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Abstract-The inhibitory potential of a variety of agents of different chemical classes has been examined 
using a particulate-bound alkaline phosphatase partially purified from the 6-thioguanine-resistant vari- 
ant, Sarcoma 180/TG ascites cells, in an effort to discover inhibitory potential which might be useful 
in blocking this enzyme activity in situ. The most potent inhibitors tested were derivatives of a-(N)-heter- 
acyclic carboxaldehyde thiosemicarbazones, tetramisole, permanganate, and beryllium. Kinetic 
studies of the mode of inhibition of alkaline phosphatase by some of these inhibitors indicated 
that derivatives of cc-(N)-heterocyclic carboxaldehyde thiosemicarbazones and those of tetramisole 
and beryllium inhibited the enzyme by different mechanisms. The kinetics of inhibition by beryllium 
and derivatives of r-(N)-heterocyclic carboxaldehyde thiosemicarbazones were mixed, while inhibition 
by a derivative of tetramisole was uncompetitive. 

6-Mercaptopurine (6-MP) and 6-thioguanine (6-TG) 
are effective agents, primarily in combination with 
other drugs, in the therapy of acute leukemia of man. 
One of the factors which limits the continued use 
of these drugs in the treatment of these neoplasms 
is the acquisition of resistance. Although the bio- 
chemical mechanism(s) by which human leukemic 
cells achieve insensitivity to these agents has not yet 
been fully delineated, evidence has been attained, 
both in an experimental animal system [l] and in 
leukemic cells of man [2], to suggest that a particu- 
late-bound alkaline phosphatase present in neoplastic 
cells is in some instances at least partially responsible 
for: (1) an increased rate of degradation of the nucleo- 
tides of the 6-thiopurines, which are the active tumor- 
inhibitory forms of these agents or their direct precur- 
sors; and (2) the consequent insensitivity of these 
neoplastic cells to these tumor-inhibitory thiopurines. 

The availability of a potent inhibitor of alkaline 
phosphatase would appear to have potential as a 
therapeutic agent when employed in combination 
with either 6-MP or 6-TG in those neoplasms attain- 
ing insensitivity by an increase in particulate alkaline 
phosphatase activity. In this communication, the in- 
hibitory properties of a variety of inhibitors of alka- 
line phosphatase have been examined using a par- 
ticulate alkaline phosphatase partially purified from 
the 6-thiopurine-resistant variant, Sarcoma 180jTG 
ascites cells, in an attempt to ascertain the relative 
potential of a variety of inhibitor classes for further 
drug development. 

MATERIALS AND METHODS 

Tris; p-nitrophenylphosphate; l,lO-phenanthroline; 
8-hydroxyquinoline; and EDTA were purchased from 
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Sigma Chemical Co. Periodic acid was obtained from 
G. Frederick Smith Chemical Co. and potassium per- 
manganate from Fisher Scientific Co. Derivatives of 
cc-(N)-heterocyclic carboxaldehyde thiosemicarba- 
zones were synthesized in this laboratory [3,4]. Ana- 
logs of tetramisole were kindly donated by Dr. H. 
Van Belle of Janssen Pharmaceutical Research Labor- 
atories, Belgium, and Dr. R. K. Johnson of the Divi- 
sion of Cancer Treatment, National Cancer Institute 
(U.S.A.). 

The butanol-extractable particulate alkaline phos- 
phatase (enzyme B) of the murine ascitic neoplasm 
Sarcoma 180/TG was partially purified according to 
the procedure previously described [S], except that 
an additional DEAE-cellulose column chromat- 
ography step was inserted prior to gel filtration on 
Sephadex G-200. Enzyme activity was measured at 
25” by determining the initial rate of hydrolysis of 
p-nitrophenylphosphate using the change in absor- 
bance at 410 nm with a Gilford thermostated record- 
ing spectrophotometer. The reaction mixture con- 
tained 1.0 M TrisHCl (pH 9.4). 1O-3 M substrate, 
and 50 ~1 enzyme (0.246 mg/ml; 89 units of activity/ 
ml) in a final volume of 3.0m1, except when other- 
wise specified. The enzyme was incubated with an 
appropriate amount of inhibitor in the reaction buffer 
at room temperature for 15 min, and the reaction 
was then initiated by the addition of the substrate. 
For water-insoluble inhibitors, stock solutions ( 10m3 

to 10m2 M) were dissolved in SO-100% dimethylsul- 
foxide, and varying amounts of inhibitor were added 
to the reaction buffer. An appropriate control con- 
taining dimethylsulfoxide was included in all deter- 
minations of inhibitory activity. One unit of activity 
is expressed as hydrolysis of 1 nmole substrate per 
min under the conditions employed, based on a molar 
absorbancy of p-nitrophenol in the buffer used of 
1.7 x 104/moles/l./cm. Specific activity refers to 
nmoles Pi formed/min/mg of protein. Protein was 
determined by the method of Lowry et al. [6]. 
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RESL’LTS AND DISCLSSION 

