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SUMMARY 

Isolated Golgi apparatus fractions and total homogenates from rat testis were 
examined for acid phosphatase activity (orthophosphoric monoester phosphohydro- 
lase, EC 3.1.3.2). A comparison of pH optima and substrate specificity of the acid 
phosphatase activity both in homogenates and in the purified Golgi apparatus frac- 
tion suggested an enrichment of certain enzymes during the fractionation procedure. 
Polyacrylamide disc gel electrophoretic patterns of Triton X-ioo solubilized enzyme 
stained for acid phosphatase activity indicated that  the Golgi apparatus possessed 
an unique acid phosphatase. Chromatography of the Triton X-Ioo solubilized Golgi 
apparatus proteins on DEAE-cellulose columns also suggested the presence of an 
unique Golgi apparatus acid phosphatase. Fractions off the DEAE-cellulose column 
containing this acid phosphatase were further examined and found to be inhibited 
by low levels of both NaF and sodium tartrate. This enzyme was also partially inhi- 
bited by Cu ~+ but not Cd ~+ or formaldehyde; exhibited a broad pH optima between 
pH 3-5 and 6.0 and was stable at incubation temperatures up to 40 °C. 

INTRODUCTION 

Acid phosphatase activity (orthophosphoric monoester phosphohydrolase, 
EC 3.1.3.2) was early associated with the Golgi apparatus by histochemical techni- 
ques; however other cell membranes and organelles also demonstrated considerable 
activity by both histochemical and cell fractionation techniques. Distribution studies 
of acid phosphatase enzymes were complicated by the presence of multiple enzymes 
as shown for a number of tissues l-a. Recently a study of rat testicular homogenates 
demonstrated the presence of at least four distinct acid phosphatase enzymes, each 
with characteristic properties ~. This paper reports the results of a study of the acid 
phosphatase activity of isolated Golgi apparatus from rat testis germ cells. We report 
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the presence and partial purification and characterization of what appears to be an 
acid phosphatase specific for the Golgi apparatus. A preliminary report of this work 
appeared earlier in abstract form s. 

METHOI)S  

Adult male albino rats (3oo-45 o g) were obtained from Holtzman and used in 
the preparation of all subcellular fractions. Golgi apparatus fractions were prepared 
as originally described by Cunningham et al. ~ and later modified 7. 

Acid phosphatase activities were assayed by a number of methods. Using tS- 
nitrophenyl phosphate as the substrate, the reaction mixture contained o.I M acetate 
buffer at the pH indicated, 5 mN MgC12, and I mM substrate in a final volume of I ml. 
The incubation was continued for 5 to ~5 min and stopped by addition of I ml of 
o.2 M NaOH. The color was read at 4oo nm against a blank containing all tile re- 
action mixture components. The absorbance of p-nitrophenol at 4oo nm under the 
given conditions was determined using a p-nitrophenol standard. 

fl-Glycerophosphate (~o mM), ~-naphthyl phosphate (5 mM), or fi-napthyl 
phosphate (5 mM) were also used as substrates. These assays were carried out for 30 
min and then stopped by addition of I ml of ~o% trichloroacetic acid. Phosphates 
were then determined using the method of Chen el al. 8. In experiments where the pH 
optimas were determined all pH readings were made during the course of the incu- 
bation. All values plotted are averages of triplicate determinations. 

The general method of acrylamide gel electrophoresis as described by Davis 9 
was used. The enzymes were layered over the gels in 0.33 M sucrose and a volume of 
0.2 ml. They had previously been solubilized by suspension in a ~% Triton X-zoo 
solution for 3o min prior to electrophoresis. 2 mA per disc was applied to effect the 
separation, and the temperature was maintained by packing the electrophoresis unit 
in ice. Acid phosphatase activity was detected by use of the coupling diazo dye Fast 
Garnet GBC. Following electrophoresis the gels were incubated in a mixture con- 
taining 5 mM MgCI> 5 mM a(or fl)-naphthyl phosphate, IOO mM acetate buffer, 
pH 5.5 or 3.5, and o.I¢yg diazo Fast Garnet GBC dye. Tile incubation was continued 
until distinct red or black bands were observed. 

