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THE RESPIRATORY ENZYME SYSTEMS OF 

AZOTOBACTER V I N E L A N D I I  

A. TISSII~RES*,  H. G. H O V E N K A M P  ANn E. C. S L A T E R  

Molteno Institute, University o/Cambridge (England) and 

Laboratory o/Physiological Chemistry, University o] Amsterdam (The Netherlands)*" 

It has been known for some time that in bacterial extracts the terminal oxidase 
systems are supported by particles of varying sizes. At least a part of these enzyme 
systems is attached to very small elements which can only be sedimented in high 
gravitational fields (TtssltRESX; SMITHS). There is evidence that in a number of bac- 
teria, a fraction composed mostly of spherical particles with a sedimentation constant 
of 40 S and a diameter of about 15 mr* possesses succinic dehydrogenase and succinic 
oxidase activities (ScHACHMAN, PARDEE AND STANIERa; TISSIP.RES4). The experiments 
of ALEXANDER AND WILSON 5, working with Azotobacter vinelandii extracts, point to 
the same conclusion and provide quantitative data suggesting that the small particles 
support most of the succinic oxidase activity of the cell. 

In this paper, an extract from Azotobacter vinelandii was fractionated by centrifu- 
gation and the fractions were studied for their ability to oxidize succinate, fumarate, 
reduced diphosphopyridine nucleotide (DPNH) and cytochrome c,, and to promote 
respiratory chain phosphorylation with succinate, fumarate, a-ketoglutarate and 
DPNH as substrates. The results are discussed in the light of electron micrographs 
of the particulate fractions and of the bacterial cells 2~. 

METHODS 

Preparation o/extract and #actions 
The  s t ra in  of Azotobacter vinelandii and  the  m e t h o d s  of cu l t iva t ion  and  of p repara t ion  of the  cell- 
free ex t r ac t  have  been descr ibed previous ly  (TxssI~REsr), t he  only  modif icat ion being t h a t  t he  
bac te r ia  were washed  in o.o 5 M Sorensen p h o s p h a t e  buffer, p H  7.o, ins tead  of distilled water .  All 
man ipu la t i ons  were carried out  be tween o ° and  4 °. Af te r  d i s rup t ion  of the  cells by gr inding  wi th  
glass powder,  and  addi t ion  of water ,  t he  mi x t u r e  was cent r i fuged a t  7,ooo r .p .m.  (3,5oo g) for 
lo  miD to remove  mos t  of  the  glass  powder  and  in tac t  cells. T h r o u g h o u t  th is  pape r  cent r i fugal  fields 
refer to the  b o t t o m  of t he  tube.  The  s u p e r n a t a n t  was cen t r i fuged  again  a t  the  s ame  speed and  for 
the  same  t ime  to sepa ra te  f rom t he  ex t r ac t  the  r emain ing  in t ac t  cells and  glass  powder.  D u r i n g  
this  cen t r i fuga t ion  some  of the  larges t  cell debr is  were also removed .  The  s u p e r n a t a n t ,  n a m e d  t h e  
ex t r ac t  (E), was cent r i fuged  for 3 ° miD a t  x9,ooo r .p .m.  (22,ooo g) g iv ing a p ink  sed imen t  of large 
par t ic les  and  a s u p e r n a t a n t ,  f ract ion S 1. The  la t te r  was fu r the r  f rac t iona ted  by  cen t r i fug ing  in t he  
head  No. 4 ° of a model  L Spinco cent r i fuge  a t  4o,ooo r .p .m.  (x45,ooo g) for 6o-12o miD, g iv ing a 
red ge la t inous  sed imen t  of  smal l  part icles.  The  upper  th i rd  of t he  s u p e r n a t a n t  fluid was  careful ly  
r emoved  by  p ipe t te  to give fract ion S 2. Each  of the  par t i cu la te  f rac t ions  was  suspended  in 0.05 M 
p h o s p h a t e  buffer, p H  7.o ( ~ the  original vo l ume  of t he  ext rac t ) ,  g iv ing  f rac t ions  L P  (large par t i -  
cles) and  SP  (small  part icles).  Al terna t ive ly ,  each of these  two f rac t ions  was  washed  by  r e suspend-  
ing in o.o 5 M p h o s p h a t e  buffer, p H  7.0 (twice the  original vo lume  of the  ex t rac t ) ,  s ed imen ted  by 
cen t r i luga t ion  as above  and  resuspended  in p h o s p h a t e  buffer  ( ~  the  original vo lume  of the  ex-  
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t ract) ,  ~iving fra<'ti~ms \\ '1.1' (washed large particles) and \VSI'  I~ashed  small  part icles) .  Ill s .m~ t,x 
per iments ,  when special ly  menticmed, o.2o .11 sin-rose or ¢1. i 5 ./] lact¢)se replaced wa te r  ill tile ex- 
t r a c t i . n  of the m i x t u r e  ~,f cell debr is  and glass powder,  and  the par t ic les  of fracti~ms I.P or SI '  were 
washed and finally l ' eS l lS t ) en ( l l . d  ill the same coucet l t ra t i~l l  i~f SllCl'llbe Ill" lact<~se con ta iu ing  ~.o.5 It" 
phospha te  Imfler, p t l  7.c~. 

