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SUMMARY 

x. Mitochondrial suspensions exhibit a characteristic polarographic wave which 
is independent of tissue source. This same wave was found in the mitochondria of 
two species of animals. 

2. This polarographic wave is anodic in character, irreversible, and diffusion 
¢ontrolled. 

3- The anodic process results in the formation of a mercury mercaptide. The 
source of mercaptan in fresh mitochondrial preparations is su]fhydryl groups within 
the mitochol~d-ial membrane. These appear  to be due to sulfhydr3,1 groups_ contained 
in the protein structure of the mitochon, trial membrane. 

4- Aging of the mitochondcial preparation results in loss of the early wave and 
the appearance of a second wave. This latter wave originates from the contents of 
the mitochondria. 

INTRODUCTION 

This investigation arises from a continuing study of possible means by which trace 
metals may  be bound and atilized in essential biochemical reactions. Pre~ous work 
had indicated that  a possible means of cation transfer is through chelation ~i th sulf- 
hydryl  groups m biochemical ~ t e m s  s-s. These observations have prompted further 
investigation into the essential role of thiol groups ix making required metallic ions 
available for enzyme-controlled reactions. The mitochondria were chosen as a model 
system for this s tudy since many  enz3anic processes have h ~ n  ~tudied in detail using 
mitochondria. In addition, CooPxR 4 has demonstrated the su!~ydryl  acti~aty of 
mitochondrial preparations by  use of sulfhydryl-bindir~g reagents. 

~XPEKIME,~TJU. MI~rHODS 

~eagent-grade chen~:~ls were ~ with the exception of su~ose which , , ~  p~f ied 
by c l e m t i o n  to remo~ all trace metals. A 60 % suspension of ~ t - l i ~ r  m3to- 
dmndria in 0.25 M d e ~  sucrose was prepared by the method of Nece~eT AND 
LmmrNc, zuP. x-z ml of this suspension were 19a~i in 5 m] of x M potassium nitrate 
s a p p m ' ~  ek~ctrolyte. 

" l[zz~mst ~k l r e~ :  ~ t  o[ Chemiztry. UnivetTfitv of Mar~,~mcL College Park, ]hid, 
{,.., S.A.~. 
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The effec~ of x M potassium nitrate electrol~e on mitochondrial ~emng was 
determined spectrophotometrically according to the method of LlPSEZT A.~D CORV ~ .  

Mitochondria were treated with ultrasonic radiation at xo kcycies for 30 sec and 
the membranes separated from the mitochondrial contents by  centrilugationL The 
membrane suspension in o.25 M deioni3,ed sucrose represented a 5o % preparation 
from liver tissue. The supernatant component was divided into two fractions. One 
fraction was treated in a water bath at loo ° for xo rain to coagulate protein. Separate 
polarograms were run on the original mitochondriai washings, on intact mitochondria, 
on the mite~.hondrial membrane suspension, and on each of the two supernatant 
fractions described. 

All polarographic measurements were made with a Sargent Model XV Polarograph. 
A Lingane H-cell fitted with a saturated calomel reference electrode (SCE) and a 3 % 
agar-saturated potassium chloride salt bridge was employed. The mitochondrial 
suspension in the supporting electrolyte was placed in the sample compartment of 
the H-cell and flushed with nitrogen gas for 8 min prior to each run. During the course 
of the polaxogram, a nitrogen atmosphere was maintained above the sample solution. 
"'Seaford" nitrogen (Southern Oxygen Co.) was used throughout the investigation. 
All polarograms were obtained on a sample thermostatted at 23 + o.2 °. 

Reversibility of the electrode reactions was tested by determining the slopes 
of the log ( i a -  i)/i  versus E plot. Values for the haft-wave potentials were taken 
from these logarithmic plots. Data for these plots were obtained by manual operation 
of the polarograph. Applied voltages were determined by measurement with a student 
potentiometer. 

REF.ULTS 

The polarogram of a sample consisting of 2 ml of 6o % mitochondrial suspension (in 
o.25 M deionized su :rose) and 5 n-.! of I M potassium nitrate supporting electrolyte 
is ~hown in Fig. I. The half-wave potential for this wave is approx. --o.zgo V versus 
a saturated calomel electrode. The slope of the log (/~ - -  i)/i  versus E plot indicates 
an "n-value" of o.6-o. 7 . The height of the wave is directly proportional to the concen- 
tration of the mitochondrial suspension and the current appears to be. ~ i o n  
controlled {the wave height is directly proportional to the square root of the height 
of mercury). This same wave is obtained with mitochondrial suspensions prepared 
from rat liver, kidney, and brain, and from dog liver. 

