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SUMMARY 

The accumula t ion  and re tent ion  of ElalI~insulin were s tud ied  in isola ted frog 
sar tor ius  nmscles t ha t  were first i ncuba ted  with  IlalIi!insulin and then washed with  
Ringer ' s  solution. Most of the  rad ioac t ive  mate r ia l  t ha t  was re ta ined  in the tissue 
af ter  thorough  washing with ice-cold Ringer ' s  solut ion could be ex t r ac t ed  la ter  with 
8 M urea.  A por t ion  of the  labeled mate r i a l  t ha t  remained  in the tissue af ter  ex t rac t ion  
with 8 M urea  could be removed by  addi t iona l  washing with solut ions t ha t  conta ined  
cysteine.  These findings agree with the  ear l ier  results  of o ther  inves t iga tors  who 
concluded tha t  the  ac t ion of insulin m a y  involve format ion  of a disulfide bond  l inking 
the hormone to the  tissue. However ,  the present  extension of these s tudies  has revealed 
t ha t  the amoun t  of rad ioac t ive  mate r ia l  (derived from labeled insulin) t ha t  could 
be ex t r ac t ed  from frog sar tor ius  nmscles with cysteine solutions was not  d i rec t ly  
re la ted  to the  magni tude  of the effect of insulin on pe rmeab i l i ty  to sugar. Therefore,  
demons t r a t ion  of a release of rad ioac t ive  mate r ia l  in the presence of cysteine does not  
necessar i ly  indicate  tha t  the  biological  act ion of insulin in skeletal  muscle involves 
the  format ion  of at disulfide bond  between insulin and a specific receptor  site in the  
tissue. 

INTRO I)  UCTION 

I t  has been suggested 1-4 t ha t  the  ac t ion of insulin is associa ted  with a thiol  
disulfide in terchange  react ion t ha t  forms a disulfide bond  which a t t aches  insulin to 
i ts receptor  site in the  tissue. This  theo ry  is of g rea t  in teres t  because it a t t e m p t s  
to corre la te  the  chemical  s t ruc ture  of a hormone with  i ts  action.  FONG el a l .  "9 i ncuba ted  
ra t  ep id idyma l  fat  pads  wi th  ElaI! insul in,  hea ted  the  t issue to inac t iva te  enzymes,  
and  then washed i t  with 8 M urea  and then with 8 M urea  phts o. i  M cysteine.  EDEL- 
MAN, ROSENTHAL AND SCHVVARTZ 3 incuba ted  ra t  femoral  muscles with [13K.insulin 
and  then used N-e thy l lna le imide  to cover the remain ing  free su l fhydryl  groups of 
the  tissue. The nmscles were crushed and then washed with 8 M urea;  o . I  M cyste ine  
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was also included in the later washes. In  both  of these sets of experiments cysteine 
caused the release of an additional amount  of radioactive material,  and it was con- 
cluded tha t  the reagent had split disulfide bonds tha t  had served to bind [131IIinsulin 
to its site of action in the tissue. 

In  the present investigation the relationship between the biological effect of 
insulin and the amount  of labeled material  tha t  could be extracted from the tissue 
with cysteine solution has been examined. Frog sartorius nmscles were chosen for 
these studies because they are thin tissues tha t  respond well to bovine and porcine 
insulin and can wi ths tand long periods of incubation at temperatures  tha t  range down 
to o °. Insulin gradually increases the permeabil i ty to sugar when incubation is con- 
ducted at 19°; 2. 5 to 3.5 h are required to at tain a full hormonal  effect s. Increasing 
concentrat ions of insulin exert an effect tha t  rises to a max inmm at 5oo to IOOO tmnits 
per ml (ref. 6). The augmenta t ion of permeabil i ty tha t  occurs when frog sartorius 
muscles are exposed to insulin can be reversed later by  washing the muscles with 
Ringer 's  solution at 19 ° . 