7"rcotment with supcrso~tic vibration 

The in t ac t  te l l s  suspended in o.z 5 .1/ sucrose, and  o.05 3.1 p lmspha tc  butler,  pH 7.o (approx . . to  mg 
dry. wt of cells/ml),  or the fract ions \ V l . l ' a n d  \VSP were subjec ted  to supersonic  v ibra t ion  of 25 
kcvc. /sec  genera ted  by a 50<> \V Mn| lard magnet~str ict~w oscil lat~r.  The dura t ion  of exposure  
var ied  and is given l>eb~w for each expe r imen t .  The pa r t i cu l a t e  fract ion W I . I '  was t rea ted  wi th  
supers<talc v ib ra t ion  and e i ther  used aN such (fraction Sl .P) cw centr i fuged first a t  z2,ooo g for 3 ° 
mill  to remove the unl)roken large par t ic les  and  then  a t  x 45,ooo t,' for ~>o rain to giw. at s ed imen t  of 
smal l  par t ic les  which was resuspended ill o.o 5 3/ phospha t e  butter,  p l l  7.o (fraction S 'LI ' ) .  Simi- 
larly,  fract ion \VSI >, af ter  the act ion of supersonic  v ibra t ion ,  was e i ther  used as such (fraction SSP) 
or it was cent r i fuged a t  x.tS,OOO g few ~o rain to give a sed imen t  of par t ic les  which was  resuspended 
in Imfler aN abow~ (fraction S 'SI 'L 

Oxidase activities 

Succinic oxidase  and cy toch rome  c a oxidase  ac t iv i t i e s  were mea-sured in differential  m a n o m e t e r s  
a t  3 °.. as p rev ious ly  descr ibed e. The  react ion vol. was 0. 5 ml. The ox ida t ion  of fumara t e  was meaN- 
ured s imi lar ly ,  using o.o- M fumara t e  as subs t ra te .  The a c t i v i t y  of cy toch rome  c a ox idase  was also 
e s t i m a t e d  by following the  ox ida t ion  of reduced cy tneh rome  c a in the spec t ropho tome te r  as de- 
scr ibed by S M I ' r H  7 for cy toch rome  c. The I cm c u v e t t e  con ta ined  the app rop r i a t e  a m o u n t  of reduced 
cytochr<m~e c 4 and  the  enzyme  in 0.0 5 51 phospha t e  hutfer, pH 7.o, in a to ta l  reac t ion  mi x t u r e  ~,f 
o.~ Jill. 

I ) P N H  oxidase  ac t iv i t i e s  were e s t ima ted  accord ing  to SLATER g wi th  a reac t ion  m i x t u r e  of 
lml .  The cuve t t e  (o.5 cm) con ta ined  o.o 5 3t  phospha te  buffer, pH 7.o, and i.¢,. in  -~ M D P N H  
(Sigma Chemical  Co.). The decrease in opt ica l  de ns i t y  a t  340 m #  was  followed in the  spec t rophoto-  
me te r  for 5 min. I t  wan l inear  wi th  t ime  over  th is  period.  Under  the condi t ions  of the  exper iments ,  
the  changes  in op t i ca l  dens i ty  were found to be p ropor t iona l  to enzyme  concen t ra t ions  over  a 5-fold 
range.  

Oxidative phosphorylation 

O x i d a t i v e  phosphory la t ion  wi th  succinate ,  fumara te ,  and  CL-ketoglutarate was de te rmined  as pre- 
v iouslv  descr ibed (TIssI~.RES A.~D SLATER~). The  procedure  wi th  I ) P N H  as subs t r a t e  was  as fol- 
lows. ;rhe D P N H  con ten t  of the  s tock solu t ions  (prepared from Sigma "Cozymase  90" to) was de- 
t e rmined  by measur ing  the  ex t inc t ion  a t  34 ° mt~ of an a l iquot ,  before and  af ter  the  add i t ion  of 
p y r u v a t e  and lac t ic  dehydrogenase .  The  ox ida t ion  of I ) P N I t  in the presence of the Azotobacter 
e x t r a c t  was followc~l s p e c t r o p h o t o m e t r i c a l l y  a t  34 ° mt~, unt i l  a s t eady  reading  was  obta ined,  
cor responding  to comple te  ox ida t ion  of the  D P N H .  

The react ion m i x t u r e  in the tes t  c uve t t e  con ta ined :  phosphate ,  pH 7-4, o.°3 M: glucose, 
o.oo7 M; e t h y l e n e d i a m i n e t e t r a a c e t a t e  (EDTA),  p l !  7.4, o.ool M;  NaF,  o.o4 M;  MgCl~, o.oo 5 M;  
adenosine  monophospha te ,  2. ~o -~ M; adenosine  d iphospha te ,  z. to -I- 6- xo * M;  I )PNH,  3' in  ~ 
6 .  ~ o -~ M ; yeas t  hexokinase ,  l on uni ts  II. The reac t ion  volume was 2.4 ml. W h e n  the  concen t ra t ion  
of I ) P N H  exceeded 5" to 4 31, the  solut ion was oxygena t ed  before the beg inn ing  of ti le exper iment ,  
so t h a t  i t  con ta ined  sufficient oxygen  to react  wi th  the DPNH.  The reference c u v e t t e  con ta ined  
the  same react ion mix tu re ,  excep t  t h a t  the  D I ' N H  was omi t ted .  At  zero t ime,  o.i  ml Azotobacter 
f ract ion was added  to each cuve t t e .  When  the  o x i d a t i o n  was comple te  (between i and  4 rain was 
usua l ly  sufficient), o. 4 ml t r i ch loroace t ic  acid (4o°£, w/v) was added  and the m i x t u r e  centr i fuged.  
" l ' he -~  P ( react ive  groups  of adenos ine  d iphos pha t e  and t r iphospha te )  and  hexose m o n o p h o s p h a t e  
(HM P) con ten t s  of the neu t ra l i zed  s u p e r n a t a n t s  were de te rmined  by  the  enzymic  procedure  de- 
scril>ed by SLATER TM. 

