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Abstract 
The synthetic substrate anthraniloyl-fl-glyeerol-P binds to myoinositol monophosphatase with a K~ = 5/tM at pH 7.5. The anthraniloyl chromo- 

phore, excited at 330 nm, sensitizes the long lived luminescence of bound Th(III) at 490, 545, 585 and 620 nm. Assuming a mechanism of radiationless 
energy transfer, the actual distance of separation between the donor-aceeptor pair was calculated to be R = 10/k. Tb(III) binds to the mono- 
phosphatase with a K d = 2/IM, whereas Ca-(II) displaces the lanthanide at concentrations above 0.1 mM. The binding studies support the notion 
that Tb(III), Ca(II) and Mg(II) interact with a common binding site on the protein. Phosphate ion, a strong competitive inhibitor, perturbs the 
luminescence of bound Tb(III), whereas the substrate fl-glycero-P has no effect on the luminescence yield and long-lived emission of bound Tb(III). 
It is suggested that the phosphate group of the substrate is not in direct contact with the metal ion coordinated to several amino acid residues of 
the enzyme. 
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1. Introduction 

Inos i to l  m o n o p h o s p h a t a s e  ca ta lyzes  d e p h o s p h o r y l a -  
t ion o f  m y o i n o s i t o l - I - p h o s p h a t e  to myoinos i to l ,  which  is 
needed  for  resynthesis  o f  p h o s p h a t i d y l  inos i to l  [1]. The  
comple te  c D N A  and  deduced  amino  ac id  sequence o f  the 
human ,  bovine  and  ra t  b ra in  enzymes has  been r epo r t ed  

[2,31. 
The  s t ructure  o f  h u m a n  myo inos i to l  m o n o p h o s -  

pha tase  has  been de t e rmined  to  2.1 /k reso lu t ion  by  X-  
ray  c rys t a l log raphy  [4]. A k inked  s t ructure ,  fo rmed  by  
amino  ac id  residues 90-95,  su r rounds  the l an than ide  
G d ( I I I )  which is also c o o r d i n a t e d  to wate r  molecules  and  
one su lpha te  ion [4]. 

I t  has  been suggested tha t  the  sites occupied  by  the 
l an than ide  G d ( I I I )  and  su lphate  in the crysta l  s t ruc ture  
are  l ikely to be occupied  by  Mg( I I )  a n d  the p h o s p h o a t e  
o f  the subs t ra te  when the enzyme is engaged  in catalysis .  
The  meta l  ion  Mg( I I )  is essential  for  ca ta ly t ic  ac t iv i ty  [5], 
and  it is b o u n d  to the site occupied  by  the l an than ide  
Tb( I I I )  complexed  to  the p ro te in  [6]. A l t h o u g h  lan tha-  
nides have been used as ca lc ium ana logues  to  p robe  the 
meta l  b ind ing  env i ronmen t  o f  ca lc ium b ind ing  pro te ins  
[7], there  is no  in fo rma t ion  avai lab le  on  the effect o f  
Ca( I I )  and  subs t ra tes  on  the luminescence p roper t i e s  o f  
Tb( I I I )  c o o r d i n a t e d  to  the  m o n o p h o s p h a t a s e .  Here ,  we 
have inves t iga ted  cer ta in  aspects  o f  the b ind ing  o f  the 
subs t ra te  aminobenzoyl - f l -g lycero l -P  and  the inh ib i to r  
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Tb( I I I )  to the  m o n o p h o s p h a t a s e  by  means  o f  lumines-  
cence techniques.  

F luorescence  spec t roscopy  is used to m o n i t o r  the 
b ind ing  o f  the subs t ra te  an thrani loyl - f l -g lycero l -P  to  the 
m o n o p h o s p h a t a s e ,  whereas  phosphorescence  spectros-  
copy  is used to  detect  the  effects o f  inh ib i tors  and  sub- 
s t rates  on  the long- l ived luminescence o f  Tb( I I I )  coord i -  
na ted  to  the  prote in .  

2. Experimental 

2.1. Purification of the enzyme 
The procedure developed by Meek et ai. [8] for the purification of 

bovine brain myoinositol monophosphatase was used in the isolation 
of the enzyme from pig brain. Starting with 6.4 kg of fresh pig brain, 
16 mg of pure myoinositol monophosphatase were obtained. Purity of 
the enzyme was tested on SDS-PAGE using 12.5% polyacrylamide gels. 
The specific activity of the purified enzyme was 8 pmol/min/mg with 
nL-fl-inositol-I-P and 4 pmol/min/mg with DL-fl-glycero-P at pH 7.5, 
250C. Protein concentration was determined by the method of 
Bradford [9]. The formation of inorganic phosphate was assayed with 
Malachite green as described by Lanzetta et al. [10]. Enzymatic assays 
were performed at pH 7.5 in 10 mM Tris-HCl containing Dc-fl-glycero- 
P (2 mM), MgCI2 (2 mM) and NaCl (0.1 M). 

