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tioning as an energy source. The effect of glucose derivatives 
such as 3-O-methyl-D-glucose and 2-deoxy-D-glucose on the 
fertilization of mouse ova in vitro was therefore examined. 
No effect was observed in the case of 3-O-methyl-D-glucose 
(table 2, exp. 1). On the other hand,  2-deoxy-D-glucose (1.2 mM) 
suppressed fertilization when the glucose concentration was re- 
duced to 1.2 m M  while no effect was observed in the presence of 
6 m M  glucose (table 2, Exp. 2). It was assumed that  the latter 
worked as a glucose uptake inhibitor. 
However, phloridzin, known as a glucose uptake inhibitor, 
showed no fertilization inhibitory effect, but stimulated fertiliza- 
tion in low glucose concentrations. Even in the presence of 0.15 

Table 2. The effect of glucose concentration and glucose uptake inhibitors 
on mouse fertilization in vitro 

Glucose Ova penetrated (%) 
concentration 
(mM) 

Exp. 1 Control 3-O-Methyl-D-glucose (1.2 mM) 
6.0 604- 6 634- 2 
2.4 56q- 3 57+11 
1.2 56 -4- 8 46 4. 10 
0.6 284. 9 214, 4 

Exp. 2 Control 2-Deoxy-D-glncose (1.2 mM) 
6.0 68-~ 10 59 • 5 
2.4 484, 6 234, 7* 
1.2 454, 6 14, 1"* 
0.6 17• 3 14, 1"* 

Exp. 3 Control Phloretin-2'-fl-D-glucose (500 l.tM) 
6.0 77 4. 10 79 4, 2 
1.2 68• 7 864. 7 
0.6 74, 4 694. 5** 
0.3 24- 1 63 4- 5** 
0.15 0 53 4, 10"** 
0 0 0 

Exp. 4 Control Phloretin 
6.0 60 4. 3 (500 I~M) 0"** 

(100 l-tM) 5 • 3** 
(5 I.tM) 26 4, 2** 

Values are mean • SE of 3-7 independent tests. *p < 0.05, **p < 0.01. 
*** Student's t-test was not applicable. Epididymal sperm prepared in 
fructose-KRB were added to the ova. The assessment of fertilization was 
done at 90 rain after the sperm addition. 

mM glucose, in which no fertilization was observed in the con- 
trol group, the addition of the reagent to the medium enabled the 
sperm to penetrate the ova. Since phloridzin is a glucoside of 
phloretine, the authors suspected the release of a glucose moiety 
from the reagent. However, phloridzin per se failed to induce 
sperm capacitation. Furthermore,  the effect of  phloretin on in 
vitro fertilization of mouse ova was also examined, and only a 
detrimental effect was observed. It was interesting that  these two 
reagents had an opposite effect on sperm capacitation, because 
the only difference in the structures of phloridzin and phloretin 
is the glucose moiety. The fact that  a small amount  of glucose 
had to be contained in the medium in order for phloridzin to 
express its activity might be related to the observation of  Fraser 
and Quinn 8: 'Once the spermatozoa had been primed by glucose, 
the removal of exogenous glucose did not block fertilization.' 
In the guinea pig, it was reported that  glucose retarded both  the 
sperm acrosome reaction 2 and sperm respiration 3. In human  
sperm, glucose was more effective than fructose in enabling them 
to fuse with zonaZfree hamster ova 4. Although the requirement 
of glucose in sperm capacitation might vary from species to 
species, the mechanisms of  how the exogenously added energy 
source affect the physiological function of  sperm are important  
aspects of  the capacitation process. Phloridzin will serve as a 
useful reagent for the investigation to clarify the roler of glucose 
in mouse sperm capacitation. 
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Summary. The localization of anglotensin converting enzyme (ACE) in the gonads of the normal rabbit  was studied by immunofluo- 
rescence and immunoelectron microscopy. The enzyme is present in the cytoplasm of testicular spermatids and of epididymal and 
ejaculated spermatozoa, and on the surface of follicular and tubal cocytes. These findings support  the hypothesis that  ACE has a role 
in gamete matura t ion and in fertilization. 
Key words. Angiotensin converting enzyme; rabbit,  gametes; rabbit,  Leydig cells. 