The a m o u n t  of phospha t e  ester if ied coupled to the  ox ida t i on  of I ) P N H  was ca lcu la ted  as ,'1 es- 
terified P (corr.) = (,~, Ptest "t HMPtest) minus  ( ~ ,  l>rei. + HMPre/.), where the suffixes " t e s t "  and  
" ref . "  refer to the  solut ions  ob ta ined  from the  cor responding  cuvet tes .  This  method  of ca lcula t ion  
compensa t e s  for any  phos pho ry l a t i on  due to the  ox ida t i on  of endogenous  subs t ra te ,  but  in fact  th is  
was negligible.  The  cons iderable  a m o u n t  of m y o k i n a s e  found in the  soluble f ract ions  of Azotobactev 
have  no influence on these m e a s u r e m e n t s ,  since (HMI > -t- ~ P )  iN no t  changed  by  the combined 
ac t ion  of m y o k i n a s e  and hexokina~se on A D P .  

t ' on t ro l  e x p e r i m e n t s  showed no p h o s p h o r y l a t i o n  when DPN wan used ins tead  of D P N H ,  or 
when KCN (In -~ or ~o ~ M) was added  to i nh ib i t  the  ox ida t i on  of D P N I t  (Table I). 

Protein was e s t i m a t e d  in the cell-free e x t r a c t s  by  the  b iure t  me thod  l~. 
Cytochrome c was purified accord ing  to MARGOI.IASH tg. 
('ytochrome c a was prepared  as a l r eady  described*. 

Re/evences p. 346/347 . 
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T A B L E  I 

PHOSPHORYLATION COUPLED WITH THE OXIDATION OF D P N H  BY Azotobacter EXTRACTS 

In expt .  x, the  e x t r a c t  was p repared  by  two cen t r i fuga t ions  a t  io,0oo g for Io rain, and  the  par t i c les  
s ed imen ted  a t  2o,ooo g for 3 ° rain. The par t ic les  are  thus  i n t e r m e d i a t e  in size be tween  those  de- 
scribed in th is  paper  as large par t ic les  (LP) and as smal l  par t ic les  (SP), and  are  descr ibed as m e d i u m  

par t ic les  (MP). 

tayriditw nucl~tid¢ KCN Aesterifitd P 
E*pt. Fraaio, (#molcs) (M) (corr.) (IJmol~) 

MP I ) P N H  (r.46) o 5.Ol 
MP D PN  (I.5) o -0.03 
S t D P N H  (5.46) o 1.o 4 
S 1 DPN (I.5) o -0.02 

S l D P N H  (I.56) o 0.68 
S t D P N H  (I.56) 1o - s  0.04 
S l D P N H  (1.56) Io -s  o.o 4 
none D P N H  (1.56) o o.o 5 

RESULTS 

Oxidation o/ succinate and/umarate 

Figs. i and 2 show that the washed small particles (WSP) are the most active fraction 
for the oxidation of succinate. The supernatant fraction ($2) has little or no activity, 
provided that it is prepared by centfifugation for 12o min at I45,ooo g. There was an 
appreciable activity if the centrifugation proceeded for only 6o rain. 

With succinate as substrate, the addition of S 2 inhibited the rate of oxygen up- 
take with WSP, but stimulated the oxygen uptake with SP. These effects are ex- 
plained by the inhibitory action of oxaloacetate on succinic dehydrogenase (off STONr: 
AND WILSON 14) and by the behaviour of the various fractions with fumarate as sub- 
strate (Fig. 3). The fraction WSP did not oxidize fumarate at a detectable rate in the 
experiment shown in Fig. 3 (nevertheless the progressive inhibition of the oxidation 
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Fig. L Oxidat ion of  succinate by fract ions 
WSP and S~ (supernatant af ter  90 rain centTifu- 
gat ion  a t  145,ooo g). The  m a n o m e t r i c  flasks 
con ta ined  the  enzyme  p repa ra t i on  as shown 
wi th  o.o2 M succ ina te  and  o.o 5 M phospha t e  
buffer, pH  7, in a to ta l  r eac t ion  vo lume  of 0. 5 

ml. T e m p e r a t u r e :  3o°C. 
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Fig. 2. Ox idat ion of  succinate by fract ions 
WSP0 SP and St (supernatant af ter  12o rain 
cent~ifugation at 145,ooo g). The manometr ic 
flasks con ta ined  the  enzyme  p repa ra t i on  as  
shown, wi th  o.o2 M succ ina te  and  0.o 5 M 
phospha t e  buffer, pH  7, in a to ta l  r eac t ion  vol- 
ume of o. 5 ml. T e m p e r a t u r e :  3o°C. 
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of succinate by \¥SP shown in Fig. I is probably due to the building up of small con- 
centrations of oxaloacetate by a very slow oxidation of the fumarate;  set' Tabh" I l}. 

The addition of S 2 to WSP promoted a rapid oxidation of fumarate, and the ap- 
preciable activity with SP alone (Fig. 3) is undoubtedly clue to the small amount of .%, 
contaminating this fraction. Table I I  shows that  the O, uptake greatly exceeds the 
amount of (oxaloacetate -- pyruvate) formed, indicating that the oxidation proceeds 
beyond that stage. 

Thus, when succinate is substrate, the addition of S 2 has three different effects on 
the oxygen uptake:  (I) the further oxidation past fumarate results in an increased 
oxygen uptake ; (2) the formation of oxaloacetate causes an inhibition of the oxidation 

T A B L E  I I  

CONCENTRATION OF" OXALOACETATE IN TItE REACTION MIXTURE DURING THE 
OXIDATION OF SUCCINIC ACID BY *~V.~P 

T h e  r e a c t i o n  m i x t u r e  w a s  as  d e s c r i b e d  in T a b l e  I of TlSSIgRES ANI} SI.A'rER 9. 3 ° rain,  25". A ( o x a l o -  
a c e t a t e  + p y r u v a t e )  m e a s u r e d  as  in  SI.ATER 1°. Much  of t h e  t } y r u v a t e  is p r o b a b l y  d e r i v e d  by  de-  
c a r b o x y l a t i o n  of t h e  o x a l o a c e t a t e ,  e i t h e r  d u r i n g  t h e  e x p e r i m e n t ,  or  a f t e r  t h e  c l e p r o t e i n i z a t i o n .  

