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Summary 

Treatment of  human prostatic acid phosphatase (orthophosphoric-monoester  
phosphohydrolase (acid optimum}, EC 3.1.3.2} with either of  the arginine-spe- 
cific modifiers 2,3-butanedione or 1,2-cyclohexanedione in borate buffer at 
pH 8.1 leads to loss of  activity. The inactivation by cyclohexanedione can be 
partially reversed by 0.2 M hydroxylamine.  The rate of  inactivation by both 
modifiers is decreased in the presence of  the competitive inhibitors L-(+)- 
tartrate or inorganic phosphate but  not  in the presence of the non-inhibitor 
D-(--)-tartrate. Amino acid analysis of  modified acid phosphatase indicates that  
only arginines are modified and that L-(+)-tartrate protects at least two arginyl 
residues from modification. A likely role of  these arginyl residues is their 
involvement in binding the negatively charged phosphate group of  the sub- 
strafe. 

Introduction 

Human prostatic acid phosphatase (orthophosphoric-monoester  phospho- 
hydrolase {acid opt imum),  EC 3.1.3.2) is a dimeric enzyme consisting of two 
identical subunits [ 1,2] which catalyzes the hydrolysis o f  a wide range of  phos- 
phomonoesters.  Chemical modification and radioactive labeling studies have 
shown an essential role for histidine in the catalytic mechanism [3]. Other 
studies have eliminated serine [4],  tyrosine and t ryptophan [5] and cysteine 
(McTigue, J.J. and van Etten, R.L., unpublished results) from involvement in 
the mechanism, but  have not  identified other  amino acid residues which may 
participate in either catalysis or substrate binding. Because the enzyme has a 
specificity for the monoanionic form of the phosphomonoester  substrate [6] 
we thought it likely that a positively charged recognition site at the active center 
would be required for binding of the substrate. The involvement of a metal ion 
in the catalytic or binding function seemed unlikely in view of the inability 
of various chelating agents to affect enzyme activity (McTigue, J.J. and van 
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Etten,  R.L., unpublished results). Experiments with trinitrobenzenesulfonic 
acid and pyridoxal  5-phosphate provide no evidence for the presence of  lysyl 
residues at the substrate recognition site [3].  Recent  reports have identified 
arginyl residues of  a large number  of  enzymes acting as positively charged 
recognition sites for negatively charged substrates and anionic cofactors,  par- 
ticularly those substrates and cofactors containing a phosphate moiety  [ 7--14].  
Hence, it seemed possible that  arginine could be important  for substrate 
binding in acid phosphatase and we therefore under took  studies with the estab- 
lished reagents for ariginine modification,  1,2-cyclohexanedione and 
butanedione.  It is demonstrated that  two arginyl residues per dimeric enzyme 
molecule are essential for enzyme activity. A preliminary report  of  these find- 
ings has appeared [ 15]. 

Materials and Methods 

Homogeneous  human prostatic acid phosphatase was obtained essentially by 
the method  of  Ostrowski [16].  1,2-Cyclohexanedione, 2,3-butanedione, 
p-nitrophenyl phosphate and L- and D-tartrate were obtained from Sigma 
Chemical Co. The butanedione was distilled just prior to use. All other  reagents 
were analytical grade. For  enzyme and protein assay procedures see ref. 3. 

Modification o f  acid phosphatase by 1,2-cyclohexanedione or 2,3-butane- 
dione. Acid phosphatase (0.2--20 pM) in 1.0 ml of  50 mM borate buffer  (pH 
8.1) was modified at 30°C by the addition of  50 #l of  a solution of  cyclo- 
hexanedione or butanedione in borate  buffer  to bring the total concentrat ion 
of  the modifier to 50 mM. Aliquots were taken periodically and assayed for 
activity. Pseudo first-order rate constants for the initial rate of  loss of  enzyme 
activity were obtained from a computer  fit of  the data to a non-linear least- 
squares equation. Control experiments were run simultaneously without  the  
modification reagent. Active site protect ion experiments were performed in 
the presence of  the competit ive inhibitors inorganic phosphate or L-(+)-tartrate 
and control experiments were run simultaneously wi thout  the inhibitors or 
with the non-inhibitory D-(--)-tartrate in place of  L-(+)-tartrate (compare 
ref. 3). 