If insulin were specifically bound to its biological site of action by  a disulfide 
bond, and if cysteine selectively released this moiety  of tissue insulin by  cleaving 
the bond, then the following results might  be expected:  (i) After exposure of nmscles 
to different concentrat ions of insulin, the amount  of insulin extracted by  cvsteine 
solutions should be proport ional  to the biological effect exerted by  insulin on the tissue. 
(ii) The amount  of insulin extractable with cysteine should decrease significantly 
after washing of insulinized muscles with Ringer 's  solution at 19 ° for a period of time 
sufficient to cause a reversal of the biological effect of insulin. These postulates have 
been tested in the present investigation. 

METHODS 

Crystalline beef insulin was a gift from Dr. OTTO K. BEHRENS of Eli Lilly and 
Company.  [131I]Insulin was obtained from Abbot t  Laboratories;  the average iodine 
content  was I a tom per molecule of insulin (tool. wt. 6ooo) and the specific radio- 
act ivi ty  was 8 t~C/munit. The [lalI!insulin was purified further by passing it 
th rough a small column of DEAE-cellulose prior to useG; at least 9 8 % of the radio- 
act ivi ty  was precipitable with trichloroacetic acid and no significant impairment  
of biological act ivi ty  was detectable when the ability to enhance the permeabil i ty  
of frog nmscles to sugar was tested. 

Female Rana  pipiens obtained from J. R. Schettle Biologicals (Stillwater, 
Minn.) in the month  of August  were kept in water  at  4 ° for 2-8 weeks before thev 
were used. Prior to an experiment,  sartorius muscles weighing approx. 7 ° to I iO mg 
were dissected out and were soaked overnight  at 4 ° (cf. ref. 7) in frog Ringer 's  solution s 
tha t  had been equilibrated with a gas phase of O2-CO 2 (95:5, v/v). The initial rate 
of penetrat ion of 3-O-[aHJmethylglucose was measured in the manner  described 
previously 5 at a substrate concentrat ion of 5 raM. 

For  studies of insulin binding, muscles were incubated in 2 ml of Ringer 's  
solution containing [lalI]insulin and 2 mg of crystalline bovine plasma albumin per 
ml. A concentrat ion of [a31I]insulin was used tha t  gave a counting rate of approx.  
4oooo counts/ml,  and crystalline beef insulin was included to provide the total  
concentra t ion of insulin tha t  was desired for a given medium. After incubation,  
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muscles were washed with  Ringer ' s  solut ion at  o ° to remove ex t race l lu la r  fluid tha t  
con ta ined  unbound  [lalI~insulin. Then the nmscles were incuba ted  with  o .oi  M N- 
e thy lma le imide  in order  to dinfinish the o p p o r t u n i t y  for nonspecific thiol  disulfide 
in terchange react ions  or enzymat i c  degrada t ion  of [ laqi insul in  (cf. refs. 3 and 8). 
These incubat ions  and washes were per formed in s toppered  25-nil e r lenmeyer  flasks 
in a Dubnoff  shaker  t ha t  osci l la ted IOO times/rain.  The muscles were then  crushed 
on a glass p la te  under  a glass roller. The crushed tissue was t ransfer red  to a test  tube  
and  washed with 2 ml of 8 M urea  in o.I  M phospha te  buffer (pH 7.4) a t  37 ° with 
occasional  swirling. The tissue was sed imented  by  eent r i fugat ion  at  the  end of each 
wash per iod and resuspended in fresh wash fluid. P re l iminary  exper iments  revealed 
tha t  when urea  solut ions were made  up in O.Ol 5 M HC1 or in o . I  M sodium b ica rbona te  
solut ions 2,a, the  t issue g radua l ly  dissolved so tha t  the mass of sed imentable  ina ter ia l  
decreased percept ib ly .  This compl ica t ion  was minimized b y  employing  o.I  M sodium 
phospha te  buffer a t  p H  7.4 for the urea  solutions.  Af ter  thorough ex t rac t ion  of the  
crushed tissue with 8 M urea,  o . i  M cyste ine  was included in subsequent  urea  solut ions 
and  ex t rac t ion  was cont inued;  solut ions tha t  conta ined  cysteine were equi l ib ra ted  
with Ioo  ° o N 2 gas. The washed tissue residues were dissolved with 3 °'o K O H  and 
the volume of all t issue and wash samples  was ad jus t ed  to 5 nfi for count ing of lalI 
in a wel l - type  scint i l la t ion y counter .  Background  was approx.  14o counts /min,  
count ing  efficiency was 2o %, and a min imum of 2ooo counts  was measured on each 
sample.  