E rpt. 5ubstrate l,'raation 

i S u c c i n a t e  W S P  
S= 
W S P  + S 2 

2 F u m a r a t e  W S P  
3 S u c c i n a t e  \ \ : S P  + "~2 

F u m a r a t e  \ V S I '  :- S 2 

Protein O. uptake A (oxaloacetate - -  
" pyruvate) 

(m~) (t,atoms) {ktmoles) 

I .  5 2.1(} {).1 3 
I 2 0 . 6  7 o 

] 3-.5 (L(; 4 o . o 8  
1 .2  O.  t()  O . O ( }  

.-3"7 3"3.-3 {}'{}.5 
5.7 {).{}o 2.25 

I0C 

c~ 
6C 

4 C  

2C 

f O.O~ml W S P  or  0 .3ml  
I I ' ' 

",0 20 30 40  50 
T I ~  (rain} 

Fig .  3. O x i d a t i o n  of f u m a r a t e  by  f r a c t i o n  V~;SP, 
S P  a n d  S 2 ( s u p e r n a t a n t  a f t e r  i z o  m i n  c e n t r i f u -  
g a t i o n  a t  145,ooo g). T h e  m a n o m e t r i c  f l a sks  
c o n t a i n e d  t h e  e n z y m e  p r e p a r a t i o n  w i t h  o.o2 31 
f u m a r a t e  a n d  o.o 5 M p h o s p h a t e  buffer ,  p H  7, 
in  a t o t a l  r e a c t i o n  v o l u m e  o f  0.5 nil .  T e m p e r a -  

t u r e :  3o°C .  

30 
l I ti{0.12} 

7 

20 + - 

a ~ 

I1  I 1 I 
0 10 20 30 

Tlme(mln) 

Fig .  4. Course  of ()~ u p t a k e  w i t h  L P  o x i d i z i n g  
s u c c i n a t e  in t h e  p r e s e n c e  a n d  a b s e n c e  of {}.04 .11 
N a F .  R e a c t i o n  m i x t u r e :  p h o s p h a t e ,  p l t  7,4, 
o.03 M ; g lucose ,  0.o 3 M ; A D P ,  6- to  -4 .11 ; AMP,  
6" zo -4 M ;  s u c c i n a t e ,  o.o2 .11; E D T A ,  o .oo i  31; 
MRC12, 0.005 M ;  h e x o k i n a s e ,  I37  u n i t s ;  I .P,  t.  5 
m g  p r o t e i n ;  r e a c t i o n  vol . ,  ~ m l ;  -}5°C. The  I . P  
f r a c t i o n  was  a d d e d  a t  zero  t i m e  a n d  t he  f l asks  

i m m e d i a t e l y  a t t a c h e d  to  t h e  m a n o m e t e r s  a n d  p l a c e d  in  t h e  b a t h .  T h e  p o i n t s  on t h e  a b s c i s s a  
r e p r e s e n t  t h e  f i rs t  r e a d i n g  of t h e  m a n o m e t e r .  T h e  f igures  in b r a c k e t s  r e p r e s e n t  t h e  a m o u n t  (}f 

( o x a l o a c e t a t e  + p y r u v a t e ) .  
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of succinate; (3) the ability of (S, + WSP) to oxidize oxaloacetate relieves this in- 
hibition. The actual result depends upon the balance of these three effects. Thus, in 
Fig. I, the addition of S 2 causes a considerable inhibition of the initial rate of oxygen 
uptake, due to the rapid building up of a steady-state concentration of oxaloacetate. 
Once this steady-state is reached, however, the oxygen uptake proceeds at a uniform 
rate. With WSP, the oxaloacetate formed slowly is not removed, so that there is a 
steadily decreasing oxygen uptake. After 3 ° min (earlier in Table II), the O 2 uptake 
with (WSP 4- S,) exceeds that with WSP alone. Fig. 2 suggests that SP contains suffi- 
cient of S, to promote the formation of appreciable amounts of oxaloacetate, but these 
are rather slowly removed. Thus, the predominating effect of the addition of $2 is to 
decrease the steady-state concentration of oxaloacetate and to promote the oxygen 
uptake. It  should be noted that with both substrates, (SP 4- S,) behaved exactly the 
same as (WSP + $2). There is, therefore, probably no difference between SP and 
NSP,  except that the former contains a little S 2. 

That the rapid fall off of the rate of 02 uptake was due to inhibition by oxalo- 
acetate is shown by the effect of fluoride (Fig. 4). The addition of fluoride to LP lowered 
the concentration of oxaloaeetate and, at the same time, allowed a practically uniform 
rate of 02 uptake. Fumarate was oxidized by this preparation of unwashed particles, 
in the absence of fluoride, with the production of the corresponding amount of oxalo- 
acetate ('40 = - -  o.85 ~atom ; .4 [oxaloacetate 4- pyruvate I = + o.86 ~mole). I t  was 
also found that fluoride decreased the production of oxaloacetate by SP oxidizing suc- 
cinate, and decreased the rate of oxidation of fumarate. 

Qualitatively, the large particles (fractions LP and WLP) behaved in the same way 
as SP and WSP. However, the specific activity (Qo,) of the large particles is consider- 
ably less than of the small (see Table III). Doubling the concentration of suecinate 
(o.04 M instead of 0.02 M) did not change the activity. 