I! the ~ - ; * * ~ r / a l  suspensio,~ is stored in ice for 45 min, the half-wave potential 
and the wave h~.:ght remain unchanged. However, storage at room temperature for 
x5 min results in the rapid decrease in wave height coupled with the  appearance of 
a second minor wave with a half-wave potemial of --o.3oz V and an s-value of o. 7. 
Further aging of the preparation results in COCLt>~ete disappearance of the original 
wave and the appearance of a new wave with a =l~lf-wave potential of - - o . 4 z 7  V 
an s-value of 0.99. 

When the sample of fresh mito~/mndriai su,cpens~ is cooled to  8 °, the 
m i ~ i ~  wave shifts to more negative poteatiab ( - - o . ~ 4  to --o..l~S V) and 
the wave helot  deaeases (o.:56 to o.oS4 l,A). W a m i ~  the m p m i o a  to  3s" 
remlts in a ..,hh't of the wave to m,xe Imsitive pa/emials ( - - o J g 4  to --o~e/6 V} and 
an increase m the wave height (o.z56 to o-too I,A). It. both cases, "'='" does not d m F  
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significantly. The temperature coefficient of tee ha!f-wave potentia! was found to 
be 0.7 mY/degree. 

When the cooled .solution was warmed to room temperat ,~e / . . . .  .h~ ^.~..~.~, 
halt-wave potential and wave height were restored. However, upon cooling of the 
warmed solution, the half-wave potential was restored but the wave height h 
increased over the original value (o.x9~ versus o.x56/,A). 

An electrocapillary curve r~an on the sample solution exhibited a broad plateau 
extending from --o.20o to ---o.6oo V versus a saturated calomel electrode (Fig. z). 

o \ 

-0.1 -0.2 -0 .3 -0 .4  -'0.5 -0.6 --0.7 -0 .8  0 -0,.2 -0 .4  -0.6 -CX8 -I.O -12  -t.4 
E~p  vs. SCE Ecpp vs. SCE 

Fig. L Polarogram of mitochon~r~ susven~en. F~g. 2. Electrocapillary curves of m i t o c h c ~ !  
Sample contains 4 ml of 6o% mitc~'hondrial suspension and supporting electrolyte. Curve I, 
suspension(ino.25Mdeionizedsucrose)in,.oml l.oM potaasiurc~ r~itrate solution; Curve ;I. 
of LO M potassium nitrate supporting e!ectre- ., m! of ~ % mitoehondriai suspension in 5 m! 

lyre. Capfll~.-'y constant 2.46 ~g4 sec-½, of I.o M potassium nitrate. 

The origin of  the mitochondrial wave 

GREP-S, ZIECLER A.~D DOEG s state that the succinic dehydrogenase complex 
contains 3-5 mpmoles of cytochrome c 1, 1.o mpmole of c3~tochrome c, o.i5 m/anole 
of cytochrome b, and x.2 mt~moles of total flavins per mg of protein. These concen- 
trations are well below those which can be measured polarograpb.i.cally. Mitochondrial 
preparations contain 68 t,g of DPN 4- DPNH, 36 pg of TPN ~- TPNH, 36 t,g of 
FAD + FMN, and z.4x mg of GSH per g of liveP. A polarogram of DPN in z M 
potassium nitrate supporting electrolyte exhibits two waves with h~l:-wave potentials 
at  --o.9r4 and --x.36o V versus a saturated calomel electrode, respectively. The first 
wave is well defined (n - -  o.6) and the ~cond wave is ill defined (n = o.5). The height 
of both waves appears to be proportional to the concentration of DPN. 

When DPN is added to a .sample containing mitochondrial suspension, the wave 
at  --o.29o V shifts to more posRive potentials. The "~-~due" of this wave increases 
to o. 9. UPOn addition of mitochondrial suspension to a sample containing DPN, 
the DPN waves approach one another. Similar studies with coen~-me QI. indicated 
that the m i ~  wave is not from this source. A polarcgram of n d t ~ a l  

in BRDICg,~'s solution" (xo -4 M C.,~_I,. o.x M NH, ,  o.x H NH4CI ) exhibits 
the typical l:~otein do~ble waw.  The height of these waves is proportional to the 
mimclmmkial concentration. Upon the addition of 7 ~.ro-4 g io~oacetamide 

B~,x~m B,opky, .4¢:.,,. o(, (jeb3j 41~,-4:~ 
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solution, no change in the double wave was noted. However, on standing a t  room 
temperature for x2 h, the height of the double wave is reduced to one-third its original 
value. Since the double wave is caused by  the presence of a sulfhydryl group u and  
since iedoacetamide is specific for snllhydryl groups, the F o t e i n  doub~ wave must  
arise from snlfhydryl groups produced by  the reduction of disulfide linkages. This 
reduction takes place at potentials more positive t ~  ~he proteir, double wave'-'. 

