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ABSTRACT: Herein we describe the synthesis of a new
heterodinuclear FeIIICuII model complex for the active site
of purple acid phosphatases and its binding to a polyamine
chain, a model for the amino acid residues around the
active site. The properties of these systems and their
catalytic activity in the hydrolysis of bis(2,4-
dinitrophenyl)phosphate are compared, and conclusions
regarding the effects of the second coordination sphere are
drawn. The positive effect of the polymeric chain on DNA
hydrolysis is also described and discussed.

Over many years, great efforts have been made to
synthesize small molecules that can model the catalytic

activity of many important enzymes. Phosphatases, esterases,
oxidases, and a variety of other enzymes have been successfully
modeled through organic molecules or metal complexes that
can reproduce their physicochemical properties and even their
catalytic activity, albeit with a much lower efficiency.1

As has been suggested, this discrepancy between the catalytic
efficiencies of model compounds and true enzymes is, to a large
extent, due to the lack of many important intermolecular
interactions of the second coordination sphere of the model
systems in comparison to the enzyme.2 In many cases, the
amino acid residues close to the active site are known to be
necessary for efficient enzymatic activity because mutation of
these residues can cause deactivation or even inactivation of the
catalyst.3

One such case is purple acid phosphatases (PAPs), where
histidine residues around the FeIIIMII active site have been
shown to play an important role in substrate binding and
activation. Mutations of His195 to Ala in the second sphere in
kidney bean PAP resulted in a sharp decrease in activity,3 and
recent theoretical studies have reinforced the importance of
these proximal histidine residues to properly describe
coordination of the substrate and stabilization of the transition
state (TS).4a Moreover, a recent FeIIIFeII model complex
composed of secondary ammonium groups presented the
highest catalytic efficiency (kcat/KM) ever reported for a PAP
model in relation to phosphate diester hydrolysis, thus
reinforcing the second-sphere argument.4b

In this context, over the past decade our group has reported a
series of FeIIIMII complexes (MII = Fe, Zn, Cu, Ni, Mn, Co, Hg,
Cd) containing the unsymmetrical ligand H2L = 2-bis{[(2-

pyridylmethyl)aminomethyl]-6-[(2-hydroxybenzyl)(2-
pyridylmethyl)]aminomethyl}-4-methylphenol as functional
and structural models for the active site of PAPs,1,5 with
structural and electronic properties very similar to those
reported for the corresponding enzymes. The most important
feature in these systems is that the dinuclear mixed-valence
(FeIIIMII) catalyst contains a labile MIIOH2 site for substrate
binding and an adjacent FeIIIOH group as the initiating
nucleophile, which can be generated at pH values close to 7.0.
Additionally, the mechanism of phosphate diester bond
cleavage in the DNA model substrate BDNPP and in DNA
itself by these complexes has been reasonably well estab-
lished.1,5 Nevertheless, as observed in other model complexes,
their overall catalytic efficiency in phosphate diester hydrolysis
is still much lower than that of the target enzymes.
In this paper, we propose extending the PAP models by

adding the FeIIICuIIL1 unit (with FeCu being the most active
within the FeIIIMII series) to a small polyethyleneimine chain
(PEI; 1200 Da) with the aim of emulating the microenviron-
ment around the active site (Figure S4 in the Supporting
Information, SI). The ligand H2L was modified to H2L

1, with a
carbonyl attached to the terminal phenol (see the SI), and its
FeIIICuIIL1 complex was obtained (Figure 1). In a previous
study, the FeIIIZnIIL1 complex was bound to heterogeneous (3-
aminopropyl)silica, and a smaller KM in the hydrolysis of
BDNPP was obtained as a result of secondary interaction
effects.6 Here we use PEI anchored to the FeIIICuIIL1 complex
in order to mimic histidine residues in the polypeptide chain, to
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Figure 1. ORTEP plot of the cation complex of 1.
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increase the water solubility of the catalyst, and to increase the
interactions with the DNA framework because at neutral pH
PEI is positively charged.
The FeCuL1 (1) X-ray structure presented close similarity to

that of FeZnL1, with a dinuclear FeIII(μ-OH)CuIIL1 unit where
the Fe−Cu distance is 3.053(11) Å (see Table S1 in the SI).
The complex also presented a coordinated water molecule at
the iron center [Fe−O3 = 2.070(5) Å], which is proposed to
act as the nucleophile in FeZnL1 and FeIIIMIIL complexes. It is
important to note that the aldehyde group is not coordinated to
any metal, and so it is free to react with PEI. In the UV/vis
spectrum of 1 in CH3CN (Figure S5 in the SI), there is a
ligand-to-metal charge transfer (LMCT) centered at 546 nm (ε
= 2100 L mol−1 cm−1) typical of these systems and very similar
to that of the FeCu-substituted PAP, which has a λmax at 545
nm (ε = 3400 L mol−1 cm−1).7

