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Inhibition of a tartrate-resistant acid phosphatase
study,one of these compounds,namely
Complex E ( [ a (ACP) from Leishmania donovani and the tartrate- (NH4)6P2M018062]9.
H@), was shown to bea potent inhibitor
sensitive ACP fromhumanseminalfluid(prostatic
(lo.s,
0.25 PM) of the leishmanial acid phosphatase (1).
ACP) was examined using a series of 13 molybdatePurified phosphatasesfrom 1;. donouani and human seminal
containingheteropolyanions.Theheteropolyanions
fluid are of particular interest because they are capable of
were divided into four groupsbased on the number of inhibiting the productionof superoxide anions (0;)
by stimmolybdenum atoms they contain: GroupI, Mo4; Group ulated human neutrophils (3, 4). Furthermore, the inclusion
11, M O ~ -Group
~;
111, Molz; Group IV, Mols. Two of the of complex E in a suspension of opsonized L. donouani profour groups, those consisting of compounds that con- mastigotes and neutrophils enhances 0; production by neutain either anMo4 unit or an Mols unit with a heter- trophils and has beenused to investigate the role of the
oatom in the central cavity, were potent inhibitors parasite
and
phosphatase in the blocking of 0; production by
exhibited the highest degree of selectivity against the
(5). Thus, heteropolymolybdates may prove to be
phagocytes
leishmanial and seminal fluidACPs. The inhibition of
prostatic ACP by complex E2 could be completely re- useful as reagents in the investigation of the structure, funcversed by dialysis. Little inhibition of the acid phos- tion, and significance of acid phosphatases. Simple vanadate
phatase, @-glucuronidase, or a-mannosidase from hu- and molybdate salts also inhibit a number of phosphatases,
man spleen was observed with complexes B’ and Ea. ATPases, dehydrogenases, and phosphotyrosine phosphatases
of some of these
For the seminal fluid phosphatase, the Kivalues ob- and have been used t o probe the mechanisms
enzymes (6-8). Investigating the interaction of these simple
tained with arsenate and vanadate depended markedly
acid phosphatases
on pH, suggesting that, unlike most other phospha- anionsandtheheteropolyanionswith
tases, the conformationof the inhibitor binding site
on should further our understanding of how heteropolyanions
human seminal fluid ACP is pH-dependent. Results of interact with phosphomonoesterases.
competition experiments performed with various inIn the present study, we report the effects of several hethibitor pairs indicated that complex D2binds to the eropolyanions on an acid phosphatase froma mammalian
active site of prostatic ACP while complex M binds at source (humanprostate)andanother
from the single-cell
some site on the enzyme that affects the active site. eukaryote, L. donouani. The similarities between these two
Binding of complex M also modifies the affinityof the acid phosphatases have led us toprobe the interactions of the
enzyme for other inhibitors such
as vanadate. The
seminal fluid ACP’ as a model for the L.donouani ACP
potency of severalheteropolyanioncomplexes
and because the former ismuch more readily available. The semtheir selective inhibition of pathophysiologically sig- inal fluid acid phosphatase also warrants study in its own
nificant acidphosphatasesindicate
that these com- right since it has protein phosphatase activity
(9).
pounds may have value as tools for studyof the structure andfunction of this class of enzyme and perhaps
MATERIALSANDMETHODS
in the therapy
of human disease.

Micromolar concentrations of a number of polyheteroanionic molybdenum and transition metalcomplexes inhibit the
cell surfacetartrate-resistant acid phosphatase of Leishmania
donouani parasites (1).Heteropolyanions are oxoanions that
have the general formula [X,M,O,H~]“- where X is the heteroatom andM most commonly Mo, W, or V ( 2 ) .In a previous