For tire chromatographic separation of the enzyme on DEAE-cellulose, the 
Golgi apparatus fraction or the total homogenate was first solubilized in I~{~ Triton 
X-Ioo in 0.02 M Tris-HC1 buffer, pH 8.0. The insoluble material was removed by 
centrifugation at ioo ooo x g for 30 rain. Tire soluble protein was applied to a DEAE- 
cellulose column (I cm ><, 4 ° cm) and washed with buffer until no Triton X-Ioo ap- 
peared in the eluent. Following the wash, the column was eluted with a linear NaCI 
gradient (o 0.5 M) in 0.o2 M Tris-HC1 buffer, pH 8.o, and 2-ml fractions were col- 
lected. The samples containing the acid phosphatase activity, eluting off the column 
at approximately 0.3 M NaC1 in the Golgi apparatus fraction, were pooled and used 
in further studies. 

For assay of this acid phosphatase enzyme a o.25-ml aliquot of enzyme was 
used in a final volumn of 0. 5 ml containing o.I M acetate buffer, pH 5.0, unless other- 
wise indicated. The ion inhibition studies were conducted by additiou of the ions 
directly to the reaction mixture and the incubation was started by addition of the 
enzyme. The thermal denaturation study was carried out by subjecting the enzyme 
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to a I5-min preincubation at the temperature indicated, cooling in ice and then as- 
saying for acid phosphatase as previously described. Proteins were determined by the 
method of Lowry et al. 1°. 

RESULTS 

The Golgi apparatus fractions isolated from the total homogenate and used in 
this study (Fig. I) consisted of relatively intact Golgi apparatus whose cisternae re- 
mained stacked and associated with numerous vesicular profiles. The purity of these 
fractions is comparable to that  previously reportedT, n. 

Studies initially made to determine the optimum conditions to assay acid 

Fig. i. Section th rough  a pellet of isolated Golgi appa ra tu s  i l lustrating typical fraction puri ty.  
Note t h a t  the Golgi appa ra tus  remain  relatively intact  and do not  become unstacked.  This is an 
impor t an t  consideration because loss of  cisternae by  unstacking is accompanied by  loss of the 
intercisternal  substances  and m a n y  of the associated tubules  and vesicles. Such losses could result  
in an imbalanced evaluat ion of Golgi appa ra tus  chemistry.  × 13 ooo. 
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phosphatase act ivi ty  indicated that  op t imum assay conditions depended on the tissue 
fraction exalnined and the substrate used. For example, at pH  5.5 with p-ni t rophenyl  
phosphate  (~ mM) as substrate,  the Golgi appara tus  fraction and the total homogenate  
showed approximate ly  equivalent specific activities. The results of an acid phospha- 
tase distr ibution s tudy  at a lower pH, 3.5 (Table I), demonst ra ted  an increased 
specific act ivi ty  in the Golgi appara tus  fraction relative to the total homogenate.  
Using ¢-naphthyl  phosphate as substrate a 4-fold increase in the specific act ivi ty  of 
the Golgi appara tus  over tha t  of the homogenate  was observed, with fl-naphthyl-  
phosphate a 5-fold increase was observed and with p-ni t rophenyl  phosphate  as sub- 
strate a 3-fold increase was observed. A o.5% recovery of protein (Table I) and a 2-3°,./o 
recovery of the total  testicular acid phosphatase was observed in the Golgi appara tus  
fraction (Table I). 