Amino acid analyses. Aliquots of  a reaction mixture containing approx. 
0.3 mg of  the modified acid phosphatase were diluted into ice-cold 50% acetic 
acid, dialyzed against 10% acetic acid (8 h), 5% acetic acid (12 h), lyophilized 
and hydrolyzed for 24 h at l l 0 ° C  in evacuated glass tubes containing 0.5 ml 
of 6 M HC1/0.5% mercaptoacetic acid to prevent regeneration of  arginine 
[14].  Total amino acid composit ions were used to quanti tate the amount  of 
arginine present in the sample. Analyses were performed with a Durrum D-500 
amino acid analyzer. 

Results 

The reaction of  butanedione with human prostatic acid phosphatase results 
in a loss o f  enzymic activity. Studies involving variation of  the  pH, tempera- 
ture, borate and modifier concentrat ion were used to determine the optimal 
conditions for modification of  acid phosphatase by butanedione.  The inactiva- 
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tion reaction exhibits pseudo first-order kinetics over the first 50% of reaction, 
but at longer reaction times the kinetics of  the inactivation reaction are not 
consistent with any simple scheme. The initial pseudo first-order rate constant 
is independent of enzyme concentration (0.2--20 pM), but is dependent on 
the modifier concentration giving rate constants of 0.005, 0.011 and 0.018 
min -~ for inactivation with 20, 50 and 100 mM butanedione, respectively. The 
presence of the competitive inhibitors inorganic phosphate or L-(+)-tartrate 
protects acid phosphatase against inactivation and reduces the rate of  inactiva- 
tion by factors of 3 and 6, respectively. 

The reaction of cyclohexanedione in borate buffer with acid phosphatase 
also causes rapid inhibition of  enzyme activity (Fig. 1). Blumenthal and Smith 
[14] have recommended pH 9.0 and 30°C for optimal inactivation with cyclo- 
hexanedione, but under these conditions acid phosphatase loses activity rela- 
tively rapidly even in the absence of modification reagents. The modification of  
acid phosphatase with cyclohexanedione was therefore run in borate buffer at 
pH 8.1 and 30°C and under these conditions the enzyme is stable for the dura- 
tion of the modification experiment. The initial pseudo first-order rate 
constant for inactivation of acid phosphatase by 50 mM cyclohexanedione was 
0.037 min -~ and complete inactivation of the enzyme was achieved after 
150 min. To determine if the modified residues were present at or near the 
active site competitive inhibitors were added to the modification mixture; the 
rate of inactivation by cyclohexanedione was reduced by a factor of  3 upon 
addition of inorganic phosphate and by a factor of  5 by L-(+)-tartrate. The con- 
trol experiments in which D-(--)-tartrate was used rather than L-(+)-tartrate 
exhibited the same rate of inactivation as experiments carried out in the 
absence of competitive inhibitors. Thus, the protective effect of  L-(+)-tartrate 
is not  due to the reaction of  the modifier or borate with tartrate. Fig. 2 shows 
the loss of activity of  acid phosphatase due to cyclohexanedione modification 
and the partial regeneration of acid phosphatase activity upon addition of 

I00 
90 
80 
70 

60 

~ ~o 
> 
~ 4O 

3O 
I-- 
Z 
w 
o 20 
e r  
W 

0 
0 

2~, 4'o 6'0 
TIME, MINUTES 

Fig.  1.  E f f e c t  o f  c o m p e t i t i v e  i n h i b i t o r s  u p o n  t h e  r a t e  o f  i n a c t i v a t i o n  o f  a c i d  p h o s p h a t a s e  by  c y c l o h e x a n e -  
d ione .  S y m b o l s :  o o e n z y m e  a l o n e ;  D o, e n z y m e  plus  0 . I  M i n o r g a n i c  p h o s p h a t e ;  A A, 
e n z y m e  plus  0.1 M L-(+) - ta r t ra te .  E n z y m e  plus  0.1 M D-( - - ) - ta r t ra te  h a d  t h e  s a m e  r a t e  o f  i n a c t i v a t i o n  as  

e n z y m e  a l o n e .  
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Fig. 2. E f f e c t  o f  r eac t ion  w i t h  c y c l o h e x a n e d i o n e  on  the  act iv i ty  o f  acid phosphatase .  At  the  t i m e  indi-  
ca t ed  b y  the  arrow,  neutral  h y d r o x y l a m i n e  s o l u t i o n  was  added to  a final c o n c e n t r a t i o n  o f  0 . 2  M. 

