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SUMMARY 

I. Insulin exhibits a polarographic wave due to the reduction of a disulfide group. 
This wave most probably arises from the reduction of the intrachaln disulfide. 

2. Chromium(III) forms complexes' with insulin and mitochondria, both com- 
plexes involving chromium-sulfur linkages. 

3-Insulin reacts with mitochondria through the formation of a sulfhydryl-  
disulfide linkage. This reaction is enhanced by the presence of chromium (III). 

iNTRODUCTiON 

Chromium(Ill) has been identified as the active ingredient of the glucose-tolerance 
factor, a dietary agent required for maintenance of normal glucose tolerance in the 
rat 1. Deficiency of this factor leads to an impairment of glucose-removal rates in vivo 
and to an impaired response of epididymal fat tissue to small concentrations ~f insulin 
in vib, o. Both conditions can be restored to normal with trace amounts of chromium; 
for this effect, small, near-physiological amounts of insulin are indispensable s. Further- 
more, it was shown that chromium exerts the same stimulation of the action of insulin 
on transport rates of nonutilizable sugar, thus locating its main site o.~ action on 
the entry m e c ~  of the cell membrane ~. 

These findings suggested a close relation between chromium and insulin; the 
possibility of such a re-lation g~s investigated in the study presented here. Since 
L,~;~. : ~i~ue is not suited for polarographic measurements, rat-liver mitocbondria 
wet~ ~sed for these experiments. A direct effect of the hormone on mitochondrial 
swelling in the presence of suifhydryl co~.~_~,,_~ was recently demonstrated s. 

]~" r ~RI]IdE~FKI. 

Reagent-grade chemicals were used with the exception of sucrose which was purified 
by deionisat/~a to remove all trace metals. Amorphous insulin, Lot W-3255, was 
obtained Irom Eli Lilly and Co. A 6o % ~ of rat-liver nmtochondria in o.~$ M 
deiouized su~-ose was prepared tO" the method of N t u ~ r r  A ~ D  LzL~I~Gz~. 

Abtrevisti~: SC~ mturated caJ~m~ electrode. 

BiG~I~u. B~II&~. A a s .  66 (t4j63) 4 ~ - 4 z J  



CHROMIUM- INSULIN - MITOCHON DhLAL INTEK~'TION 421 

All polarographic measmemen~  were made .with a ~ r g e n t  MOdeI-XV Polaro- 
~ p h .  A Lint~ne H-~I I  fitted with a 3 % agar -sa td .  KCI salt bridge and a satd. 
calomel reference electrode was employed. The solution under study ~as  placed in 
the sample compartrmmt of the H-cell and flushed with N t for io rain prior to each 
run. During the course of the polarogram, a Nt  atm_osphere wa.~ ma : ~ - :  d ' ~'" 
the sample solution. "Seaford" N t (Southern Oxygen Co.) was used throughout tl,¢ 
investigation. All polarograms were obtained on a sample thermostatted at 23 ° ± 0.2 °. 

Reversibility of the electrode reactions was tested by determining the slopes of 
the log(ia--i)[i  vs. E plots. From these slopes may  be calculated the "n-value", 
the number of electrons involved in the reversible electrode reaction. Non-integer 
values of n indicate an L-reve~ible electrode reaction. Values for the half-wave 
potentials, E½,  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 petentiometer. 

The apparent instability constant of the chromium(III) - insul in  complex was 
determined by  the method described in KOLTHOFr AND LINGANE 4. 

DISCUSSION OF RESULTS 

In a previous paoer the authors described a polarographic wave for mitochondrial 
suspensions in t M KNOa supporting e!ectrol~e s. This wave had a half-wave potential 
of approx. --o.29o V vs. SCE and an n-value of o.6-o. 7. In fresh mitochondrial prepa- 
rations this wave was attr ibuted to sulfhycL'3"l groups contained in the protein struc- 
ture of the mitochondrial m~mbrane. 

I t  has been reported that  insulin in BRDXCKA's solution s (IO 3 M CoCI v o.I M 
NH4OH, o.I M NH4CI) gives the catalytic double-wave characteristic of proteinsL 
Since the double wave is caused by  the presence of a sulfhvdrvl ~ o u p  ~ and since 
insulin contains no sulfhydryl groups, the protein double wave mu~t arise from gulf- 
hydryl groups produced by the reduction d disulfide linkages. Tlfis redi~ction take~ 
place at  potentials more positive than the protein double wave s . 

