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ABSTRACT: In Nature, organized nanoscale structures such as proteins and
enzymes are formed in aqueous media via intermolecular interactions between
multicomponents. Supramolecular and self-assembling strategies provide versatile
methods for the construction of artificial chemical architectures for controlling

(Zn,L)* + CA + Cu
4:4:4 Self-assembly

Supramolecular

reaction rates and the specificities of chemical reactions, but most are designed in phosphatase
hydrophobic environments. The preparation of artificial catalysts that have
potential in aqueous media mimicking natural enzymes such as hydrolases
remains a great challenge in the fields of supramolecular chemistry. Herein, we OEN@ 02N~©\
describe that a dimeric Zn>" complex having a 2,2'-bipyridyl linker, cyanuric acid, OPOg* in H,0 OH
and a Cu”" ion automatically assembles in an aqueous solution to form a 4:4:4 MNP at neutral pH HP+O "

4

complex, which is stabilized by metal—ligand coordination bonds, 7—7-stacking
interactions, and hydrogen bonding and contains #-Cu,(OH), cores analogous to the catalytic centers of phosphatase, a dinuclear
metalloenzyme. The 4:4:4 complex selectively accelerates the hydrolysis of a phosphate monoester, mono(4-nitrophenyl)phos-
phate, at neutral pH.

B INTRODUCTION

Phosphorylation and dephosphorylation of proteins and en-
zymes are important processes in intracellular regulation. Dephos-
phorylation of phosphoserine and phosphothreonine residues in
proteins is catalyzed by protein phosphatases, which catalyze the
reverse reaction of protein kinases." The structures of several
metallophosphatases have been reported, including alkaline
phosphatase (AP) from Escherichia coli containing Zn>*—Zn>*
centers and kidney bean purple acid phosphatase (KBPAP) and
Ser/Thr protein phosphatase I, which contain Zn*"—Fe’" centers.”
Although the metal cations in these phosphatases are different
and the amino acid sequences of the enzymes are not related, the
structures of their active sites are similar in that they include
dimetallic diamond cores containing two metal cations, which are
coordinated by amino acids and hydroxide ions.”

Although chemical models for phosphatases have been
developed,® artificial compounds that catalyze the hydrolysis of
phosphonic acid monoester, such as mono(4-nitrophenyl) phos-
phate (MNP), are limited, and most contain two metal—macrocyclic
polyamine complexes connected by covalent bonds.> Moreover,
none functions as a catalyst for the hydrolysis of phosphate
monoester.
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Supramolecular strategies have been proven to afford powerful
methodologies for the construction of structures for molecular
recognition, molecular sensing, molecular storage, electronic de-
vices, and reaction catalysts and drug delivery systems.”” How-
ever, supramolecular systems that function as reaction pockets or
catalysts in aqueous solutions remain limited,® and no example of
a phosphatase mimic constructed by the self-assembly of molec-
ular modules has been reported.

The coordination of organic anions to Zn**—macrocyclic
polyamine complexes provides unique modules for the molecular
recognition” and sensing'® of biorelevant molecules, catalysts
for asymmetric synthesis,'" and three-dimensional molecular
assembly.'>'®> We report herein on the preparation of a supra-
molecular complex formed via the reversible self-assembly of
bis(Zn>*-cyclen) containing a 2,2’—b(ijpyridyl (bpy) linker 1 (cyclen =
1,4,7,10-tetraazacyclododecane),'’ cyanuric acid (CA), and
Cu™ in an aqueous solution, as a result of metal—ligand coor-
dination, 77—t stackin§, and hydrogen-bond formation (Scheme 1).
A dianion of CA (CA”") and 1 assemble in a 2:2 ratio to give 2,
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Scheme 1. Programmed Self-Assembling Formation of 4:4:4 Supermolecule 3 via 2:2 Supermolecule 2 and the Hydrolysis of MNP*
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and the addition of Cu** or Cu* to 2 induces the 2:4 complexa-
tion of 2 and Cu®" to afford 3, which is a 4:4:4 complex of 1,
CA”>", and Cu**. Interestingly, 3 contains two #-Cu,(OH),
centers, which resemble the active centers of dinuclear metal-
loenzymes such as AP,” although contained metal ions are
different. We describe the selective hydrolysis of MNP by 3
and the one-pot hydrolysis of bis(4-nitrophenyl) phosphate
(BNP) to inorganic phosphate (HPO4>") by combination with
anatural enzyme, phosphodiesterase (PDE), under physiological
conditions.

B EXPERIMENTAL SECTION

General Information. All reagents and solvents were of the highest
commercial quality and were used without further purification, unless
otherwise noted. All aqueous solutions were prepared using deionized
and distilled water. Bis(Co>"-cyclen)anthracene complex 4 was synthe-
sized according to the literature [Co(NO3),-6H,0 was used for
complexation].>® Good’s buffers (Dojindo, pK, at 20 °C) were ob-
tained commercially: 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesul-
fonic acid (HEPES), pK, = 7.6; 3-(cyclohexylamino)propanesulfonic
acid (CAPS), pK, = 10.4; 2-(cyclohexylamino )ethanesulfonic acid
(CHES), pK, = 9.5; 3-[4-(2-hydroxyethyl)-1-piperazinyl ]propanesul-
fonic acid (EPPS), pK, = 8.0; 2-morpholinoethanesulfonic acid (MES),
pK, = 6.2. Stock aqueous solutions of 10 mM mono(4-nitrophenyl)
phosphate (MNP), 10 mM bis(4-nitrophenyl) phosphate (BNP), and
10 mM 4-nitrophenol (NP) were prepared using deionized and distilled
water and stored at 0 °C prior to use. A stock solution of 10 mM tris(4-
nitrophenyl) phosphate (TNP) was prepared in ethanol (EtOH) and