Fig. 3. R e l a t i o n  b e t w e e n  acid phosphatase  ac t iv i ty  and arginine m o d i f i c a t i o n  u p o n  c y c l o h e x a n e d i o n e  
t r e a t m e n t  in the  presence  o f  L- or D-tartrate .  E n z y m e  wa s  m o d i f i e d  b y  c y c l o h e x a n e d i o n e  as descr ibed  
under  Materials  and M e t h o d s .  A l iquot s  w e r e  t a k e n  f r o m  b o t h  tartrate  so lu t ions  at the  same  t i m e  and 
assayed  for  e n z y m e  ac t iv i ty .  Others  w e r e  freed o f  e x c e s s  reagent  b y  dialysis  against  ace t i c  acid and sub- 
j e c t e d  to  a m i n o  acid analysis  a f ter  acid hydro lys i s .  The  n u m b e r  o f  arginines m o d i f i e d  is g iven per m o l  o f  
e n z y m e .  ( A )  Corre la t ion  o f  the  e n z y m e  act iv i ty  and the  n u m b e r  o f  arginines m o d i f i e d  b y  c y e l o h e x a n e -  
d ione  in t he  presence  o f  0.1 M L-(+) - ta r t ra te  (A) or  0.1 M D-(- - ) - ta r t ra te  ( i ) .  (B) Corre la t ion  o f  the  dif-  
f e rences  b e t w e e n  e n z y m e  act iv i ty  and the  n u m b e r  o f  arginines m o d i f i e d  in the L- and D- tar tra te -cont • in -  
ing e n z y m e  so lu t ions .  

neutral hydroxylamine.  Smith and coworkers [12--13]  have shown that 
hydroxylamine treatment of  cyclohexanedione-modif ied enzymes results in 
the regeneration of  arginine residues from the arginine modification derivative. 
The reversibility of  the inactivation reaction was also shown using an enzyme 
sample treated with cyclohexanedione in borate buffer until it had approx. 
20% residual activity; upon dialysis against 0 .025 M sodium barbital (pH 8.1) 
at 4°C for 12 h to remove borate its activity increased to 45% of  the unmodi-  
fied control,  thus indicating a necessity for borate to stabilize the modified 
arginine. Therefore, the reversal of  cyclohexanedione inactivation of  acid phos- 
phatase by NH2OH or by dialysis is consistent with arginyl modification. 

The specificity of  cyclohexanedione for arginine modification in prostatic 
acid phosphatase is consistent with the results o f  amino acid analysis. Because 
of  the difference in inactivation of  the enzyme by cyclohexanedione in the 
presence of  the inhibitory and non-inhibitory L- and D-tartrate isomers, respec- 
tively, differential modification [ 17 ] can be used to distinguish essential active 
site arginyl residues from all others. To establish the possibility of  differential 
modification,  an enzyme sample which was modified by cyclohexanedione in 
the presence of  L-(+)-tartrate for 50 min and had approx. 80% residual activity, 
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was dialyzed against 50 mM borate buffer (pH 8.1) to remove the inhibitor and 
unreacted modifier. Treatment of  this enzyme solution with cyclohexanedione 
in the absence of the competitive inhibitor now led to a loss of enzymatic activ- 
ity at a rate similar to that  observed when the native enzyme was exposed 
directly to the modifying reagent in the absence of any competitive inhibitor. 
Therefore, the modification reaction was performed in the presence of  the 
same amount  of L- or D-tartrate and aliquots were taken from both tartrate 
solutions at the same time and analyzed for enzyme activity and amino acid 
content  as described in Materials and Methods. Amino acid analyses (Table I) 
show a decrease of  up to 13 arginyl residues but no loss of lysyl or any other 
amino acid residues. It is noteworthy that  in the presence of a competitive 
inhibitor (L-(+)-tartrate) up to 10 arginyl residues are modifed by cyclohexane- 
dione without  significant loss of enzyme activity while in the presence of the 
non-inhibitory form of  tartrate there is only a small additional increase in the 
total number of arginines modified accompanied by a large decrease in enzymic 
activity (Fig. 3A). 

The difference in the number of arginines modified in the presence of the 
inhibitory and non-inhibitory forms of tartrate should indicate the number of 
arginines at or near the active site which were protected from cyclohexane- 
dione modification by the competitive inhibitor. Fig. 3B shows the correlation 
of this difference in the number of arginines modified with the difference in 
activity of the enzyme in the two tartrate solutions. When there is a difference 
of  50% in the enzyme activity between the two solutions, the amino acid analy- 
sis shows that  the enzyme in the L-tartrate solution contains one more arginyl 
residue than that  in the D-tartrate solution. Extrapolating the initial modifica- 
tion data to zero activity (Fig. 3B) demonstrates that  the modification of only 
two arginyl residues (of those which may be protected by competitive inhibi- 
tots) leads to a complete loss of activity. At relatively high percentages of 
inactivation L-tartrate protects more than two arginines. This could be due to 
the presence of  more than one arginine at the active site or, more likely, to the 
increased availability of arginines to modification once prostatic acid phos- 
phatase has been substantially inactivated and presumably subjected to some 
degree of  structural alteration. 