T A B L E  I I I  

SUCCINIC, CYTOCHROME c 4 AND D P N H  OXIDASE ACTIVITIES IN FRACTION w g P  AND W S P  

Qo, =/*1 O2/h/mg protein 

Fraction WLP Fraction WSP 

Experiment suceinic Oqochrome D P N H succinic O¢oclsrome D P N H 
No. oxid.~e oxidase oxidase oxidase oxidase oxidase 

QOt 3°°C qot  QO) a~°C QO s 3°°C QO s QO t 2z°C 

I 2 4 8  2 o 3 m  7 1 4  9 9 0  173  m 2 7 6 0  

2 2 0 8  3 5 7  m 6 9 I  9 6 6  I 6 5  m 3 3 3  ° 

3 2 2 3  - -  - -  8 0 5  - -  1 9 7  ° 
4 " - -  4 4 7  m - -  - -  2 8 ° m  - -  

5 . . . .  8 7 0  - -  - -  2 9 1 0  
6 - -  4 2 5  s - -  - -  I 8 0  $ - -  

7 2 9 5  3 1 o  m l O 2 4  lO8O 2 o 5 m  2 6 o o  

m Manometric estimation (Qo, at 3o°C). 
s Spectrophotometric estimation (Qo, at 22: C).  

Cytochrome c, oxidase 

Table I I I  shows that the large particles have a higher cytochrome oxidase activity 
than the small. It  should be noted that the Qo,'S of the succinic oxidase and cyto- 
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c h r o n a e  c 4 {}xi(tase a r e  n o t  d i r e c t l y  cona t ) a ra l ) l e  b e c a u s e  t h e  l a t t e r  is {h,l)cn{hq]t  Ul)()n 

t lm c o n c e n t r a t i o n  o f  c y t ( } c h r o n m  c 4 which was chosen a r l } i t r a r i l y  in  t h e s e  t , x t ) c r i l n c n t s .  

T h u s  t h e  c v t o c h r o m ( '  c a ox i{ las , '  a c t i v i t y  w a s  a l ) o u t  I t  t i le  a c t M t v  of  s u c c i n i c  {}xidasc  

in f r a c t i o n  W S P .  S.a a l o n e  di{l n o t  h a v e  a n v  a c t i v i t y ,  n o r  {lid t h e  a d d i t i ( ) n  of  t h i s  f i 'ac-  

t i o n  h a v e  a n y  e f f ec t  (}iI t h e  c \ t ( } c h r o m { :  ca o x i ( l a s c  a c t M t \ "  o f  t h e  p a r t i c u l a t e  f r a c t i o n s .  

D P N H  o x i d a s e  

T h e  D P N  I t  o x i d a s e  s y s t e m  w a s  f o u n d  to  be  e n t i r e l y  l o c a t e d  in  t h e  p a r t i c l e s  o f  f r a c t i o n s  

I . P  o r  S P .  W a s h i n g  t h e  p a r t i c l e s  in o .o5  3 I  p h o s p h a t e  b u f f e r  d i d  n o t  m o d i f y  t h e  t o t a l  

a c t i v i t y ;  t h e  s p e c i t i c  a c t i v i t y  (Qo,) w a s  i n c r e a s e d  a s  a c o n s e q u e n c e  o f  r e m o v i n g  c o n -  

t a m i n a t i n g  s o l u b l e  p r o t e i n s .  F r a c t i o n  So, o b t a i n e d  a f t e r  12o  r a i n  c e n t r i f u g a t i o n  a t  

1 4 5 , o o o  g, h a d  n o  m e a s u r a b l e  a c t i v i t y ,  n o r  d i d  t h e  a d d i t i o n  o f  S 2 to  e i t h e r  L P  o r  S P  

h a v e  a n v  e f f ec t .  T h e  a d d i t i o n  o f  c y t o c h r o m e  c a o r  c y t o c h r o m e  c in  c o n c e n t r a t i o n s  

v a r y i n g  f r o m  r .  IO 5 to  I - I O  -~ 3 I  h a d  n o  e f f ec t .  K C N  ( I . I O  a 3 I )  p r o d u c e d  m o r e  t h a n  

95° , ,  i n h i b i t i o n .  F r a c t i o n  \ V S P  h a s  3 - 4  t i m e s  t h e  a c t i v i t y  o f  W L P  ( T a b h .  l I l ) .  

O x i d a t i v e  p h o s p h o r y l a t i o n  

O x i d a t i v e  p h o s p h o r y l a t i o n  in . . t zotobacter  e x t r a c t s  h a s  b e e n  d e m o n s t r a t e d  b y  H V N I >  

M.\N, BURRIS AND \WILSON 15, TISSII~RES AND SL.VI'ER 9 a n d  R o s e  AND O{:HOA1Q O u r  

results, obtained with succinate and fumarate  as substrate,  which have been re.ported 
in a preliminary communicat ion 9, are included in Table IV, which also shows experi- 

T A B I ,  F IV 

OXII>ATIVE PI t (>SI>HORYI.ATION IN V A R I O U S  F R A C T I O N S  OF A z o l o b a c l e r  v i n e l a n d t i  

Exp t .  5;ubstratc FracIion 1' : 0 
Protein A 0 A est. t > 

(rag} ( Ua:o,ns } ( u m o ~ s  ) 

1:2 - .t.31 1.37 o . 3 2  

2o9 %uccinate LI '  0. 3 t .o 7 0.55 <}.5" 
SP (>.35 1.37 t.19 <).87 

21 o u- tqetoglu- / S t - -  1 .1  o 0.97 o . 8 8  
~ I  ) • - O . I I  O . 1 2  . . . .  

t a r a t e  [ S P  - ,  S 2 - - 3 . 2 S  2.70 o.82 
212 Succina te  \VSP ] .2 3.7 s <).52 o. t 4 

f u m a r a t e  \VSI ) i .z o. x O 0.0- .- 
2 I. I Succ ina te  \VSP 1.5 2. lo o.49 0.-'3 

/ \ \ s P  0.7 1.8o <).45 <) .25 

2 111 S u c c i n a t e  { S,~ 5 . 0  o . 6  t o .  14  o ,  - 2 

t \VSP -i- S 2 5.7 3.35 1.41 ° '4e  
f u m a r a t e  \VSI '  n- S 2 5.7 6.9o 2.8,3 o.4r 

