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A~traet--l. The previous studies of the interaction of purine analogs and human erythrocyte acid 
phosphatase isozymes were extended to include erythrocyte acid phosphatase from seven other species. 

2. Consistent responses, similar to the observations with the several genotypically different human 
isozymes, were observed. 

3. The isozyme from chimpanzee erythrocytes was similar to the human B-type isozyme while the 
baboon and cow isozymes were at the other extreme in responsiveness and were more divergent from the 
B-isozyme than was the human A-type isozyme. The ACP from rabbit, dog, sheep and rhesus erythrocytes 
exhibited intermediate levels of responsiveness but did differ from the human A-type isozyme. 

4. Additional studies indicated some differences between the responsiveness of the partially purified 
erythrocyte enzyme and the low molecular weight ACP from liver. 

The catalytic mechanism of the erythrocyte acid 
phosphatase (ACP; EC 3.1.3.2) involves a phos- 
phoenzyme intermediate, with the removal of the 
phosphate being the rate limiting step in the reaction 
(Tanizuki et  al., 1977; Baldijao et  al., 1975; Saini et  
al., 1981). The rate of phosphate transfer is enhanced 
when H20 is replaced by a series of alcohols as the 
phosphate acceptor (Tanizaki et al., 1977; Yoshihara 
and Mohrenweiser, 1980; Luffman and Harris, 1967). 
The rate of phosphate transfer is also modulated by 
a series of purine analogs, with most of the studies 
involving the human erythrocyte isozymes (Mansfield 
and Sensabaugh, 1977, 1978; Sensabaugh and 
Golden, 1978; Yoshihara and Mohrenweiser, 1980; 
Mohrenweiser and Novotny, 1982). The extent and 
direction, either activation or inhibition, of the mod- 
ulation of the reaction rate by these analogs is 
dependent upon both the substituent and more im- 
portantly, the position of the adduct, that is, the 
modulation, acting via an uncompetitive mechanism, 
exhibits specificity with regard to the structure of the 
purine analog (Mansfield and Sensabaugh, 1978; 
Wurzinger et  al., 1984). 

The extent (but not the direction) of the response 
is also sensitive to the structure of the enzyme. 
Previous studies have shown that the modulation of 
the activity of the three common allelic forms of the 
human enzyme by purine analogs is phenotype 
specific. The order of response, either activation or 
inhibition of the activity of the common alleles, is 
C:A:B (Mansfield and Sensabaugh, 1977, 1978; Sen- 
sabaugh and Golden, 1978). Other variants exhibit 
similar genotype specificity (Yoshihara and Mohren- 
weiser, 1980; Mohrenweiser and Novotny, 1982). The 
human ACP isozymes also differ in other character- 
istics, e.g. level of enzyme activity (Spencer et  al., 
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1964; Eze et  al., 1974) and thermostability (Yoshi- 
hara and Mohrenweiser, 1980, Luffman and Harris, 
1971) but the ordering of these phenotype specific 
characteristics differ from those observed for the 
purine modulation. 

This study of the response of the erythrocyte ACP 
from a series of primate and nonprimate species 
confirms the role of ACP structure in dictating the 
response to purine analog modulation. The 
differences in responsiveness, between species, were 
larger than observed for the common human iso- 
zymes but the isozyme specificity of the response was 
maintained. 

MATERIALS AND METHODS 

Blood samples were collected, washed and stored as 
described by Fielek and Mohrenweiser (1979). Hemolysates 
for electrophoresis were prepared as described by Mohren- 
weiser and Novotny (1982). Vertical starch gel electro- 
phoresis was utilized to confirm the ACP phenotypes (Neel 
et al., 1980). Hemolysates for activity studies were prepared 
as described by Yoshihara and Mohrenweiser (1980). 

ACP activity, with p-nitrophenyl phosphate (p-NPP) as 
substrate, was assayed as described by Wurzinger et al. 
(1984). The incubation time was 10 minutes at 37°C. The 
acquisition of the blood samples from the primate species 
(Papio anubis, baboon; Macaca mulatta, rhesus; Pan pan- 
iscus, chimpanzee) has been described by Turner et al. 
(1984). The samples from dog, Canisfamiliaris, sheep, Ovis 
aries and rabbit, Oryctolagus cuniculus were obtained from 
healthy animals maintained by the University of Michigan 
Laboratory Animal Care Unit while the bovine (Bos taurus) 
samples were obtained through the Department of Animal 
Science at Michigan Science University. 