10114

stored at 0 °C prior to use. Stock solutions of 10 mM 4-nitrophenyl
acetate (NA) and 10 mM r-leucine-4-nitroanilide (Leu-NA) were
prepared in MeCN and stored at 0 °C prior to use. Alkaline phosphatase
(AP) from E. coli (EC.3.1.3.1) (suspension in 2.5 M (NH,),SO,) and
phosphodiesterase I (PDE) from Crotalus atrox (EC 3.1.4.1) (crude
dried venom) were purchased from Sigma Life Science. High-perfor-
mance liquid chromatography (HPLC) experiments were carried out
using a system consisting of two PU-980 intelligent HPLC pumps
(JASCO, Japan), a UV-970 intelligent UV/vis detector (JASCO), a
Rheodine injector (model 7125), and a Chromatopak C-R6A (Shimadzu,
Japan). UV spectra were recorded on a JASCO V-550 spectrophot-
ometer, equipped with a temperature controller unit at 25 4= 0.1 and
37 £ 0.1 °C. IR spectra were recorded on a JASCO FTIR-710 spectro-
photometer at room temperature. Melting points were measured by a
Yanaco MP-J3 Micro Melting Point apparatus without any correction.
'H (300 MHz) and "*C (75 MHz) NMR spectra at 25 % 0.1 °C were
recorded on a JEOL Always 300 spectrometer. 3-(Trimethylsilyl)-
propionic-2,2,3,3-d, acid sodium salt in D,O was used as the external
reference for "H and "*C NMR measurements. The pD values in D,O
were corrected for a deuterium isotope effect using pD = [pH-meter
reading] + 0.40. Elemental analyses were performed on a Perkin-Elmer
CHN 2400 series I CHNS/O analyzer at the Research Institute for
Science and Technology, Tokyo University of Science. Thin-layer
chromatography (TLC) and silica gel column chromatography were
performed using a Merck Art. $554 (silica gel) TLC plate and Fuji Silysia
Chemical FL-100D, respectively.

Isolation of 2:4NO3 ™ -15H,0. 1-4NO;™ - SH,0-EtOH'"
(100 mg, 0.1 mmol), CA (12.6 mg, 0.1 mmol), and NaNOj; (123 mg,
1.45 mmol) were dissolved in H,O (3 mL) at room temperature, and the
pH was adjusted to 7.5 &= 0.1 by the addition of aqueous NaOH. The whole
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mixture was filtered and evaporated slowly for 1 week until colorless
needlelike crystals of 2:4NOs-1SH,0 appeared (87 mg, 87% yield).
Mp: >250 °C. IR (KBr): v 3264, 2934, 1641, 1570, 1322, 1093,
948 cm™'. "H NMR (300 MHz, D,O/external TSP): 6 2.88 (40H, m,
NCH,), 3.06 (16H, m, NCH,), 3.30 (8H, m, NCH,), 406 (8H, br s,
ArCH,), 7.76—7.70 (8H, m, ArH), 825 (4H, m, ArH). *C NMR (75
MHz, D,0/external TSP): O 42.06, 43.75, 44.4S, 4848, 51.71, 121.93,
149.87, 16045, 165.73. ESI-MS. Calcd for Cs;HogN,,09Zn, ({[Zn,L],-
[CALL(NO;)}*) (M) [Zn,L],[CA],(NO;): m/z 540.1730. Found:
m/z 540.1731. Anal. Caled for CeHi28N30033Zn4: C, 35.74; H, 6.19, N,
20.17. Found: C, 35.21; H, 5.60; N, 20.45.

Isolation of 3:8NO3™ -41™ -31H,0. 2:4NO; ™ - 1SH,0 (30 mg,
0.014 mmol), Cul (6 mg, 0.03 mmol), and NaNOj3 (49 mg, 0.56 mmol)
were dissolved in H,O (3 mL), and the pH was adjusted to 7.5 £ 0.1 by
the addition of aqueous NaOH. The whole mixture was filtered and
concentrated slowly in vacuo for 1 week, and pale-blue crystals of
3-8NO; -4 -31H,0 (26 mg, 75% yield) were obtained. Mp: >250 °C.
IR (KBr): v 3263, 2933, 1645, 1570, 1321, 1091, 947 cm ™~ '. Anal. Calced
for C24H560NgoO71 CusZngly: C, 29.71; H, 5.23; N,16.77. Found: C,
29.57; H, 4.89; N, 16.98.