E - -  t.4O o.('8 0.43 
t "l- 2 I I ) P N H  S l - -  I ..t{) 1.0.5 0.72 

Sl  ) • - 1 . 4 6  I . t 4  ~}'7 ~ 
V'," 1, I ) t. 1 t.3o 0.43 o.33 

H 46 I ) P N H  { S t - . t .3o 0.80 o.02 
t \VSP 0. 4 1.3o o.Oz o.48 

I . P  - o . 7 2  { ) - : 4  <) .33 
II x9 D P N I t  $1 _ °-7z o.4(} o.() 4 

S t 3.2 1 . 3 2  o . { } o  o .411 

SI .) 0.08 1.32 o.54 0. 41 
I-I 43 D P N H  \VSt ) 0.27 1.32 o_t6 o.35 

W S P  + S a 1.77 1.32 o..tl 0.32 

{ \ VL P  - t.79 o-It  0.23 
t i  5 ° D P N H  S 1 ..-- 1.711 o.(>2 o.34 

\VSP - -  1 . 7 9  o {)<.) { ) . 3 8  

l?e/eyences p. 346/347 . 
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ments with a-ketoglutarate and DPNH as substrates. With succinate and fumarate 
as substrate, the conditions were not completely comparable with those in Figs. I, 2 
and 3, because the reaction medium contained various substances necessary for the 
demonstration of oxidative phosphorylation (adenine nucleotide, magnesium, fluoride). 

Oxidative phosphorylation was demonstrated with succinate, DPNH,  fumarate 
and a-ketoglutarate as substrates. For the last two substrates, it was necessary to add 
$2 to SP (or WSP) in order to obtain an appreciable oxidation. The isolation of SP and 
WSP from S I sometimes caused a lowering of the P:O ratio (expts. H 43 and H 46, 
Table IV), but not always (expts. H 21 and H 5o). The addition of S, to WSP in- 
creased the P:O ratio with succinate as substrate (expt. 219), but had no effect on the 
ratio with DPNH (expt. H 43). 

The small particles have a considerably higher P:O ratio than the large particles, 
with both DPNH and succinate as substrate (this point was not tested with a-keto- 
glutarate or fumarate). 

Activities o~ particles prepared in the presence o~ sucrose and lactose 

Experiments were performed in order to find out whether particles isolated in sucrose 
or lactose solutions have different enzymic activities, or whether the amount of pro- 
tein in each particulate fraction differs under those conditions. The concentration of 
the sucrose (0.20 M) was chosen arbitrarily to be the same as that  used by WEIBULL 17 
to prepare protoplasts from Bacillus megatherium. The concentration of lactose (o.15 
M) was the same as that  used by ALEXANDER AND WILSON 5 in their work on the suc- 
cinic dehydrogenase of particulate preparations from Azotobacter vinelandii. 

The isolation in either 0.20 M sucrose or o.15 M lactose had no effect on the 
amount of protein present in each fraction. The succinic and D P N H  oxidase activities, 
measured in the presence of sucrose or lactose, were 20 to 30% lower than that  of the 
same preparation suspended in 0.05 M phosphate buffer, pH 7.0, after the last centri- 
fugation, or of a preparation made up in the usual way by extracting with distilled 
water and finally suspending in 0.05 M phosphate buffer. The isolation in either 
sucrose or lactose had no appreciable effect on the P :0 ratios with LP or $1 oxidizing 
DPNH.  

TABLE V 

EXPOSURE OF PARTICLES TO SUPERSONIC VIBRATION 

W L P  = w a s h e d  l a r g e  p a r t i c l e s  W S P  = w a s h e d  s m a l l  p a r t i c l e s  
S L P  = W L P  t r e a t e d  w i t h  s u p e r s o n i c  v i b r a t i o n  S S P  = W S P  t r e a t e d  w i t h  s u p e r s o n i c  v i b r a  

S ' L P  = s m a l l  p a r t i c l e s  p r e p a r e d  f r o m  S L P  S ' S P  = s m a l l  p a r t i c l e s  p r e p a r e d  f r o m  S S P  
P :  O r a t i o s  m e a s u r e d  w i t h  D P N H  a s  s u b s t r a t e  

Ex~. 

WLP SLP S'LP WSP 
Time o] 
exposure Succinic DPNH Succmi¢ DPNH Sutxinic DPNH SuccinW. DPNH 

(rain) ozidase oxidase P:O oxidase oxidase P:O oxida,te oxidase P:O oxida~e oxidas¢ 
(Qo)) (Qot) (Qo ) (Qot) (Qot) (Qot) (Qo)) (QOt) 

p.. 

5 332  9 8 0  . . . .  i o 7 o  3 3 x o  - -  885  2 9 2 o  - 
2 296  778 . . . .  690 x765  - -  765  1965 - 
2 - -  I 2 3 4  . . . . . . .  *44o  I96O - -  9 0 0  2 1 6 o  - 
2 - -  IOOO o .14  . . . . .  2 6 4 o  o - -  2 4 4 o  o.z 
0. 5 - -  1288  o .23  . . . . .  2 1 6 o  o .04  --- 2 4 6 o  o. 2 
I - -  9 4 0  o . 1 6  - -  191o  o . 1 6  - -  2 3 0 0  - -  - -  2 8 0 0  O.~ 

References  p.  3461347.  
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Effect o~ supersonic vibratio~ 

The results of experiments where the particles were treated with supersonic vibration 
for 0.5 to 5 rain are shown in Table V. The succinic and I )PNH oxidase activitie~ ,,f 
the large particles of fraction \VLP were increased to the level of those found for the 
small particles. There was no appreciable liberation of soluble proteins (supernatant 
after centrifugation at 145,ooo g for (io rain) after supersonic vibration. When the 
t reatment  with supersonic vibration exceeded 5 rain the suecinic and I )PNH oxidase 
activities were found to be decreased. These two enzyme systems were ahnost comt)lcte- 
ly inactivated by 15 min exposure to supersonic vibration. The DPNH oxidase activity 
of small particles (WSP) after treatment with supersonic vibration for o.5-I rain 
(SSP or S'SP) did not increase. Either it remained unchanged or it decreased by as 
much as 25 %. The P:O ratios dropped by about 25 % in two experiments undt:r the 
same conditions. 

