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Salt Inhibition and Enhancement of Cytochrome, Succinic, and Dopa 
Oxidase Systems of Mouse Melanomas. (18292) 

\.ERSOS RILEY.* (Introduced by Dean Burk.) 
Froin  5 a t i o u t i l  CnliCfr Zizsf i t i i fe ,  ,'Vatioizal lnsti t i i tes of Health, H r t h e s d a ,  M d .  

Sodium chloride by itself as physiological 
saline, or in conjunction with other salts in 
balanced isotonic solutions has often been 
used in the preparation of various tissue es- 
tracts for enzyme and other studies and has 
generally been considered to be an essential 
or desirable constituent of physiological 
media. While this is undoubtedly valid and 
important for many purposes where cellular 
integrity or morphological criteria are of im- 
portance, the use of these solutions has been 
extended to general applications in the study 
and manipulation of enzyme systems whose 
o1)timal activity requirements may be quite 
different. 

Since the efiects of lyarious ions have been 
reported for certain systems( 1-6) the present 
studies were undertaken to determine the: 
quantitative influence of graded concentra- 
tions of salts frequently employed for pre- 
paring tissue extracts: and of those currently 
used in this labor at or^ for the control of 
adsorption and elution of cytoplasmic par- 
ticulates in chromatography( 7 ) .  

Espc'l'iiiif?ital proctdi iws and results. Un- 
less otherwise indicated, all experiments were 
done under the following general conditions: 
Tumors of the Harding-Passey or Cloudnian 
S91 mouse nielanoina strains were ground with 

'F%i'ith the aid of Carson Brooks. N determina- 
tions made in the S I H  micro-chemical laborator:. 
under the supervision of William C. Alford. 
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Celite and distilled water to yield a 2076 
suspension, and the enzyme-carrying cyto- 
plasmic constituents were separated from the 
nuclei and tissue debris by the short Celite 
column procedure (8). The various enzyme 
determinations were carried out manometri- 
cally a t  38°C employing 0.5 or 0.8 ml of 
tissue extract, 0.2 ml of substrate and co- 
factors, 0.1 ml of 2 N KOH in the well, and 
0.5 or 1.0 ml of salt solution of proper con- 
centration to establish the molarity in the 
vessel indicated by the tables and figures.: 
Sodium succinate concentration in most ex- 
periments was kept a t  0.014 molarity to mini- 
mize its own salt effect. The small amount 
of residual salt contributed by the tissue is 
ignored in these experiments. Relative en- 
zymic activities were calculated from the 
first 30 minutes of uptake following the tip- 
ping of substrates. This period is essentially 
linear and similar results can be obtained 
by calculating from the first 10 minutes of 
oxygen consumption. 

The influence 
of a wide range of salt concentration on the 
succinoxidase, cytochrome oxidase, and dopa 
oxidase systems was tested from 1.0 molar 
through 0.000 1 molar and terminating with 
distilled water.$ Fig. 1 shows the inhibition 
and enhancement of the 3 enzyme systenis a t  
the concentrations studied. Inhibition of 
succinoxidase was obtained a t  all concentra- 

Eflec-t of sodium rhlaridc. 

8. Riley, 1'. T., and Woods, M. W., PROC. SOC. 
EXP. RIOL. 4h-n MED., 1050, v73, 92. 

t Eieht m:: o i  dry cytochrome C (Nutritional 
Biochemical Corp.) dissolved in 4 ml of 0.5 M or 
0.14 M sodium succinate to give vessel concentra- 
tions of 1.25 s 10-5 M cytochrome C, and 0.05 or 
0.014 IM sodium succinmte. No buffer was added in 
the melanoma experiments where the effects of single 
salts were determined. The buffer oapc i ty  of the 
tissue and the relative neutrality of the salts em- 
ployed kept ithe pH at approximately 7. 

$ No significant differences in response to d t  
have been olbserved between the two melanoma strains 
under the conditions stuldied. 
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tions above 0.01 molar. In  no case was en- 
hancement of succinoxidase activity noted at  
any concentration tested. When PPDbA was 
substituted for succinate, as a measure of 
cytochrome oxidase activity, a distinct en- 
hancement peak was obtained in the range 
between 0.01 and 0.1 molarity (Fig. 1). The 
dopa oxidase activity curve (Fig. 1) is sim- 
ilar to that obtained for succinoxidase. The 
slight enhancement obtained in the vicinity 
of 0.01 molar is not statistically significant, 
although a small enhancement effect a t  this 
concentration is not ruled out. Fig. 2 il- 
lustrates the degree of inhibition of the suc- 
cinoxidase system by NaC1 as compared with 
KC1 from 0 to 0.7 molarity.11 

Inhibition by potassium chloride. Since 
sodium and potassium are antagonistic under 
some conditions(9) it was thought that the 
addition of the potassium ion might possibly 

Q For purposes of ocientation in estimating the 
absolute activity of the preparations in Fig. 1 the 
mean oxygen consumption of the various distilled 
water reference points were as follows: The suc- 
cinoxidase mean of 10 vessels was 126, the cyto- 
chrome oxidase mean of 3 vesseIs was 190, and the 
dopa oxidase mean of 3 vessels was 59 pl Oz/hr. 

