
Alkaline phosphatase inhibition by vanadyl-b-diketone complexes:
electron density effects
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Abstract
A series of systematically modified vanadyl-b-diketone complexes, VO(b-diketone)2, bearing substituent groups with different
electron inductive properties were synthesized and evaluated as inhibitors against calf-intestine alkaline phosphatase (APase).
A combination of biochemical and quantum mechanical techniques were employed to identify structure-activity relationships
relevant for rational design of phosphatase inhibitors. Kinetic parameters and activation free energy, enthalpy, and entropy for
calf-intestine APase-catalyzed dephosphorylation of para-nitrophenylphosphate were also determined along with the
inhibition constants (Ki) for the VO(b-diketone)2 complexes. Increased positive charge on the vanadyl group increases the
inhibition potency of the complex while the absence of an available coordination site on the complex decreases its inhibition
potency. These findings correlate well with the results of ab initio electron density calculations for the complexes.
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Introduction

Alkaline phosphatases are dimeric metalloenzymes

that catalyze the dephosphorylation of phosphate

monoesters to inorganic phosphate and an alcohol

[1,2]. The active sites of APases are generally highly

conserved among species, e.g., Escherichia coli [2],

shrimp [3], and human placenta [4]. Thus, although a

crystal structure has not been reported, the active sites

of calf-intestine APase are expected to be similar to the

active sites of APases from other species. Calf-

intestine APase is one of the most thoroughly studied

phosphatases among the mammalian APases. Numer-

ous methods have been employed in its characteriz-

ation [5–8], including its inhibition by phosphate,

pyrophosphate, phosphate derivatives, Mg2þ , Zn2þ ,

CN2, F2, and selected amino acids [9–11].

Vanadium compounds are known phosphatase

inhibitors, for example, sodium orthovanadate is a

competitive inhibitor for E. coli APase with a Ki

of 12mM [12]. An X-ray crystal structure for E. coli

APase with vanadate bound in both active sites reveals

that vanadium’s coordination geometry is trigonal

bipyramidal with a serine nucleophile and coordinated

water occupying the axial positions [12]. Crans and

co-workers have pointed out the importance of

considering vanadium’s solution chemistry when

using vanadium compounds as tools in biological

studies [13]. An investigation of chicken-intestine

APase inhibition by vanadium-dipicolinate com-

plexes, for example, revealed that assay conditions

must be controlled to obtain meaningful data [13].

Many chemical and biological studies have demon-

strated the blood glucose lowering capabilities of

vanadium compounds [14,15]. VO(acac)2, bis(acetyla-

cetonato)oxovanadium(IV), and VO(Meacac)2, bis(3-

methylacetylacetonato)oxovanadium(IV), Figure 1, as

well as bis(3-ethylacetylacetonato)oxovanadium(IV)

function as insulin-enhancing agents, lowering

blood glucose levels of streptozocin-induced rats and
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increasing glucose uptake by 3T3-L1 adipocytes

[16,17,18]. Katoh and co-workers demonstrated a

correlation between the insulin-mimetic activity of

vanadyl-hydroxythiazolethione complexes and the

Hammett parameter for a substituent group on the

ligand, however, very few such structure-activity

relationships have been reported [19]. The ability of

vanadium compounds to lower blood sugar levels has

been suggested to involve inhibition of a protein tyrosine

phosphatase [20], but no fundamental studies with

vanadyl complexes as phosphatase inhibitors have been

carried out in conjunction with theoretical charge

density calculations.

In this study, the inhibition potency of a series of

systematically modified vanadyl-b-diketone complexes,

Figure 1, bearing substituent groups with different

electron inductive properties was investigated against an

alkaline phosphatase obtained from calf intestine. Calf-

intestine APase is a readily available, high purity, general

alkaline phosphatase that was chosen to serve as a useful

reference APase for assessing the inhibition potency of

vanadium-containing compounds. All compounds were

tested using para-nitrophenylphosphate (pNPP) as

the substrate. Ab initio electron density calculations for

the VO(b-diketone)2 complexeswere performedand the

calculated charge on the vanadyl ion was shown to

correlate well with the measured inhibition constants.