D I S C U S S I O N  

Small particles 

The washed small particles isolated from Azotobacter extracts contain a very active res- 
piratory chain system, capable of catalysing the oxidation of succinate to fumarate, 
of DPNH to DPN, and of coupling these oxidations with the synthesis of ATP. With 
respect to these reactions, the particles correspond to mitochondria isolated from 
animal, plant and yeast cells. There are, however, important differences between the 
Azotobacter particles and isolated mitocliondria. 

(i) The diameter of the Azotobacter particles (approx. IO m/z) is only about 1% 
that  of mitochondria. This means that  their volume is only about I.,'IO ~ that  of mito- 
chondria. 

(2) Mitochondria contain all the enzymes necessary for the oxidation of pyruvic 
acid to CO, and H,O, by way of the KREBS cycle, and do not lose the ability to carry 
out this oxidation, even after repeated washings by centrifugation. The washed small 
particles of A zotobacter are unable to carry out more than one step of the KREBS cycle, 

P.'O 

SSP S 'SP  

i S  D P N H  Succini~ DPNH 
oxida~e P: O oxidase oxid.a~ 

),) (0o,) (OO,) (QO, I 

i 8 ~ o  o . 3 t  . . . . .  
2 7 7 0  0 . 2 2  ..... 2 6 6 0  o . 1 8  

Re/erences p. 346]347 . 

unless supplemented with the supernatant fraction re- 
maining after centrifugation at 145,ooo g for I -2  h. 
Even when supplemented with this fraction, succinate is 
not completely oxidized to CO 2 and H20. The unwashed 
small particles contain sufficient of this supernatant 
fraction to promote the oxidation of fumarate. 

(3) The specific activity (Qo,) of the Azotobacter 
particles for the oxidation of succinate or DPNH is 
considerably greater than that  of mitochondria, or even 
of particles derived from mitochondfia (see below). 

(4) The P: 0 ratios found with the isolated Azoto- 
bacter particles are much less than in mitochondria. 
Also, unlike mitochondria, the phosphorylation is re- 
latively insensitive to dinitrophenol (TIsSI~RES AnD 
~ L A T E R 9  ; ROSE A N D  O C H O A 1 6  ; H O V E N  K A M P ,  u n -  

p u b l i s h e d ) .  
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In some respects, the small Azotobacter particles resemble the small particles which 
can be derived from the mitochondria of animal ti~ues. The KEILIN :~ND HARTREE 
heart-muscle preparation, which consists of fragments of heart-muscle mitochondria 
(sarcosomes), oxidizes succinate and DPNH rapidly, but has no action on the other 
components of the KREBS cycle. The particles studied by CR:~NE, GLENN ..~.~ D GREEN TM, 
which are about 50 m~ diameter, are similar in composition and enzymic activity to 
the KEILIN AND HARTREE heart-muscle preparation (SLATER19). Neither of these prep- 
arations is able to bring about oxidative phosphorylation. The small particles obtained 
by KIEI.LEY AND BRONK ~° by sonic disintegration of liver mitochondria appear to bc 
even more like theAzotobacter particles, in that they phosphorylate with either DPNH 
or succinate as substrate. COOPER .AND LEHNINGER 21 have isolated from liver mito- 
chondria small particles (particle weight about 5" IO7), which oxidize fl-hydroxybutyr- 
ate to acetoacetate and succinate to fumarate, and are able to bring about oxidative 
phosphorylation. These particles do not oxidize other substrates of the KREBS cycle. 
Unlike the Azotobacter particles, the oxidation of DPNH by COOPER AND I.EHNINGER'S 
preparation is not coupled with phosphorylation, and the phosphorylation obtained 
with fl-hydro'xybutyrate is sensitive to dinitrophenol. 

These considerations raise the possibility that the small granules isolated from 
the Azotobacter extracts are liberated, during the isolation procedure, from some larger 
granule corresponding to the mitochondria in animal and plant cells. However, this 
appears most unlikely. BR.-XDFIELD 2~, after a critical examination of the evidence, has 
concluded that  nothing corresponding in shape, size or structure to mitochondria has 
been detected in bacteria. On the other hand, particles of a diameter of about IO m~ 
have been detected by electron microscopy in the bacterial cytoplasm, and in the small 
particle fraction isolated from the extract 2.. 

There appears, then, to be a real difference between the organization of respiratory 
enzyme systems in animal and plant cells on the one hand, and in Azotobacter on the 
other. In the former, all the enzymes of the KREBS cycle, and ancillary enzymes, are 
localized within a relatively large granule, the mitochondrion, which is bound by a 
semi-permeable membrane and possesses a considerable degree of internal structure. 
The exact localization of the various enzymes within the mitochondrion is not yet 
known, but it seems likely that the respiratory chain is localized in the osmiophilic 
external membrane or in the internal cristae, or both, while the more easily detached 
dehydrogenases are perhaps more uniformly distributed throughout the mitochondria 
(see ~LATER 24 for a discussion of this point). In the Azotobacter extracts, however, the 
respiratory chain is localized in independent small particles, with which the dehydro- 
gena.qcs and other soluble enzymes of the KREt~S cycle are only loosely associated. When 
the cells are disrupted, there is no highly organized structure to keep all the enzymes 
of the KREBS cycle closely associated with one another, as in mitochondria (see also 
BR:~DFIELD22). In this connexion, it is necessary to keep in mind the different dimen- 
sions of the animal and bacterial cells; many of the latter are, in fact, of about the 
same size as mitochondria. 

The P: D P N H  ratios found with $1, SP or WSP varied between 0.29 and 0.78 
in 28 experiments (mean, 0.45 ) . This is greater than the values found by ROSE 
AND OCHOA 16 for extracts, which probably contained LP as well as SP. Further 
studies of this phosphorylating system in the small particles will be reported in a 
separate paper. 