In the present study, insulin, in several suppos ing  electrolytes not including 
Bm)mgA's solution, has been found to exhibit as many as three waves. In an ortho- 
phosphate buffer (pH 2.5, I o.2) a xo "4 M solution of insulin gave a single wave ~i th 
a half-wave potential of --o.328 V vs. SCE and an n-value of o.48. 2- to  -8 M insulin 
in x M KNOs (pH 5.3) exhibited two w.~ves with half-vrave potential va!hc~ of 
- - 0 . 5 0 4  V (~ = 0 .56  ) a n d  - - 1 . o 8 8  V (n  = 0.04) ,  resl2eCtively. Three waves were ob. 
talned for zoOM insulin in orthophosphate buffer (pH 7-4)- E~i=-  - -o .xz4V,  
tt  ----- 0-38; E ½  =- --o.643 V, s = o.5; and E ½  = - - I . I o 2 V ,  n = 0.24. The ortho- 
phosphate buffers e m p l o ~ l  in these studies were prepared according to the directiov, s 
o f  CHRISTIAN AND PURDY m. 

The above data t,alicated that the wave for insulin at pH 2.5. the tu-st wave 
a t  pH 5-3, and the second wave at pH 7-4 were all due to the reduction of a disulfide 
group of insulin to a ~tl~)xlr~4 group. CHEVALIER AND PURDY u have found that 
the redur.tion of a disulfide group took place at a half-wave potential of about 
~ o . ~ o  V ~ .  SCE, tt ~ 0.5. Th~ study was made in an orthophosphate supporting 
ek~trolyte of p H  74- The three w a v ~  for insulin cited above have essentially the 
~_me m-~-ahte and in additk,-2.*.he haif-wa~e potentials follow the logarithmic relation- 
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ship between hydrogen-ion concentration and potential ~,~ defined by  the Nernst 
equation expression for the reaction: 

RSSR + ~H" + ~e ~ 2RSH ( i}  

Furthermore, the potential of the insulin disulfide wave in pH-7.4 supporting electro- 
lyte is more positive than that  obtained with ordinaxy disulfide groups, inOAcating 
that the insulin disulfide is more easily reduced. This would suggest that the insulin 
wa~'e arises from the reduction of the intrachain disulfide. The work of LISDLEY" 
supports this observation. 

Complexes formed with chromium(Ill) 
In z M KCI supporting electrolyte (adjusted to pH 7-4 by the addition of KOH), 

Io - '  M chrerniurn (III) gave a wave for the reduction of chromium (III) to chromium- 
(iI). The change of electrolyte was necessitated by  differences in polaregraphic 
response of chromium(III). In z M KNO s medium no satisfacto~, reproducible wave 
could be obtained for the reduction of chromium(III). Upon the addition of ilisul'.'a 
to a solution of chromium(III) in z M KCI, the chromium wave shifted to more 
negative potentials, indicating complex formation. The magnitude of this shift 
depends upon the stability of the complex formed, tbe concentration of the complexing 
agent, and p, the number of moles of complexing agent reacting with x mole of the 
cation. Examination of the polarcgraphic data indicated that  3 insulin molecules 
were associated with each chromium(III) ion and that  the complex formed had an 
apparent instability constant of Io-~U; the active site is most probably the intrachaJn 
disulfide of the insulin molecule. No evidence of complex formation between chro- 
mium (III) and insulin was found in solutions of pH 5.3 or z.5. 

The addition of mitochondrial suspension to an electrolyte containing IO -4 M 
chromium(III) caused the chromium wave to shift to more negative potentials. This 
shift indicated the formation of a complex between chromium (III) and mitochondria; 
the active site was the free sulfhydryl groups of the mitochondrial membrane. Com- 
plexes were also formed between mitochondria and copper(II), zinc, and cobalt (II). 