Crystallographic Studies of 2:4NOs; ™ - 15H,0 and 3:8NO5 ™ -
41" -31H,0. Intensity data were collected on a Rigaku RAXIS-RAPID
imaging-plate diffractometer with graphite-monochromated Cu Ka
radiation. An empirical absorption correction was applied. The struc-
tures were solved by direct methods'* and refined by full-matrix least-
squares techniques. All calculations were performed using the Crystal
Structure [version 3.80, Rigaku & RAC (2007)] except for refinements,
which were performed with SHELXL97."®

Crystallographic Study of 2:4NO; -15H,0. A colorless
needle-shaped crystal (0.25 x 0.08 x 0.02 mm) in a twinning form
was obtained after slow evaporation of an aqueous solution of 1 mixed
with CA over a period of 1 week. The structure refinement was per-
formed using reflection data of 1.1 A resolution. Of the 15 waters,
suggested by elemental analysis, only 7 were located: the residual ones
were supposed to be contained in the voids of 312 A in the crystal and
heavily disordered. Crystal data: CgH;1,N300,5Zny, M, = 1939.27,
triclinic, space group PT (No.2), T =153 K, a = 14.5222(3) A, b =
18.2326(4) A, c = 19.7948(14) A, a = 99.154(7)°, B = 104.171(7)°, y =
113.428(8)°, V = 4464.9(6) A%, Z = 2, peyieg = 1442 g cm ™2, 20, =
89.0°, R = 0.1222 [for 4587 reflections with I > 20(I)], Rw = 0.3299 (for
6896 reflections), GOF = 0.922. CCDC 796371 contains the supple-
mentary crystallographic data for the paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Crystallographic Study of 3:8NO3 -4l -31H,0. A blue
block crystal (0.15 X 0.13 X 0.10 mm) was obtained after slow
evaporation of an aqueous solution of 3:8NO; -41" -31H,0 over a
period of 1 week. The results of elemental analysis suggested that 8
nitrate anions and 31 waters were contained in an asymmetric unit.
However, only 4.932 nitrates and 8.540 waters could be located, in which
the residual ones are supposed to be contained in the voids of 1743 A® in
the crystal and heavily disordered. Crystal data: Cip4Hzp4266Cusly
Nis6.932042.920Z0g, M, = 4484.50, triclinic, space group P1 (No. 2),
T=93K,a=16.1372(3) A, b =17.1272(3) A, c = 41.600(3) A, a =
80.048(6)°, B = 87.810(7)°, y = 63.549(5)°, V= 10129.3(9) A®, Z =
2, Peated = 1470 g cm ™3, 20,4, = 136.6% R = 0.1091 [for 22 149
reflections with I > 20(I)], Rw = 0.3380 (for 35454 reflections),
GOF = 1.146. CCDC 796372 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.

Potentiometric pH Titrations. The preparation of the test sol-
utions and the method used for calibration of the electrode system (po-
tentiometric automatic titrator AT-400 and auto piston buret APB-410,

Kyoto Electronics Manufacturing Co., Ltd.) with a Kyoto Electronics
Manufacturing Co., Ltd., combination pH electrode 98100C171 have
been described previously.” "> All of the titration solutions (50 mL)
were maintained under an argon (>99.999% purity) atmosphere. The
theoretical pH values corresponding to pH,; and pH, were calculated as
pH,' = 2.481 and pH,’ = 11.447 using Ky (=ay.aoy ) = 10 %, Kyy/
(=[H'][OH]) = 1037, and fi- = 0.825. The corrected pH values
(—log ayg-) were obtained using the following equations: a = (pH,' —
pH,)/(pH, — pH,); b =pH,' — apH,; pH = a(pH-meter reading) + b.
Potentiometric pH titrations were carried out with I =0.10 (NaNO3)
at 25.0 £ 0.1 °C under an argon (>99.999% purity) atmosphere, and
at least two independent titrations were always performed. Depro-
tonation constants and complexation constants K (defined in the
text) were determined by means of the program BEST."” The pH o-fit
values defined in the program are smaller than 0.02. The obtained
constants containing a term of [H+:| were converted to corresponding
mixed constants using [H"] = ag./fi1.. The species distribution values
(%) versus the pH (=—log ay.) were obtained using the program
SPE."’

Kinetics of MNP Hydrolysis. The kinetics of hydrolysis of MNP
by 3 were measured by the initial slope method (following an increase
in the absorption of released NP at 400 nm) in an aqueous solution
at 37.0 £ 0.5 °C.*° Given amounts of a stock solution of 3 in an aqueous
solution were added to the buffer [e.g, 10 mM buffer with I = 0.1
(NaNOj3)] in the cuvette at 37 °C (acetate for pH 5.0, MES for pH 6.0
and 6.5, HEPES for pH 7.0 and 7.4, EPPS for pH 8.0, CHES for pH 9.0,
and CAPS for pH 10.0). After stirring for S min, the substrate was added
to the sample solutions and the increase in the absorbance at 400 nm was
monitored (&40 values of NP are 1.21 X 10°M ' em ! at pH 6.0,
500 x 10°M ™' em ™' at pH 6.5,1.00 x 10*M ™" cm™ ' at pH 7.0, 1.35 %
10*M 'em 'at pH 7.4, 1.70 x 10*M ' cm™ ' at pH 8.0, 1.78 x 10*
M ' em™' at pH 9.0, and 1.86 x 10* M~ cm ™' at pH 10.0).>° For
hydrolysis at pH 5—10, the hydrolysis products were also analyzed by
HPLC using a reverse-phase column (Mightysil RP-4 GP 250-4.6; S um;
250 X 4.6 mm id.; Kanto Chemical, Japan). The yields of NP were
determined based on the working curve using uridine (U) as an external
reference, a given amount of which was added to the reaction mixture
(see Figure S8 in the Supporting Information). The HPLC separations
were carried out with continuous eluent MeOH:1 mM HEPES (pH 7.4)
=5:95 (flow rate 1.0 mL min ™~ ') at room temperature. A total of 10 #L of
each reaction mixture was injected into the HPLC system for analysis
and analyzed at 254 nm. The initial hydrolysis rate (V) and ko, values
for 3 and AP were calculated from the decay slope (NP release
rate/[H-MNP~ + MNPZ_]), and their V., k., and K, values were
determined by Lineweaver—Burk plots shown in Figure 8. The K; values
of the inhibitors (HPO,>", amastatin, and captopril) were determined
by the Dixon plots (data not shown). The k., and Ky, values for AP were
calculated from V,,,,,, using the unit values [mg of protein mL ™" and units
(mg of protein) '] described in the product sheets attached with the
purchased AP and the reported values for a dimer molecular weight of
AP (9.4 x 10%).'®