The results of the electron density calculations should be

useful for other enzyme binding and inhibition studies

involving vanadyl-b-diketone complexes.

Experimental

Materials

Alkaline phosphatase from calf intestine, obtained from

Merck BioSciences, Calbiochem (enzyme purity .90%

confirmed by SDS-PAGE), was used without further

purification. N-(2-hydroxyethyl)-piperazine-N0-(3-pro-

pane sulfonic acid), HEPPS buffer, from Fisher

Scientific was adjusted to pH 8.0 with 0.1 M NaOH

obtained from the J. T. Baker Chemical Company. All

other reagents were purchased from Aldrich Chemical

Company at the highest quality available and used as

received. Nanopure water from a Barnstead Nanopure

Infinity Ultrapure Water System was used to prepare all

solutions. A 1:10 (v:v) methanol:water solution was

required for complete dissolution of complexes contain-

ing the 3-methyl-2,4-pentanedione, 3-chloro-2,4-pen-

tanedione, benzoylacetone, 1,1,1-trifluoro-2,4-

pentanedione, and 4-methyl-pyridine (4-Mepy) ligands.

The vanadyl-b-diketone complexes and the 4-Mepy

adducts were synthesized using slightly modified

procedures from those reported in the literature

[21–23], i.e. the pH of the reaction mixture was

maintainedbelow3.0 toprevent the formationofvanadyl

hydrous oxide species [24]. The modification results in

lower yields, but a higher purity product. The toxicology

of substituted vanadyl-b-diketone complexes has not

been fullyelucidated,but it is expected tobesimilar to the

parent bis(acetylacetonato)oxovanadium(IV) complex.

Although LD 50 data is not available for this compound,

it is know to cause digestive and respiratory tract

irritation that may result in diarrhea and pulmonary

edema, respectively [25].The intactVO(acac)2 complex,

administered as an oral dose to streptozoocin-induced

rats at a concentration of 125 mgV L21 and as an

intraperitoneal injection at a concentration of

1.275 mg V kg21 in a blood glucose lowering study, was

shown to be less toxic than VOSO4 [17].

Methods

APase assay. The kinetics of calf-intestine APase-

catalyzed dephosphorylation of para-nitrophenyl-

phosphate to form para-nitrophenol ( pNP) was

determined from duplicate experiments at 378C.

The reaction was monitored spectrophotometrically

following the increased intensity of the strong pNP

absorption band at 405 nm. Absorbance data for pNP

was obtained with a Bio Tek EL808 fixed wavelength,

multi-channel, microplate reader using polystyrene,

96 well, assay plates with a well volume of 300mL.

Reaction mixtures consisted of 2.2 ng of calf-intestine

alkaline phosphatase, 0.5 mg mL21 bovine serum

albumin (BSA), 30 mM HEPPS buffer (pH ¼ 8.0),

and 5 mM MgCl2. All reaction components were pre-

incubated in the wells of an assay plate for 5 minutes.

The reaction was initiated by the addition of pNPP,

which resulted in a final solution concentration

between 5-4000mM in pNPP. The reaction was

followed for 10–20 minutes with triplicate measure-

ments made for each substrate concentration.

Activation energy, Ea. The activation energy for calf-

intestineAPase-catalyzeddephosphorylationof4.0 mM

Figure 1. Substituted VO(b-diketone)2 complexes: VO(acac)2,

bis(acetylacetonato)oxovanadium(IV); VO(Meacac)2, bis(3-

methylacetylacetonato)oxovanadium(IV); VO(Clacac)2, bis(3-

chloroacetylacetonato)oxovanadium(IV); VO(CF3ac)2, bis(1,1,1-

trifluoroacetylacetonato)oxovanadium(IV); and VO(Benzac)2,

bis(benzoylacetonato)oxovanadium(IV).
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pNPP was determined from duplicate measurements of

rate constants in the 20-508C temperature range.The Ea

value was used to calculate the activation free energy,

enthalpy, and entropy for the APase-catalyzed reaction.