Tr ichloroacet ic  acid prec ip i tab le  rad ioac t ive  mate r ia l  present  in muscles af ter  
incuba t ion  with  [ la l I ' insul in  will be referred to as [~alIlinsulin. Since the exac t  
chemical  na tu re  of the  labeled mate r i a l  has not  been establ ished,  the amoun t  will 
be expressed a s / , u n i t  equiva len ts  of insulin per g of muscle ins tead  of /zuni ts /g .  

RESUI.TS 

Effect of different concentrations of insulin on permeability of muscles to sugar 
Permeab i l i t y  to sugar  was defini tely augmen ted  af ter  exposure  of muscles to 

insulin at  a concent ra t ion  of 20/~uni ts /ml ;  the effect increased in p ropor t ion  to the  
logar i thm of the  concent ra t ion  of hormone unt i l  a max ima l  enhancement  was a t t a ined  
a t  approx.  5 o 0 / m n i t s / m l  (Table I). Sens i t iv i ty  to insulin undergoes modera te  seasonal  
f luctuat ions;  concent ra t ions  as low as 2 /zuni t s /ml  can s ignif icant ly s t inmla te  the 
e n t r y  of sugar  into nmscles of winter  frogs (H. J. WOHLTMANN, unpubl i shed  obser- 
vat ions) .  

Extraction of retained lalI-labeled material f rom muscle with 8 M urea after washing 
the muscles with Ringer's solution at o '~ 

I t  was shown previous ly  6 tha t  when nmseles tha t  had  been incuba ted  with  
LlalI ' insulin were washed with  Ringer ' s  solut ion at  o °, the pa l I j insu l in  in the  ex t ra -  
cel lular  fluid was removed  whereas the  excess ElaHJinsulin tha t  had  accumula ted  in 
tile t issue was f i rmly re ta ined.  The present  results  confirm this observa t ion  ('Fables I I  
and  I I I ) .  The amoun t  of rad ioac t ive  ma te r i a l  t ha t  was removed  from the muscles 
dur ing  four washes wi th  Ringer ' s  solut ion at  o ° (8 h of washing) corresponded to 
the  amoun t  of [~alIjinsulin dissolved in 0.20 to 0.25 ml of incuba t ion  medium per g 
of t issue;  these values are wi th in  the  range for the  ext race l lu lar  fluid content  of frog 
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sar tor ius  muscle as de te rmined  with  raffinose v or E14Clmannitol (ref. 5). A fifth wash 
with  Ringer ' s  solut ion for 5 h at  o ° (Wash E) removed  l i t t le  add i t iona l  rad ioac t ive  
ma te r i a l  from the nmscles. 

T A B L E  [ 

P E R M E A B I L I T Y  OF M U S C L E S  TO 3 - O - M E T H Y L G L U C O S E  A F T E R  E X P O S U R E  TO D I F F E R E N T  C O N C E N -  

T R A T I O N S  OF I N S U L I N  

M u s c l e s  w e r e  i n c u b a t e d  w i t h  v a r i o u s  c o n c e n t r a t i o n s  of  i n s u l i n  f o r  2. 5 h a t  19 °. T h e n  v, t h e  i n i t i a l  
r a t e  of p e n e t r a t i o n  of  3 - 0 - m e t h y l g l u c o s e ,  w a s  m e a s u r e d  a n d  is e x p r e s s e d  as  / z m o l e s / m l  of  cel l  
w a t e r  p e r  h .  E a c h  v a l u e  r e p r e s e n t s  s ix  m u s c l e s ,  a n d  t h e  s t a n d a r d  e r r o r  of  t h e  m e a n  is g i v e n .  

