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Calcium uptake into filipin-treated bovine spermatozoa is completely inhibited by the uncoupler CCCP or by ruthenium 
red. Both P, and mitochondrial substrates are required to obtain the maximal rate of calcium uptake into the sperm 
mitocbondria. Bicarbonate and other anions such as lactate, acetate or fl-hydroxybutyrate do not support a high rate of 
calcium uptake. There are significant differences among various mitocbondrial substrates in supporting calcium uptake. 
The best substrates are durohydroquinone, a-glyceropbosphate and lactate. Pyruvate is a relatively poor substrate, and 
its rate can be greatly enhanced by malate or succinate but not by oxalacetate or lactate. This stimulation is blocked by 
the dicarboxylate translocase inhibitor, butylmalonate and can be mimiced by the non-metabolized substrate D-malate. 
The K a for pyruvate was found to be 17/zM and 67 pM in the presence and absence of L-malate, respectively. The K, 
for L-malate is 0.12 mM. It is suggested that in addition to the known pyruvate/lactate translocase there is a second 
translocase for pyruvate which is malate/succinate-dependent and does not transport lactate. In the presence of 
succinate, glutamate stimulates calcium uptake 3-fold, and this effect is not inhibited by rotenone. In the presence of 
glutamate plus malate or oxalacetate there is only an additive effect. It is suggested that glutamate stimulates succinate 
transport and/or oxidation in bovine sperm mitochondria. The a-hydroxybutyrate is almost as good as lactate in 
supporting calcium uptake. Since the a-keto product is not further metabolized in the citric acid cycle, it is suggested 
that lactate can supply the mitochondrial needs for NADH from its oxidation to pyruvate by the sperm lactate 
dehydrogenase x. Thus, when there is sufficient lactate in the sperm mitocbondria, pyruvate need not be further 
metabolized in the citric acid cycle in order to supply more NADH. 

Introduction 

Mltochondna isolated from various tissues have the 
capacity to accumulate large amounts of Ca 2+ m the 
matrix compartment by a transport process energeti- 
cally coupled to electron transport [1,2] It is generally 
accepted that Ca 2 + transport, as the primary process, is 
coupled to the uptake of a permeant amon such as 
phosphate [3,4] The actwe amons share a common 
property, the potential ablhty to carry protons to the 
mtramltochondnal matrix [5] 

The mtracellular calcium concentrauon m sperma- 
tozoa has a regulatory role m the control of mot~hty and 

capacltatlon [6-11] In mammalian spermatozoa, the 
systems that regulate lntracellular Ca 2+ concentration 
revolve the nutochondna [12] and the plasma mem- 
brane ATP-dependent  Ca 2÷ pump [13-15] and 
N a + / C a  2+ ant:porter [16,17] Approx 90% of the Ca 2÷ 
that is taken up by ram or bull spermatozoa is accu- 
mulated m the matochondna [7,12] The transport of 
Ca 2 + into sperm mltochondna xs mtublted by the sulf- 
hydryl reagents N EM and mersalyl [18] and by 
ruthemum red [19] We have demonstrated the effect of 
phosphate, bicarbonate and various matochondnal sub- 
strates on Ca 2÷ transport into intact bovine sperm [20] 
In the present paper, we examine these factors w~th 
regard to calcmm transport into sperm matochondrla 

AbbrevaaUons NEM, N-ethylmalemude, TEA, tnethanolamme, 
OAA, oxaloacetate, CHC, a-cyanohydroxycmnanuc acid, LDH, 
lactate dehydrogenase 

Correspondence H Breltbart, Department of Life Sciences, Bar-Ilan 
Umvermy, Ramat Gan 52100, Israel 

Material and Methods 

Bovine epxchdyrmdes were obtamed from local 
slaughter houses Ep:chdymal spermatozoa were col- 
lected and washed as descnbed previously [12] The 
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60 standard medium used contaans 110 mM NaC1, 5 m M  
KC1, 10 mM sodium morphohnopropanesulfonate  (pH 
7 4) (medmm A) The cells were washed twice with 
medium A by centnfugation at 600 × g, 10 mln at 
25°C 