TABLE I 

RECOVERY OF ACID PHOSPHATASE ACTIVITY, p H  3-5 

Fraction Substrate 

a- Naphthyl fl- Naphthyl p- Nitrophenyl Protein 
phosphate phosphate phosphate recovery 

Spec. Recovery Spec. Recovery Spec. Recovery (%) 
act.* (%) act. (%) act. (%) 

Total hornogenate 0.34 lOO 0.38 1oo i.o 5 too ioo 
Lower pellet o. 15 7 0.37 17 i .oo 16 17 

(2800 × g) 
Supernatant 0.27 41 o.41 61 1.52 82 57 

(2800 × g) 
Gradient 

supernatant 0.06 o 0.06 o 0.49 o o 
(~4o ooo × g) 

Gradient pellet 0.57 20 0.49 t6 1.48 17 12 
(~4o ooo × g) 

Golgi apparatus 1.32 2 2.o2 3 3.36 2 o. 5 
oJ/.o Recovery 7 ° o.97 117 87 

* Specific activity expressed as/,moles/nag protein per h. 

The acid phosphatase act ivi ty  measured as a function of pH  with various 
substrates (Figs 2a, 2b and 2c) showed widely varied responses when measured in 
the Golgi appara tus  fraction or the total  homogenate.  Using IO mM fl-glycerophos- 
phate  as substrate very  low act ivi ty  was observed in the Golgi appara tus  while the 
total homogenate  showed a high level of act ivi ty  with a max imum at pH  6.o (Fig. 
2a). Using 5 mM a-naph thy l  phosphate as substrate the Golgi apparatus  possessed 
greater act ivi ty  than the total homogenate  at all pH  values observed with the 
diflerence being greatest  at pH 3.5 (Fig. 2b). Using 5 mM fi-naphthyl  phosphate as 
substrate the homogenate  showed a sharp peak of act ivi ty  at  pH 6.o while the 
Golgi appara tus  showed less act ivi ty  at pH  6.o than the total  homogenate  ; however at 
pH 3.5 the Golgi appara tus  possessed greater act ivi ty  than the homogenate  Fig. 2c). 

Subsequent  to the demonstra t ion of a selective distribution of acid phosphatase 
enzymes during the isolation procedure, a t tempts  were made to solubilize and sepa- 
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Fig. 2. Acid phosphatase act iv i ty  of the tota l  homogenate ( I )  and the Golgi apparatus fraction 
(O) as a function of pH. The substrates used were as follows: (a) zo mM ~-glycerop~osphate; 
(b) 5 mM ~-naphthylphosphate; (c) 5 mN ~-naphthyl  phosphate. 

rate the Golgi apparatus acid phosphatase(s). Initial a t tempts  to solubilize the acid 
phosphatase activity in the total homogenate by sonication resulted in only a 7o% 
solubilization of the total acid phosphatase activity or approximately 6o% of the 
membrane bound activity. Thus the use of detergents was investigated. Triton X-Ioo 
was chosen since the acid phosphatase activity did not appear to be inhibited by con- 
centrations as high as 5O/o . By use of a 1% Triton X-Ioo solution, 95% of the phospha- 
tase activity of the total homogenate was solubilized, thus its use was routinely adopt- 
ed. 
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Fig. 3- Disc gel e lectrophoret ic  patterns  of acid phosphatase  act iv i ty .  The  soluble proteins ap- 
plied to the  gels were  as fol lows: (a) total  homogenate ;  (b) Golgi  apparatus;  (c) total  soluble pro- 
tein (IOO ooo × g, i -h superna tan t ) ;  (d) total  part iculate  protein (ioo ooo × g, I-h pellet). Acid 
phosphatase  ac t iv i ty  was  detec ted  using f l -naphthyl  phosphate  as substrate  at p H  5.o. Other 
condit ions  were as described in Methods.  