L. donovani. (Sudan 1) promastigotes were grown and harvested as
described elsewhere (10). Human seminal fluid was kindly provided
by Dr. William Smith, Mercy Hospital, Pittsburgh, PA. The heteropolymolybdate complexes were synthesized as described previously
(1).
Purification ofAcidPhosphatases-Human seminal fluid acid phosphatase was purified to homogeneity using a three-step column chromatographic procedure (4).The cell surface acid phosphatase of L.
donovani was purified through the gel filtration step as described
elsewhere (11). Humanspleen acid phosphatase was prepared a s
previously described (12).
Enzyme Assays-The standard fluorometric phosphatase assay
was
performed using 4-methylumbelliferyl phosphate (MUP) as the substrate; the 0.1-ml incubation medium contained 5.0 mM MUP and
0.2 M sodium acetate (pH 5.5). Incubations were carried out for 15
min at 37 “C and terminated by the addition of 2.9ml of 0.3 M
glycine/NH,OH buffer (pH 10.3). Fluorescence was determined as
described elsewhere (13). One unit of phosphatase activity is defined
as the amountof enzyme required to convert 1 nmol of substrate to
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product per h. a-Mannosidase and @-glucuronidaseactivities were
determined as described elsewhere (1).
Protein Determination-Protein concentration was estimated by
the method of Bradford (14) using bovine serum albumin as standard.
Data Analysis-Determination of the Michaelis-Menten parameters, K, and VmaX,
for the acid phosphatases was performed in the
presence and absence of various inhibitors (concentrations specified
in the text and figure legends) using six to eight substrate (MUP)
concentrations in the range 0.3-3.0 X K,,,. The initial reaction rates
and their corresponding substrate concentrations were subjected to
computer analysis which fits the data to a rectangular hyperbola
using the mathematical procedure described by Cleland (15). The
mean of the K,,, and VmaX
errors calculated by this program averaged
10%and 5%, respectively. Lineweaver-Burke plots or Dixon plots are
used for illustration purposes. In each case, a replot of slope uersus
inhibitor concentration was constructed, and the abscissa intercept
was calculated by linear regression analysis; the inhibition constant
for each inhibitor (K,) was calculated from the abscissa intercepts of
the replots.
Vanadium-51 NMR Spectroscopy (7, 16)"Spectra were recorded
on Bruker 300 and 500 MHz 'H spectrometers at 79 MHz and 131.5
MHz using a 90" pulse angle, 0.2-s pulse delay, and 8,000-15,000 Hz
sweep widths. Under these conditions, the relaxation times (TI)
ranged from 5-15 ms. The spectra were recorded using an external
lock, and the chemical shifts were reported with respect to VOClz. In
practice, a solution containing 10 mM diethanolamine, 10 mM ammonium vanadate, 0.1 M sodium imidazole (pH 8.8), and 0.5 M KC1
provided the external reference (the diethanolamine-vanadate complex is observed at -490 ppm) (16).
Vanadate solutions were prepared immediately before use to minimize the formation of the vanadate decamer. Solutions at pH 5.5
were prepared according to the assay conditions and contained 0.2 M
sodium acetate and various concentrations of ammonium vanadate.
Solutions at pH 7.1 were prepared in 0.1 hi sodium imidazole buffer
and contained various concentrations of ammonium vanadate. The
concentrations of the individual vanadate species were determined
for each assay solution and found to follow the oligomerization
reactions described by the equilibria expressed by equations 1-3
below. The constants were determined to be K12= 1.1 X 10'M-',K14
= 6.5 X 10' M-3, and KZ4= 5.5 X lo4 M-'.

TABLE
I
List of heteropolyoxometalate complexes usedas acid
phosphatase inhibitors
Designation

B'
B2
B3
L
N
0
S
Dz
M

P

Q
R

Ez
BU = N-CdH,.

Group
assignment

Group I
Group I
Group I
Group 11
Group I1
Group I1
Group I1
Group 111
Group 111
Group I11
Group I11
Group 111
Group IV

Formula"

[C(NHZ)~I~[(CH~)ZA~MO~O~~HI

(BU~N)~(C,H,)~A~MO~O~~H
(BU~N)~(CH~)~ASMO~O~~H
(BU~N)~MO,O~,
(BU~N)~MO~O~~
(NH4)6M07024
.4&O
(NH4)3FeMo6024H6.
ca6H20
(NH4)4GeMo12040.xH20
Na3PMo12040.
xH2O
(NH4),ThMo12O4,.7H2O
(NH~)SC~MO~~O~~.~H~O