The following fractionation procedure was used for the 
partial purification of the low molecular weight ACP from 
human, bovine and rabbit liver. The tissue was homogen- 
ized with four volumes of 0.1 M potassium phosphate buffer 
(pH 7.0) containing 1 mM ethyleneglycol-bis-(fl-aminoethyl 
ether)-N,N,N~,N ~, tetraacetic acid (EGTA), 0.1~ Triton 
X-100 and l mM 2-mercaptoethanol. The homogenates 
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were centrifuged for 30min at 20,000g. Solid ammonium 
sulfate was added to the supernatant to 40% saturation. The 
pellet was discarded and the supernatant was made 70~o 
saturated with ammonium sulfate. The pellet was re- 
dissolved in a minimum amount of column equilibrating 
buffer (0.1 M potassium phosphate (pH 7.0), 0.1 M KCI, 
1 mM EGTA, 1 mM 2-mercaptoethanol, and 0.01~ Triton 
X-100). The samples were dialyzed overnight against 10,000 
vol of the same buffer. One ml of the dialyzed sample was 
applied to a Sephadex G-100 column (1.5 x 50 cm) (Sensa- 
baugh, 1975). The flow rate was 5--7 ml/hr. The fractions 
were assayed for ACP activity and the low molecular weight 
ACP fractions (collected after hemoglobin was eluted) were 
concentrated by dialysis against polyethyleneglycol 
(MW = 20,000). The concentrated samples were dialyzed 
against 0.01 M Tris (pH 7.4), 0.14 M NaC1 buffer containing 
0.1% Triton X-100 and 7raM 2-mercaptoethanol. The 
erythrocyte ACP from each of the three species was frac- 
tionated by similar procedures. All of the samples were 
adjusted to the same level of ACP activity. 

All assays were done in duplicate and samples from at 
least two individuals of each phenotype and species were 
used. The range of variation among individuals and/or 
replicates was less than 10 percentage points. The rate of 
product formation was linear with time for all assay condi- 
tions employed. 

All purine analogs, as well as p-nitrophenyl phosphate, 
were obtained from Sigma Chem. Co. (St. Louis, MO) and 
used without further purification. 

activity is noted for all species when the assay is 
conducted in the presence of  10% methanol. As 
previously observed in studies of the isozymes from 
humans, only small differences in response are ob- 
served among the different isozymes. 

RESULTS 

Electrophoresis 

The electrophoretic mobility of  the erythrocyte 
ACP from the several species is shown in Fig. 1. 
Greater  separation of  the isozymes is observed with 
the Tris-maleate buffer than with the Tris-citrate 
buffer. The relative pattern of  the isozymes, with the 
exception of  the human A phenotype, does not  differ 
between the two buffer systems. As previously ob- 
served, the relative electrophoretic mobility of  the 
human A isozyme is altered in tricarboxylic acid 
buffer systems (Hopkinson et al., 1964). The dog 
and cow isozymes are better resolved, relative to the 
human B isozyme in the Tris-maleate buffer than in 
the Tris-ci trate buffer system but the relative pattern 
is maintained. With the exception of  the cow-sheep 
pair (data not  shown), all of  the species exhibit 
electrophoretically unique isozymes. All of  the small 
number of  individuals examined, within each species, 
were homozygous at the ACP locus. 

Enzyme activity 

The differences in levels of  acid phosphatase activ- 
ity, expressed as units per g hemoglobin and assayed 
at saturating substrate concentrations, are five- 
fold between the two extreme species, dog and cow 
(Table 1). The levels of  activity and the differences 
between the genotypes for the human isozymes are 
consistent with previous reports (Spencer et aL, 1964; 
Eze et al., 1974; Yoshihara and Mohrenweiser, 1980). 
Sheep have a level of  activity about  75% above the 
cow and similar to the activity in erythrocytes from 
the humans and chimp species. The activity in 
erythrocytes from the other primate species is one 
(baboon) and two (rhesus) times the human and 
chimpanzee activity. 