2.2. Binding of anthraniloyl-~-glycerol-P (Ant-~-Gly-P) 
Anthraniloyl-fl-glyeerol-P was synthesized as described in reference 

[11]. The purity of the compound was tested by thin-layer chromatog- 
raphy and NMR spectroscopy [11]. The NMR spectrum was recorded 
using a 250 MHz Briicker spectrometer. The emission spectra of Ant- 
fl-Gly-P were measured in the presence and absence of myoinositol 
monophosphatase at pH 7.5 in 20 mM Tris-HC1 buffer. The fraction 
ofligand bound et = F - FJFra - Fo was determined by adding increas- 
ing concentrations of Ant-fl-Gly-P to a fixed concentration of enzyme 
upon excitation at 330 nm. FM, the maximum increase in fluorescence, 
was determined directly by adding increasing concentrations of enzyme 
to a fixed concentration of Ant-fl-Gly-P (5 ~tM). The average number 
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of ligand molecules bound per mol of monomer (v) was determined for 
points along the titration curve by means of Eqn. 1: 

v = ~ x [(LJPo)] (l) 

where Lo and Po are the total ligand and protein concentrations, respec- 
tively. Plots of v/[L] vs. v were used in the analysis of binding results. 

2.3. Fluorescence spectroscopy 
A Perkin-Elmer model LS 50B spectrofluorimeter was used in the 

fluorescence and phosphorescence measurements. For the study of 
Tb(III) phosphorescence, the sample was excited with a pulsed Xenon 
flash lamp with pulse width at half peak height of 10/~s. The delay and 
gate time were 1 ,us and excitation and emission slits set at 5 nm. 
Phosphorescence decay curves were fit by computer to single or double 
exponential functions using Statgraphics. Absorption spectra were re- 
corded in a Shimadzu spectrophotometer. 

2.4. Materials 
All the resins used in the purification of the enzyme were 

purchased from Pharmacia (Hong Kong). The substrates DL-fl-inosito1- 
l-P, DL-fl-glycero-P and 2'-AMP were purchased from Sigma. TbCI3 
was purchased from Aldrich. Pig brains were obtained from a local 
slaughterhouse. 
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Fig. 2. Luminescence spectra of Tb(III)-myoinositol monophosphatase 
(20 pM). Spectra were recorded in the absence (--)  and presence of 
anthraniloyl-fl-glycerol-P (20/tM) ( . . . .  ) upon excitation at 290 and 330 
nm, respectively, with a pulsed Xenon flash lamp. The luminescence 
spectrum of Tb(III)-myoinositol monophosphatase (20/IM) excited at 
330 n m (  . . . .  ) is included in the figure. 

3. Results and discussion 

3.1. Binding of anthraniloyl-~-glycerol-P 
Insertion of  an aminobenzoyl group in the structure 

of  fl-Glycero-P renders a compound that is a stubstrate 
of  myoinositol monophosphatase in the presence of  
MgC12 [11]. In order to prevent any hydrolysis of  the 
fluorescent substrate, the fluorometric titrations were 
conducted in the presence of  CaC12 (5 mM) which is 
known to be a competitive inhibitor of  Mg(II) [5]. 

Addition of  one equivalent of  Ant-fl-Gly-P to the en- 
zyme (13 stM, monomer) brings about  a 21% enhance- 
ment of  the fluorescence emitted by the ligand when 
excited at 330 urn. The enhancement of substrate fluores- 
cence was used to determine the stoichiometry of  bind- 
ing. The results of  fluorometric titrations obtained when 
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Fig. 1. Plot of vI[L] vs. v. Analysis of the titration results of myoinositol 
monophosphatase (6/.tM) with varying concentrations of anthraniloyl- 
fl-glycerol-P in 20 mM Tris-HCl buffer (pH 7.5) containing CaC12 
(5 mM). A dissociation constant Kd = 5 g M  was determined for one 
binding site/monomer. 

the enzyme (6 gM, monomer) was allowed to interact 
with increasing concentrations of  Ant-fl-Gly-P are given 
in Fig. 1. A dissociation constant Kd = 5 g M  was ob- 
tained for the binding of  1 mol of  Ant-fl-Gly-P per mon- 
omer of  enzyme. 

3.2. Sensitized Tb (III) luminescence 
Tb(III) exhibits strong luminescence bands when 

bound to myoinositol monophosphatase at pH 7.5. Two 
major bands centered at 490 and 545 nm and two minor 
bands at 585 and 620 nm are detected upon excitation 
at 290 nm (Fig. 2). The sensitization of  Tb(III) lumines- 
cence is predominantly due to radiationless energy trans- 
fer from tryptophanyl residues as revealed by the excita- 
tion spectrum. 