(NH4)4(CH3As)4Mo12046.xH20

(NH~)~AS~MO~~O~Z.~H~O

potent inhibitors of the leishmanial and seminal fluid phosphatases. The datain Table I1 showthat complexes ingroups
I, 111, and IV selectively inhibit the leishmanial and human
seminal ACPs as compared to the human spleen ACP. The
heteropolyanions in group I1 vary greatly in their inhibitory
potency. Complex N (Mo6 unit) affects the leishmanial and
seminal fluid ACPs only weakly, whereas Complexes 0 (Mo7
unit), Complex L (Mag unit), andComplex S (Mos Fel unit)
are potent and selective inhibitors of both enzymes. The two
glycosidase activities in the human spleen extract, namely @glucuronidase and a-mannosidase,were only weakly inhibited
(<40%) by 10-fold higher concentrations (i.e. 50 p ~ of) the
heteropolyanions in groups I-IV (Table 11).
Thus, the prostatic and leishmanial phosphatases appear
to be considerably more sensitive to inhibition by the heteropolyoxometalate complexes at pH 5.5 than are the other
three
acid hydrolase activities that were tested. Since the
K12
(1) inhibitory activity of the heteropolyanions appeared to de2v, a vz
pend onthe size of the molybdenum unit, we selected different
K14
size heteropolyanions (Complexes Ez,B', L, Dz,
M, P, and Q)
(2)
4v:
v,
and studied their inhibitory properties more extensively. Several of these complexes (Table I), namely, one in group I
K24
(3) (Complex B'), one in group I1 (Complex L), four in group I11
2v2
v
4
(Complexes DP,M, P, and Q), and one in group IV (Complex
Eq)were selected as representatives of the four groups. Complexes DS,M, P, and Q represent complexes in group I11 in
RESULTS
which the size of the heteroatom increases while their inhibEffects of Heteropolyoxometalate Complexes on the Activity itory potency decreases (Table 11).
of Acid Phosphatases from Different Species and Two GlycoKinetic Analysis of the Inhibition of the Tartrate-resistant
sidases from Human Spleen-Using MUP as substrate, we Acid Phosphatase of L. donovani by Complexes B' and EPcompared the inhibitory effects of 13 heteropolymolybdate Initial reaction rates were determined in the presence of
complexes (Table I) on extensively purified preparations of various concentrations of complexes B' and EPwhile varying
acid phosphatase from human seminal fluid (4)and the outer the substrate concentration over a 10-fold range. Reciprocal
surface of the plasma membrane of L. dorwuani promastigotes reaction rates (1/V) were plotted as a function of the recip(11). Using the same concentration ( 5 @i) of each complex, rocal substrate concentration (1/[S]) at various concentrawe also determined their ability to inhibit the dominant acid tions of Ez(Fig. 1). By plotting the slopes of the lines uersus
phosphatase activity present in a homogenate of human the concentrations of EP,the inhibition constant for complex
spleen.
Ezwas estimated to be 0.6 pM.
The heteropolymolybdate complexes were dividedinto four
To determine if ionic strength might effect the interaction
groups based on the number of molybdenum atoms in each between complexB' and the leishmanial phosphatase, we
anion: group I consists of heteropolyanions with the fragment repeated the inhibition experiment in the presence of 0.8 M
Mo4,group I1 consists of heteropolyanions with an Mos, M o ~ , NaCl. The presence of this saltraised the Ki value of complex
or Mo8 fragment, group I11 consists of heteropolyanions with B' from 1.1 to 12 PM (Table 111). This large increase in the
an MoI2fragment, and group IV consists of heteropolyanions K; value indicates that ionic interactions affect the binding of
complex B' to theleishmanial phosphatase. This observation
with the Mols fragment.
As shown in Table 11, the heteropolyanions are generally is in agreement with the previously reported sensitivity of the
relatively weak inhibitors of human spleen acid phosphatase K, and V,, values of ACPs from other sources to high ionic
(ACP). In contrast, a number of the heteropolyanions are strength (6, 16). The previously reported dependency of K ;

*
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TABLEI1
Comparison of the effectsof various polyanionic molybdenum complexes on
acid phosphatases fromL. donouani,
human seminal fluid, and human spleen
The concentration of each heteropolyanion was 5 PM when testing the acid phosphatase (ACP)from L. donouani,
seminal, and human spleen. The concentration of each heteropolyanion was 50 pM when testing the0-glucuronidase
and a-mannosidase.
Human

Human
Complex added

None
B’
Bz
B3
L

ACP

Human
seminal fluid
(prostatic) ACP

S

77

Dz

84
80
40
20
80
85

M
P

Q
R

E,

I ,

1

I

l/[S], mM-’