B RESULTS AND DISCUSSION

Crystal Structure of the 2:2 Complex of 1 and CA*~ (2) and
the 4:4:4 Complex of 1, CA>~, and Copper (3). Fine colorless
crystals of the 2:2 complex, [ (Zn,L),(CA* ),]* (2), of 1'* and
CA*~ (including 4 NO;~ and 15 H,0) were obtained by slow
evaporation of a 1:1 mixture of 1 and CA in an aqueous solution
at pH 7.4 with I = 0.1 (NaNO3) at room temperature. The
results of X-ray crystal structure analysis (Figure 1) showed a
sandwich-like structure stabilized by four N(CA)—Zn"* coordina-
tion bonds'** and 7r—7-stacking interactions between two bpy
units (Figure 1b), in which two pyridine rings have a trans

10115 dx.doi.org/10.1021/ic201072q |Inorg. Chem. 2011, 50, 10113-10123



Inorganic Chemistry

Figure 1. X-ray crystal structures of 2 (stick models): top view (a); side
view (b). The averaged N(CA)—Zn>" is 1.97 A.

configuration in the solid state (Figure 1a)."” Typical crystal
structural parameters of 2 are listed in Table 1, and its ORTEP
drawing is presented in Figure S1 in the Supporting Infor-
mation.

The addition of 2 equiv of Cu ions [Cu(NOj3),, Cul, or CuBr]
to a neutral aqueous solution of 2 gave a pale-blue solution, from
which blue crystals were obtained. Its X-ray crystal structure
analysis indicated a 2:4 assembly of 2 and Cu, namely, a 4:4:4
complex of 1, CA*”, and Cu, as shown in Figure 2 ({(Zn,L) 4
(CA 7)4[Cu2(OH)2]2}12+, 3), where the carbons are gray,
nitrogens blue, oxygens red, iodines green, zincs pink, and
coppers orange (the ORTEP drawing of 3 is shown in Figure
S2 in the Supporting Information). This structure is stabilized by
N~ —Zn>* coordination bonds between Zn** and CA*~, m—x
stacking between bpy units (Figure 2a,b), and hydrogen bonds
between two CA”>~ (see Figure 2c). Importantly, 3 contains two
1-Cu,(OH), units in the center of the structure (Figure 2a,d),
and each copper has a square-pyramidal structure including one
water molecule (or 1) at the apical position. The Cu—Cu and
O—O0 distances in one #-Cu,(OH), unit are ca. 2.9 and 2.6 A,
respectively, and the distances between two Cu ions of the
U-Cu,(OH), upside and downside are 4.7 A (Figure 2d). It is
likely that Cu”*-bound I in the crystal is replaced by H,O in
an aqueous solution. The supermolecule 3 has a twisted chiral
structure, resulting from unsgfmmetrical complementary hydrogen
bonding between two CA™" units, whose distances are 2.8—
3.2 A, as shown in Figure 2¢,d (see also movie S1 in the Supporting
Information). The exterior of 3 may be schematically repre-
sented as a twisted rectanglar form, the size of which is
about 1.9 nm in length X 1.3 nm in width X 1.1 nm in height
(Figure 2a,b).

Complexation Behaviors of 1 (Zn,L)** with CA®>~ in Aqu-
eous Solutions Determined by Potentiometric pH and UV/
Vis Titrations. Evidence for the 2:2 (n:n) complexation of 1 and
CA”” in an aqueous solution was also supported by 'H NMR
(Figure S3 in the Supporting Information), potentiometric pH
(typical potentiometric pH titration curves are shown in Figure
S4 in the Supporting Information), and UV/vis spectrophoto-
metric titrations. From the potentiometric pH titration, the pK,
values of two Zn>"-bound waters of 1 (defined by eqs 1 and 2)
were determined to be 7.2 + 0.1, and 7.8 £ 0.1. The pK, values of
CA defined by eqs 3—5 were determined to be 6.9 £ 0.1, 10.9 £
0.1, and >12, as previously reported.'**

Table 1. Representative Parameters of Crystal Structure
Analyses of 2:4NO; " - 15H,0 and 3-8NO; 41" -31H,0”

2-4(NO3 " )- 3-8(NO5 )-4(17)-
15H,0 31H,0."
empirical formula CeaH112N30025Zn, Cra4Ha24266N56.932
042.929cu4zn814b
M, 1939.27 4484.50
cryst syst triclinic triclinic
space group P1 (No.2) P1 (No.2)
a(A) 14.5222(3) 16.1372(3)
b (A) 18.2326(4) 17.1272(3)
c(A) 19.7948(14) 41.600(3)
a (deg) 99.154(7) 80.048(6)
B (deg) 104.171(7) 87.810(7)
y (deg) 113.428(8) 63.549(5)
V(A% 4464.9(6) 10129.3(9)
VA 2 2
Peate (g cm™?) 1.442 1.470
R 0.1222 0.1095
R, 0.3299 0.3380
no. of reflns 6896 35454
used for least squares 4717 19080
GOF 0.922 1.146
F(000) 2028.00 4556.44
u (mm™) 1.954 6.894

“ The structures were solved by direct methods (Rigaku & RAC07) and
refined using least-squares techniques (SHELXS97). ’See ref 16 and
Table S6 in the Supporting Information.