Angiotensin converting enzyme (ACE) (kininase II; EC 
3.4.15.1) is a dipeptidyl carboxypeptidase that  catalyzes the con- 
version of angiotensin I to angiotensin II, a vasopressor, inac- 
tivates bradykinin, a vasodepressor, and is important  in homeo- 
stasis of blood pressure. The enzyme is located on the luminal 
membrane of endothelial cells of vessels throughout  the body 4,5. 
In addition, ACE has been demonstrated on the brush border of 
renal and intestinal epithelial cells 6,v and in neuroepithelial cells 
of the brain 8'9. However, measurement of ACE activity in a 

variety of animal species and in man indicates that  the highest 
concentration of ACE is present in the testis, the epididymis, and 
the seminal fluid 1~ In the rat  the rise in ACE activity in the 
testis parallels sexual matura t ion ~~ l~, while in man a correlation 
has been observed between the activity of ACE in seminal 
plasma and semen quality, such as density and motility ~2. 
Recently it has been demonstrated by three different techniques 
that  in rat  TM 14, and swine 15 ACE is associated with male gametes. 
In one report 15, the precise localization of ACE in male swine 
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gonads  was investigated by using the immunofluorescence mi- 
croscopy technique. The enzyme was shown to be present  in 
spermatids  and in the cytoplasmic droplets  o f  epididymal sper- 
matozoa .  In the present  s tudy immunohis tochemica l  techniques 
were used to identify the localization o f  the enzyme in rabbit  
testis and ovary and in extragonadal  gametes.  
Materials and methods. A n  ant iserum against  A C E  purified f rom 

pulmonary  and testicular A C E  are not  identical.but appear  to be 
isoenzymes, an t ipulmonary  A C E  antibodies recognize all the 
antigenic determinants  of  testicular A C E  ls'19. In immunof luo-  
rescence microscopy studies the following normal  specimens 
were used: frozen sections f rom testes and epididymides o f  
sexually immature  (n = 3) and mature  rabbits  (n = 14); smears 
o f  testicular and epididymal tubular  contents  (n = 6); semen 

rabbi t  lungs was prepared  in goats  16,17. The monospecif ici ty o f  ' smears (n = 2); and frozen sections o f  ovaries (n = 10) and o f  
this ant iserum has been documented  previously 16,17. Al though  oviducts (the latter collected f rom two animals induced to 

All figures are immunofluoreseence (figs 1-6) or immunoelectron (figs 7 and 8) micrographs showing the localization of AcE. 

Figure 1. Testis of a sexually immature rabbit. ACE is observed in cells 
present in the interstitium surrounding the seminiferous tubules (T). • 70. 

Figure 2. Testis of a sexually mature rabbit. ACE is seen not only in 
interstitial cells but also in the lumen of the seminiferous tubiales (T). x70. 
Inset: At higher magnification ACE is observed surrounding the heads of 
developing spermatozoa in the lumen (L) of the seminife~us, tubules. 
x 565. 

Figure 3. Epididymis of a sexually mature rabbit. The tubular lumen (L) 
contains numerous discrete granules of ACE. E: tubular epithelium, x70. 

Figure 4. A) Spermatozoon in a testis smear. ACE is seen in the residual 
cytoplasm surrounding part of the head and the tail. x565. B and (2) 

Spermatozoa in epididymis smears. ACE-containing cytoplasmic drop- 
lets are seen at different positions along the sperm tails, x 565. D) No ACE 
can be demonstrated in an epididymal spermatozoon that has lost its 
cytoplasmic droplet, x565. 

Figure 5. Rabbit antral follicle. ACE is localized in the oolemma in a 
diffuse pattern and in the zona pellucida in striations radiating from the 
oocyte surface. A: antrum; F: follicular cells; O: oocyte; Z: zona pellu- 
cida. x375. 