FIG. 1. Lineweaver-Burk plots of L. donouani acid phosphatase activity measured in the presence of varying concentrations of complex Et.Phosphatase activity was measured using
the standard acid phosphatase assay over a 10-fold range of MUP
concentrations in the absence (0)or presence of 0.2 pM (A),0.5 pM
(+), and 1.0 PM (B) complex E,. The inset is a replot of the Lineweaver-Burk slope as a function of inhibitor concentration and was
used to calculate the K;of the inhibitor. The correlation coefficient
was 0.98.

values onionic strength (6, 8), however,was considerably
smaller than the differences observed in our experiments.
Kinetic Analysis of the Inhibition of the Tartrate-sensitiue
AcidPhosphatase of Human Seminal Fluid-Experiments
which measured the rates of hydrolysis of MUP in the presence of various concentrations of complexes B’ and EZwere
repeated with the human seminal fluid ACP. The inhibition
pattern obtained with E2 was noncompetitive, the same as
that observed with the leishmanial phosphatase, and the K;
value was 0.75 p~ (Table 111).
Complex B’, a member of the Group I (MoJ family of
heteropolymolybdates, was an even more potent inhibitor of
the seminal fluid ACP (Kt, 0.16 p ~ ) however,
;
it caused a
competitive type of inhibition (Fig. 2). Since acid phosphatases from other sources show little or no variation in Michaelis-Menten parameterswhen the pHof the assay medium
is changed (6), it was of interest to determine the K; for
complex B’ at pH 5.5 in sodium acetate buffer, and at pH 7.1

spleen

spleen p-

0
22
13
20
7
0
10
17
23
13
8
5
28
18

0
0
4
5
0
0
6
4
38
14
12
36
4
3

mannosidase
glucuronidase
ACP
% inhibition

0
70
75
67
60
8
68
72
77
80
45
20
82
75

0
80
68
68
34
4
65

N
0

I

Human
L. donouani

spleen n-

0

27

8
25
10
0
8
10
37
8
8
3
18
10

in sodium imidazole buffer. As shown in Table 111, the K ,
values at pH 5.5 and 7.1 were identical (0.16 p ~ )indicating
,
that the binding of complex B’ to the seminal fluid ACP is
independent of pH over this range of hydrogen ion concentrations. In contrast to the results described above for the leishmanial enzyme, the Ki for complex B’ acting on the seminal
fluid ACP was relatively insensitive to increases in the ionic
strength of the assay medium (Table 111).
Complex L was the only heteropolymolybdate examined for
which the L. donouani ACP was significantly less sensitive to
inhibition relative to the prostatic ACP. It was the only
heteropolyanion tested that contains an Moa unit (Table I).
Since heteropolyanions with an Mo7unit (Complex 0)or Mo6
Fe unit (Complex S) were potent and selective inhibitors
of the two phosphatases, it is possible that theMoa unit does
not fit very well into theinhibitor binding site on the surface
of the L. donouani enzyme, but does fit well into the corresponding site on the human seminal fluid enzyme. Complex
L competitively inhibited the human seminal fluid ACP and
exhibited a Kt of 4.8p ~ Complex
.
M (group 111) noncompetitively inhibited the human seminal fluid ACP (K;= 1.5 p ~ )
In contrast, Complex D2 (group 111) was found to competitively inhibit the human seminal fluid ACP ( K i = 3.9 p ~ )
The K; values for Complex P and Complex Q were both 10
pM (Table 111). It appears that as the size of the heteroatom
increases, the Ki increases and the character of the inhibition
changes to a noncompetitive type (mixed type using Segel’s
(17) terminology).
We were interested in determining if any of the inhibitory
heteropolymolybdates were mutually exclusive in their interaction with the seminal fluid ACP. A procedure for examining
this issue kinetically is to measure Vo/Viuersw the concentration of one inhibitor at various fixed concentrations of a
second inhibitor. Yonetani and Theorell (18) first described
this type of experiment using structurally similar and dissimilar competitive inhibitors. If a series of parallel lines are
obtained in the Vo/Vi uersus inhibitor concentration plot,
then the two inhibitors interact with the enzyme independently of each other. If, on the other hand, intersecting lines
are observed, this is indicative of two inhibitors interfering
with each other’s binding to the enzyme. As shown in Fig. 3,
the Vo/Vi uersw [Complex D2] plots yielded a family of

+
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TABLE
111
Summary of kinetic constants of L. donovani and human seminal fluid acid phosphatase at p H 5.5 and 7.1
Source of acid phosphatase