I ,  Osygen consumption a t  the distilled water refer- 
ence point was 126 pI Os/hr. Each point represents 

counteract the toxicity of the sodium if the 
phenomena were due to cation inhibition. 
Table I indicates that no antagonistic effects 
were obtained with the concentrations used 
and that KCl acted in an additive way to in- 
crease the inhibition as though the C1 ion 
were the toxic agent; or alternately, that Na 
and K were behaving as a single toxic ion. 
An additional test was made, comparing dis- 
tilled water with an isotonic solution contain- 
ing a potassium-sodium ratio of 9 to 1. 
Similar inhibition effects were obtained with 
this solution. Fig. 2 illustrates the inhibition 
curve for KC1 on the succinoxidase system. 

Inhibition by  potassium nitratc. Identifi- 
cation of chloride as an inhibitor for succinic 
dehydrogenase has been reported but with no 
quantitative data given (3 ) . Since chloride 
was the common ion in the preceding experi- 
ments it appeared that it may have been re- 
sponsible for the inhibition observed. In  an 
attempt to check this, a similar experiment 
was done but with the substitution of NOs 
for the C1 anion. Fig. 3 indicates that es- 

1 I 

f- 
1 I 

0 NoCl 
. KCL 

01 0 2  0 3  0 4  0 5  0 6  0 7  

SALT MOLARITY 
FIG. 2. 

Inhibition of the sueeirioxidase systeui with 
socliuni and potassium chloride. 

9. Rubinstein, D. I,., Biockenz. Zeitschr., 1927, ~ 1 8 2 ,  
the mean of 5 exps. 50. 
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sentially the same result was obtained with 
KXO:: for succinosidase as with KCl. but 
with the interesting difference that the dopa 
osidase system was but slightly. if a t  all, in- 
hibited.' These results demonstrate an in- 
teresting difference in enzyme-ion response 
between the two systems, although it did not 
establish the specific ion responsible for the 
inhibition of succinoxidase. 

lnhibition and  purification. Since this 
work was done with partially purified prepara- 
tions i t  was thought that the inhibition might 
not be demonstrable in the cruder tissue es- 
tracts where there was a higher concentration 
of protective tissue colloids and tissue ions. 
To  test this, an experiment was run in which 
the inhibition effect was tested a t  different 
stages of purification. - is  shown in Table 11, 
there tends to be a slight contrary effect, but 
with no significant difference in the inhibi- 
tion of the crude preparations as compared 
with more purified fractions. 

Sodium chloride inhibition of tissue slices. 
The preceding results were obtained with 
cytoplasmic extracts or isolated intracellular 
granules. This posed the question as  to 
whether the effect would be found when 

measuring the respiration of intact cells: since 
it has been reported that some cell membranes 
are impermeable to Xa or C1 ions. Thin 
slices from a young, rapidly growing. mouse 
melanoma (Harding-Passey ) were weighed 
and nearly equal amounts were transferred to 
chilled iyarburg vessels. Two manometric 
series were run at 38°C employing succinate 
or dopa.** Table IT1 indicates that similar 
inhibition effects were obtained with tissue 
slices as with the cytoplasmic extract or the 
isolated granules. The inhibiting effect of 
salt on the respiration of tissue slices sug- 
gests several possilbilities. If the inhibition 
is due to the C1 ion i t  means that this anion 
can gain entrance to the cell interior rapidly 
and in substantial quantities, contrary to 
some reports ( lo) ,  or acts indirectly in some 
manner, possibly affecting cell permeability. 
The similarity of the inhibition curve of 
granules and slices however, suggests the more 
direct inhibition of the intracellular succinosi- 
dase system. 

Reversibility of salt inhibition. -4 20% 
Harding-Passey extract was prepared ( 8 ) in 
distilled water and the enzyme-carrying inel- 

I 4 O  t 

? Barring the possibility of an antagonistic effect, 
it would appear that  the chloride anion is inhibitory 
for dopa osidase while potassium and KO3 are rela- 
tively nmon-toxic. 

** Dopa oxidase was determined as described for 
succinoxidase except tbat 0.2 ml of dopa (1 mg) 
was employed as substrate. 