Ftlzpln treatment A suspenston of 2 25 108 cel ls /ml  
m 15 ml medium A was mixed with 30 #1 of a fresh 
solution of 0 1 M fihpin in DMSO for 6 nun at 25 o C 
To this suspension 15 ml of cold (4°C)  buffer M 
composed of 250 mM manmtol,  70 m M  sucrose, 10 m M  
TEA-Hepes (pH 7 4) were added, and the suspension 
was centrifuged at 4 ° C  for 10 mln, at 600 × g The 
pellet was resuspended with 15 ml of cold buffer M, 
centnfuged as above and the sperm pellet was sus- 
pended in 1 8 ml cold buffer M and kept on ice 

Calcium uptake Uptake of 45Ca by fihpln-treated 
cells was deterrmned by the fdtratlon technique Cells 
were incubated m a final volume of 125/~1 medium A 
2 5 108/ml) contatmng 0 2 m M  CaC12 and 0 5 /~Ci 
5CaC12 The concentratxon of phosphate when used 

was 1 25 mM The cells were held for 10 m m  at 37 ° C  
and the substrate was added 10 s before startmg the 
reaction by the addition of calcium After 2 nun of 
incubation at 37°C,  0 1 ml was removed and im- 
mediately vacuum-filtered on G F / C  filters The cells 
trapped on the filter were washed three times with 5 ml 
of solution composed of 150 mM NaC1, 10 m M  Tns  
(pH 7 4) and 2 mM EGTA The dry fdters were counted 
m scmtdlat]on vials with 5 ml Aquasol (DuPont) The 
data are expressed as the experimental value corrected 
for the calcium bound in the presence of the nutochon- 
drlal uncoupler CCCP 

Resptratton Mltochondnal  respiration was mom-  
tored using a Clark oxygen electrode 

Except where noted, the experiments shown were 
performed on a single preparation of sperm pooled 
from the eplchdynudes of two or three bulls and are 
representatwe of three or more experiments performed 
with other such pools 

Materials Chelmcals were obtamed from standard 
commeroa l  sources Flhpm, rotenone, and D-malate 
were obtained from Sigma, durohydroqumone from 
Pfaltz-Bauer, Inc and ct-cyano-3-hydroxycmnamlc acid 
from Aldrich 

Results 

Effect of phosphate and bwarbonate on calcmm uptake 
The effect of phosphate and bicarbonate on ca loum 

uptake mto fihpm-treated sperm can be seen m Fig 1 
Calcium uptake into fihpin-treated sperm is completely 
inhibited by the uncoupler CCCP or by ruthenium red 
(data not shown) thus we can consider this calcium 
uptake as an accumulation of calcaum m the sperm 
rmtochondna Calcmm uptake by sperm imtochondna  
ts absolutely dependent upon the presence of nutochon- 

50 

¢J 

co 

t'~ 
0 

"6 
C 

40 

30 

20 

10 

None 

• ~ofle 

[ ]  Phosphate 

[ ]  Bicarbonate 

L a c t a t e  DHQ 

58 

Fig 1 The effect of phosphate and bicarbonate on calcium uptake 
into fihpm-treated cells Calcmm uptake dunng 10 man was de- 
terrmned as described m Materials and Methods The substrates used 
are 10 mM lactate or durohydroqmnone (DHQ) The concentrahon of 

P, is 1 25 mM and that of NaHCO 3 is 2 mM 

dnal  substrate and phosphate With L-lactate as the 
substrate, a small but stgmficant degree of calcium 
uptake (2 1 n m o l / 1 0  8 cells) occurs without phosphate, 
but almost no uptake (0 5 nmo l /10  8 cells) occurs with 
the non-lonxc substrate durohydroqulnone m the ab- 
sence of phosphate  Bicarbonate, which supports 
calcium uptake in hver ml tochondna [21], alone has no 
effect on calcium uptake by bovine sperm mlto- 
chondrla Other proton-donating acids such as acetic 
and /3-hydroxybutyrlc which support calcium transport 
in hver ml tochondna  [5], have no effect on sperm 
nutochondna  (data not shown) 