Heteropolyanion

Experiment I: 0.2 MpHsodium acetate,
L. donouani

5.5

Complex B'
Complex E,
Complex B'
Complex L
Complex D,
Complex M
Complex P
Complex Q
Complex EB
Ammonium molybdate
Ammonium vanadate
Sodium phosphate
Sodium arsenate
Sodium pyrophosphate

Human seminal fluid

Experiment 11: 0.1 M imidazole, pH 7.1
Human seminal fluid

K,

Nature of inhibition

PM

Noncompetitive
Noncompetitive
Competitive
Competitive
Competitive
Noncompetitive
Noncompetitive
Noncompetitive
Noncompetitive
Noncompetitive
Noncompetitive
Competitive
ND
ND

1.10 (12.0)"
0.60
0.16 (0.36)"
4.8
3.94
1.5
lob
lob
0.75
330
700
18,000
>4000
>25,000

Complex B'
Competitive
0.16
Ammonium molybdate
Noncompetitive
830
Noncompetitive
13.0b
Ammonium vanadate
ND
X00
Sodium phosphate
Sodium arsenate
Noncompetitive
10.4
"The number in parentheses is the K, value determined in the presence of 0.8 M NaC1. The nature of the
inhibition was not influenced by the presence of NaCl. The K , of L. donovani acid phosphatase was 0.35 mM at
pH 5.5 and 0.30 mM at pH 7.1. The K,,, of seminal fluid acid phosphatase was 0.30 mM at pH 5.5 and 0.25 mM at
pH 7.1.
The noncompetitive inhibition was of the mixed type inhibition asdescribed by Segel's (17) terminology.
ND. not determined.

-

2

0

2

4

6

8

1

0

l/[S]. mM-'

FIG.2. Lineweaver-Burk plots of human seminal fluid acid
phosphatase activity measured in the presence of different
concentrations of complex B'. Activity was measured over a 10fold range of MUP concentrations in theabsence (0)or presence of
0.1 p M (A),0.2 p~ (+), 0.35 pM (W), and 0.5 p M (V)complex B'. The
inset isareplot
of the Lineweaver-Burk slope and was used to
calculate Ki. The correlation coefficient was 0.99.

parallel straight lines, indicating that Complexes Dz and M
bind in a mutually exclusive manner to theseminal fluid ACP.
The reversibility of the inhibition of prostatic ACPby
heteropolymolybdates was examined by removal of Ez on a
Sephadex G-25 column. The enzyme was preincubated for 30
min with a concentration that is 1250-fold greater (1.0 mM)
than theKivalue of Complex Ez (Table 111). All of the original
phosphatase activity was recovered after removing Ez,indicating that Complex Ez binds reversibly to theenzyme.
Effects of Phosphate, Arsenate, Molybdate, and Vanadate
on
the Seminal Fluid Acid Phosphatase-The results presented
above showthat theleishmanial and seminal fluid ACP have
equivalently high affinities for heteropolyanion complexes.
Since the unusually low sensitivity of these phosphatases to
inhibition by phosphate ion (Table 111) maybe related to

[Complex D21 p M

FIG.3. Plot of Vo/Viuersus [Complex D2] with human sem-

inal fluid acid phosphatase at pH 5.5 in 0.2

M

sodium acetate.

The Vo/Vi ratio at0.25, 0.5, 1.0,and 1.5 p~ Complex M is plotted as
afunction of theconcentration of Complex D,. The correlation
coefficient for all lines was >0.99.

