the species were fully
optimized without any symmetry restriction. In addition, all the
minima were characterized by the absence of imaginary frequen-
cies and saddle points had a single imaginary frequency associat-
ed to the normal mode connecting the corresponding intermedi-
ates. For transition states we found similar structures to those
reported in previous computational studies. All the paramagnetic
Cu(II) complexes were computed in the doublet spin state. Gibbs
free energies obtained from Gaussian at 298.15 K and 1 atm were
corrected using the Whiteside’s correction to the translational
entropy,”’ following the procedure adapted by Sakaki et al.> In
this approach we used a water density of 0.997044 g-cm>,*’ and a
molecular volume for water of 25.8 x 1072* ¢cm® per molecule.*’
Further discussion about this correction, including the employed
equations can be found in the Supporting Information. The results
of Whitesides’ approach were also compared with the standard
state correction to the free energy considering water reactant in
solvent concentration (55 mol L™ ). The natural bond orbital
(NBO) method® was used to compute atomic charges and to
analyze the resultant wave function in terms of optimally chosen
localized orbitals, corresponding to a Lewis structure representa-
tion of chemical bonding. To corroborate the NBO results other
partition schemes were tested,”® obtaining the same trends (see
Table S3).
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