Zn,L+ (3 —i)H,0- (i— 1)HO ™
= Zn,L-(2 —i)H,0-iHO™ + H*

(i=12) (1)

Ky = [ZnoL+(2 = i)H,0+iHO Jay + /[Zn,L+ (3 — ) H,O
-(i—1)HO| (2)

CA=CA + H": K, = [CA Jay/[CA] (3)

CA” = CA* + H": K, = [CA* Jayg-/[CAT] (4)

CA> = CA* + H': K; = [CA* ay-/[CA*]  (8)

Analysis of the potentiometric pH titration curve (Figure S4 in
the Supporting Information) of a mixture of 0.5 mM 1 (Zn,L)
and 0.5 mM CA in an aqueous solution at 25 °C with I = 0.1
(NaNO;) gave the intrinsic and apparent 2:2 complexation
constants K((2) and K,,(2) (defined by eqs 6—13 and
Scheme 2) of 10'7* = > M2 at pH 7.4. Figure 3 displays a
speciation diagram of possible eight species: Zn,L(H,0), [(1a)*],
Zn,L(OH ), [(1¢)*'], CA CA", CA”", and [(Zn,L)o(CA” )] -
[(2a)*, (2b)**, and (2¢)**] as a function of the pH at 25 °C with
I =0.1 (NaNO3), which shows that 2 is quantitatively formed at
pH 6.5—8 when [Zn,L]io = [CAliora = 0.5 mM. Analysis of
the potentiometric pH titration curve (c) in Figure S4 of the
Supporting Information implied that the remaining imide
protons of 2 (indicated by hollow arrows in Scheme 2) are
deprotonated to give (2b)** and (2¢)** species (indicated by
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OH, (orOH) OH

H,O (or OHY)

1.1 nm

Figure 2. (a) Top view and (b) side view of 3 (space-filling models). Pink, orange, gray, blue, red, and green atoms are Zn**, Cu**, C, N, O, and ],
respectively. (c) Side view of 3 from building unit CA>~ showing hydrogen bonding between two CA>". (d) Diagonal view of 3, in which copper-
coordinated H,O (and I") are omitted. In the dashed circle, the crystal diagram shows representative coordination bond lengths in the u-Cu,(OH),
center of 3. All external NO3 ™ anions and H,O molecules are omitted for clarity. The averaged lengths of the coordination bonds and hydrogen bonds

are indicated in parts c and d.

. . ) 12
eqs 7 and 8), as discussed in our previous paper. =

2ZmL) g + 2(CA) ey = [(ZnaL),(CA™), (22)]  (6)
[2a]*" = [(Zn,L),(CA*")(CA®) (2b)]" + HY  (7)
[2b]" = [(ZnL),(CA™), (20)]" + HT (8)
K,(2) = [2a]/[Zn,L-2H,0 (1a)[CA* > (M%) (9)

Kapp(2) = {[(Z0aL),(CA™ ) i}/ [(ZnaL) e F[CA ] (M)

(10)

[(ZnoL) o) = [ZnyL-2H,0 (1a)]

+ [Zn,L-H,0-HO™ (1b)]

+ [Zn,L-2HO™ (1¢)] (11)
[CAtora] = [CA] + [CAT] + [CA*] (12)
{[(ZnyL1),(CA*), )i} = [23] + [2b] + [2¢] (13)

UV/vis titrations of 1 with CA were carried out at pH 7.4
(10 mM HEPES) with I = 0.1 (NaNOs3)) at 25 °C. As shown in
Figure 4, uncomplexed 1 (80 #M) has an absorption maximum
(Amax) at 289 nm, which decreased slightly upon the addition of

CA, reaching a plateau at an n:n ratio, as shown in the inset,
suggesting a 2:2 self-assembly of 1 with CA*~, as evidenced by
the X-ray crystal structure shown in Figure 1.

Complexation Behaviors of 2 with Cu®* in Aqueous Solu-
tions Studied by UV/Vis Titrations. UV/vis titrations of 2
(40 uM) with Cu(NO3), or CuBr induced a red shift from 287 to
309 nm, which reached a plateau at 2.0 equiv versus 2 (Figure Sa),
indicative of the quantitative formation of 3 at micromolar-order
concentrations. At the same time, an increase in the absorbance
of 2 at ca. 650 nm was observed upon the addition of Cu™*
[Cu(NOs3),] or Cu” (CuBr), as shown in Figure Sb, correspond-
ing to the #-Cu,(OH), core, as has been reported for dinuclear
copper(II) enzymes such as met-tyrosinase and oxy-hemocyanin,”
indicating that 3 is quantitatively formed not only in the solid
state but also in an aqueous solution. When CuBr was added
to 2, almost the same spectral change was observed, sug-
gesting that Cu" is autooxidized to Cu®" in situ to form the
1-Cu,(OH), structure in 3. A thermal study, followed by
UV/vis spectra, indicated that 3 undergoes a reversible
structural change at temperatures below 50 °C and an irre-
versible change occurs at above 50 °C (see Figure SS in the
Supporting Information).*"*