Insu l in  v 
(lutnils/ml) (itmoles/ml per h) 

o 0 .60  - 0 .08  
20 1.39 ~ o .12  
5 o 2 .28  ± o .16  

IOO 2 .88  - 0 .24  
500  3 .69  ~ o.21 

2 ooo  3 .98  _-_ 0 .30  
6 o o o  3 .92  ± 0 .23  

3 ° o o o  3 .68  ~- 0 .20  

A major  por t ion  of the  ma te r i a l  t ha t  was re ta ined  af ter  washing 5 t imes  with 
Ringer ' s  solut ion at  o ° could be ex t r ac t ed  b y  crushing the  muscles and washing them 
with  8 M urea  at  37 ° (Tables I I  and  I I I ,  Washes  G - K ) .  The amoun t  of r ad ioac t ive  
ma te r i a l  t ha t  was ex t r ac t ed  from a given muscle decl ined progress ively  in successive 
washes and only a small  f ract ion of the  res idual  r ad ioac t i v i t y  was removed  by  the 
last  two washes with 8 M urea.  

Extraction of lalI-labeled material from muscles with cysteine solutions after incubation 
with various concentrations of I~3'Ijinsulin 

When  tissue tha t  had  been tho rough ly  washed in the presence of urea  was 
subsequen t ly  washed with  urea  solut ions t ha t  conta ined  o.I  M cysteine,  there  was 
in each ins tance  a sharp  increase in the  amoun t  of rad ioac t ive  ma te r i a l  re leased per  
wash (Tables I I  and  III). The q u a n t i t y  of rad ioac t ive  subs tance  ex t r ac t ed  in two 
washes with o . I  M cyste ine  was approx.  I I  % of the  r a d ioa c t i v i t y  t ha t  had  been 
re ta ined  in the  muscle af ter  washing with  Ringer ' s  solut ion at  o ° and  was approx.  1/3 
of the  residual  r ad ioac t i v i t y  t ha t  was left in the  muscle a f te r  ex t rac t ion  wi th  8 M 
urea. The amoun t  of rad ioac t ive  ma te r i a l  t ha t  was select ively ex t r ac t ab le  wi th  cys- 
teine rose progress ively  as the  concent ra t ion  of [131Ilinsulin was raised from 48 to 
6000 t, un i t s /ml  (Tables I I  and  I I I ,  results  of exper in lents  in which Wash  E was 
per formed  at  o°). 

Effect of degradation of retained [lzlI~insulin at z 9 ° on the amount of radioactive material 
extractable with cysteine 

In  the  exper iments  of TaMes I I  and  I I I ,  one of each pa i r  of nmscles was washed 
for 5 h a t  19 ° ins tead  of o ° dur ing  the fifth wash wi th  Ringer ' s  solut ion (Wash E). 
In  accord wi th  ear l ier  resul ts  G, washing at  the  higher  t empe ra tu r e  i nva r i a b ly  caused 
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T A B L E  i I  