When Ant-fl-Gly-P (20/.tM) was allowed to mix with 
Tb(III)-monophosphatase (20/tM) and the luminescence 
of  bound Tb(III) recorded upon excitation at 330 nm, it 
was found that the luminescence of  the lanthanide is 
substantially increased when compared to Tb(III)- 
monophosphatase excited at 330 nm (Fig. 2). 

I f  the observed sensitized luminescence is due to radi- 
ationless energy transfer from the anthraniloyl donor  to 
bound Tb(III), then the actual distance of  separation can 
be determined by resorting to Forster 's theory of  reso- 
nance transfer [12]. Accordingly, the critical distance of  
transfer Ro = 5 /~  was obtained from Eqn. 2: 

R o = (8.78 x 10-25)x 2 x QD x J x n -4 (2) 

when the orientation factor x 2 = 2/3, the refractive index 
n = 1.33, the quantum yield QD = 0.12 and the overlap 
integral J = 1.4 x 10 -t9 cm 6 • mo1-1 were used in the cal- 
culations. The overlap integral was determined from the 
recorded spectra included in Fig. 3. The efficiency of  
energy transfer E = 0.0128 was obtained with the aid of  
Eqn. 3: 
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A (AA [IAD ] 
e = A ( to × - l j  (3)  

where A(AA) and A(AI)) are the absorbances of donor 
and acceptor at the excitation wavelength of 330 nm and 
IAD/IA is the ratio of the areas of the emission spectra 
of the acceptor (Tb(III)) in the presence and absence of 
donor. An actual distance of transfer of Ro = 10 A was 
calculated with the aid of Eqn. 4: 

1 

R = R o - 1 (4) 

Since the amino acids residues coordinated to Gd(III) 
in the X-ray crystallographic structure of myoinositol 
monophosphatase are within 2.5 A of the metal center 
[4]. It is evident that the anthraniloyl chromophore is not 
in direct contact with the metal ion Tb(III) coordinated 
to myoinositol monophosphatase. 

3.3. Effect  o f  inhibitors and substrates on Tb( l I1)  
luminescence 

The effect of Ca(II) and phosphate ions on the lumi- 
nescence properties of Tb(III) bound to the enzyme was 
examined by phosphorescence spectroscopy. The lumi- 
nescence spectra recorded in Fig. 4 shows the concentra- 
tions of Ca(II) and phosphate required to displace the 
lanthanide from its binding site. The decrease in lumines- 
cence yield induced by CaC12 suggests that the site of 
coordination of Tb(III) can be occupied by Ca(II) ions. 
On the other hand, inorganic phosphate a strong com- 
petitive inhibitor with respect to the substrate fl-Glycero- 
P (Ki = 0.1 mM) displaces Tb(III) from its coordination 
site. This dramatic reduction in the sensitized lumines- 
cence of Tb(III) is reversed by addition of increasing 
concentrations of the lanthanide. When the concentra- 
tion of Tb(III) approaches 0.2 mM, the original lumines- 
cence of Tb(III) enzyme complex is restored. 

In marked contrast to inorganic phosphate, the sub- 
strates of the enzyme DL-fl-Glycero-P, and inositol-I-P 
do not perturb the sensitized luminescence of bound 
Tb(III). Indeed, the luminescence yield and long-lived 
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Fig. 3. Absorption spectrum of TbCls and emission spectrum ofanthra- 
niloyl-fl-glycerol-P used in the calculation of the overlap integral (J). 
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Fig. 4. Luminescence spectra of Tb(III)-myoinositol monophosphatase 
(20 pM). Spectra were recorded in the absence (--) and presence of 
CaCI2 (1 mM) ( . . . .  ) and in the presence of phosphate ions (0.1 mM) 
( . . . .  ) in 20 mM Tris-HCl (pH 7.5). Excitation with a pulsed Xenon 
flash lamp at 290 nm; excitation and emission slits, 5 nm. 

luminescence ofTb(III) (~'p = 1.1 ms) remains essentially 
invariant in the presence of 1 mM concentrations of 
inositoM-P and DL-fl-Glycero-P. Moreover, the presence 
of the substrates do not prevent the reduction of lumines- 
cence yield caused by inorganic phosphate. 

Hence, the luminescence studies reported in this work 
do not support the hypothesis that the phosphate group 
of the substrate is coordinated to Tb(III) bound to amino 
acid residues of the enzyme. Moreover, the energy trans- 
fer measurements indicate that an anthraniloyl moiety 
covalently bound to fl-Glycero-P is 10 A away from the 
metal center. 
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