To obtain the 1/PEI (1-PEI) system, a stock solution of 1 in
dimethyl sulfoxide was added to a PEI solution in water at a 1:1
polymer chain per complex molecule ratio. The appearance of
the conjugated imine band was monitored until completeness
(Figures S6 and S7 in the SI). During formation of the imine,
no changes were observed in the phenolate-to-FeIII LMCT,
indicating that the coordination sphere of the metals remains
unchanged when 1 is anchored to PEI. A similar experiment
was carried out using the corresponding GaZnL1 complex (see
the SI) as a 1H NMR probe, and the disappearance of the
aldehyde peak at 9.75 ppm was monitored. After imine
formation, no changes were observed even after 1 week
(Figures S8 and S9 in the SI).
Potentiometric titration of 1 in CH3CN/H2O (1:1, v/v)

resulted in three deprotonation constants: pKa1 = 3.12, pKa2 =
5.26, and pKa3 = 8.45, similar to those obtained for FeZnL,1a

where the first refers to the hydroxo bridge formation and the
second and third to the terminal water molecules coordinated
respectively to the FeIII and CuII centers (Figure S10 in the SI).
Spectrophotometric titrations under the same conditions
resulted in pKa’s similar to those for 1 (Table S2 in the SI),
and the two kinetically relevant protonations of the 1-PEI
system were obtained, pKa2 = 5.09 and pKa3 = 7.35 (Figure S11
in the SI), indicating that the influence of the polyamine chain
in terms of pKa is mainly related to a lowering of the value of
the copper-coordinated water.
In fact, the pKa values obtained correspond well to the

observed profile of activity in BDNPP hydrolysis versus the pH
(Figure S12 in the SI), with 1-PEI having a maximum at pH
∼6, one unit lower than that of 1. This more acidic optimum
pH was to be expected because the positive charges of the
polyamine stabilize the terminal hydroxides formed and
increase the Kass. value of the substrate at lower pH values.
The good correlation observed between the titrated pKa values
and the activity profile suggests that the active species are the
same in both cases, that is, [Fe(OH)(μ-OH)Cu(H2O)L

1]+, as
proposed for other FeIIIMII complexes containing the ligand
H2L.

1,5 This maximum value for 1-PEI also correlates better
than that of 1 with the activity of PAPs at acid pH, indicating
regulation of the second-sphere effects at the optimum pH
through the pKa of the metal-coordinated water.
A Michaelis−Menten plot at each maximum pH provided

further insight into the influence of second-sphere amines
(Figure 2). For the FeCu complex 1, kcat. = 6.77 ± 0.04 h−1 and
KM = 3.08 ± 0.03 mM at 323 K, values that are similar to those
for FeZnL1 and typical of the FeIIIMII series with H2L. For the
1-PEI system, kcat. = 1.14 ± 0.09 h−1 and KM = 0.40 ± 0.13

mM. These parameters show that, although 1-PEI is less active
than 1, it has a much stronger coordination with the substrate.
The overall result is that the 1-PEI system has a higher
efficiency (kcat./KM) than 1 and the highest association constant
of the PAP models reported to date. Indeed, the increase in the
association constant is coherent with previous studies on the
role of second-sphere histidines.2−4 In terms of substrate
conversion, complex 1 presented 7 turnovers, at 25 μM and
323 K, after 24 h in a 2 mM solution of BDNPP, while 1-PEI
presented 22 turnovers, probably because of the increase in the
Kass. value when complex 1 was bound to PEI. The deuterium
kinetic isotopic effect kH/kD was found to be 1.52 for 1 and 1.21
for 1-PEI (Figures S13 and S14 in the SI).
Substrate binding at the CuII center could be assigned

because of the small change observed in the phenolate-to-FeIII

LMCT when the phosphate diester was added to 1 or 1-PEI
(Figure S15 in the SI). On the basis of these results and on
previous studies of the FeIIIMII series, we propose that the same
mechanism associated with FeZnL1, where the substrate binds
to MII and the FeIII terminal hydroxide acts as the nucleophile
(as in Figure S4 in the SI), may be operating in the catalytic
systems presented herein.
To evaluate the influence of the model chain on stabilization