Methanol  is an effective phosphate acceptor (Tan- 
izuki et al., 1977) and a 2.5-2.8-fold enhancement of  

Fig. 1. Electrophoretic analysis of erythrocyte acid phos- 
phatase from several species. Samples from the left are: (1) 
human A type (2) chimpanzee (3) rhesus (4) baboon (5) 
rabbit (6) dog (7) cow (8) human B type. The origin is 
at the bottom with the cathode to the top. Gel A, 
Tris-malate-magnesium-EDTA buffer and stained with 
4-methylumbelliferyl phosphate as substrate; gel B, 

Tris-citrate buffer and stained with phenolpthalein. 
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Table 1. Purine analog modulation of erythrocyte acid phosphatase from several species 
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A c t i v i t y  as % o f  C o n t r o }  

A c t i v i t y  a h y p o  
g u a n o s i n e  6MP b x a n t h i n e  a d e n i n e  6DMAP C APL d 6EMP e FA f OAP g Rank h 

C h i m p  5 . 0  230 387 217 141 308 239 201 G4 34 1 .4  ~ 0 . 5  

Human 8 5 . 4  217 366 208 140 315 229 196 65 38 1 .9  ± 0 . 9  

Human AB 5 , t  253 363 206 168 362 220 217 56 37 2 . 9  ± 0 . 9  

Human A 4 .1  268 344 190 182 380 212 228 53 42 5 . 4  ± 1.7 

R a b b i t  1 1 6  304 357 203 185 420 207 245 48 39 6 . 0  ± 1 .3  

Dog 1 8 . 0  321 353 201 192 410 223 253 47 41 6 . 2  ± 1 .7  

Sheep  5 . 6  307 262 200 181 417 221 240 48 41 6 . 4  ± 1 .9  

Rhesus  14 .3  301 305 179 192 408 199 255 50 40 6 6  ± 1 .6  

B a b o o n  9 . 1  314 302 175 202 443 201 258 45 41 8 . 3  ± 0 . 9  

Cow 3 . 2  364 269 16~ 238 461 t86  276 36 51 9 . 9  ± 0 3  

"#mol product/g hemoglobin. 
b6-mercaptopurine; c6-dimethylaminopurine; dallopurinol; e6-ethylmercaptopurine; ffolic acid; ~diaminopurine. 
hMean order _+SD for response to each of the purine analogs. The score is assigned as described in the text. 

Purine analog modulation 

The response of the erythrocyte enzyme from the 
eight species to modulation by various purine analogs 
is in Table 1. The genotype specificity of the human 
isozymes is similar to previous reports (Mansfield 
and Sensabaugh, 1978; Yoshihara and Mohren- 
weiser, 1980; Mohrenweiser and Novotny, 1982). 
Significant responses were observed for all the species 
examined indicating that the purine analog modu- 
lation is not a phenomenon restricted to ACP from 
human erythrocytes. Additionally, significant differ- 
ences among species in the magnitude, but not in the 
direction, of the response are noted. The enzyme 
from bovine erythrocytes is at one extreme in re- 
sponsiveness, being most responsive to guanosine, 
adenine, 6-dimethylaminopurine, 6-ethylmercapto- 
purine and folic acid (five of nine analogs). It is 
least responsive to hypoxanthine, allopurinol and 
diaminopurine (three of nine analogs). The enzyme 
from chimpanzee erythrocytes is at the opposite end 
of the spectrum from the bovine, being first or second 
least responsive to five modulators and first or second 
most responsive to the other four. In all cases, the 
response of the chimpanzee enzyme is very similar to 
the human B isozyme. The enzyme from the other 
primate (rhesus) and the sheep, dog and rabbit 
enzymes were consistently grouped between the 
human A isozyme and the baboon. 