Figure 6. Rabbit oocyte after ovulation in the lumen (L) of an oviduct. 
The expression of ACE on the oviductal oocyte is similar to that of ACE 
on the ovarial oocyte shown in figure 5. ACE is also present on the 
endothelium of capillaries of an oviductal villus (V). x70. 
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ovulate following gonadotropin administration). All specimens 
were fixed at 4~ in acetone for 15 min. The direct and indirect 
immunofluorescence technique utilizing the IgG fraction of the 
anti-ACE serum and the appropriate control experiments were 
performed as described previously 2~ Localization of ACE by 
immunoperoxidase electron microscopy was done in epididymal 
spermatozoa and ovary tissue, using the technique described 21. 
In one rabbit ACE activity was measured in a pellet of epidi- 
dymal spermatozoa, in sperm-free fluid of epididymal tubules, in 
washed epididymal tissue fragments, and in lung tissue accord- 
ing to the method described by Cushman and Cheung 22. 
Results. By immunofluorescence microscopy ACE was identi- 
fied along the vascular endothelium in testis, epididymis, ovary 
and oviduct. In the testis of immature and mature animals the 
enzyme was also found on the Leydig cells (figs 1 and 2). ACE 
was not detectable in the seminiferous tubules of any of the 
sexually immature rabbits (fig. 1), In contrast, in all of the ma- 
ture testes extensive localization of ACE was observed at the 
luminal side of the seminiferous tubules (fig.2), especially 
around the heads of spermatids and spermatozoa (fig. 2, inset). 
Whereas, in the epididymis of sexually immature rabbits ACE 
was found only along endothelia, in all sexually mature animals 
the epididymal tubular lumina were filled with sperm cell-associ- 
ated accumulations of the enzyme (fig. 3). The study of testic- 
ular, epididymal, and semen smears revealed the presence of the 
enzyme in the sperm cytoplasmic droplets (figs4A, B, and C), 
and its absence in spermatozoa that had shed their residual 
cytoplasm (fig.4D). Thus, the association of ACE with male 
gametes followed strictly the formation and normal cycle of the 
cytoplasmic droplet 23'24. While immunoelectron microscopy 

Figure 7. A) Demonstration by immunoperoxidase etectron microscopy 
of ACE in a cytoplasmic droplet x 8200. B) Absence of peroxidase in a 
cytoplasmic droplet in a control experiment in which instead of goat 
anti-ACE IgG, non-immune goat IgG was used. x8200. 

showed that ACE was localized in the cytoplasm surrounding 
the vesicular elements of the droplets (fig. 7), we could not estab- 
lish whether the enzyme occurred also at the surface of the 
droplets because the handling of live spermatozoa resulted in the 
separation of the droplets from the cells and their subsequent 
disintegration 23'24. The specific activities of ACE in epididymal 
sperm, sperm-free epididymal tubular fluid, washed epididymal 
tissue, and homogenized lung were 0.19, 0.11, 0.04, and 0.10 
U/mg protein respectively. In double diffusion tests, a single 
immuno-precipitin band was obtained between the anti-ACE 
serum and the sonicated sperm pellet, tubular fluid preparation 
or homogenized lung. 
In the ovary ACE was observed in a diffuse pattern on the 
surface of follicular oocytes as well as in the zona pellucida in 
striations radiating from the oocyte surface (fig. 5). The expres- 
sion of ACE was most pronounced on oocytes present in large 
antral follicles and did not change after ovulation as shown by 
the presence of the enzyme in oviductal eggs (fig. 6). Immuno- 
electron microscopy revealed that ACE was distributed in a 
diffuse pattern along the oolemma and the plasma membrane of 
cumulus cell processes extending through the zona pellucida 
( f i g .  8 )  21 . 

Discussion. The demonstration of ACE in the cytoplasm of tes- 
ticular spermatids and of epididymal and ejaculated spermato- 
zoa confirms an earlier report ~5 and explains the results of stu- 
dies showing the existence of a strict correlation between male 
gonadal ACE activity and sexual maturity l~ Furthermore, the 
high concentration of ACE in seminal plasma is most likely the 
consequence of the disintegration of cytoplasmic droplets shed 
by the mature spermatozoa 23'24. The immunohistochemical 
demonstration of ACE in Leydig cells is in agreement with an 
earlier biochemical study showing ACE activity in these cells 2s. 
The finding of ACE on the plasma membrane of egg ceils seems 
to represent the first documentation of oolemma-associated en- 
zyme activity. 
The functional significance of ACE in the male and female 
gametes is unknown. The observation that ACE persists in ex- 
tragonadal gametes raises the possibility of a role for ACE not 
only in sperm and oocyte maturation but also in the fertilization 
process. The two known physiologic substrates of ACE are 
bradykinin and angiotensin I. Bradykinin enhances sperm motil- 
ity, and kallikrein, the enzyme involved in bradykinin forma- 
tion, is found in seminal plasma 26. Leydig cells have been shown 
to contain renin 2s,27 and angiotensins 2s. It should also be realized 
that ACE is capable of cleaving dipeptides from the C-terminal 
end of a variety of peptides and, as such, it may act on physio- 
logic substrates other than angiotensin I or bradykinin. It is 
conceivable, therefore, that ACE influences gonadal and gamete 
physiology through yet non-defined, biologically active pep- 
tides. Experiments involving competitive antagonists of ACE 
should help to clarify the significance of ACE in reproductive 
physiology. Finally, we recently induced in situ formation of 
immune complexes in the zona pellucida of rabbit oocytes by 
systemic administration of anti-ACE antibodies 21. Investiga- 
tions on the effect of anti-ACE antibodies on the maturation and 
fertilizing competence of male and female gametes in vivo and in 
vitro seem warranted 2s,29. 