their sensitivity for heteropolyanions, it was important to
examine the effects of simple salts in more detail. The inhibition patterns and Kivalues for inhibitory phosphate, arsenate, vanadate, and molybdate ions were determined on the
seminal fluid ACP. The hydrolysis rates of MUP (5 mM) were
determined at pH 5.5 at various inhibitor concentrations in
the presence of phosphate, arsenate, molybdate, and pyrophosphate: the Kivalues obtained were 18 mM for sodium
phosphate, >4.0 mM for sodium arsenate, 0.33 mM for ammonium molybdate, and >25 mM for pyrophosphate. The Ki
values for these inhibitors were not influenced by the nature
of the cation (i.e. ammonium ion uersus sodium ion, data not
shown). Similar studies performed at pH 7.1 yielded Ki values
> O B mM for sodium phosphate, 0.010 mM for sodium arsenate,and 0.83 mM for ammonium molybdate (Table 111).
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Although the Ki values for these inhibitors with ACPs from species of seminal ACP at pH5.5.
Similar experiments performed at pH 7.1 in sodium imidwheat and potato show little change with change in pH (6,
19), the human seminal fluid ACP exhibits marked changes azole buffer revealed that under these conditions vanadate
in Ki with these inhibitors when the assay pH is changed. monomer is the more potent inhibitor. Reciprocal reaction
Phosphate and arsenate ion at pH 5.5 exhibited competitive rates were plotted as a function of theconcentration of
inhibition patterns, aswas observed by others (6,19) with the monomeric vanadate and a Ki of 13 PM was obtained. When
ACPs from wheat and potato. Vanadate ions caused a non- reciprocal reaction rates were plotted as a function of the
competitive inhibition patternat p H 5.5 and pH7.1, although concentration of various vanadate oligomers, nonlinear plots
the pattern was linear a t low pH and nonlinear at high pH were obtained (data not shown). It was therefore concluded
(or a mixed type using Segel’s (17) terminology). Ammonium that vanadatemonomer inhibits seminalfluid ACP at pH7.1.
molybdate showed a noncompetitiveinhibitionpattern
a t Thus, vanadate notonly becomes a much more potent inhibboth low and high pH (Table 111). Phosphate and pyrophos- itor at neutral pH, but the nature of the inhibiting species
phate ions were both weak inhibitors of the seminal fluid changes from vanadatedimer to vanadatemonomer.
ACP: the Ki for sodium phosphate was 18 mM and that for
Since theKi for Complex B’ did not changewith pH, itwas
sodium pyrophosphate was 25 mM at pH 5.5 (Table 111). of interest to determine whether vanadate binding interferes
These observations differ from what has been reported for with heteropolyanion binding. To this end,a kinetic analysis
wheat and potato ACPs (6,19).
of the seminal fluid ACP was performed at pH 5.5 using a
Since vanadate solutions contain a mixture of vanadate mixture of sodium vanadate and Complex M, both of which
monomer, dimer, tetramer, pentamer, and decamer, the spe- arenoncompetitiveinhibitors
of the enzyme. Using the
cies responsible for the inhibition could potentially be anyof method of Yonetani and Theorell (18),we determined Vo/Vi
these species (7, 19-21). We therefore used 51V NMR spec- at several fixed Complex M concentrations as a function of
troscopy to determine the concentrationof each of the vana- vanadate concentrations. As shown in Fig. 5 , plotting Vn/V,
date species in the assay media at p H 5.5. Our goal was to at fixed Complex M concentrations asa function of vanadate
identify the nature of the inhibiting vanadate species at pH concentration yielded straightlines which converged at a
5.5. Thiscan be accomplishedby plottingthe reciprocal point -aKi, where a is the interaction factor (18). The conreaction rate as
a function of the concentrationof each specific vergence of the lines indicates that the two noncompetitive
vanadate species as described previously (7,20). A Dixon plot inhibitors interfere with each other in inhibiting the
enzyme.
for the vanadate monomer as inhibiting species(Fig. 4A) Binding of Complex M is, therefore, not mutually exclusive
shows a nonlinear relationship and little inhibition at low with binding of the vanadate dimer. In contrast, vanadate
monomer concentrations when no other vanadate oligomers enhances the inhibitionby Complex M, since the lines interare presentin solution. This suggests that the vanadate mon- sect above the horizontalaxis. This observation may reflect a
omer is not the inhibitory species. At higher total vanadate synergistic interaction between the two binding domains for
concentrations (0.3-2 mM) when vanadate oligomers are pres- Complex M and vanadatedimer. Alternatively, anew complex
ent in solution, the reaction ratedecreases significantly. This may form between vanadate dimer and
Complex M. The latter
observation suggests that one or more of these oligomers are explanation is less likely because interactions of vanadate
responsiblefor the observed inhibition. Plotting 1/V as
a dimer with anions are weak. The lack of complex formation
function of the dimer concentrationyielded a linear relation- between vanadate dimer and Complex M is alsounlikely,
ship ( r = 0.99) indicating that vanadate dimer is the inhibitory
because the vanadate dimer is very labile (23). The presence
species (Fig. 4B).Dixon plots for the vanadate tetramer(Fig. of Complex M in the assay solutions is not
likely to affect the
4C) and decamer (Fig. 4 0 ) yielded nonlinear relationships.
vanadate equilibria significantly, because the concentrations
Thus, the dimer can account for the inhibition causedby
of Complex M are so low. It ispossible that thesimple anions
vanadate solutions, and it seems it is the
major inhibitory
and heteropolyanions bind to one site on the phosphatase,
possibly at or near the active site, and that a region of the
A