Effect of substrate on calcium uptake and resptratlon 
The effect of various substrates on calcium uptake 

into fillpin-treated sperm is shown in Fig 2 Three 
substrate groups are designated (1) Good  - duro- 
hydroqumone  (DHQ),  a-glycerophosphate (a-GP),  
lactate, a-hydroxybutyrate  (a-HB),  oxaloacetate and 
glutamate (2) Fair - fl-hydroxybutyrate (fl-HB), 
pyruvate, succlnate and malate (3) Poor - acetate and 
acetoacetate To further investigate these results we 
measured the respiratory rate with the various sub- 
strates The data in Table I show that respiration rates 
correlate fairly well with the data on calcium uptake 
However, the lack of strict correlation indicate that 
factors other than the energy requirement for calcium 
transport  influence respiratory rate Substrates such as 
succmate, a-glycerophosphate and durohydroqulnone, 
which provide electrons at sxte II of the electron trans- 
port  chain, support  higher 02 consumption per umt of 
calcium transported than do NADH-genera tmg sub- 
strates In fact, the respiration ts higher than can be 
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Fig 2 The effects of various substrates on calcmm uptake into 
fihpm-treated cells Ca lcmm uptake was deterrmned m the presence of 
10 m M  substrate and 1 25 m M  P, The substrates are duro- 
hydroqumone (DHQ), a-glycerophosphate (a-GP),  lactate (Lac), a- 
hydroxybutyrate (a-HB), oxaloacetate (OAA), glutamate (Glu), fl-hy- 
droxybutyrate (fl-HB), pyruvate (Pyr), succmate (Succ), malate (Mal), 

acetate (Ac), acetoacetate (ACA) 

accounted for by the difference m P / O  ratms for these 
two classes of substrates We have shown in Fig 2 that 
pyruvate, succmate or malate are not as effective as 
lactate in supporting calcmm transport  into the nuto- 
chondna However, when pyruvate was added m the 
presence of malate or succmate a 3-fold enhancement of 
calcmm uptake occurred (see Fig 3) In contrast, when 
pyruvate was added in the presences of fl-hydroxy- 
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Fig 3 The effect of  pyruvate m the presence of other substrates on 
calcmm uptake into fthpm-treated cells Calcmm uptake was de- 
termmed with 5 and 0 5 m M  pyruvate (Pyr) and m the presence of 
fl-hydroxybutyrate (fl-HB), sucona te  (Succ), or malate (Mal) alone 
(black bars) or plus 0 5 m M  pyruvate (hatched bars) P~ (1 25 mM) 

was present 

butyrate, only an additive effect occurred The respira- 
tory rate with pyruvate was stimulated by malate or 
succmate, but not with fl-hydroxybutyrate or OAA 
(Table I) The respiratory rate with L-lactate is inhibited 
by adding pyruvate Calcium uptake In the presence of 
L-lactate and other substrates is approximately the sum 
of the act~vlues of the two substrates, lactate does not 
mcrease calcium uptake m the presence of pyruvate 
(Fig 4) Thus, pyruvate mlubttlon of lactate oxldatmn 

50 

TABLE I 

Resptratton of fthpm-treated cells m the presence of various substrates 

Resplrauon rate was determined m 2 rnl m e d m m  A (1 46 108 cells) 
whtch contained 1 25 m M  P, and 0 2 m M  CaC12 The final concentra- 
tion of CCCP was 1 # m  n = 2 

5 m M  substrate 0 5 m M  
addatlon 

ng atom O / m m  per 10 s cells 

State 4 + 0  5 m M  Pyr + CCCP 

None  4 4 8 9 11 
Durohydroqumone 48 - 184 
a-Olycerophosphatc 33 - 72 
Lactate 15 11 33 
Oxalacetate 9 2 8 7 - 
fl-Hydroxybutyrate 9 7 12 - 
Pyruvate 9 2 - - 
Succmate 18 29 - 
L-Malate 8 9 16 29 
Acetate 2 0 - - 
Citrate 3 6 - - 
Acetate malate 2 6 - - 
Pyruvate malate 15 - 29 
Pyruvate oxaloacetate 6 6 - 8 2 
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Fig 4 The effect of lactate m the presence of other substrates on 
calcmm uptake into fihpm-treated ceils C a l o u m  uptake was mea- 
sured w~th 10, 0 05 and 0 5 m M  lactate (Lac) alone, (black, hatched 
and dotted bars, respecttvely) or m the presence of 10 m M  pyruvate 
(Pyr), f l-hydroxybutyrate (fl-HB), sucona te  (Succ), or malate (Mal) 
alone (black bars) or plus 0 05 (hatched bars) or 0 5 m M  lactate 