Thc resnlts in BnVICKA'S solution suggest that  the mitochondrial wave a t  
- -  o.~90 V ~-~.~. either from the reduction of disulfide groups or the anodic formation 
of mercury mercaptides. The latter p,~__sibility is the more likely ~. 

To a sample solution of mitochondrial suspension was added xo -s M sodium 
snlfite. After thorough washing and resuspension of the mitochondrial preparation, 
no change in the mitochondrial wave was observed. When this experiment was re- 
peated using 7.z" IO -4 M iodoacetamide in place of the sodium sulfite, the height of 
the wave at - -o .z9 o V was diminished. Prolonged reaction between the mitochondrial 
suspension and iodoacetamide resulted in the disappearance of the wave at  - -o .z9o V. 

The definition of the anodic wave was made by  use of an external galvanometer 
to determine the zero-current point. This was found to be --0.330 V v ~ s ~  a saturated 
calomel electa ~de. Since the wa :e  for mitochondria in all cases was more positive 
than this value, the electrode reaction for mitochondria must represent an oxidative 
proc~s. Evidence of the non-reversible nature of the anodic process supports the 
ob~rvat ion that  this reaction is accompanied by the formation of a merct, ry  
mercaptide. 

A xo- '  M solution of GSH in x.o M potassium nitrate, prepared and maintained 
under a nitrogen atmosphere, was found polarographically to be free of GSSG. 

When this solution was added to the mitochondrial suspension and a polaxogram 
was run, it was noted that  the slope of the wave was unchanged although wave height 
increased immediately and with time. No shift of half-wave potential was noted 
immediately after the addition of GSH nor foUowiv~ incubation for 45 rain; however, 
the wave height increased approximately two-fold. The slope of the mitochondrial 
wave and that  of free GSH differ and in this experiment only that  wave characteristic 
of mitochondria was observed. This evidence strongly suggests that  the wax shown 
by the mitochondrial suspension is due to the reduced glutathione contained in the 
nutochondfia. 

The accumulated evidence indicated the presence of a sulthydryl wave in the 
mitochondrial preparation which changed its nature in t ime following isolation; 
therefore, the source of this variation was investigated. 

A swelling s tudy of the effect of x M pot~__~_~_'um nitrate electrolyte indicated that  
t ~  medium causes a rapid swelling of mitocbondda;  however, the mitochondria do 
not burst, as indicated by the swelling curve which leveled off after a time. In  those 
cases w b e ~  rupture has been s eymt~d to occur, as in the s m ~ n g  stmiies of I~m~mGEn 
~ D  S c a . ~ a  ~, the curve d o ~  not level off but  c o n t i m m  its d m m w a n i  trend 
t m d ~  to ahnmt ~ t ~  o~ the ~ ~ p e m i o ~ .  

~ study o~ the or~m~ s m m e  w . s h h ~  tram the m ~ ~  
p r q m m t m  ~ | e d  to show any req~onse. When x ml o( the m i t o d m m d r ~  ~ 
,mpmmion was pu~Ip'*ph,M in x M imUm,ium nm,,~ the ~ wave mmm in 
a fresh m~oche~h i s l  p rqmra t iea  was olxervecL ~ of this mnount to  4 ml  
intuited in a ~ " m ~ . ~ - i a  wave b e i s ~  Tim r ~ p o m e  o~ t l~  mmdbrm~ 



POLARO~RAPIIY OF MITOCHONDRIAL SUSPENSIONS 419 

suspension disappeared rapidly on stan,t;_ng at r~,~rn '.emperat=re a~nd thc minor 
wave previously observed with aging mitochondria a r~e.ared. 

The non-heat treated supernatant component following sonication gave a wave 
with a half-wave potential of - - o A x  7 V and an n-value of 0.99. Treatment by heat 
reduced the original protein concentration of the supernatant fracti,~r { -  "n ~ " , , ' -  ~ml 
to o.5 mg/ml. The filtrate from this preparation was polarographed and proc~uced 
a wave having the same slope, half-wave potential, and n-value as the untreated 
aliquot a l t h ¢ ~ h  the wave was dimin~hed in height by  approx. 3 ° %. A study of 
this wave using iodoacetic acid for SH complex formation iadicates that the wave 
is definitely su!fbydryl in origin, but diffe~ considerably in slope and half-wave 
potential from glut#.hione. The origin of this sulfhydryl compound is :lot known 
at  this time. 

These latter observations indicate that the or/ginal variations within the mito- 
chondrial preparations are dependent on the condition of the 7 ! i t~hondria.  So long 
as the mitochondrial membrane remains intact the salfhydryl wave is observed. 
The disintegration of the membrane results in the wave which is characteristic of 
the contents ~f the mitoch,ndria.  

These observations of variation be'ween surface activity and mitochondrial 
contents suggests that  the mitochondria can be utilized as a system to study mem- 
brane transport  where chelate activity is to be observed. 
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