Disc gel electrophoretic patterns of the total solubilized proteins from the Golgi 
apparatus and the total homogenate showed that the acid phosphatase activity of 
the Golgi apparatus migrated in a distinct band ahead of the more diffuse activity 
in the total homogenate (Fig. 3)- No corresponding band was observed when an equal 
quantity of total homogenate protein was run parallel to the Golgi apparatus; how- 
ever this was not surprising since the Golgi apparatus makes up no more than a small 
percentage of the total homogenate. The protein recovery of o .5~  o (Table I) de- 
monstrated a fairly high percentage recovery 6. 

When Triton X-Ioo solubilized Golgi apparatus proteins were applied to a 
DEAE-cellulose column and eluted with a linear NaC1 gradient, a peak of acid 
phosphatase activity eluted at about o3. M NaC1 (Fig. 4)- A phosphate containing 
compound of unknown identity eluted earlier in the first fractions off the column 
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Fig. 4. Elut ion pattern of acid phosphatase  ac t iv i ty  off a DEAE-cellulose column. Soluble Golgi 
apparatus  protein was  applied to the co lumn and eluted by a NaC1 gradient  as described in the  
methods .  An al iquot  of  o.25 ml was removed  from each fraction and used directly as enzyme. Acid 
phosphatase  ac t i v i ty  was  determined u s i n g / / - n a p h t h y l  phosphate  as substrate  at p H  5.o. Other 
condit ions  were as described in Methods.  
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Fig. 5. Ion effects on acid phosphatase  activity. The fractions off the DEAE-cellulose column 
which contained the Golgi apparatus acid phosphatase  were pooled and used for these studies. 

when either the Golgi apparatus or total homogenate proteins were used. When the 
total homogenate proteins were applied, very low activity was observed eluting at 
o.3 M NaC1. The majority of acid phosphatase activity of the total homogenate did 
not bind to the column and thus came off in the buffer wash along with the Triton 
X-Ioo. Some activity was also observed here in the Golgi apparatus fraction. 

The fractions collected off the DEAE-cellulose column containing the Golgi 
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Fig. 6. Effect of pH on acid phosphatase  activity. The fractions off the DEAE-cellulose column 
which contained the Golgi apparatus acid phosphatase  were pooled and used for these studies. 
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Fi~. 7- ~herma] denaturation curve. The fractions off the DEAE-ce]~ulose column which contained 
the Go]gi apparatus acid phosphatase were pooled and used for these studies. The enzyme was 
subjec ted  t o  a I 5 - m i n  p r e i n c u b a t i o n  a t  the  ind ica ted  t e m p e r a t u r e ,  cooled in ice and t h e n  as sayed  
f o r  a c i d  p h o s p h a t a s e  a c t i v i t y  as  ind icated  in M e t h o d s .  

apparatus acid phosphatase were pooled and used for subsequent studies of  this 
enzyme. These fractions were stored at 4 °C (up to three days) until use with little 
apparent loss of  activity. All glassware was thoroughly cleaned--including an acid 
wash--before use due to the presence of an unidentified inhibitor present on the glass- 
ware. The Golgi apparatus acid phosphatase was strongly inhibited by low levels of  
both NaF and sodium tartrate (Fig. 5a). Heavy metal ions showed varying effects, 

T A B L E  I I  

S U B S T R A T E  S P E C I F I C I T Y  OF A T R I T O N  X - I O O  S O L U B I L I Z E D  G O L G I  A P P A R A T U S  A C I D  P H O S P H A T A S E  

Substrates Concentration nmoles/ml per h 
(raM) 

G T P  t 4 ° 
A T P  i 14 
U T P  i i2  
C T P  i 39 
I T P  t o 
G D P  i 6 
A D P  i 4 
U D P  ~ 6 
C D P  i i 
1DP i 6 t 
5 ' - A M P  5 19 
2 ' - A M P  5 27 
C M P  5 63 
f i - N a p h t h y l  p h o s p h a t e  5 85 
a - N a p h t h y l  p h o s p h a t e  5 6o  
f l - G l y c e r o p h o s p h a t e  5 23 
~ ] - G l y c e r o p h o s p h a t e  25 59 
Glucose  6 - p h o s p h a t e  IO 7 
p - N i t r o p h e n y l  p h o s p h a t e  5 83 
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with IO mM Cu e+ showing 60% inhibition, while the same concentration of Cd ~+ 
showed little inhibition (Fig. 5b). The enzyme was resistant to formaldehyde at the 
concentration tested (Fig. 5c). 