Enzyme kinetics and inhibition. Kinetic studies with

VO(b-diketone)2 complexes were conducted at 378C

following the procedure described above with 0.0–

10mM inhibitor present in thepre-equilibrated reaction

mixture. To obtain substrate saturation curves, the

slopes obtained from change in absorbance vs. time

curves were plotted as initial velocity normalized by the

enzyme concentration (n) expressed in s21 vs. pNPP

concentration (S), which ranged from 5–4000mM.

Plots of product concentration vs. time were linear for

.20 minutes ruling out product inhibition. The kinetic

constants, kcat and Km, were acquired by fitting the data

to the hyperbolic equation: n ¼ (kcat)(S)/(Km þ S),

with a non-linear least square formula using the

program OriginTM 7.5. The dissociation constant of

the enzyme-inhibitor complex (Ki) was calculated by

fitting the data of several saturation curves in the

presence of different inhibitor concentrations (I) to the

general equation of the competitive inhibition model:

n ¼ ½ðkcatÞðSÞ�=½S þ ðKmÞð1 þ I=KiÞ�. In this case, the

fitting of the data to an equation with two variables (S, I)

was performed using a non-linear least squares

regression of the Gauss-Newton algorithm with

optional damping with an ad hoc program written in C

language [26]. The standard deviation of the

parameters was also obtained using that algorithm.

Values of Ki obtained by linear regression of the plots

K0
m (apparent Km) versus I using the equation

K0
m ¼ (Km)(1 þ I/Ki) were not significantly different

from those obtained by the former procedure.

Duplicate experiments using VOSO4 and Na3VO4

were run under identical conditions.

Calf-intestine APase has been reported to be a half-

site enzyme that follows Michaelis-Menten kinetics

[5]. In this investigation, the results obtained

demonstrated a small negative cooperativity. Conse-

quently, the kinetic parameters for all inhibitors were

also acquired from a fit of the data to the equation:

n ¼ ðkcatÞðS
nÞ=½Sn þ ðKmð1 þ I=KiÞÞ

n�. An average n

value of 0.90 ^ .05 was obtained using this equation,

but the kcat, Km, and Ki values remain within

experimental error of the values obtained by fitting

the data to the Michaelis-Menten equation.

An earlier study indicated that VO(acac)2 may

interact with BSA [16]. Consequently, parallel inhi-

bition studies were conducted in the presence and

absence of BSA. Results indicate that BSA does not

interfere with the inhibition measurements. VO(acac)2,

VO(Clacac)2, and VO(Benzac)2 were reported to

maintain their integrity in solution whereas

VO(Meacac)2 is immediatelyoxidized toa vanadium(V)

species [18]. UV-visible spectral data for the

VO(b-diketone)2 complexes used in the present study

were obtained on a Hewlett-Packard model 8453

spectrophotometer. The first three complexes and

VO(CF3ac)2 were observed to resist oxidation and

dissociation to freeVO2þ(aq)underassayconditions for

the data collection period, VO(Meacac)2 was immedi-

ately oxidized.

Computational. Geometries, electronic structures,

and vibrational frequencies for the VO(Meacac)2,

VO(acac)2, VO(Benzac)2, VO(Clacac)2, and VO(CF3

ac)2 complexes, with idealized C2v symmetry, were

calculated using the B3LYP/6-31G(d) density-

functional method, in which Becke’s three-parameter

hybrid exchange functional (B3) is combined with the

correlation-functional of Lee, Yang and Parr (LYP)

[27,28]. The functionals were operating on the electron

density, which was expanded using the 6-31G(d)

polarized split-valence basis set. The effect of an

aqueous environment on the calculated charge

distribution was modeled using an integral equation

formalism version of the polarized continuum model

[29]. The calculated frequencies were obtained at the

scaled B3LYP/6-31G(d) level using a scaling factor of

0.963 [30] All quantum chemical calculations were

carried out using the Gaussian 03 program[31].