T A B L E  I 

S T O I C H I O M E T R Y  OF A R G I N I N E  M O D I F I C A T I O N  BY 1 , 2 - C Y C L O H E X A N E D I O N E  IN T H E  
P R E S E N C E  OF L- OR D - T A R T R A T E  

Resul ts  are  e x p r e s s e d  as r e s i d u e s  p e r  a c i d  p h o s p h a t a s e  m o l e c u l e  a s s u m i n g  7 6 4  r e s i d u e s  p e r  m o l e c u l e  [ 2 3 ] .  
C o n d i t i o n s  o f  t h e  r e a c t i o n  are  d e s c r i b e d  in Fig. 3. 

R e a c t i o n  t i m e :  C o n t r o l  10 rain 18 m i n  25 min  80 m i n  

T a r t r a t e :  L D L D L D L D 

A c t i v i t y  (%): I 0 0  99 80 98 65  97 53 92 24 

Arginine  34 .4  32 .8  32.3 32 .0  31 .2  29.6 28.6 24.6 21 .5  
Lys ine  43 .0  42 .4  42.3 42 .9  42 .9  42 .7  43.1 42 .8  42.3 
G l u t a m a t e  106.1  106.3  106 .0  107.1 107 .0  103 .2  105 .5  104.0  105.6  
Glyc ine  41 .9  43 .8  42 .3  42 .5  42.9 42 .5  42.9 42 .0  41 .6  
P h c n y l a l a n i n e  31.7  31 .4  31 .8  31 ,7  31 .9  31 .3  31.9 31 .3  32 .0  
Hist idine 26.9 27 .0  27 .5  26 ,5  27.2 27.0 26.7 26 .5  27.0 
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Discussion 

Previous studies have implicated histidyl residues in the mechanism of  action 
of  human prostatic acid phosphatase (see ref. 3 and references cited there). The 
present s tudy also implicates arginyl residues in the mechanism of  acid phos- 
phatase. By using the established methods of  arginine modification with 2,3- 
butanedione [11] or 1,2-cyclohexanedione [12,13] it is found that human 
prostatic acid phosphatase is readily inactivated by either reagent. Amino acid 
analysis of the cyclohexanedione-inactivated enzyme shows that  the decrease in 
enzymic activity can be correlated with the loss of  arginyl residues and that  a 
competit ive inhibitor reduces the rate of  inactivation by preventing two 
arginines per dimeric enzyme molecule from being modified. Also, the partial 
regeneration of  activity of  the cyclohexanedione-inactivated enzyme either by 
the addition of  NH2OH or by the removal of  borate ion is in accord with the 
chemical details of  arignine modification by cyclohexanedione [ 12,13].  

L-(+)-Tartrate protects prostatic acid phosphatase against inactivation by 
both butanedione and cyclohexanedione.  These modification experiments were 
performed in borate buffer  because of  the reported enhancement  of the 
reaction rate of  butenedione and cyclohexanedione with arginine residues in 
the presence of  borate [11--13].  However,  borate also reacts with vicinal 
hydroxyl  groups [18] and because L-(+)-tartrate contains such hydroxyl  groups 
it might be argued that the apparent protect ion towards inactivation by cyclo- 
hexanedione or butanedione afforded by L-(+)-tartrate was due to the com- 
plexing of  borate by L-(+)-tartrate which would decrease the borate concentra- 
tion available for stabilization of  the modified arginyl residues of  acid phos- 
phatase. We therefore examined inactivation of  acid phosphatase by cyclo- 
hexanedione and butanedione in the presence and absence of  the non-inhibitor 
D-(--)-tartrate and found no significant difference in the rate of  inactivation of  
the enzyme in the presence of  D-(--)-tartrate. Therefore, the presence of  vicinal 
diols in tartrate does not  appear to affect  the borate stabilization of  the argini- 
nines modified by butanedione or cylohexanedione.  This is probably due to 
the requirement that  borate only complexes with vicinal diols in a constrained 
cis configuration such as that found in the modified arginines [11--13]  or in 
the ribosyl moieties of  NAD and ADP [19],  but  not  present in L- or D-tartrate. 
This result demonstrates that the protect ion of acid phosphatase by the com- 
petitive inhibitors L-(+)-tartrate is due to interaction of  the inhibitors at the 
active site and not  due to reaction of  the inhibitor with the borate buffer. In 
this s tudy relatively high concentrations of  the active site-protecting reagent 
were required and the use of  a steroisomer of  a competit ive inhibitor proved 
very advantageous in investigating modification at the active site because it 
provided a control  for not  only the potential chemical reactivity between the 
active site protec tor  and the modifier or enzyme but  also for any non-specific 
interactions (ionic strength effects, etc.) which could influence the rate of  inac- 
tivation. 