of the TS, Eyring plots of 1 and 1-PEI were obtained (Figure
S16 in the SI) after kinetic experiments were carried out at 35,
40, 45, and 50 °C. From the differences between the
parameters when the reaction is catalyzed by 1 and H2O
(Table 1), one can clearly see that the effect of the complex on

the process is basically entropic. It favors the reaction by
approximating the substrate to the nucleophile, resulting in a
ΔS⧧ value close to that observed for unimolecular reactions.
The influence of the polymer chain can thus be assumed to

derive from two different effects. It significantly lowers the ΔH⧧

energy barrier by possibly forming hydrogen bonds and
stabilizing the negatively charged TS, but it also makes ΔS⧧
much more unfavorable because of the need for reorganization
around the TS in every cycle, thus increasing ΔG⧧ and lowering

Figure 2. Michaelis−Menten plot of 1 (pH 7) and 1-PEI (pH 6) in
water: (■) 1; (●) 1-PEI. T = 323 K; [I] = 1 M; [1] = 25 μM, and [1-
PEI] = 5 μM.

Table 1. Activation Parameters Obtained from Eyring Plots

ΔH⧧ (kJ mol−1) −TΔS⧧ (kJ mol−1)a ΔG⧧ (kJ mol−1)a

H2O
b 79.4 −34.4 113.8

1c 83.6 ± 0.4 −12.6 ± 0.4 96.2 ± 0.5
1-PEId 39.1 ± 0.1 −61.9 ± 0.1 101 ± 0.1

aAt 323 K. bReference 9. cAt pH 7. dAt pH 6.
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kcat. as observed. It should be noted that if the second sphere of
1-PEI were more “rigid” (as in an enzyme) and the ΔS⧧ value
of the system were close to that observed for 1, one would
expect a kcat. value of above 8000 s−1, which lies within the
enzymatic range. Indeed, these results highlight the enormous
influence of the second-sphere effects on enzyme models and
demonstrate that, in principle, it is possible to achieve much
higher catalytic activities when suitable interactions between the
first and second coordination spheres are available.3,4

Following the results obtained by FeZnL5d and considering
that PEI has a high affinity toward the polyanion DNA,9 the
catalytic activity of the complex was assayed (Figure S19 in the
SI). In these studies, the activity of FeCuL (2; see the SI)
without the aldehyde and incapable of covalent binding to PEI
was used as an internal control. The results show a clear
influence of the linked polymer on the cleavage of 1 with the
control (unmodified PEI) having negligible activity (Table 2).

A pseudo-Michaelis−Menten plot was obtained using the
observed first-order rate constant (kobs) versus [C]. Values of
kcat. = 0.12 h−1 and KM = 19.5 μM were obtained for 1 and kcat.
= 0.13 h−1 and KM = 4.8 μM were obtained for 1-PEI (Figures
S20 and S21 in the SI). The stronger association observed for
1-PEI is consistent with the results obtained with BDNPP, and
the value of k2/KM = 2.7 × 104 h−1 M−1 is thus the highest ever
reported for PAP models capable of cleaving plasmid DNA.
To assess the pathway of the reaction, inhibitors of radical

species were used in the reaction medium, and the results
indicated minor oxidative cleavage events with a major
hydrolytic pathway (Figures S22−S24 in the SI). No DNA
groove binding preferences for either 1 or 1-PEI (Figures S25
and S26 in the SI) were detected. Further studies are being
conducted to better understand the DNA cleavage ability of 1
and 1-PEI. Chemical modifications to the polymer are being
made to simulate other important amino acids in the second
sphere.
In conclusion, the addition of a polymer to mimic the second

coordination sphere around the active site has proven to be a
simple and elegant solution to increasing the activity of model
complexes. It also revealed a possible way to enhance DNA
cleavage through a higher association constant, improving the
overall efficiency. Further studies involving the synthesis of
complexes GaZn-PEI and GaCu-PEI, their interaction with
DNA, and their cytotoxic activity in adenocarcinoma cells are
underway and will be the subject of a full paper.
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Table 2. Percentage of FII after 24 h at pH 7 and 310 K

[C] (μM) 2 2+PEI factor 1 1-PEI factor

1 2.5 5.8 2.3× 2.2 17.1 6.8×
2.5 7.9 10.5 1.3× 3.8 27.6 7.3×
10 18.6 21.6 1.2× 10.2 45.0 4.4×
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