C

-

[Vanadate],mM

1

1

1

1

1

1

1

0

0.2

0.4

0.6

0.3

0.6

0.9

1.2

1

1

1

1

1

1

0

0.1

0.2

0.3

1

0.2

-

0.1

[I], mM

FIG. 4. Dixon plot of human seminal fluid acid phosphatase
measured using 5 mM MUP in the presence of different ammonium vanadate concentrations at pH 5.5 in 0.2 M sodium
acetate. The vanadate speciation was determined using 51VNMR
spectroscopy, and the reciprocal reaction rates were plotted as a
function of vanadate monomer ( A ) , dimer ( B ) , tetramer (C), and
decamer ( D )concentrations (expressed in terms of millimolar vanadium atoms). The correlation coefficient for the line in panel B was
0.99. The units of the ordinate are M.

-2.0

-1.0

02.0

1.0

3.0

[Complex MI, pM

FIG. 5. Plot of Vo/Vi uersus [Complex MI for human seminal
fluid acid phosphatase at pH 5.5 in 0.2 M sodium acetate. The
V,/V; ratio at 0.25,0.5, 1.0, and 2.0 mM ammonium vanadate is
plotted as a function of the concentration of Complex M. The correlation coefficient for all lines was >0.99.
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enzyme’s active site. Since Complexes M and Dzbind in a
mutually exclusive manner to this ACP, it is possible that
Complex M binds to the same site, but in a different orientation, such that the phosphatase is now inhibited in a nonDISCUSSION
competitive inhibition manner.
The affinity of prostatic ACP for Complex B’ was not pHHeteropolymolybdate complexes are potentially useful
therapeutic agents because they readily penetrate mammalian dependent in the pH range 5.5-7.1 (Table 111). Inhibition by
ions, however,was markedly pHcells and inhibit viral replication, while certain phosphatases vanadateandarsenate
appear to be virulence factors for some human pathogens (e.g. dependent. Kinetic studies with Complex M and vanadate
Leishmania spp., Legionella micdadei (3,24-27)). In previously showed that there wassome interaction between the two
published studies (1, 5), we identified a number of complex inhibitors. The results of these mixing experiments indicate
organometalates in theheteropolymolybdate family, including that the domain on the enzyme where vanadate ions bind
two heteropolyanions inparticular (complexes E and G), changes with pH in a manner which does not directly affect
which were relatively specific in their ability to inhibit ACPs the active site. The only group IV heteropolymolybdate that
of parasite (Leishmania spp.) and human (prostate gland) was examined, namely Complex Ez, was very inhibitory and
origin. In the present study, we have expanded upon the intermediate in terms of selectivity between the leishmanial
specific structural properties required of such inhibitors and and theprostatic phosphatases.
The ACPs from L. donouani andhuman seminal fluid
have examined the nature of binding of these inhibitors to
appear to contain specific binding sites for heteropolyanions.
the ACPs from L. donovani and human seminal fluid.
The ACP from seminal fluid is a good model enzyme for The mechanism of hydrolysis of organic phosphate substrates
the less available L. donovani ACP. One of the key properties catalyzed by ACPs involves nucleophilic attack of the subthat distinguishes these ACPs from those of other sources is strate by an imidazole residue on the enzyme to generate a
their low affinity for phosphate ion. The sensitivity exhibited phosphohistidine-enzyme intermediate (19). The hydrolysis
by these enzymes to heteropolyanions is unlikely to be ob- of this phosphohistidine enzyme complexis believed to be the
served with other phosphatases that have the usual high rate-limiting step in the reaction. The substrates are thought
to bind to the enzyme in the monoanionic form. This is
affinity for phosphate and vanadateions.
increases the K,,,
All of the heteropolyanions in group I (Moil unit) showed supported by the observation that as the pH
high selectivity for both ACPs and were potent inhibitors of increases to account for the changes in concentration of the
the two target phosphatases. These complexes contain iden- monoanion (19). In the present study, the inhibition pattern
tical anion structures (-AsMorOlsH), and inhibition was not of inhibitors, including phosphate and arsenate, depended
significantly affected by the nature of the counteranion or markedly upon the pH of the assay medium, contrary to the
reported values for potato phosphatase (6). The K; values
organic substituents. The observed inhibition patterns are
consistent with the hypothesis that these complexes bind to obtained for phosphate, arsenate, and molybdate at pH 5.5