Hydrolysis of MNP by 3. The central -Cu,(OH), cores of 3
disclosed by the X-ray structure resemble the catalytic centers
of dinuclear metalloenzymes such as AP and KBPAP. Indeed, 3
(10 uM) accelerates the selective hydrolysis of MNP (100 #M),
in an aqueous solution at pH 7.4 [10 mM HEPES with I = 0.1
(NaNO3)] and 37 °C. As shown in Figure 6a, an increase in the
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Scheme 2. Proposed Scheme for 2:2 Complexation of 1
(Zn,L) and CA”
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“ Hollow arrows indicate the deprotonated imide sites in the 2:2 complex 2.
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Figure 3. (a) Speciation diagram for species in a 1:1 mixture of 1 and
CAat [1] = [CA] = 0.5 mM at pH S—12, as defined by eqs 3—13. The
species less than 5% [(1b)*'] is omitted for clarity. (b) Speciation
diagram of the total 2:2 complex (2a + 2b + 2¢) in the pH range of S—12
at [1] = [CA] = 0.5 mM.

absorbance at 400 nm was observed, corresponding to the
formation of NP (£490 = 1.35 x 10* M~ ' cm™ ' at pH 7.4).>°
On the other hand, negligible or very slow hydrolysis of MNP
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Figure 4. UV spectral change of 1 (80 #M) upon the addition of CA at
pH 7.4 [10 mM HEPES with I = 0.1 (NaNO3)] at 25 °C. The inset

shows the decrease in &,g0.
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Figure S. (a) UV/vis spectral change of a mixture of 2 (40 M) upon
the addition of Cu®*. The inset shows the decrease in &g, upon
increasing concentrations of Cu*. (b) UV spectral change of 2 (40 M)
at 650 nm upon the addition of Cu”*. The inset shows the increase in & 650
upon increasing ratio of Cu’* versus 2.

occurred in the presence of 1 alone, CA alone, 2 alone, Cu**
alone, or Cu(bpy), (4—100 uM). These results indicate that
all of the three components, 1, CA?", and Cu**, are required
for the hydrolysis of MNP. More interestingly, it was found
that the MNP hydrolysis proceeds over 30% yield (ca. 35%
after 7 days, as shown in Figure 6b). On the basis of the
assumption that two u-Cu,(OH), units (20 uM = 20% of
MNP) in 3 (10 uM) function independently, it has been
suggested that 3 works as a catalyst for the hydrolysis of MNP.
It is reported that the half-life of hydrolysis of a monoalkyl
phosphate dianion such as mono(neopentyl) phosphate
in wet cyclohexane is ca. 10"" years at 25 °C.** Therefore,
the considerable acceleration of MNP hydrolysis by 3 is
noteworthy.
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Figure 6. Hydrolysis of MNP by 3 at pH 7.4 [10 mM HEPES with I =
0.1 (NaNO3)] and 37 °C. (a) UV/vis spectral change of the aqueous
solution of MNP (100 M) in the presence of 3 (10 uM). (b) Time
course for the hydrolysis yield (produced NP) by 3 (bold curve with
closed circles), 1, Cu(bpy), complex, CA [plain curve for 1, Cu(bpy),,
and CA], Cu®* (closed circles), and Co,(anthracene) complex 4 (bold
dashed curve with open circles).

The results of screening various metal cations (Zn>*, Co>",
Ni**, Mn**, Fe**, and Fe*") indicated that Cu®' is essential
for the hydrolytic activity of 3 (Figure S6 in the Supporting
Information). Negligible hydrolytic activity of 3 was observed in
the hydrolysis of TNP, BNP, and carboxylic acid derivatives such
as NA and Leu-NA. Bis(C03+—cyclen)anthracene (4; 10 mol %)
reported by Vance and Czarnik®® accelerated the hydrolysis of
MNP but not in a catalytic manner at pH 7.4 under our experi-
mental conditions (Figure 6b), possibly because of complexation
with inorganic phosphate (HPO,> "), a hydrolysis product.

The hydrolysis yields of MNP (chemical yields of the pro-
duced NP) by 3 in the pH range S—10 (3 is stable at pH 6—10, as
shown in Figure S7 in the Supporting Information) were also
monitored by HPLC, in which the concentrations of the produced
NP at given reaction times were determined in comparison to
that of an external reference, uridine (the retention times of
MNP, NP, and uridine are 2, 20, and 6 min; see Figure S8 in the
Supporting Information). Figure 7 is the pH profile showing that
the highest hydrolysis yield ([NP produced in the presence of
3] — [NP produced in the absence of 3]) was obtained at pH 7.4.

A plot of the initial hydrolysis rate (V) versus [MNP] at [3] =
10 4M and a plot of V, versus [3] at [MNP] = 500 uM (Figure
S9a,b in the Supporting Information) indicate that MNP hydro-
lysis by 3 follows the Michaelis—Menten scheme.** From the
Lineweaver—Burk plot displayed in Figure 8a, V., (the max-
imum velocity in the NP production from MNP promoted by
3, uM min ') and K,, (Michaelis constant, M) values for 3
(10 uM) were determined to be (9.5 £ 0.2) x 10> M min "'
and 470 £ 20 uM, as summarized in Table 2. This K;,, value may
be supported by the thermodynamic Ky values obtained by UV/
vis titrations of 3 with phenyl phosphate (used instead of MNP),

307
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0$ T T T * 9
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Figure 7. pH—rate profile for the 3-catalyzed hydrolysis of MNP in a
10 mM buffer (pH 5—10) after reactions for S days (analyzed by HPLC,
as displayed in Figure S8 in the Supporting Information). Hydrolysis
yields were calculated based on the concentration of NP produced by 3-
catalyzed hydrolysis of MNP (=[NP produced in the presence of 3] —
[NP produced in the absence of 3]).
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Figure 8. Lineweaver—Burk plot for the hydrolysis of MNP catalyzed
by 3 (a) and AP (b) in the absence and presence of HPO,>~ (0, 10, and
50 uM) in 10 mM HEPES (pH 7.4) at 37 °C.