The design of an effective inhibitor of alkaline 
phosphatase would appear to be a particularly ditli- 
cult task. since the enzyme is relatively nonspecific 
and hydrolyzes phosphorylated substrates; possible 
inhibitory phosphorylated substrate derivatives would 
not appear to be useful chemotherapeutic agents. 
since they would not be expected to traverse cellular 
membranes readily. In search of useful leads to assist 
in the design and synthesis of potent inhibitors of 
this catalyst. a number of different classes of poten- 
tially inhibitor) materials were tested against ;I highly 
purified particulate alkaline phosphatasc deemed to 
be involved in the acquired resistance of Sarcoma 
I,Ya/TG to 6-thiopurines; these included substituted 
derivatives of the previously reported active inhibi- 
tory class of r-(NJ-heterocyclic carboxaldchyde thio- 
semicarbazones [-I. 71 and other classical metal coor- 
dinating agents. tetramisole and its analogs [Y], 
amino acids and related agents. metals and anions. 
The concentrations of these various materials 
required to produce 50 per cent inhibition of alkaline 
phosphatase from Sarcoma I80,/TG ascites cells under 
the conditions employed arc shown in Tables 1 and 
3 -. 

Evidence is available to show that alkaline phos- 
phatase enzymes from a number of sources require 
Zn’+ as a cofactor [S. IO]: thus, metal-binding agents 
have known utility as phosphatase inhibitors. The 
classical chelating agents, 1. IO-phenanthroline, 
EDTA. and &hydroxyquinoline. were all reported to 
bc inhibitory to a N-fold purified particulate-bound 

* Al 121: 5-Hqdrouq-2-formylp~ridine J’-tetramethy. 
Icnrthiosemicarbn~onc. 

S 

CHNNt&N 3 
tAl71: I-Fortnylisoquinolinc 4’-tetramethylenethlo- 

scmicarbarone. 

: Beryllium nitrate. rinc chloride. potassium permanga- 
nnte and periodic acid were used. 

$Assayed in 0.01 M sodium barbital buffer (pH 9.4). 
The other assay conditions were the same as described 
in the Methods section. 
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* Tetramisole: (i)-‘.?.5.6-tetrahqdro-6-r~~c~~~limid~~/~~- 
(2.1 -h)thiarole hydrochloride. 

i- Lcvamisolc: Itiln-isomer of tctrnmisole. 
2 RX31 : (i )-~,)I-bromophenylI-S.h-dihydrolmid:I/o(l. I 

b)thiarolc oxalatc. 

alkaline phosphatase from Sarcoma IYO;TG 171: 
however. since the fraction employed in these prc- 
vious studies consisted of a mixture of two similar 
catalysts [S]. it was deemed important to retest these 
agents against the enzyme which appeared to prefer 
5’- nucleotides as substrates (i.e. alkaline phosphatase 
B) [S]. Slight differences existed in the inhibitory 
potencies of these agents for the highly purified 
enzyme (alkaline phosphatase B) and the less purified 
mixed enzymes from the butanol extraction described 
previously [7]. The differences betwern thcsc findings 
were attributed to the presence of alkaline phospha- 
tase A in the latter preparation. In both instances, 
however. EDTA was the most potent of these classical 
chelating agents. 

Previous studies from this and other laboratories 
have demonstrated that: (1) I-(N)-heterocyclic car- 
boxaldehyde thiosemicarbazones with ;I potential to 
form coordination compounds with certain transition 
metals exhibit tumor-inhibitory activity [I 1 131. and 
(2) inhibition of alkaline phosphatase by these agents 
is readily prevented and reversed by the addition ol 
molar equivalent concentrations of zinc and cobalt 
[7]. The derivatives of E-(N)-heterocyclic carboxalde- 
hyde thiosemicarbazones cmploycd (i.e. A 17 I and 
Al 121. see Table I). which were substituted in the 
side chain. were more potent inhibitors of alkaline 
phosphatase than conventional metal-binding agents. 
Compound Al 121 appeared to be less active on this 
purified preparation of alkaline phosphatase B than 
reported earlier [4]. Introduction of a benzo group 
at the 3.4positions of the pyridine ring in A 112 I 
produced an isoquinoline derivative, A I7 I. which was 
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Fig. I. Lineweaver-Burk plots of inhibition of alkaline 
phosphatase B of Sarcoma 180/TG ascites cells by com- 
pound R8231. The enzyme was incubated in l.OM Triss 
HCI, pH 9.4, with the inhibitor at room temperature for 
I5 min prior to addition of various concentrations of the 
substrate, p-nitrophenylphosphate. as described in the 
Methods section. The initial velocity. as measured by the 
rate of hydrolysis of p-nitrophenylphosphate. was 
expressed as nmoles Pi formed/min. The inhibitor con- 
centrations were: none, m---m; 1 x lO_‘M, A-A; 

2 x lO-6 M, -0; 4 x lo-’ M, A-A. 