As a measure of consistency in response to modu- 
lation by this series of purine analogs, the relative 
position or order of the species for each compound 
was scored (Table 1). When this was done, the bovine 
and chimp were always at opposite extremes of 
responsiveness, in a manner similar to the human B 
and C isozymes. The numerical scores were assigned, 
such that the bovine isozyme was arbitrarily assigned 
a higher score than the chimp isozyme. For  example, 
the bovine isozyme was given a score of 10 for both 
guanosine (where it was the most responsive species) 
and 6-mercaptopurine (where it was the least re- 
sponsive species) while the chimp at the other extreme 
in response was assigned scores of 2 and 1 re- 
spectively for these analogs. Thus, the score is not a 

numerical measure of the degree of response but 
rather an indication of the consistency of the order of 
response, relative to chimpanzee and bovine. As can 
be seen, although there is some overlap within the 
middle group (rabbit through rhesus) the consistency 
of the response for each species is similar to that 
observed for the genotypically different human 
isozymes. 

Liver acid phosphatase 

The activity of the low molecular weight acid 
phosphatase isolated from bovine brain, human pla- 
centa and rat liver has been reported to be modulated 
by purine analogs (DiPietro and Zengerle, 1967; 
Tanizaki et al., 1977) and exhibit some of the re- 
sponsiveness as is observed for the erythrocyte 
enzymes in Table 1. These include, for the bovine 
brain enzyme, guanosine, 6-mercaptoethylpurine and 
adenine activation (Tanizaki et al., 1977). Two 
significant differences are also observed, these being 
the absence of hypoxanthine activation of the bovine 
brain enzyme (150~ and 200~ enhancement re- 
spectively for bovine and human erythrocytes) and 
the reported activation (150~) by guanine, which 
inhibits the human erythrocyte ACP activity by 40~ 
(Wurzinger et al., 1984). The response of partially 
purified ACP from erythrocytes and liver from 
human, bovine and rabbit to modulation by several 
purine analogs is in Table 2. The enhancement of 
activity of the erythrocyte enzyme is very similar 
to that observed for the dialyzed, unfractionated 
erythrocyte enzyme (Table 1). In comparing the 
human erythrocyte ACP with the human liver low 
molecular weight ACP, 6-dimethylaminopurine and 
guanosine stimulate the liver isozyme more than the 
erythrocyte enzyme while greater stimulation of the 
erythrocyte enzyme is observed for 6-mercaptopurine 
and hypoxanthine. A similar dichotomy of enzymatic 
activity is observed with the rabbit erythrocyte and 
liver enzymes. Hypoxanthine and 6-mercaptopurine 
also enhance the activity of the bovine erythrocyte 
enzyme more than the liver enzyme as observed for 
the other species. In contrast to the results from other 
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Table 2. Modulation of erythrocyte and liver low molecular weight acid phosphatase by several purine analogs 
A c t i v i t y  a s  % o f  C o n t r o l  

6 D M A p  a 6MP b 
g u a n o s  i n e  h y p o x a n t  h i n e  

L i ve r  RBC L i ve r  RBC L i ve r  RBC L ive r  RBC 

H u m a n  4 1 1  3 6 5  2 3 6  3 3 5  3 0 7  2 4 8  147 179  

R a b b i t  4 8 1  4 1 2  2 7 1  3 5 0  3 6 4  3 0 9  177  2 1 9  

B o v i n e  5 4 2  5 4 5  193  2 5 7  4 0 0  391  1 4 0  164  

%-dimethylaminopurine. 
%-mercaptopurine. 

species though, the bovine liver and erythrocyte 
enzymes are stimulated equally by dimethylamino- 
purine and guanosine. 

Electrophoretic analysis of the partially purified 
erythrocyte and liver enzymes indicate similar elec- 
trophoretic mobility profiles for the liver and the 
erythrocyte isozymes from each of the three species. 
There is no indication of additional isozymes in the 
liver preparations which are not present in both the 
fractionated and unfractionated erythrocyte samples 
using 4-methylumbelliferyl phosphate as the sub- 
strate. Also, no activity is observed in either the 
erythrocyte or liver preparation when the substrate 
for the tissue specific ACP isozymes, a-naphthyl 
phosphate, is used (data not shown). 