The interaction between insulin and railockondria 
To I ml of a 6o % suspension of mitochondria (in o.e5 M deionized sucrose) and 

5 ml of x M KNOs supporting electrolyte was added insulin solution *o a final concen- 
tration of 5" zo-J M. The addition of insufin caused the mitochondrial wave to shift 
to more positive potentials; this shift was not accompanied by a change in slope of 
the mitochondrial wav.'.. J.t final insulin concentration of 5.IO - i  M, the shift of the 
a~;t~hondrial wave amounted to x5 mV. On the other hand, when nfitochondrial 
:uspemdon ~ s  added to a Io -4 M insulin solution, there was no noticeable shift in 
the insulin wave. 

To x ml of a 6o % suswnsion of mltochondria (in o.a5 M ~ sucrose) and 
5 ml of z M KNOs s u p p o ~  , 'ectrolyte was added chromium(Ill)  solution to a 
final c o n ~  of zo ~ M. No ~hift in the mitochomix~ wave was noted with 
chromium0Lll) ~ lem than xo -8 M. However, when the ~ ( H I )  
omcentration was increased above xo-* M. the m~tod~odrial wave shifted to more 
~ v e  potentials. At a final chromium(Ill)  ~oncentra t i~  of 3 .xo -8 M. the shift of 
the m~mchomlrial wave ~ to6o mY. This shift od the ~ rove 
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F ina l ly ,  c h r o m i u m ( I l l )  solut ion was added  to a sample consisting of z m i  of 
mitochonck.-ia! s,uspen~ie~ ~ - d  5"z-'2--sM .:ns, ,~n. .~. .e a d ~ t i o n  of chromi;,,-m(!!!) 
solut ion to  a final concentra t ion  of xo - t  M caused the  mi tochondr ia l  wave to  shift  
t o  more  posi t ive  po ten t ia l s ;  t he  magni tude  of the  shift  was zoo mV, approx.  3-fold 
g rea te r  t han  the  sum of the  shifts  caus~ l  o y  these concentrat ions of ch romium(I I I )  
or  insul in alone.  

A shift  to  more  posi t ive potent ia l s  of an anodic polarographic wave in~licates 
t h a t  t he  ox ida t ion  a t  the  electrode is more difficult. In  this par t icu la r  invest igat ion,  
t he  ox ida t ion  under  s t u d y  is t ha t  of the  d ropping  mercury  electrode to at. oxidazed 
form of mercury.  This ox ida t ion  is faci l i ta ted b y  the removal  of the  oxidized form 
of mercu ry  f rom the  solut ion as a complex or an  insoluble precipi tate .  In  the  case 
of the  mi tochondr ia l  wave,  the  anodic  process results  in the formation of a mercury  

mercept ide  ~. Hg + 2RSH ~ Hg(SR)t + 2H* 4- :c (2) 

I f  the  mercap tan  reacts  wi th  some substance which reduces the sulfhydr3"l concen- 
t r a t i on  in the  bu lk  of the  solution, the  anodic wave for the oxida t ion  of the  dropping  
mercu ry  electrode will shif t  to  more posi t ive potent ials .  "lhis is wha t  was observed 
in the  above  exper iments  and  these d a t a  indicate  tha t  bo th  insulin and chromium(I I I )  
reac t  wi th  mi tochondr ia ,  the  si te of react ion being the sulfhydr3,1 groups of the mito-  
chondr ia l  membrane .  

Two independen t  invest igat ion~ suggest t ha t  the react ion b e t w ~ n  insulin and 
i t s  receptor  s i te  goes v ia  a su l fhydryl -  d i s t ,  iide l i n k a g e " . " .  The above polarographic  
d a t a  suppor t  th is  observat ion.  However,  i t  should be remembered  tha t  pe larographic  
inves t iga t ions  necessi tate  the  I ~  of nonphysiological  concentra t ions  of chromium and 
insulin. The observed -effects of chromium_ (I I I )  on the i n su l i n -mi tochondr i a  react ion 
suggest  t h a t  the  role o~ chromium ( i I I )  is to  faci l i ta te  the  formation of the su l fhyd ry l -  
disulfide l inkage b y  forming an  in te rmedia ry  t e rna ry  complex involxSng chromium- 
( I l l ) ,  insulin,  and  the mi tochondr ia l  membrane .  
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