10. Gersh, I., Physiological Rev., 1941, ~ 2 1 ~  242. 
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TA4BLE 11. Effect of Purification on Salt 1nhibiti:on of the Succinoxidase System. 

Succinoxidase activity $ 

Fraction 

1 

Dist. water 0.9% NaC1 Salt  
c - 7 I  -, inhibition, 
PI O2/hr Qo2 !W PI O2/hr Qos (W % 

Crude tumor homogenaie" 496 122  261  75 39 
Centrifugally cleared liomogenatc? t 365 181 230 114 37 
Graiiules centrifugally purified: 134 244 89 162 34 

*Harding-Passey mouse melanoma ground in mortar with distilled water t o  yield a 20% 

t Crude homogenate centrifugally cleared to remove the bulk of the  tissue debris, intact  cells, 

All the 

The 

homogenate. 

and nuclei. The resulting supernat,ant contains most of the  cytoplasmic elements. 

granules in  the start ing material were not recovcrwl. 
9 Determined manometrically with the addition of sodium succinate and cytochrome c. 

tissue fraction volume was 1.0 ml. Q O 2 ( S )  = 02/lir/mg N. 

Suspension contains intact ('ells, nuclei, and all cyboplasmic constituents. 

The cytoplasmic melanized granules partially purified by 2 cycle centrifugation. 

T-JBLE 111. Inhibition of Succinoxidase in 
H a  rding Passey Tumor Tissue Slices with Various 

 o on cent rations of Sodium Chloride. 

SaCl  cunc .  in vessel 
(iuolarity j Inhibition, 70 

.(I* O t  

.I 37 

.- 49 

.3 66 

.4 83 

.5 86 

.(i 89 

" Distillei1 water. 
t 0s)-gen coilsumption f o r  the distilled water 

fraction v a s  TI) pl 02/hr for  20 mg of tissue wet 
~ ~ c i g l i t .  

T,IBLE IV. Reversihility of Inhibition of the 
Uapa and Succinoxidase Systems Following Ex- 

posure t o  S a C l  in the Cold or a t  38°C. 

____ __ 

> 

____ _ - _ _ _ _ _  

Succinoxidase Dopa 
activity" oxidase 

r--\ activity, 
Fraction 4"C, % 38T, % 4"C, % 

~ _ _ _ _ - -  - - _ _ ~  

i; 1' R I I ~  les 111 a in t aine d 100 100 10 0 

C; r ;I nu1 e s m a in t a in cd 31 46 41 

Salt 1~11lacrd with 90 194 114 

in dist. water 

i n  0.3 JI NaCl 

dist. x i tc r  

- The diffeiwit tempmiture levels mere run in 
sq~a i - a t e  expc~iincnts. The 4°C experiment em- 
ployed Hariling- I'assey tissue, arid the 38°C experi- 
ment was \\--it11 the Cloudmail S91 melanoma tissue. 
The pl 02/hr/ml for 4°C and 38°C v i th  suceinale 
was 67  aiid 63, aiid fur dopa oxidase at 4°C was 
108. 

_ _ _ _ - ~ .  -___--__ 

anized granules were centrifugally sedi- 
merited.+ t The resulting pellets were resus- 
pended in 2 groups employing distilled water 
or 0.5 31 XaC1 as suspending fluids. After 
approximately 30 minutes a t  4°C these sus- 

pensions were sedimented as before and again 
resuspended in fresh fluid but with one of the 
saline pellets taken up in distilled water 
rather than 0.5 M salt. A similar experiment 
was run but with the salt exposure carried out 
at  38°C. The reversibility of the effect of 
temporary exposure to strong salt, under the 
given conditions, is demonstrated by Table IV. 
The apparent enhancement in the second ex- 
periment of the fraction with the salt replaced 
by distilled water is probably due to the 
washing out of co-factors in the distilled 
water fraction at  the higher temperature. 

,ITaC1 inhibition of liver mitochondria. 
While the salt effects reported here have been 
largely carried out on tumor tissue it is 
reasonably expected that similar findings for 
these enzyme systems will be found in other 
tilssues. The following data show the results 
obtained with isolated liver mitochondria puri- 
fied by differential centrifugation, as well as 
the response of relatively crude extract (Table 

The data of this report indi- 
cate that optimum activity of some of the 
oxidative enzymes carried on intracellular 
particles$$ is not obtained with the conven- 
tional "physiological" concentrations of salts 
originally designed to meet the osmotic or 
other requirements of intact cells or mito- 
chondrial elements. Thus, what may be the 

v>. 
Discussion. 

t t Servall angle centrifuge, type SS-1, 9 "  rotor, 
sedimented a.t approximately 10,000 times gravity for 
15 min. plus a run up to 18,000 x g to pack the 
pellets. 
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TABLE V. Inhibition of Sormal Mouse Liver 
Prepara tioils with Sodiuiii C’hloride at Various 

T l e x d s  of Activity a d  Purification. 