TIME COURSE OF EXTRACTION OF 131I-LABELI~D MATERIAL FROM MUSCLL \VITH UREA AND CYSTEINE, 

SOLUTIONS 

M u s c l e s  w e r e  i n c u b a t e d  w i t h  48 / m n i t s  of  [ a a l I j i n s u l i n  p e r  m l  fo r  2. 5 h a t  19 ~, b l o t t e d ,  a n d  t h e n  
w a s h e d  f o u r  t i m e s  a t  o ° w i t h  5 ni l  of  R i n g e r ' s  s o l u t i o n  fo r  2 h e a c h  ( W a s h e s  A - D ) .  T h e  m u s c l e s  
w e r e  t h e n  w a s h e d  w i t h  2 mI of R i n g e r ' s  s o l u t i o n  fo r  5 h a t  e i t h e r  o :  o r  1 9  ( W a s h  E),  c o m p a r i n g  
p a i r e d  m u s c l e s  a t  t h e  t w o  t e m p e r a t u r e s .  T h e  m u s c l e s  w e r e  n e x t  t r e a t e d  ( W a s h  F) w i t h  5 m l  of 
o . o i  M N - e t h y l m a l e i n l i d e  in R i n g e r ' s  s o l u t i o n  f o r  3 ° r a in  a t  r 9 ,  crushe(1,  a n d  t h e n  w a s h e d  f ive 
t i m e s  w i t h  2 m l  of 8 M u r e a  in  o . i  M p h o s p h a t e  b u f f e r  ( p H  7-4) a t  3 7 ,  w i t h o u t  s h a k i n g  ( \ \ : a s h e s  
( ;  I<). W a s h  H w a s  f o r  5.5 h,  a n d  t h e  o t h e r  u r e a  w a s h e s  w e r e  f o r  2 h.  N e x t ,  t h e  m u s c l e s  w e r e  
w a s h e d  t w i c e  ( W a s h e s  L a n d  M) fo r  2 h e a c h  t i m e ,  a n a e r o b i c a l l y ,  w i t h  2 ni l  of  8 M u r e a  c o n t a i n i n g  
o . I  M c y s t e i n e .  R a d i o a c t i v e  m a t e r i a l  in \ ¥ a s h  E w a s  s e p a r a t e d  i n t o  t r i c h l o r o a c e t i c  a c i d  p r e c i p i t a t e  
a n d  t r i c h l o r o a c e t i c  a c i d  s u p e r n a t a n t  f r a c t i o n s  p r i o r  t o  c o u n t i n g .  E a c h  v a l u e  is a n  a v e r a g e  fo r  
e i g h t  m u s c l e s .  T h e  a m o u n t  o f  r a d i o a c t i v e  m a t e r i a l  in e a c h  f r a c t i o n  h a s  b e e n  e x p r e s s e d  as  p u n i t  
e q u i v / g  of  w h o l e  n lu sc l e .  

F r a c l i o n  R a d i o a c t i v i @  i n f r a c t i o n  ( f fun i l  equiv/g) 

Ser ies  wi th  o Ser ies  wi th  r9 ~ 
W a s h  E W a s h  E 

R i n g e r ' s  so lu t ion  a! o ° 

\ V a s h  A 9 .30  :[: 0 .45  9 .19  J o .54  
W a s h  t3 1.39 0 .o3  1.33 :L o .o2  
W a s h  C o .68  i o . o r  0 .66  J 0 .02  
W a s h  D 0..53 0 .02  0 .52  - 0 .02  

R i n g e r ' s  solulioJ~, o ° or I9  ° 

W a s h  E,  T C A - p p t .  o .5o  :~ o . o i  L o 8  ~ o .o  5 
\ \ : a s h  E,  T C A - s u p .  o .18  ! o . o i  1.83 :~ 0 .07  

N - E t h y l m a l e i m i d e ,  I 9  ° 

\ ¥ a s h  F 0 .46  : o . o i  0 .22  : o . o i  

Urea,  3 7  

\ \ , ' a sh  G 2.42 + o. ro  1 .3o :~7 0 .06  
W a s h  H 1.o2 ! o-o5 o .57  i. o-o3 
W a s h  1 0 .33  ~ o . o i  o .19  1_ O.Ol 
W a s h  J o .14  : 0 . 0 0 3  o. io  :: 0 . 0 0 3  
\ \ r a s h  t¢ o . I o  ! o . o i  o .o6  ± 0 . 0 0 3  

Urea + cys te ine ,  37 ° 

W a s h  L 0 .45  ~ 0 .03  0 .34  ~ 0 .03  
W a s h  M O.I8  :k o . o i  o .12  tZ O.OI 