as shown in Figure S10a in the Supporting Information.”® The
keae value defined by eq 14 was calculated to be (9.5 + 0.2) x
10~ * min .

keat = Vinax/[catalyst](catalyst = 3 or AP) (14)

It is known that HPO,>~, a hydrolysis product of MNP,
inhibits AP (product inhibition).”"® In Figure 6b, it was indicated
that the 3-catalyzed MNP hydrolysis velocity becomes slower as
the reaction proceeds, possibly because of product inhibition.
Therefore, MNP hydrolysis in the presence of HPO,> was
carried out (the initial [HPO,>" ] values were 0, 10, and 50 £M).
The Lineweaver—Burk plot in Figure 8a suggests that HPO,>~
exhibits mixed-type inhibition** versus 3 and the K; was esti-
mated to be ca. 70 uM (Table 2). This approximate K; of
HPO,”” is roughly supported by the UV /vis titrations of 3 with
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Table 2. Kinetic Parameters (V.y ko and K,,) for Hydrolysis of MNP by Supramolecular Catalyst 3 and AP and K; Values of
HPO,>" versus These Catalysts in 10 mM HEPES (pH 7.4) with I = 0.1 (NaNO3) at 37 °C

Vinae (UM min ") Keae (min~ ") Ky (uM) K; of HPO,>~ (uM)
3 (9.5402) x 107°¢ (9.54+02) x 107** 470+£20° ca. 70 “ (mixed type)
AP 13+£01° (24 £02) x 10°* 74+4° 3 4 1“ (competitive)

(21 £0.1) x 10°¢

37+£03° 7.7

“Determined in this work.  The k., value for AP was calculated from V. by using a molecular weight of 9.4 x 10* as the AP dimer, according toref 18.

‘From ref 18 [at pH 8.0 in 0.1 M MOPS with I = 0.1 (NaCl)].

HPO,>”, which gave the thermodynamic Ky values of ca. 80 uM
for 3-HPO,”~ complexation (Figure S10b in the Supporting
Information). The MNP hydrolysis at [MNP] = 1 mM, which is
greater than these K; and K, values, somehow improved the
catalytic turnover number (CTN) up to ca. 3—4 (Figure S11 in
the Supporting Information).

For comparison, the kinetic parameters of MNP hydrolysis by
AP from E. coli (EC 3.1.3.1) are also listed in Table 2. From the
Lineweaver—Burk plot of AP (Figure 8b), the K; value of HPO,>~
versus AP was determined to be 3 = 1 uM, which agrees well with
the reported value (HPO,4>~ is a competitive inhibitor of AP)."®
The effects of amastatin, an inhibitor of leucine aminopeptidase
(dizinc peptidase), and captopril, an inhibitor of angioten-
sin—converter—enzyme (monozinc peptidase), were negligible
on the MNP hydrolysis by 3 and AP (K; > 1.0 mM).

Proposed Mechanism of MNP Hydrolysis by 3. The MNP
hydrolysis by 4:4:4 supramolecular complex 3 was carried out in
H,O (pH 7.4) and D,O (pD 7.4) in order to check the isotope
effect. As shown in Figure S12 in the Supporting Information, the
MNP hydrolysis in D,O was reduced to about half of that in
H,O, strongly indicating that Cu**-bound H,O (or OH") is
involved in the rate-determining steps in the MNP hydrolysis
catalyzed by 3.

Considering the experimental results described above and the
fact that only MNP is hydrolyzed together with the proposed
mechanisms for dinuclear metal hydrolases,” three possible
reaction mechanisms of 3-catalyzed MNP hydrolysis are pro-
posed, as shown in Scheme 3. The first assumption includes the
following: (i) the dianion form of MNP (MNP*") bridges two
Cu®" ions in the catalytic 4-Cu,(OH), center of 3 (5 == 6 in
Scheme 3;%° the pK,, value of MNP is 5.2);°%*” (i) the hydroxyl
anion in the u-Cu,(OH), unit attacks the P atom of MNP to
facilitate cleavage of the ester bond and release NP (6 — 7 — 8) i
(iii) recoordination of the H,O molecules to Cu ions then
induces the release of HPO,>~ with catalyst reactivation (8 — §).
However, this last step is presumably slow and is one of the rate-
determining steps in the catalytic cycle as in the case of AP,"®
resulting in the low CTN (~4). The second scenario would
include (i) the chelation of MNP*>~ to one Cu®" in the u-
Cu,(OH), unit (5§ — 9) and (ii) the nucleophilic attack of the
Cu”*-bound OH anion to the phosphorus of MNP to give 11 via
10. It is also likely that HPO,>~ binds to two Cu®* ions (11),
resulting in inhibition of 3. The third possibility would be MNP
hydrolysis via the intermediate 12, in which one of the oxyanions
of MNP bridges two Cu”* ions. The nucleophilic attack of the
Cu”**-bound OH ™~ would afford 8, which is the same intermedi-
ate from 7. These several hydrolysis routes and inhibition modes
by HPO,>~ (8 and 11) may explain the mixed-type inhibition
suggested by the Lineweaver—Burk plot in Figure 8a.>®