Succinosidnse 
act kit)- 

\ 

Qo2 Ci‘c 
I.’ YN c t ions p l  02/hr/nil (N) inhibition 

Crude extract’ 
Diutilled wa te r  1092 28-1 4 
IXstilletl water + 1140 297 0 

Distilltvl water $. 1104 288 
.o(m i r  s a c 1  

3 

-001 SI S a c 1  

. O l  JI S a c 1  

.1 91 SaCl  

f .U LV XaCl 

1)istillrd x-atcr + J 128 094 1 

l)istill(*tl n a t e r  + :ti8 200 33 

Diqtil ld water + 96 2 .? 9 ’2 

Isolat ctl niito~hondriat  
I)i .;ti llrd wa t (lr 1880 3123 1 1  

0.1 Jt S a C l  1048 1741 44 

+ f’i.el>i*~~t’il 1)y the  short t.olumn procedure (8) 
in 10% sucrose and run xuaiionictrically under coil- 
di t ionr  of ionic substrates aiid co-factors for sub- 
ni:isim:il succiiiosiciase activity. 

t Purified b y  cliff erential cciitrif ugation niid run  
mniioinr.ti.icnll!- under conclitions ( 6 )  for  masirnuin 
: I  c.t i t- i ty. 

best ionic conditions for maintaining morphol- 
ogy are not optimum for demonstrating maxi- 
m ~ i m  enzyme activity. 

In determining enzyme rates. the highest 
activities obtained in the manometric vessel 
may not be the normal biological rates a t  the 
site of function in the cell( 13). Thus, if in 
nature the succinoxidase system is exposed 
to b*physiological” concentrations of sodium 
and potassium salts the present data indicate 
that its normal operative rate may be mater- 
ially lower than the optimum potential rate. 
Some degree of normal enzyme inhibition 
would be advantageous considering the 
operative flexibility it would provide the 
system for acceleration and depression of the 
metabolism of the cell. These data thus eni- 
phasize the possible role that ions may play 

:$ Evidence has been presented tha t  these melan- 
ized granules are mitochonidrial elements( 11,12). 

11. DuBuy,  H. G., Woods, M. W., Burk, D., and 
Lackey, M. I)., I.  tat. Cancer Znst., 1949, v9, 4, 325. 

12 .  Woods, M. W., DuRu!, H. G., and Burk, D ,  
Zoologiru, 19.50, 1735, 1, 30. 

13. Baadfield, J. R. G., Biological Reviews, 1950, 
v25, 1. 

in the automatic regulation of enzymic rates 
as a result of ion movements or shifts across 
cell membranes. 

The data establish that sodium and potas- 
sium chloride are distinctly inhibitory for cer- 
tain enzyme systems. These effects, however, 
may be outweighed in some studies where 
salts are used to preserve the integrity of 
labile sub-cellular elements during isolation 
and purification procedures. The data, how- 
ever, also indicate that salts may be 
employed in the preparation of material if 
they are removed or carefully corrected for 
in the measurement of enzyme activity. It 
should be noted that many of the values re- 
ported in the literature for these enzymes 
have been measured under various degrees of 
ionic inhibition and a correction factor should 
be applied when comparing them with opti- 
mum values. 

I t  may be emphasized, that the inhibiting 
and enhancing results reported here have been 
primarily obtained with single salts under in 
~li tra conditions. The synergistic and antag- 
onistic effects of salt combinations on the 
various enzyme systems are yet to be sys- 
tematically explored. 

Summuv)l. The quantitative inhibiting ef- 
fects of SaC1, KCI, and RN02 on the suc- 
cinoxidase, cytochrome oxidase, and dopa 
osidase systems are reported. Enhancement, 
exceeding 40%, of the cytochrome system at  
certain concentrations of NaCl was observed. 
S o  significant enhancement of the succinoxi- 
dase or the dopa oxidase systems with the 
above salts was found at any of the concen- 
trations tested. Inhibition of the succinoxi- 
dase system with SaCI and KCl was a rapidly 
increasing function from about 0.01 through 
1 .O molarity, with physiological concentra- 
tions (0.9%) inhibiting up to about 50%. 
ReversibiIity of this effect was shown. N o  
significant difference in degree of inhibition 
was found between crude and purified prepara- 
tions. -1 differential inhibition response be- 
tween the succinoxidase and dopa oxidase 
systems was observed for KXU::. The former 
was inhibited as with KCI while dopa oxidase 
was inhibited but slightly if a t  all. 
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