(dotted bars) 
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TABLE II 

The effect of glutamate, pyruvate and rotenone on calcmm uptake 

Calcmm uptake was detemuned in the presence of various substrate 
combmatmns P, was present at 1 25 mM 

Substrate Calcmm uptake (nmol/10 s ceils per 2 nun) 

None 0 5 m M  0 5 m M  
glutamate pyruvate 

con- 10/tM con- 10/~M 
trol rotenone trol rotenone 

5 0 mM L-malate 7 6 11 - 58 0 7 
0 5 mM succmate 0 5 11 - 41 5 4 
5 0 mM succmate 5 2 21 22 63 34 
0 5 mM oxaloacetate 22 25 - 21 
5 0 mM oxaloacetate 26 30 1 0 27 0 2 
0 5 mM glutamate 3 1 - - - 
5 0 mM glutamate 27 - 25 - 
0 5 mM pyruvate 16 - - 16 0 14 

(Table I) ts reflected in the failure of lactate to stimulate 
calcium uptake in the presence of pyruvate This behav- 
ior is a reflectton of the known inhibition of lactate 
dehydrogenase by pyruvate [22] 

The effect of glutamate on calcium uptake can be 
seen in Table II As with fl-hydroxybutyrate and pyru- 
vate, the addition of glutamate to malate or oxaloace- 
tate resulted m only an adchtlve effect and there is no 
effect of pyruvate added to oxaloacetate However, 
glutamate added m the presence of succlnate enhanced 
calcium uptake 3-fold This synergistic effect of suc- 
create and glutamate was not lnlubxted by rotenone In 
contrast, the effect of malate or oxalacetate in the 
presence of pyruvate was completely inhibited by 
rotenone In the presence of pyruvate and succlnate, 
rotenone inhibition was greater with 0 5 mM succinate 
than with 5 0 mM succlnate 

We next attempted to deternune If the effect of 
malate is due to the operation of the citric aod  cycle 
When acetate or acetyl carmtlne was added m the 
presence of malate, only a small increase in calcium 
uptake occurred, In contrast to the synergtstic effect of 
malate plus pyruvate (see Fig 3) Slmalarly, the addition 
of pyruvate, acetate or acetyl carmtine to oxalacetate 
and the addition of pyruvate in the presence of gluta- 
mate, had no effect on the degree of calcium uptake (see 
Tables II and III) Lakewase, there was no effect on the 
respiration supported by the oxalacetate or acetate, by 
adding pyruvate or malate, respectively (Table I) 

To investigate further the mechanisms by which 
malate or succxnate enhance calcium uptake and respi- 
ration in the presence of pyruvate, we attempted to 
inhibit the cttrate synthase by the addition of citrate 
[23] The results in Table IV show that citrate caused 
only 6% intubttion of respiration m the presence of 
pyruvate, but in the presence of malate or succmate 
plus pyruvate tt inhabited 23% and 32%, respectively 

TABLE III 

The effect of acetate and acetyl carmtme on calcmm uptake m the 
presence of malate or oxaloacetate 

Calcium uptake was deternuned as described m Material and Meth- 
ods 

Substrate Calcium uptake 
(nmol Ca/10 s cells per 2 nun) 

None 0 5 mM 0 5 mM acetyl 
acetate carmtme 

10 mM L-malate 11 12 19 
5 0 mM oxaloacetate 30 30 31 
Medmm A - 0 9 7 5 

(compare Table I to Table IV) Citrate also causes 15% 
inhibition with a-glycerol phosphate as substrate In 
contrast there is no effect of citrate on resptratlon when 
fl-hydroxybutyrate is the substrate 