T i s s u e  res idue  1.21 :: 0 .03  1 .oo t= 0 .04  

Sttlf t  I 8 . 9 5  1 8 . 5 I  

A b b r e v i a t i o n s :  T C A - p p t . ,  t r i c h l o r o a c e t i c  a c i d  p r e c i p i t a t e ;  T C A - s u p . ,  t r i c h l o r o a c e t i c  a c i d  
s u p e r n a t a n t .  

a marked increase in the amount  of trichloroacetic acid soluble radioactive material  
that appeared in the wash fluid. Washing of nmscles  with Ringer's solution at 19 ° 
(Tables II  and III ,  Wash E) caused only a slight and inconsistent ly  demonstrable  
decrease in the amount  of radioactive material  that was subsequent ly  extractable  
with cysteine (Washes L and M). 
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T A B L E  I I I  

EXTRACTION OF MUSCLES WITH UREA AND CYSTEINE SOLUTIONS AFTER EXPOSURE TO DIFFI~RENT 
CONCENTRATIONS OF [13IX]INSULIN 

Exper iments  were performed in the manner  described for Table II ,  except tha t  different concen- 
t ra t ions  of [131I]insulin were used for incubation.  Since the general pa t te rn  of the t ime course 
of appearance of radioact ivi ty in the washes was similar to t ha t  seen in Table I I ,  the data  of 
some wash  fluids have been combined. Each  value is a mean  for four muscles. 

Insulin in incu- Fraction Radioactivity in fraction (#unit equiv/g) 
bation medium 
(l~nits/ml) Series with o ° Series with ~ 9 ° 

Wash E Wash E 

7 ° 

200 

iooo 

6ooo 

Washes A - D  (Ringer's, o °) 16.1o ± 1.52 
Wash  E (Ringer's), TCA-ppt.  0.78 :~ 0.22 
Wash  E, TCA-sup. o.22 ___ o.o 3 
Wash  F (N-ethylmaleimide, 19 °) o.46 ± o.o6 
Washes G - K  (urea, 37 °) 4.32 ~= o.71 
VV'ashes L-M (urea + cysteine, 37 °) o.76 -- o.12 
Tissue residue 1.48 -- o . Io  

17.31 - 2.99 
1.49 -= 0.28 
2.12 i o. i2 
0.26 ± 0.07 
2.58 ± 0.32 
0.78 ± o.17 
1.34 Z o . Io  

Sum 24.12 25.88 

Washes A - D  (Ringer's, o °) 44-4 ± 2.6 
VVTash E (Ringer's), TCA-ppt.  1.62 -- 0.07 
Wash  E, TCA-sup. 0.54 -- 0.03 
\ \ ' a sh  F (N-ethylmaleinlide, 19 °) 1.26 ± o.o 4 
Washes G - K  (urea, 37 °) 11.63 -- o.66 
Washes L M (urea + cysteine, 37 °) 2.o2 ~ o.12 
Tissue residue 4.11 ~ o.o 7 

47.4 ± 1.4 
3.5 ° ± o.18 
5.58 ~ 0.57 
0.72 :k 0.06 
6.83 ~ 0.40 
1.71 ~ 0.06 
3.64 .+_ 0.07 

Sum 65.58 69.38 

Washes A-D (Ringer's, o °) 
Wash  E (Ringer's), TCA-ppt.  
Wash  E, TCA-sup. 
Wash  F (N-ethylmaleimide, 19 °) 
Washes G - K  (urea, 37 °) 
Washes L-M (urea + cysteine, 37 °) 
Tissue residue 

204 ± io 226 ~ io 
7.15 ~= 0.07 18.7 i 2.1 
1.66 _~ 0.06 15.7 J= i.o 
4.72 ± 0.22 2.86 ;-- 0.o 7 

41.3 i 0.4 29.5 ~ 1.8 
8.04 ± 0.58 7.81 ~ 1.14 

18.6 i 0.6 19.o :- 1.2 

Sum 285.5 319.6 

Washes A-D (Ringer's, o °) 122o ± 21 129o ± 73 
Wash  E (Ringer's), TCA-ppt.  38.3 i 3.1 90.8 ± 9.1 
Wash  E, TCA-sup. 9.4 i o.6 56.9 +_ 6.3 
Wash  F (N-ethylmaleimide, 19 °) 28.o i 1.5 15.o ~ 1.3 
Washes G - K  (urea, 37 °) 218 ± 12 149 ± 7.4 
Washes L-M (urea + cysteine, 37 ° ) 64.0 ± 5.9 58.8 ± 7 .2 
Tissue residue 122 ~ 5 116 -c 4 