Figure 8. A) Demonstration by immunoperoxidase electron microscopy 
of ACE in a diffuse pattern along the oolemma. Shown is part of an 
oocyte (O) surrounded by the zona pellucida (Z). x6500. B) Absence of 
peroxidase along the oolemma in a control experiment in which instead of 
goat anti-ACE IgG, non-immune goat IgG was used. x6500. 
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Summary. It was found that NaHSO3 present in the eluents enabled full and reproducible recovery of chromosomal proteins from a 
hydroxyapatite column. Another protease inhibitor, PMSF, did not have that effect. 
Key words. Chromatin proteins; hydroxyapatite; protease inhibitors. 

Hydroxyapatite (HAP) chromatography is a very widely used 
method of obtaining chromatin proteins. It makes it possible to 
obtain nonhistone proteins free from histones and nucleic acids 
by a single-column procedure, without long ultracentrifuga- 
tion ~'2. The major disadvantage of the method is the changing 
amount of proteins eluted from the column. Rickwood and 
MacGillivray ~ recommended washing nuclei with sodium de- 
oxycholate for chromatin with totally 'elutable' proteins. Unfor- 
tunately, the nuclei treated with deoxycholate were found by the 
authors to be devoid of some proteins especially of high mol. wt. 
Materials and methods. White Wistar male rats (120-150 g) were 
killed by decapitation and livers were quickly excised, perfused 
with ice-cold saline and immediately used for further experi- 
ment. All solutions used for obtaining cell nuclei and chromatin 
contained phenylmethylsulphonylfluoride (PMSF) added 
freshly as an 0.1 M solution in isopropanoP. All preparative and 
chromatographic work was carried out at 4~ Cell nuclei Were 
obtained by the method of  Widnell and Tata 4 with an additional 
washing with 0.5 % Triton X-100 in isotonic sucrose. Chromatin 
was prepared according to Spelsberg and Hnilica s. The nuclei 
were washed twice with saline-EDTA and swollen in 1.5 mM 
NaC1 - 0.15 mM sodium citrate. The chromatin was sonicated, 
adjusted to about 0.25 mg DNA/ml  and applied onto a column. 
The column was washed with 1 mM potassium phosphate buffer 
(pH 7.5) and then the total chromatin proteins were eluted with a 
buffer containing 2 M KC1, 5 M urea, 80 mM potassium phos- 
phate (pH 7.5). The solutions for washing and elution contained 
5 mM NaHSO 3 (analytical grade, P.O.Ch.) or 1 mM PMSF 
(Sigma). 
Protein concentration was estimated in the effluent by the dye 
binding method of Bradford 6 using bovine serum albumin as a 
standard. 

Results and discussion. Samples of chromatin obtained in the 
same preparation cycle were run simultaneously on HAP co- 
lumns with eluents containing one of the two protease inhibi- 
tors: NaHSO 3 or PMSF. The results given in the table showed 
that the amount of protein is 2.61-2.75 times higher when so- 
dium bisulfite is added to the eluents. 
Since Carter and Chae 3 showed that PMSF is a powerful pro- 
tease inhibitor it has been widely used in chromatin studies ever 
since, though there has recently been critical discussion concern- 
ing its inhibitory properties v. We found that it cannot replace 
NaHSO 3 when total recovery of proteins from HAP is expected. 
Sodium bisulfite was used as an inhibitor of proteolytic activity 
by Chiu and his coworkers s during the removal of the bulk of 
nonhistone proteins with 5 M urea and by Fredericq and Hacha 9 
in sequential elution of histones and nonhistone proteins from 
HAP columns. The eluents were composed of 2 M KC1 and 
various concentrations of phosphate buffer only. The use of 
NaHSO 3 may have contributed to the successful separation 
without applying any strong solubilizing agents (urea or gua- 
nidine hydrochloride). Later, bisulfite was used by Bloom and 
Anderson l~ who reported a quantitative separation ofchromatin 

Total chromatin proteins (mg) recovered from an HAP column with 2 M 
KC1 - 5 M urea - 80 mM potassium phosphate buffer (pH 7.5) supple- 
mented with either 1 mM PMSF or 5 mM NaHSO3. 1 mg chromatin DNA 
was applied onto a 2 ml column 

No. of sample Eluent + PMSF Eluent + NaHSO 3 

1 0.68 1.79 
2 0.71 1.85 
3 0.65 1.79 