Sequential and Reversible Self-Assembly of 3. Most of the
previously reported supramolecular complexes were synthesized
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Figure 9. Effect of mixing order of the building modules of 3 on the
hydrolysis of MNP (100 #M) in 100 mM HEPES [pH 7.4 with I = 0.1
(NaNOj3)] and 37 °C: (a) MNP hydrolysis in the presence of 10 uM 3;
(b) MNP hydrolysis in the presence of 40 4M 1 + 40 uM Cu”" for 24 h
and then 40 M CA was added; (c) MNP hydrolysis in the presence of
40 UM 1 + 40 uM CA for 36 h and then 40 uM Cu*" was added.

prior to the reactions. Because the formation of 3 is reversible, the
effect of the mixing sequence on the hydrolytic activity was
examined. A mixture of 1 and Cu®* (or Cu") (without CA*")
induced negligible hydrolysis of MNP after 24 h and the addition
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Figure 10. Effect of the addition of EDTA on the MNP hydrolysis by 3
in 100 mM HEPES [pH 7.4 with I = 0.1 (NaNOj3)] and 37 °C. After
incubation of 100 #uM MNP in the presence of 20 uM 3, 80 uM EDTA
was added to a reaction mixture to stop the MNP hydrolysis. The
addition of 80 #M Cu*" at 48 h restored the hydrolytic activity of 3.
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Figure 11. Hydrolysis of BNP (50 «M) by PDE (5 x 10> units mL ")
for 5 days (with 20 «M EDTA) at pH 7.4 [10 mM HEPES with I = 0.1
(NaNO3)] and 37 °C (plain curve with closed circles), followed by the
addition of 3 (20 uM) (formed by in situ from 80 «M 1, 80 uM CA, and
120 uM Cu”") (bold curve with open squares) or 1 and Cu”* (80 M)
(dashed curve with open circles) for 4 days. A bold dashed curve (with
closed squares) shows one-pot hydrolysis of BNP (50 #M) to NP and
HPO,> by PDE (5 x 10> units mL ') and 3 (20 uM) at pH 7.4
[10 mM HEPES with I = 0.1 (NaNO;) and 20 uM EDTA] and 37 °C.

of CA initiated hydrolysis (curve b in Figure 9) at almost the
same rate as that for curve a. Similarly, negligible evidence was
found for the hydrolysis of MNP in the presence of only 1 and
CA (closed squares), and the addition of Cu®" (or Cu") after
36 h initiated the hydrolysis (curve c in Figure 9). These facts
suggest that the formation of 3 from three molecular modules
(1,CA”>", and Cu”") takes place in a programmed fashion regardless
of the mixing order of three molecules even in the presence of the
substrate (MNP). This was also supported by UV/vis titrations
of a mixture of 1 and Cu®" with CA (see Figure S14 in the
Supporting Information).

Moreover, the hydrolytic activity of 3 can be controlled by
metal chelators such as ethylenediamine-N,N,N’,N'-tetraacetic
acid (EDTA) or N,N,N’,N'-tetrakis(2-pyridylmethyl)methyle-
nediamine. For example, the addition of EDTA (80 uM) to a
mixture of MNP (100 M) and 3 (20 uM) after incubation
for 24 h stopped the MNP hydrolysis, and the addition of Cu*

(80 uM) to this mixture restored the hydrolytic activity of 3
(Figure 10).

One-Pot Chemoenzymatic Hydrolysis of BNP to Inorganic
Phosphate Using Phosphodiesterase and 3. Finally, we exam-
ined the two-step hydrolysis from BNP to NP by the combined use
of 3 with PDE from C. atrox (EC 3.1.4.1), an enzyme that catalyzes
the hydrolysis of BNP to MNP and not from MNP to NP, in the
same reaction mixture. Hydrolysis of S0 #uM BNP by PDE (5.0 x
1072 units mL™") at pH 7.4 [10 mM HEPES with I = 0.1
(NaNOs)] and 37 °C proceeded ca. 95% after incubation for
S days (plain curve and closed circles), and the successive addition of
3 (20 uM) to this reaction mixture and incubation for an additional
4 days resulted in ca. 180—190% production of NP based on the
initial amount of BNP (bold curve in Figure 11). In contrast, the
addition of only 1 and Cu" negligibly accelerated the hydro-
lysis of MNP (dashed curve). A bold dashed curve (with closed
squares) in Figure 11 indicates that the hydrolysis of S0 uM
BNP in the copresence of 3 (20 #uM) and PDE (5.0 X
10> units mL ") resulted in ca. 145% release of NP, suggesting
biocompatibility of 3 for the one-pot chemoenzymatic synthesis in
an aqueous solution.

B CONCLUSIONS

In conclusion, we successfully constructed the supramolecular
catalyst 3, which contains #-Cu,(OH), center cores, mimicking
the active centers of dimetallic phosphatases, by the quantitative
4:4:4 self-assembly of bis(Zn**-cyclen) complex 1 (Zn,L) with
CA”” and Cu™, as confirmed by potentiometric pH, UV/vis
spectrophotometric titrations, and X-ray crystallographic ana-
lyses. To our knowledge, 3 represents the first supramolecular
phosphatase that is formed by self-assembly and selectively
hydrolyzes a phosphate monoester catalytically under physiolog-
ical conditions. Allthough the CTN is about 2—4, the consider-
able acceleration of MNP hydrolysis by 3 in an aqueous solution
at neutral pH is noteworthy. These results should be useful in the
future design of stable, biologically active, and biocompatible
supramolecular catalysts.
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