The greater inhibition by catrate of pyruvate oxida- 
tion m the presence of malate or succlnate indicates 
that malate and succlnate sttmulate oxidation of pyru- 
vate xaa the tnchloroacetate cycle The fact that suc- 
create is metabohzed to malate, together with the well- 
recognized ablhty of malate to enhance mltochondrlal 
pyruvate uptake by bull sperm [24] indicate that flus 
effect results from the stimulation of pyruvate transport 
by malate The results in Table V show that butyl- 
malonate, an inlubltor of the dxcarboxylate transporter, 
causes 90% inhibition of the L-malate effect on pyruvate 
supported calcium uptake a-Cyanohydroxyclnnarmc 
acid (CHC), which inlubxts the pyruvate / lacta te  carrier 
in bull sperm mltochondrla [25] results m an even 
higher inhibition of calcium uptake CHC causes 90% 
inhibition in the presence of pyruvate alone, and 74% 
inhibition when pyruvate plus malate are present If 
only the pyruvate / lac ta te  translocase is inhibited by 
CHC, we expected to see only about 30% inhibition, it 

TABLE IV 

Resplranon of ill,pro-treated cells m the presence of 5 m M  citrate 

The respiratory rate was measured as described m Table I In all 
samples 5 mM c~trate was present n = 2 

5 mM 
substrate 

ng atom O / m m  per lO s cells 

0 5 mM state 4 + CCCP % inhibition 
pyruvate by cRrate a 

Pyruvate 
L-Malate 
Succmate 
a-Glycero- 

phosphate 
fl-Hydroxy- 

butyrate 

- 8 7 11 6 

+ 12 28 23 
+ 19 29 32 

28 61 15 

10 16 0 

a The experiments m Tables I and IV are comparable experiments 
and percentage mlnbmon Is calculated m comparison to the control 
(without citrate) m Table I 



TABLE V 

The effect of D-malate, malonate, a-cyano-3-hydroxycmnamate (CHC) 
and butyl malonate on calcmm uptake into fihpm-treated spermatozoa 

Calcmrn uptake was determined as described m Material and Meth- 
ods 

Substrate Calemm uptake 
(nmol Ca/10 s cells per 2 rain) 

None 10 #M CHC 10 mM 
butyl malonate 

0 5 mM L-malate 1 3 1 6 0 06 
0 5 mM pyruvate 16 1 4 12 
0 5 mM pyruvate 

+ 0 5 mM L-malate 49 13 19 
0 5 mM pyruvate 

+ 0 5 mM D-malate 20 - 

0 5 mM pyruvate 
+ 5 mM ~mala te  29 - 12 

0 5 mM pyruvate 
+ 10 mM malonate 21 - 9 9 

0 5 mM D-malate 0 01 - - 
10 mM D-malate 0 02 - - 

is possible that the malate-dependent pyruvate trans- 
port Is also parttally minbzted by CHC In spite of tins, 
we can see that in the presence of CHC malate causes a 
9-fold enhancement, whereas in the absence of CHC the 
enhanced effect of malate is only 3-ttmes It is also 
shown m Table V that D-malate, winch is a non- 
metabohzed substrate, sttmulates Ca uptake m the pres- 
ence of pyruvate, and flus effect Is mluinted by butyl 
malonate We also found that 5 mM D-malate causes 
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Fig 5 Effect of pyruvate and malate concentrataon on calcmm 
uptake Calcium uptake was determined under the condmons that 
have been described ua Matenals and Methods The symbols are n, 
pyruvate, e ,  pyruvate m the presence of 0 5 mM malate, and A, 
L-malate m the presence of 0 5 mM pyruvate The values for 1 mM 

