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Three derivatives of poly{ethylenimine) (PEI) are prepared by Ni(ID-template condensation with glyoxal (GO): PEI[Ni
(I1)-GOJyoes (1), PEILNKID-GOJows (2), and laugsPEILNKID-GOJogs (3). The contents of Ni{Il)-macrocyclic center of
1-3 are 8%, 3%, or 3%, respectively, of the monomer residues, and 18% of monomer residues for 3 are laurylated.
The pH profiles for &, and K. for the deacylation of 4-carboxy-2-nitrophenyl acetate are measured. The relative
magnitude of the parameters for 1-3 and different shapes of the pH profiles for 1-3 are explained in terms of
the electrostatic and the hydrophobic effects exerted by the metal centers and lauryl groups. For the artificial metal-
loenzymes built on PEI, therefore, the ionization of functional groups and the affinity toward counter-anions can
be controlled by adjusting charge density and the content of hydrophobic groups.

Introduction

Enzymatic catalysis is characterized by complex formation
with substrates, various types of specificity, and high degree
of acceleration, Synthetic catalysts manifesting these features
can be considered as artificial enzymes.'™®

In order to design effective artificial enzymes, it is neces-
sary to incorporate several catalytic features into the synthe-
tic catalysts. In this regard, macromolecules have various
advantages over small molecules.”® Poly(ethylenimine) (PEI)
derivatives have been developed as skeletons of artificial en-
zymes? Y Each PEI (M.W. ca. 60,000) molecule contains ca.
1400 ethylamine moieties. About 25% of the amines are pri-
mary, 50% are secondary, and the remaining 25% are ter-
tiary. The tertiary amine nitrogens represent branching
points on the polymer backbone, and PEI is, therefore, a
globular polymer.

In order to design artificial metailoenzymes, creation of
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very tightly bound metal centers is needed. In this regard,
we have reported construction of polyazamacrocyclic metal
centers on PEI through condensation of PEI with dicarbonyl
compounds in the presence of metal templates.*'® The metal
ions of the macrocycles built on PEI do not dissociate even
by repetitive dialysis. Benzoate anions are recognized by the
metal centers created on PEI Moreover, anionic esters are
anchored by the metal centers and the nucleophilic attack
by amine groups of PEI at the bound esters leads to efficient

deacylation.

Incorporation of various catalytic elements to the macrocy-
cle-containing PEls is needed for improvement of their cat-
alytic properties to obtain effective artificial metalloenzymes.
In this paper, we report the effects of the electrostatic and
the hydrophobic nature of microenvironments on the kinetic
behavior of the macrocycle-containing PElIs.

Results

Three different PEI-based Ni(Il}-macrocyclic complexes
were prepared in this study: PEI[NiID-GOlee (1), PEILNi
(IN-GOJo (2), and taugisPEILNKII-GOJogs (3). As noted pre-
viously,”® 1-3 do not represent the correct structures of the
macrocycles built on the polymer. Instead, they show the
composition of the polymeric macrocycles. Thus, 1 and 2
were prepared by the Ni(ID)-template condensation of PEI
with glyoxal (GO) and 3 by that of laug;sPEI (18% of the
amine nitrogens laurylated) with GO. The Ni(Il) content is
ca. 8% of the monomer residues of PEI in 1 and ca. 3%
in 2 and 3.
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The kinetics of deacylation of 4 was measured under the
conditions of C, (initially added concentration of 1-3; taken
as the concentration of metal centers) >>S, (initially added
concentration of esters). The pseudo-first-order rate con-
stants thus obtained were analyzed according to the scheme
of Eq. (1) and the corresponding rate expression of Eq. (2)."



Ni(ll) Macrocycles Built on PEI

Figure 1. pH profile of &, for the deacylation of 4 by I {(curve
a) 2 (curve b), and 3 (curve c} at 25C,
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Figure 2. pH profile of K, for the deacylation of 4 by 1 {(curve
a) 2 (curve b), and 3 (curve ¢} at 25C.

The scheme of Eq. (1) is similar to the Michaelis-Menten
scheme of enzymatic kinetics. The values of k. and K.
measured at pH 6-8 for 1-3 are illustrated in Figures 1 and
2, respectively.
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Deacylation of 4 in the presence of 1-3 under the condi-
tions of C,<S, manifested biphasic kinetic behavior with fast
initial step followed by slow second phase. The second phase
was attributable to spontaneous deacylation. 4-Carboxy-2-ni-
trophenol released during the initial burst stage correspond-
ed to C, irrespective of S,, as reported previoulsy for other
derivatives.”® Deacylation of 5, the neutral analog of 4, by
1-3 was much slower than that of 4 when measured under
the conditions of C,>>S,.

Discussion

Much faster deacylation by 1-3 of 4 compared with 5 indi-
cates that the metal centers of 1-3 recognize the anionic
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ester. Results of the biphasic kinetis measured with 4 show
that acylation of amino groups inactivates the metal centers.
These confirm the mechanism (6) proposed previoulsy.'
Here, the metal center anchors the benzoate anion of 4 and
a proximal primary or secondary amino group located on
the polymer backbone makes nucieophilic attack at the bound
ester.

Parameter K, can be taken as the dissociation constant
of complex CS and k., the first-order rate constant for the
deacylation within complex CS. Greater K, values indicate
weaker complexation between C and S, whereas greater k.
correspond to faster attack of the amino group at the comp-
lexed ester.