Under the same conditions cyclohexanedione inactivates acid phosphatase 
approximately three times faster than butanedione.  Other reports have 
appeared of  differences in inactivation rates using arginine-specific a-dicarbonyl 
compounds  to modify  an enzyme [7,20,21].  The differences in reactivity may 
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be due to differences in the hydrophobic  character of  the dicarbonyl com- 
pounds which lead to variations in the interactions between the modifiers and 
the reactive arginyl residues. The higher rate of  inactivation by cyclohexane- 
dione than by butanedione represents a minimal difference which would be 
increased if more nearly optimal conditions were sought. Powers and Riordan 
[22] have suggested that a hydrophobic  environment plays a role in the selec- 
tive modification of  only a small number of the total arginyl residues present 
in certain proteins. Such a hydrophobic  environment at the active site of  acid 
phosphatase has been proposed by Rybarska and Ostrowski [ 5]. 

It is possible that  the loss of  activity might be due to the modification of  an 
essential amino acid other  than arginine or due to a structural change associated 
with arginine modification. Amino acid analysis of  the enzyme modified by 
cyclohexanedione shows the decrease of  13 arginyl residues when the enzyme 
loses 76% of  its activity. No other change is observed in the amino acid com- 
position and this result is consistent with the reported high degree of  specificity 
of  cyclohexanedione for arginine modification [12,13,20].  Thus, under the 
experimental conditions employed it is reasonable to conclude that only 
arginyl residues are modified by cyclohexanedione. The inactivation is prob- 
ably not  due to a structural change affecting the active site region because in 
the presence of  a competitive inhibitor at least 10 arginyl residues can be modi- 
fied without  a significant loss of enzyme activity. This conclusion is strongly 
supported by the results of differential modification experiments (Fig. 3) in 
which the modification of  one active site arginyl residue per subunit is corre- 
lated with total inactivation of the enzyme and tends to eliminate conforma- 
tional changes as being responsible for inactivation of  acid phosphatase by 
cyclohexanedione. By the differential modification study, the arginines 
modified in the presence of  a competitive inhibitor can be excluded from an 
essential role in enzyme activity. In the presence of  L-(+)-tartrate up to 10 
arginyl residues are modified without  significantly affecting the enzymatic 
activity, while in the presence of  the non-inhibitory D-(--)-tartrate the loss in 
activity is associated with the modification of  approximately two essential 
arginyl residues per dimeric molecule. In this study the precise number  of  
arginyl residues protected from modification by L-(+)-tartrate is subject to 
experimental error since there are 34 arginines present and the difference in the 
number  of  arginines modified in the presence of the two tartrate solutions 
represents a small difference between two relatively large numbers. Never- 
theless, there results support  an essential role for an active site arginyl residue 
in the enzyme mechanism. 

The function of  the essential arginyl residue of  acid phosphatase which has 
been identified in this study is unknown because it is not  possible to assign 
functional roles to amino acids in enzymes based solely on protect ion experi- 
ments. However,  our results are similiar to those reported by Daemen and 
Riordan [7] for butanedione inactivation of  Escherichia coli alkaline phos- 
phatase and in that  s tudy the modification of  the enzyme markedly decreased 
phosphate binding. The data suggested a role for the essential arginyl residues 
of  alkaline phosphatase as binding sites for the negatively charged phosphate 
group of  the substrate. Furthermore,  the participation of  an arginyl residue in 
the binding of  anionic substrates or cofactors, particularly those containing a 
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phosphate moiety, has been proposed in several other examples of enzyme 
modification studies and it was suggested that arginyl residues serve as positi- 
vely charged recognition sites for negatively charged ligands involved in an 
enzyme mechanism [9,10]. Such an electrostatic interaction would, of course, 
be enhanced in an environment of low dielectric constant. Therefore, it seems 
likely that electrostatic interaction between the positively charged arginine 
group at the active site and the negative charged phosphate ester substrate is 
important in the binding step and probably subsequent catalytic steps in the 
mechanism of acid phosphate. 
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