substrate are ~dentlcal to those with 0 5 mM (not shown) 
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35% and 66% ininbltlon of calcium uptake m the pres- 
ence of 5 mM L-malate or succmate, respecUvely (data 
not shown) These results indicate competition of L- 
malate for the C a chcarboxylate translocase It was also 
found that 10 mM methyl succmate causes 46% mlubi- 
tion of the succlnate stlmulatory effect m the presence 
of pyruvate, but is without effect m the presence of 
pyruvate alone (data not shown) These findings indi- 
cate competmon between methylsuccmate and suc- 
create for the t ,  anslocase site Because methyl succlnate 
cannot sumulate pyruvate-supported calcium uptake it 
Is suggested that tins compound is not transported mto 
the rmtochondna as is succmate, but binds to the suc- 
create translocase to inhibit succmate uptake The data 
in Fig 5 show the effect of L-malate concentrations on 
calcium uptake m the presence of pyruvate The K a for 
L-malate was calculated from a Lmeweaver-Burk re- 
ciprocal plot and found to be 0 12 mM The K a for 
malate, for its stlmulatory effect on lsocarate metabo- 
hsm m rat hver rmtochondna was found to be 0 18 to 
024  mM [26] or 016 mM [27] When the effect of 
pyruvate concentration on calcium uptake was de- 
ternuned, K a values of 17 #M and 67 #M for pyruvate 
in the presence and absence of L-malate, respectwely, 
were determined 

Discussion 

The object of the present paper was to investigate the 
role of different substrates on Ca 2+ transport into the 
sperm nutochondna The isolataon of coupled sperm 
imtochondrla is difficult because their separation re- 
qtures the breakage of chsulplude bridges [28] Flhpin 
treatment disrupts the sperm plasma membrane wlnle 
leavmg the nutochondna functionally intact [29] When 
fthpm-treated cells were washed free of P1 and nuto- 
chondnal  substrate, httle calclurn uptake occurs How- 
ever, a 1-ugh degree of calcium uptake results gath the 
ad&tlon of tmtochondnal  substrate and P, In contrast 
to their effect m mltochondna from somatic cells [5], 
bicarbonate and other proton carrying amons do not 
support tugh calcmm uptake by bull sperm rmto- 
chondna We suggest that the reqmrement of P, for b_lgh 
calcium uptake ~s probably due to the preczpltauon of 
calcium phosphate m the rmtochondnal matrix 

Mammal calcium uptake was acineved when the re- 
sptratory rate reached about 15 or 30 ng atoms O / n u n  
per 108 cells for site I or site II substrates, respectwely 
These rates can be aclueved with lactate or a-glycero- 
phosphate or w~th the combination of pyruvate and 
either malate or succmate The ad&tlve effect on calcium 
uptake shown by combmauon of various substrates 
(Fig 4 and Tables II, III) is further support the assump- 
tion that the rate of electron transport to oxygen is the 
rate hnutmg factor m supporting calcium transport into 
the nutochondna Thus, in order to create a gjven A~k, 
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several substrates can be oxidized at the same time to 
produce NADH 

It was interesting to find that a-hydroxybutyrate is a 
good substrate to support calcium uptake (Fig 2) for it 
can be oxidized by the rmtochondnal LDHx, but the 
a-keto product is not further metabohzed in the citlac 
acid cycle Thus, the NADH produced is derived only 
from the LDHx activity The fact that a-hydroxy- 
butyrate is almost as effective as lactate m supporting 
calcium uptake Indicates that with lactate the majority 
of the N A D H  produced is derived from the LDHx 
reaction, and the pyruvate produced need not be further 
metabohzed m the citric acid cycle This is a umque 
system for sperm, since imtochondnal LDH has been 
found only in spermatozoa [30-32] Thus, under condi- 
tions where the spermatozoa have sufficient lactate, 
there is no need to operate the citric acid cycle to 
produce adchtlonal NADH It has been found that 
LDHx is inhibited by high concentrations of pyruvate 
[22] Thus, when the cells have enough lactate, removal 
of pyruvate vaa the citric acid cycle may prevent inhibi- 
tion of the LDHx Our data (Fig 4), show that calcium 
uptake supported by pyruvate cannot be stimulated by 
adding lactate, also indicates the inhibition of LDHx by 
pyruvate It is not hkely that the pyruvate-lactate trans- 
locase may have become rate-hnutmg under these con- 
dmons, because with lactate alone we can see very high 
calcium uptake which is completely blocked by a- 
cyano-3-hydroxyclnnamate, a pyruvate translocase in- 
hibitor [24,33], (data not shown) thus indicating that 
lactate is not transported via another career  It is also 
possible that high pyruvate concentration inhibits the 
pyruvate-lactate translocase since the Vm~ , for calcium 
uptake is reached at 0 1 mM pyruvate (Fig 5), which is 
a very low concentration in comparison to lactate (see 
Fig 4) 