Results and discussion

Calf-intestine APase-catalyzed dephosphorylation of

para-nitrophenylphosphate to para-nitrophenol and

inorganic phosphate was investigated at pH 8.0,

Equation (1).

pNPP22ðaqÞ þ H2OðaqÞ !
C�IAPase

PO32
4 ðaqÞ

þ pNPðaqÞ þ HþðaqÞ ð1Þ

The kinetic constants calculated for this reaction are

kcat ¼ 905 ^ 11 s21, Km ¼ 37.7 ^ 2.2mM and speci-

ficity constant kcat/Km ¼ 2.40 £ 107 M21 s21 at 378C.

The temperature dependence of the rate constant at pH

8.0 in the 20-508C temperature range is plotted in two

ways in Figure 2, i.e. kcat versus absolute temperature

(T) and ln kcat versus 1/T, insert. The curve in Figure 2

was fit to the equation kcat ¼ Ae(2Ea/RT), using

Originq 7.5, where A ¼ (2.97 ^ 1.65) £ 107 s21 and

Ea ¼ 27.0 ^ 1.0 kJ mol21, which is similar to that

reported previously (28.0 kJ mol21) [5].

Eyring’s absolute reaction-rate theory was used to

convert Ea to activation free energy, DG‡
cat, enthalpy,

DH‡
cat, and entropy, DS‡

cat, for the reaction at 258C

[32]. The calculated values are 57.4 kJ mol21,

24.5 kJ mol21, and 2110 J mol21 K21, respectively.

These activation parameters are close to the values

reported for bovine-kidney APase-catalyzed depho-

sphorylation of pNPP at pH 10.0, where its specific

activity is similar to that of calf-intestine APase at pH

A. J. Ziegler et al.24
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8.0 [33]. The large negative DS‡
cat suggests substrate

binding as the rate determining step, but this simple

interpretation must be viewed with caution.

Inhibition of calf-intestine APase-catalyzed depho-

sphorylation of pNPP was carried out with a series of

systematically modified vanadyl-b-diketone com-

plexes, Figure 1. Within this series of complexes, the

electron density at the vanadyl ion was varied by

introducing groups with different electron-inductive

properties on the b-diketone ligand. The 4-methyl-

pyridine adducts of VO(acac)2 and VO(Clacac)2 were

used to assess the role of an available coordination site

on a complex’s equilibrium inhibition constant, Ki.

The presence of an inhibitor increases Km but does

not change kcat, Figure 3. All of the complexes tested

demonstrate this type of competitive inhibition

behavior. This is in contrast to inhibition by

phosphate, where the inhibition is “mixed” in the

sense that both Km and V (activity sic kcat) are affected,

but competitive inhibition is still the most important

component [10].

The Ki values indicate that VO(b-diketone)2 com-

plexes are stronger inhibitors than simple vanadium

salts, Table I. The data suggests that inhibition

increases with the positive character of a metal center.

VO(CF3ac)2, the complex with the most electron-

withdrawing substituted-b-diketone, Table II, is the

most potent APase inhibitor, while complexes with less

electron-withdrawing b-diketones, e.g. VO(Benzac)2

and VO(acac)2, are less potent inhibitors.

The inhibition constants correlate well with the

results of electron density calculations, Figure 4,

R ¼ 0.995. Table II shows that VO(CF3ac)2 has the

most positive character while the vanadyl groups of

VO(acac)2 and VO(Benzac)2 have identical positive

charges in solution. The small variation in the

calculated VO positive charges is consistent with the

narrow range of Ki values observed. The calculated

and observed VO stretching frequencies and the

calculated VZO bond distances are also consistent

with the trend in the calculated VO charges. While the

calculated charges on the VO groups are fairly similar,

the differences are large enough to affect the aqueous

solution chemistry of the complexes as well as their

inhibition potency. The correlation between Ki and

the positive charge on the vanadyl group suggests that

a nucleophile at an enzyme active site might be directly

bound to vanadium in an APase-VO(b-diketone)2

inhibitor complex. This would be analogous to the

situation observed in the crystal structure for E. coli

APase in the presence of vanadate ion [12].