3-fold more active as an inhibitor than Al 121, requir- 
ing a concentration of only 5 x 10m6M for 50 per- 
cent inhibition of enzyme activity. Whether this in- 
crease in activity is due to a hydrophobic interaction 
between the benzenoid portion of the molecule and 
the enzyme is yet to be ascertained. 

Amino acids (i.e. L-phenylalanine, L-histidine and 
cysteine). which have inhibitory potency toward alka- 
line phosphatase enzymes, in some instances demon- 
strating tissue specificity [14], were, in general, rela- 
tively weak inhibitors of the activity of the enzyme 
from Sarcoma 180/TG. Imidazole, which was 
reported by Brunel and Cathala [lS] to be relatively 
potent against alkaline phosphatase of brain, kidney 
and bone. required 5 x 10m3 M for 50per cent inhibi- 
tion of the phosphatase of Sarcoma 180/TG. 

Beryllium and relatively high concentrations of zinc 
have been shown to be inhibitory to alkaline phos- 
phatase enzymes from a number of sources [16-193. 

Fig. 2. Lineweaver-Burk plots of inhibition of alkaline 
phosphatase B of Sarcoma 180/TG ascites cells by com- 
pound Al 121. The enzymatic assay and conditions were 
the same as described in Fig. 1, except that the inhibitor 
was A1121. The A1121 concentrations were: none, 
W--W ; 1.5 x 10-s M, APA; 2.5 x lo- 5 M, e-0. 

Beryllium proved to be one of the most potent inhibi- 
tors tested of the enzyme from Sarcoma lSO,TG, pro- 
ducing 50per cent inhibition at a concentration of 
5 x 10s7 M; 1.0 x 10e3 M zinc was required to pro- 
duce a similar degree of depression of enzymatic acti- 
vity. 

Ohlsson and Wilson [20] have reported that Escher- 
ichia co/i alkaline phosphatase is strongly inhibited 
by periodate and permanganate. The mechanism of 
inhibition by these two anions was described [20]. 
Periodate was a reversible competitive inhibitor, 
whereas permanganate was an irreversible inhibitor. 
The enzyme from Sarcoma 180/TG was strongly inhi- 
bited by permanganate in barbital buffer (Table 1); 
however. periodate was less potent under the same 
conditions. Considerably less inhibition of alkaline 
phosphatase was produced by these anions in Tris 
buffer, as reported by Ohlsson and Wilson [20]. 

Certain derivatives of tetramisole have been 
reported by Van Belle [8] to be relatively potent 
stereospecific uncompetitive inhibitors of canine alka- 
line phosphatase. These derivatives are also strong 
inhibitors of alkaline phosphatase B of Sarcoma lSO/ 
TG (Table 2). Structureeinhibitory activity relation- 
ships were carried out with a number of analogous 
compounds; these investigations revealed that: (1) the 
L-form (levamisole) is probably the active material, 
since more than twice the quantity of the Lx-form 
(tetramisole) was required to produce a similar degree 
of inhibition of enzymatic activity; (2) substitution 
of the phenyl ring of teteramisole in the arctcl-position 
by bromine (R8231) increased inhibitory potency by 
about 6-fold; and (3) movement of the phenyl group 
from the 6-position to the 3-position of the imidazo 
(2,1-b)thiazole ring system reduced inhibitory activity 
markedly. Other derivatives with substituents on the 
3-position of the imidazo (2.1-b)thiazole ring were 
also relatively inactive. The mechanism of inhibition 
by this class is not due to chelation of the active 
metal component of alkaline phosphatase. since Van 
Belle [S] with the canine enzyme. and this investiga- 
tion with the catalyst from Sarcoma 180/TG (data 
not shown). have found that the inhibition caused 

. 
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Fig. 3. Lineweaver-Burk plots of inhibition of alkaline 
phosphatase B of Sarcoma 180/TG ascites cells by 
Be(NO,),. The assay conditions were the same as de- 
scribed in Fig.1. except that the inhibitor was Be(NO&. 
The inhibitor concentrations were: none. m---m; 2.5 x 

IO-” M, A-A; 1.0 x 1O-6 M, +.. 
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The results encourage the further modification of 
compounds in both the tetramisole and a-(N)-hetero- 
cyclic carhoxaldehyde thiosemicarbazone series in an 
attempt to further enhance inhibitory activity towards 
alkaline p~osphatase. 
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