The sUmulation of pyruvate-dependent calcium up- 
take by malate or succmate (Fig 3) can be blocked 
partially by adding butyl malonate (Table V) which is a 
dlcarboxylate transport inhibitor [34] In addition, the 
non-metabolized D-malate and malonate (Table V) can 
stimulate calcium uptake m the presence of pyruvate 
These data mchcate the existence of a malate-dependent 
pyruvate transporter 

Malate could possibly stimulate pyruvate-dependent 
calcium uptake by supplying oxalacetate, smce pyruvate 
dehydrogenase may be inhibited by an increased con- 
centratlon of acetyl-CoA [35] However, if this were the 
case we would expect to find stimulation of pyruvate 
supported calcium uptake by adding oxalacetate, which 
we do not see (Table II) Because of this, we can 
exclude the possibility that pyruvate enhances malate 
oxidation by decreasing the OAA concentration which 
would inhabit the malate dehydrogenase It has been 
shown in bovine sperm [24], that in the presence of 
malate, 57% of the pyruvate is converted to lactate, 

while in the absence of malate only 20-30% is con- 
verted This diversion of electrons to pyruvate reduction 
cannot explain the higher rate of calcium uptake that 
we see In the presence of malate plus pyruvate It is 
hkely that more pyruvate is transported into the mlto- 
chondrla in the presence of malate, resulting in more 
pyruvate converted to lactate and more pyruvate 
oxidized via the citric acid cycle Bovine sperm mlto- 
chondrla accumulate a significant amount of citrate in 
the presence of pyruvate plus malate [24] The sugges- 
tion that pyruvate oxidation via the citric acid cycle is 
stimulated by malate is supported by the data (Table 
IV) which show that citrate causes greater inhibition of 
respiration when pyruvate and malate are present (23%) 
in comparison to pyruvate alone (6%) We have shown 
(Table II) that in the presence of pyruvate calcium 
uptake is inhibited 87 and 46% by 05  or 50  mM 
succmate, respectively, by rotenone These data indi- 
cate, m addition to the stlmulatory effect of succmate 
on pyruvate oxidation, that pyruvate stimulates the 
oxidation of succmate Thus, not only more pyruvate 
but also more succlnate is transported into the mlto- 
chondrla 

It has been shown that the malate-aspartate cycle 
occurs in boar sperm nutochondrxa [36] When the 
effect of glutamate was detenmned m the presence of 
malate or oxalacetate, we found only an adchtlve effect 
on calcium uptake (Table II) But when glutamate was 
added with succmate we saw about 3 fold sttmulation 
above the additive effect Since this stimulation is not 
inhibited by rotenone, the Aft for calcium uptake under 
these conditions must come from F A D H  2 oxidation 
Thus, glutamate may stimulate succmate transport or 
oxidation (or both) in the mltochondrxa Because 
glutamate has no sttmulatory effect w~th malate or 
oxalacetate, we suggest that the effect of glutamate does 
not result from supplying a-ketoglutarate to the cltnc 
acid cycle Since we see an additive effect in the pres- 
ence of malate plus glutamate, we suggest that the 
a-ketoglutarate, produced from glutamate, enters the 
cltnc acid cycle rather than exchanging for malate In 
the presence of succlnate plus glutamate the mtralmto- 
chondnal  malate, which has been produced from suc- 
clnate, is not further metabohzed, since there Is no 
inhibition by rotenone However, the malate produced 
may be exchanging for succmate It has been found that 
the chcarboxylate transport inhibitor butyl malonate 
inhibits the glutamate-dependent N A D H  oxidation in 
boar sperm rmtochondrla [36] Thus it is possible that 
sperm nutochondna contain a glutamate-malate trans- 
porter as well 
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