The inhibition kinetics of calf-intestine APase

(,15% pure) with inorganic phosphate is reported

to be very pH dependent, having the greatest

inhibition at about pH 8 with weaker inhibition at

higher pH [10]. The Ki for PO32
4 , 1.4mM at pH 8

[10], is ,3 times the value obtained for VO32
4 in the

present study. Calf-intestine APase is a general

phosphatase that does not utilize a strong steric

mechanism of substrate selectivity and a narrow range

of Ki values was expected. (The observed variation in

Ki for the complexes in Table I is ,10.) A wider range

Table I. Ki values for inhibitors against calf-intestine APase at

pH 8 and 378C.

Compound Ki (mM)

VO(CF3ac)2 0.07 ^ 0.01

VO(Clacac)2 0.15 ^ 0.01

VO(Meacac)2* 0.34 ^ 0.04

VO(Benzac)2 0.40 ^ 0.05

VO(acac)2 0.43 ^ 0.04

Na3VO4 0.49 ^ 0.04

VOSO4 0.55 ^ 0.06

VO(acac)2·4-Mepy 0.69 ^ 0.04

VO(Clacac)2·4-Mepy 1.04 ^ 0.13

* Oxidizes to vanadium(V), possibly [VO(Meacac)2]þ.

Figure 2. Temperature dependence of kcat for calf-intestine APase

catalyzed pNPP dephosphorylation.

Figure 3. Panel A. Plot of APase activity versus pNPP

concentration at different VO(Clacac)2 inhibitor concentrations.

Panel B. Plots of k0cat versus inhibitor concentration and K0
m versus

inhibitor concentration.

Inhibition of alkaline phosphatase by vanadyl-b-ketone complexes 25
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of values, however, is anticipated for these vanadyl-b-

diketone complexes with specific phosphatases, e.g. a

protein tyrosine phosphatase.

In some instances, vanadium complexes act as

better in vivo inhibitors than inorganic sources of

vanadium because the greater lipophilicity of the

complex allows for better cell membrane permeability

[13]. Significantly stronger inhibition by some of the

vanadyl-b-diketone complexes was not observed in

the in vitro studies reported here, e.g. inhibition by

Na3VO4 is similar to VO(acac)2, Table I.

Absorption spectroscopy was used to study the

vanadyl-b-diketone complexes under assay conditions.

The solution spectra of VO(acac)2, VO(Benzac)2, and

VO(CF3ac)2 were unchanged after 30 minutes, while

the spectrum of VO(Clacac)2 changed slightly after

15 minutes, indicating some dissociation to a partially

intact complex with a large amount of the intact

complex still present. For measurements involving

VO(Clacac)2, the pNPP dephosphorylation was only

followed for 10 minutes to ensure that the complex

remained intact for the entire data collection period.

For these four compounds, the intact complexes most

likely inhibit the reaction by binding to the APase

through an available coordination site, i.e. the axial site

occupied by water. The solution spectrum of

VO(Meacac)2, however, immediately changed upon

dissolution indicating oxidation of the complex to a

vanadium(V) species, possibly [VO(Meacac)2]þ [18].

Thus, the value reported in Table I for VO(Meacac)2 is

not a measure of the inhibition potency for the

vanadium(IV) complex.

APase inhibition by an aged VO(Clacac)2 solution

was also investigated. After 15 minutes the solution is

a slightly poorer inhibitor than the freshly prepared

solution. The aged solution gradually becomes a

poorer inhibitor with time, reaching a maximum Ki of

1.7mM after 4 hours. At 24 hours the aged solution

has an apparent Ki (,0.9mM) that is 6 times greater

than the freshly prepared solution.