The pH profile of %, (Figure 1) shows that k., increases

as pH is raised of 1-3 and that &, of 1 is considerably grea-
ter than those of 2 or 3. The smaller kx at lower pH is
consistent with the protonation of nucleophile amines. The
magnitude of &, for 2 compared with those of 1 and 3 is,
however, rather unexpected in view of its greater content
of unmodified amines. Primary amines are condensed with
ketones to form stable imines and laurylation of PEI is
known'? to occur mainly on the primary amines. In 1 and
2, 16% and 6%, respectively, of the total amines are con-
densed with GO. In 3, 6% are condensed with GO and 18%
are laurylated.

The relative size of k., for 1-3 is accounted for by consi-
dering the microenvironments on 1-3 as well as the nucleo-
philic attack by both primary and secondary amines of PEL
The magnitude of cationic charges in 1 is considerably great-
er than that in 2. Thus, it is expected that protonation of
amines would be more suppressed on I than on 2. Although
the Ni(II) content of 3 is very similar to that of 2, the mi-
croenvironments on 3 would be much more hydrophobic co-
mpared with those on 2, again suppressing protonation of
amines, Suppression of the protonation of amine nitrogens
on the polymer backbone can raise %..

Dissociation constant of CS, K,, is considerably greater
for 2 compared with 1 or 3. The content of macrocyclic metal
centers is smaller for 2 than for 1. This would lead to smal-
ler affinity (greater K,,) of 2 toward anionic ester 4. Although
the content of the metal center is almost the same for 2
and 3, the hydrophobic environments on 3 would facilitate
electrostatic interaction between the metal center and the
.anionic substrate. Thus, much smaller K,, (stronger binding}
ﬂor 3 compared with 1 is attributable to the hydrophobic
microenvironments on 3.

The K., for 1 or 2 decreases as pH is lowered, indicating
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that protonation of amines further assists complexation of
the cationic polymers with the anionic ester. On the other
hand, K, for 3 is independent of pH. This may be again
attributed to the hydrophobic environments. On the hydro-
phobic surface of 3, electrostatic interaction between the me-
tal centers and the anionic substrate could be strong enough
and formation of additional positive charges by amine proto-
nation may not affect the binding constants.

In summary, an increase in the content of macrocyclic me-
tal centers on PEI results in greater cationic charge density,
suppressed protonation of the amine moieties, and enhanced
affinity toward the anionic substrate. Introduction of hydro-
phobic groups to the PEl-based macrocyclic complexes also
leads to suppressed amine protonation and the enhanced
binding of the anionic substrate. For the artificial metalloen-
zymes built on PEI therefore, the ionization of functional
groups and affinity toward counter-anions can be controlled
by adjusting the charge density and the content of hydropho-

bic groups.
Experimental Section

PEI (M.W. 50,000-60,000) was purchased from Aldrich or
Sigma and was purified by ultrafiltration with a PM-30 mem-
brane (Amicon) to remove smaller (<30,000) portions. PEI
was laurylated according to the literature’™ to obtain laugs
PEI (18% of the monomer residues laurylated).

The Ni(II)-tempiate condensation of PEI or lau,sPEI with
glyoxal was carried out as follows. To an aqueous solution
60 m!) of glyoxal (1.81 g 40% solution, 125 mmol), NiCl-
6H,0 (8.7 g, 40 mmol) dissolved in 100 m/ water was added
and the solution was stirred for 2 h at 55-60C. To the re-
sulting mixture kept at 55-60C, PEI (524 g 122 monomer
residue mmol) dissolved in 20 m/ water was added over
a period of 1 h and the mixture was stirred for further 20
min. Then, 25 m/ acetic acid was added to the mixture,
which was refluxed for 72 h. After purification by dialysis
against 12 L water (once), 12 L, 0.1 N NaCl (3 times), and
12 L water (3 times), PEILNi(II)-GOJos (1) (Ni content, 7.6%
of the monomer residues) was obtained.

When the condensation was carried out with 22 mmol gly-
oxal, 67 mmol NiCl,-6H;0, and 446 monomer residue mmol
PEI, PEI[Ni(I[}-GOlypss (2) (Ni content, 2.9% of the mono-
mer residues) was obtained. When the condensation was car-
ried out with 7.8 mmol glyoxal, 24 mmol NiCl-6H;0, and
160 monomer residue mmol laugsPEL laugsPEIENI(IN-GOJyae
(3) (Ni content, 2.9% of the monomer residues) was obtained.

The C=N bonds of the PEl-based macrocyclic complexes
are reflected by IR peaks at 1650-1680 cm™'. After lyophiliza-
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tion of the polymer solutions, light brown (1 and 2) or light
vellow (3) powders were obtained. The Ni contents of the
polymers were estimated both from the ICP analysis of Ni
and from the amount of 4-carboxy-2-nitrophenol released
during the initial burst stage in the polymer-promoted de-
acylation of 4-carboxy-2-nitrophenyl acetate (4) under the co-
ndition of S,>C,. Esters 4 and 5§ (2-nitrophenyl acetate) were
obtained as reported previously.'

Kinetic measurements were carried out spectrophotome-
trically as reported previously! at 25X 0.1C with 0.05 M
buffer (4-morphoineethanesulfonate at pH 6-6.5 and N-(2-hy-
droxyethyl)-1-piperazineethanesulfonate at pH 7-8) in the
presence of 1.2% (v/v) acetonitrile which was added as the
solvent for the stock solutions of substrates.
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