The enzyme showed a rather broad pH opt imum using either a- or fl-naphthyl 
phosphate as substrate (Fig. 6). The enzyme was stable when incubated for I h at 
temperatures up to 4 ° °C. However, a I5-min preincubation of the enzyme, at 5 ° °C 
prior to assay resulted in partial inactivation (Fig. 7). A I5-min preincubation at 
6o °C resulted in total inactivation. 

A number of compounds were tested as possible substrates (Table II). The 
enzyme appears to have a rather broad specificity, although certain nucleotides 
were hydrolyzed more rapidly than others. 

D I S C U S S I O N  

The studies of acid phosphatase activity as a function of pH with different 
substrates suggested the presence of multiple acid phosphatase enzymes in intact 
fractions of rat  testicular homogenate. The isolation of the Golgi apparatus fraction 
resulted in an enrichment for a particular enzyme(s). With the report by Vanha- 
Pert tula 4 of four distinct acid phosphatase enzymes in rat  testicular homogenates 
separated and identified by DEAE-cellulose column chromatography, an a t tempt  was 
made to identify which enzymes were endogenous to the Golgi apparatus. The intro- 
duction of Triton X-IOO for solubilization, however, made a direct comparison of the 
data somewhat difficult. The enzyme isolated off the DEAE-cellulose column did not 
compare in all respects with any of the four enzymes previously reported 4. The en- 
zyme did, however, on the basis of both the disc gel electrophoresis and the DEAE- 
cellulose chromatography appear to be specifically located in the Golgi apparatus. 

No study to date has been made of the acid phosphatase activity washed off 
the column along with the Triton X-Ioo. The acid phosphatase eluting off the DEAE- 
cellulose column at 0.3 M NaC1 did not by itself account for the characteristics of the 
acid phosphatase activity observed in the intact Golgi apparatus membranes. Thus 
the existence of another (other than that  described here) acid phosphatase enzyme(s) 
in the Golgi apparatus fractions seems probable. 

The rat  testis germ cell Golgi apparatus functions in the formation of the sperm 
acrosome, generally thought to be a highly specialized lysosome. The sensitivity of 
this Golgi apparatus acid phosphatase to inhibition by both tar t rate  and fluoride 
ions and its resistance to formaldehyde is similiar to that  previously reported for 
many  lysosomal acid phosphatases. The significance of this similarity is unknown. 

The location of this enzyme within the Golgi apparatus complex has not been 
established. The isolated Golgi apparatus fraction consisted of a relatively intact 
stack of cisternae, differentiated from proximal to distal face ; several classes of rough 
surfaced vesicles; and smooth surfaced versicles 12. The distribution studies suggested 
that  this Golgi apparatus acid phosphatase was not present in the acrosome as a secre- 
tory product ; however the presence of an inactive form of the enzyme would not have 
been detected by our experiments. 

Once it was determined that  this enzyme appeared to be specifically located 
in the Golgi apparatus a study was begun of its characteristics with the hope of de- 
fining assay conditions under which it would be possible to selectively assay for this 
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Golgi appara tus  enzyme in  vitro. To date  this has not  been defined; however,  the ad- 

vantages  of  such a Golgi appara tus  marker  enzyme would be obvious. 

The substra te  specificity of  this Golgi appara tus  acid phosphatase  was ra ther  

broad, but  it did show some selectivity.  No evidence, however,  exists as yet  about  

its na tura l  substra te  or its physiological  significance. 
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