Sum 1699.7 1776.5 

Abbreviat ions:  TCA-ppt.,  trichloroacetic acid precipitate;  TCA-sup., trichloroacetic acid 
s u p e r n a t a n t  

DISCUSSION 

T r e a t m e n t  of ra t  hear t  I or d i aph ragm 4 muscle wi th  N - e t h y l m a l e i m i d e  interferes  
wi th  the  subsequent  deve lopmen t  of an insulin effect on sugar  up take .  These findings 
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suggest tha t  tissue sulfhydryl groups anay be impor tant  for the binding and action 
of insulin in cells. However,  the observations do not  indicate whether the hormone is 
bound covalently or noncovalently.  Moreover, other studies of this typeD, 1° have led 
to conflicting results. 

FONG et al. ~ and EDELMAN, ROSE~,'THAL AXD SCHWARTZ a studied the ability of 
cvsteine to release radioactive material  from tissues tha t  had been incubated with 
[lalljinsulin and concluded tha t  the biological action of insulin might  be mediated 
by a thiol disulfide interchange reaction that  bonded tile hormone to the cell co- 
valently. In their studies [lalI]insulin was employed at concentrations of the order 
of Iooooo/~units /ml.  In the present investigation the relationship between the pres- 
ence of cysteine-releasable radioactive material  in the tissue and the biological effects 
of insulin has been explored further. 

The binding of insulin to frog skeletal muscle has been studied with the use 
of [lalIJinsulin tha t  contains an average of I a tom of iodine per molecule of insulin~L 
Although more definitive analyses on fully characterized iodinated species of insulin 
would be desirable, the assays tha t  are available indicate tha t  biological act ivi ty is 
preserved essentially intact  when the degree of iodination does not exceed an average 
of one iodine a tom per molecule of hormonen,lz,  6. During incubation of frog sartorius 
muscles with [~alI]insulin, nmch more paqlinsulin accunmlates in the muscles than 
can be accounted for by  the extracellular fluid content  of the tissue.This extra luaterial 
is firmly retained ( 'bound')  when the nmscles are subsequently washed with Ringer 's  
solution at o °. The binding of [lalI ' insulin by frog skeletal muscle exhibits a com- 
ponent tha t  has been called 'specific' (cf. ref. 6) because it becomes saturated at 
approxi iuately the concentrat ion of extracellular insulin that  produces a maximal 
effect on permeabil i ty to sugar. In addition, there is a nonspecific component  of 
binding that  is not  directly related to the extent  of cellular response; this moiety of 
bound [~a~I linsulin continues to increase in magni tude even when the concentrat ion 
in the medium is raised to levels far above tile physiological ulaximum G (@ ref. I3). 

When the concentrat ion of [laqlinsulin in the incubation medium is at the lower 
end of the range shown in Tables 1I and l I i  (i.e., 48--0oo/~units/ml), approximate ly  
half of the [~a~Ijinsulin tha t  is retained in the tissue after washing with ice-cold 
Ringer 's  solution appears to be specifically accumulated ~. Most of this retained ma- 
terial is extractable by crushing the tissue and washing it successively with solutions 
containing urea and cysteine (Tables I I  and III) .  Of the material tha t  can be extracted 
in this manner,  approx. 85 % is obtained by washing with 8 M urea alone, in the ab- 
sence of cysteine. Since tile urea washes, therefore, remove nmch of the specifically 
bound [lalI]insulin, a major  portion of the specifically bound [nlI  insulin seems to 
be a t tached to the cells noncovalently.  