DISCUSSION 

The previous studies of the interaction between the 
genotypically different human ACP isozymes and 
different purine analogs indicate that the mechanism 
for modulation of activity involves significant struc- 
tural specificity (Mansfield and Sensabaugh, 1975; 
Yoshahari and Mohrenweiser, 1980; Mohrenweiser 
and Novotny, 1982). Studies on the modulation of 
acid phosphatase activity by purine analogs have 
focused on the structural specificity of the purines, 
the majority of the data being from the human 
erythrocyte isozymes (Mansfield and Sensabaugh, 
1978; Wurzinger et al., 1984). The role of the protein 
structure in regulating the magnitude of the response 
is expanded by this study of the erythrocyte enzyme 
from the seven species, in addition to the human 
isozymes. As seen in the study of the isozymes from 
the other species, the response of the most responsive 
isozyme is usually at least 50% greater than observed 
for the least responsive isozyme. More pertinent is the 
ordering of response which is observed. That is, the 
genotype specificity observed for the human iso- 
zymes, is also observed when the isozymes from other 
species are studied. This would suggest the enzyme 
has a single common binding site for the analogs 
studied and that all of the analogs modulate the 
enzymatic activity via a similar mechanism. 

Modulation of the activity of a low molecular 
weight tissue acid phosphatase from human placenta 
(DiPietro and Zengerle, 1967) and bovine brain (Tan- 
izaki et al., 1977) has been previously reported. The 
explanation for the differences in response to the 
several modulators between the bovine liver and 
erythrocyte enzyme preparations and those pre- 
viously reported for the bovine brain (Tanizaki et  al., 
1977) is not clear. The increased activation of the liver 

preparations argues against a simple explanation 
involving an additional, unresponsive isozyme in the 
liver tissue. There are no indications of electro- 
phoretic mobility differences between the erythrocyte 
and tissue enzyme preparation which would suggest 
that the two enzymes are products of different loci 
nor are additional bands of ACP activity observed 
for the preparation from any of the species. An 
enzyme with electrophoretic mobility characteristics 
similar to the erythrocyte enzyme has been pre- 
viously observed in other human tissues (Sensabaugh, 
1975; Swallow et al., 1973) although some evidence 
has also suggested some differences between the 
human erythrocyte enzyme and a low molecular 
weight ACP from liver (Taga et al., 1982). Addi- 
tionally, two low molecular weight isozymes of ACP 
have recently been reported to exist in chicken muscle 
(Baxter and Suelter, 1984). The structural re- 
lationship between the erythrocyte ACP and the low 
molecular weight ACP(s) from tissue requires 
clarification. 

The mechanism of the purine analog modulation 
of the activity of this small ( M W =  12-14,000), 
monomeric enzyme (Fisher and Harris, 1971) has not 
been defined, although initial kinetic studies suggest 
an uncompetitive mechanism with the modulator 
binding at a site other than the substrate binding site 
(Mansfield and Sensabaugh, 1978). The enhancement 
of activity facilitates removal of the phosphate group 
from the phosphoenzyme intermediate but with a 
strong preference for H20 as the acceptor. That is, 
the modulator has only minimal effect on the trans- 
phosphorylation reaction with methanol as the 
phosphate acceptor (Wurzinger et al., 1984). 

Human ACP genotypes (and therefore activity) 
have been associated with increased susceptibility to 
hemolytic anemia and jaundice and, as well, low birth 
weight and premature birth have been reported 
(Valentine et al., 1961; Bottini et al., 1971, 1972, 1976, 
1980; Carapella et al., 1980). Erythrocyte ACP activ- 
ity is inversely related to glutathione reductase 
activity and erythrocyte flavin adenine dinucleotide 
concentration (Mohrenweiser and Novotny, 1982). 
This is consistent with the proposed function of ACP 
as a flavin mononucleotide phosphatase (Mansfield 
and Sensabaugh, 1978) and could be the mechanism 
for the reported disease associations. A potential 
physiological role for purine analog modulation of 
ACP activity and/or any relationship to the disease 
associations is currently not obvious, though, given 
the nonphysiological concentrations of modulators 
required for significant in vitro modulation of 
activity. 
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Fur the r  character iza t ion of  the enzyme from 
species exhibi t ing divergent  responses to purine 
analog modu la t ion  of  activity should  provide insight 
into  s t ructural  features of  the enzyme which are 
involved in the modu la t ion  as any potent ia l  
physiological  significance of  the purine effect. 
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