Vanadyl-b-diketone complexes are frequently five

coordinate in the solid state, but in aqueous solution

the sixth coordination site is occupied by a water

molecule[18]. The water molecule presumably is

readily replaced in the aqua complex, providing an

available coordination site on vanadium for binding

the APase and eliciting inhibitory behavior. The

4-methyl-pyridine adducts of VO(acac)2 and

VO(Clacac)2 were synthesized and the Ki values

measured to test this scenario. The Ki value for

VO(acac)2·4-Mepy is higher than that for the parent

VO(acac)2 (0.69mM vs. 0.43mM), but the difference

is not as dramatic as the difference between

VO(Clacac)2 (Ki ¼ 0.15mM) and its 4-Mepy adduct

(Ki ¼ 1.04mM). The stronger Lewis acidity of

VO(Clacac)2 would provide tighter binding of the

4-Mepy ligand, which more effectively blocks APase

coordination at the sixth coordination site. With a less

readily available sixth coordination site, the inhibition

potency of VO(Clacac)2·4-Mepy is diminished to

become the least effective APase inhibitor tested.

VO(acac)2, with weaker Lewis acidity, would not bind

as tightly to a sixth ligand and the 4-Mepy ligand

undoubtedly would be more readily replaced in the

VO(acac)2·4-Mepy adduct.

Table II. Variations in physical properties of VO(b-diketone)2 complexes.

VO charge (au)a IR: n(VvO)(cm21)b

Compound gas soln. VvO bond length (Å) calc. obs. xG (Pauling)c

VO(Meacac)2 0.733 0.672 1.572 1072 997 2.30 (CH3)

VO(acac)2 0.745 0.691 1.570 1076 997 2.20 (H)

VO(Benzac)2
d 0.750 0.691 1.571 1074 997 2.58 (C6H5)0

VO(Clacac)2 0.770 0.733 1.568 1080 1048 3.16 (Cl)

VO(CF3ac)2
d 0.783 0.752 1.565 1086 1056 3.32 (CF3)0

a Mulliken charge in atomic units (au) on the vanadyl group in the gas-phase and aqueous solution; b VvO bond stretching frequency. The

calculated frequencies were obtained using a scaling factor of 0.963. The experimental frequencies were obtained from the infrared spectra of

polycrystalline samples run as nujol mulls with air as the background; c Pauling group electronegativity for substituents (R or R0) of

Figure 1. [34]; d Trans configuration.

Figure 4. Correlation of Ki (mM) for VO(b-diketone)2 complexes

in aqueous solution with the calculated Mulliken charge on the VO

group in atomic units, R ¼ 0.995. VO(Meacac)2 oxidizes

immediately to vanadium(V) under assay conditions.

A. J. Ziegler et al.26
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The crystal structure of vanadate bound to E. coli

APase shows a serine nucleophile occupying an axial

position in vanadium’s inner coordination sphere [12].

Observation of this interaction affords the strong

likelihood that vanadyl complexes bind to phospha-

tases in a similar fashion, i.e. through an available

coordination site. It further supports the suggestion

that a more positive center allows the complex to bind

more tightly to the enzyme as indicated by the stronger

inhibition potency of VO(CF3ac)2. While the solution

chemistry of vanadium to some degree limited the

range of electronic environments investigated, the

range was wide enough to obtain meaningful data that

enabled identification of a correlation between the

positive charge on the VO group and the inhibition

potency of the VO(b-diketone)2 complex. This type of

information, combined with the baseline data obtained

for calf-intestine APase inhibition by the systematically

modified vanadyl-b-diketone complexes, is essential

for the rational design of potent phosphatase inhibitors.

Additionally, the results of the ab initio electron density

calculations should be useful for classical molecular

simulations of inhibition of other phosphatases.
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