Insulin produces a graded, reversible increase in permeabil i ty of frog muscles 
to sugar when different concentrat ions of hormone are used within the physiological 
range of approx. IO to 5oo/ ,uni t s /ml  (ref. 6). If the biological action of insulin were 
to involve the formation of a disulfide bond between the hormone and a receptor 
site in the tissue, the extent  of this specific interaction might be expected to parallel 
the magnitude of the biological effect. Thus, raising the concentrat ion of insulin 
above the physiologically maximal  level should not lead to any appreciable increase 
in the number  of these specific disulfide bonds. 
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In the batch of frogs used for the present experiments a maximal effect on 
permeability to sugar was obtained at an insulin concentration of approx. 5oo/,units 
per ml (Table I). Nevertheless, when the concentration of [lalIlinsulin to which 
muscles were exposed was raised from IOOO to 6ooo/,units/ml, there was a marked 
increase in the amount of radioactive material that was selectively extractable from 
the tissue with cysteine solutions (Tables I I  and III ,  Washes L-M in the series where 
Wash E was performed at o°). These results suggest that, at least at high concen- 
trations of [131I!insulin, most of the radioactive material that is extracted in the 
presence of cysteine is derived from nonspecifically bound ElalI~insulin. 

Muscle homogenates can inactivate insulin ~. Incubation of E131Iiinsulin with 
homogenates of rat skeletal muscle vields radioactive material that is soluble in 
trichloroacetic acid; this process is not a deiodination but appears to represent en- 
zymatic degradation of the hormone to trichloroacetic acid soluble fragments ~5. Intact  
isolated frog sartorius muscles can also degrade I131Ilinsulin during incubation; in 
this case, E131I~insulin that has been taken up by the cells is degraded but no ap- 
preciable destruction of the hormone occurs in the medium itself 8. 

When frog muscles that have been incubated with [13H]insulin are washed with 
Ringer's solution at o °, some [13Hlinsulin is firmly retained by the tissue in a tri- 
chloroacetic acid precipitable form and permeability to sugar also remains at its 
initial high level during the washing procedure 6. Subsequent washing of the muscles 
with Ringer's solution at 19 ° causes degradation of the retained I13H~insulin to a 
trichloroacetic acid soluble form that escapes from the cells; degradation appears to 
include both the specifically and nonspecifically bound moieties of IlaH~insulin. In 
Tables II  and I I I  an approx. Io-fold increase in the amount of trichloroacetic acid 
soluble radioactive material appears in the wash fluid when Wash E is performed 
at I9 ° rather than at o °. Degradation of retained insulin has been shown to be ac- 
companied by a reversal of the effect of insulin on permeability to sugar; during 5 h 
of washing at 19 ° permeability falls approx. 2/3 of the wav towards the basal value 6. 
In contrast, washing of muscles with Ringer's solution for 5 h at 19 ° (Wash E, 
Tables II  and III) did not cause a consistent decrease in the amount of radioactive 
material that was selectively extractable from the tissue with cysteine in 8 M urea 
(Tables II  and I I I ; @  Washes L-M for muscles that were washed at either o ° or 19 ° 
during Wash E). These findings are compatible with the concept that most of the 
radioactive material that is released from the tissue by cysteine is derived from non- 
specifically bound [131I [insulin. 

Evidence for a thiol disulfide interchange between a peptide hormone and its 
target tissue was first obtained with vasopressin by the technique of cleaving radio- 
actively labeled hormone from the tissue with cysteine~6, ~7. This finding encouraged 
the search for a similar phenomenon in the case of insulin. However, it has been found 
more recently~8, ~9 that analogues of neurohypophyseal hormones that lack a disulfide 
bridge possess biological activity, and it has been concluded that a thiol disulfide 
interchange may not be essential for the action of these hormones 2°. In accord with 
the latter interpretation, the results of the present studies suggest that insulin can 
enhance the permeability of skeletal nmscle to sugar without being covalently bound 
to the muscle cells. Further studies with suitable analogues of insulin would be de- 
sirable to test this concept more definitively. 
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