the active site of the prostatic phosphatase in place of sub- are remarkably high when compared to the inhibitor constrate, whereas such a relationship is not observed for the stants observed with other phosphatases (6, 19). However,
leishmanial ACP. The complexes we examined from group I1 when the K, for the seminal fluid ACP was determined at pH
exhibited variable affinities for the seminal phosphatase, and 7.1, a 50-fold decrease in the Kivalue was observed (Table
this may be related to structural differences and the chemical 111). It is likely that deprotonation of an amino acid residue
properties of these complexes. Complex N, for example, which in the enzyme’s active site dramatically changes the conforisthe least active phosphatase inhibitor, has a very low mation of the active site, thereby altering inhibitorspecificity.
affinity for H-bond donors (1) and therefore is unlikely to The changes in the affinity of these ACPs for heteropolybind significantly to any of the enzymes. Although Complexes anions with change in pH may prove useful when studying
L, 0, and S have different molybdenum anionic structures, their effects in vivo.
Vanadate has a relatively high affinity for ACPs at pH 7.1,
they have similar structural dimensions. Complex S, which
contains the Mo6 Fe moiety, showed the desired selectivity and the inhibiting species is presumably monomeric. Most
active species
and potency against the target phosphatases. Complex L, on phosphatases areinhibited by vanadate, and the
the other hand, was somewhat less inhibitory against the L. is believed to be monomeric vanadate (6, 8, 20). However, at
donovani enzyme, but had a relatively high affinity for the pH 5.5, the sensitivity of the prostatic ACP to vanadate
decreases markedly, the inhibition pattern changes, and the
seminal fluid ACP (Table 11).
All compounds in group I11 showed selectivity in inhibiting inhibitory vanadate species changes from the vanadate monthe target phosphatases. The affinity of the heteropolyanion omer to the dimer. The affinity of this ACP for phosphate is
for thesephosphatases appears to decrease as the center cavity very low. It is noteworthy that monomeric vanadate is much
heteroatom increases in size from germanium and phosphorus more inhibitory than phosphate and that dimeric vanadate is
to thorium and cerium and as theanion structure andsurface a much more potent inhibitor than pyrophosphate. Since in
the pH range over which we examined the affinity of the
charge density changes from Complexes Dz (-4) and M (-3)
phosphatase for these anions, the protonation state of the
to Complexes P (-8) and Q (-8). This particularheteropolyanion family represents the only group of complexes in inhibitor was presumably constant, the observed differences
which we observed a relatively wide range of inhibitor affini- in K, values should be attributable to factorsotherthan
ties. Complexes that contain phosphorus, thorium, andcerium electronic effects. Furthermore, because the vanadium-oxygen
probably also bind somewhat differently from Complex Dz to bond is 0.18 A longer than the phosphorus-oxygen bond, the
the two phosphatases because noncompetitive inhibition pat- differences observed in K; values could be the result of steric
terns were observed with these compounds. The results of effects. It appears that the human seminal fluid ACP has an
inhibition studies performed with mixtures of Complexes D P active site in which a phosphateion is not well accommodated
and M suggest that these inhibitors bindin a mutually exclu- and that thechanges in pH affect the environment surroundsive manner to seminal fluid ACP.Complex DZ may, as ing the active site of this enzyme. The change in theseminal
suggested by its competitive inhibition pattern, bind to the fluid enzyme’s affinity for vanadate maybe the result of
enzyme’s surface changes as afunction of pH. These changes
interfere only with the ability of some of the heteropolyanions
to bind.

+

Inhibition
Polymolybdates
of Phosphatases
by

3517

protonation of a key amino acid residue essential for binding spectrometer. We also thank Lisa A. Theisen for technical assistance
of the vanadate dimer to the protein. Alternatively, protona- in recording the 500 MHz NMR spectra and Carol Valencia for typing
the manuscript.
tion of the enzyme could increase the positive charge in the
binding site, thus leading to preferential accommodation of a
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