Re/erences p. 346/347 . 



\'~ )I.. 25  (1957) RF.SI'I I,LVI~ )RY 1.~ NZY.XlI.:S ~ ~I: .-I zolol~(tch'r /]45 

('omparison oi the lwo particuhac /raclion.~ 
"l'ht~ small and large particles differ ill a munber  . f  ways. (1) An t, lectron micrograph 
of tht' small partMes"'- shows that tlwv ar~.' approximatt ' ly  spherical and halve a dia. 
meter of about  Io nl~. The same value can bc obtained from the scdmwntat ion c~m- 
stant  of the major  component  present in this fraction (sec SCH.\CHM.\X, l).\RI~l¢li .\X I~ 
Sr.\NII-R 3 . The diameter of t lw  l a rge  particles is a b o u t  IO times g r t ' a t e r  "a. ( 2 ) T h e  

small particle.s are 2-3 times more active in the oxidation of succinate and I)PNI-[ 
than the large particles. Also the P :O ratios obtained with small partich,s oxidizing 
succinate or I )PNII  are higher than those given by the large particles. (3) The large 
particles contain more cytochromc of the "c"  type and h'ss cytochrome b I than the 
small particles ('l'isSl f.:m:s6). (4)The two kinds of particles also differ in some properties 
reveah'd by the examination with the electron mieroscope~:k These differences make 
it very unlikely that  the larger particles arc formed exclusiveh" of a number  of small 
ones. t towever,  it is conceivable that part  of fraction LP is formed of aggregated small 
partich:s or large pieces of the cell membrane (Set' below), the rest being composed of 
yet another structure present in the extract, for example volutin granules (see I~t'low) 
or pieces o[ cc'll wall. The experiments with sonic vibration are in accordance with 
tiffs view, as they can bt, interpreted to mean that  bv this t reatment  small particles, 
with respect to size and oxidase activities, were liberated froin the large ones. The 
phosphorylat ing system is less stable to supersonic t reatment  than the oxidases. 

The structures known to be present in bacterial cells have been discussed by 13R.\t)- 
Vn,:LD 22. According to this author, the major  part of the cytoplasm in each of tile species 
investigated consists of small granules about Io-2o  m/x in diameter. Those granules, 
rather smaller than in other species, are clearly visible on electron micrographs of either 
sections of Azotobactcr vin.damtii or of tile WSP fraction 22. In the latter preparations, 
clumps containing Io-2o  small granules each are also visible. Such clumps will sedi- 
ment faster than the small granules and are therefore likely to contaminate  the frac- 
tion LP. The volutin granules are the only other granules visible in the cytoplasm of 
:lzolobach'r. They are about 3o- I5  o mix in diameter, approximately  sphe.rical, and :,.,-e 
the most electron opaqtlt~ material of the cell. I t  was shown in the case of Aerohach'r 
acro.~encs that  their formation, which wtries with the composition of the culture mc- 
dium, is accompanied by an increase of the total plaosphorus of the cell and bv the 
appearance of substantial a n l o t l n t s  of  mctaphosphates  (~MITH, \\.'II.14.1NSt)N AND 

I)U(;UII):~'5). The presence of m(~taphosphates has led to the idea that the volutin 
granules might play a role in the storage of energy (S~.'fIMII~I "'~e') and thus, al though 
we haw' little precise information about tlwir function, it would not Iw surprising to 
find cytochromes closely associated with them. These granules are visibh~ in electron 
micrographs of the fraction \VI..P "a. Although the. IO mix particles which arc present in 
the fraction SP can be seen in any part  of the cytoplasm, it is not possible yet to decide 
whether the respiratory granules of the same size are also distributed in the whole 
cytoplasm or whether they arc located at one particular point, for instance near or 
even in the cell membrane.  Indeed, when the latter which is probably only 5 mix thick 
(BR.\m:U.:LD2~; Mncm-LI . . \x l )  MoYI.V 2v) disintegrates, it is not unlik~,ly that  its pieces 
would coil up to form spherical particles wit h a diameter of about I o intL. The particles 
in the SP fraction are all approximately  of the same size but they may represent a 
number  of elements differing in their function and structure, l:or instance, it is known 
that  the particulate fraction in bacterial extracts contains the bulk of the ribonucleic 
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acid (RNA) of the cells and we can imagine that there is one kind of particle formed 
mostly of RNA and corresponding to the animal-cell microsome (PALADE AND SIEKE- 
VITZm). 

The "ghost" fraction, after lysis of protoplasts from Bacillus megatheriura, has 
been found to contain cytochrome pigments (WEIBULL~). If the "ghosts" are exclus- 
ively formed of cytoplasmic membranes, it follows that the cytochrome system is 
located in this membrane. This is the conclusion drawn by MITCHELL AND MOYLE a0 
from their observation that "plasma membranes" isolated from Staphylococcus aureus 
by controlled autolysis contained the cytochrome system. However, the possibility 
that some cytoplasmic constituents adhere to the thin membrane cannot so far be 
excluded. 
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S U M M A R Y  

i. An ex t r ac t  f rom Azotobacter vinelandii was f rac t iona ted  by  cen t r i fuga t ion  into a large 
part icle  f ract ion (WLP)  and  a smal l  part icle fract ion (WSP),  isolated respect ively  in a field of 
22,ooo g for 30 min  and  r45,ooo g for 6o- I  zo min,  and  the  s u p e r n a t a n t  ($2) f rom the  la t te r  c en t r i f u -  
gat ion.  

2. The  smal l  par t ic les  have  a g rea te r  resp i ra tory  ac t iv i ty  t h a n  the  large particles,  and  also a 
h igher  P : O  rat io  wi th  bo th  succ ina te  and  D P N H  as subs t ra te .  If prepared  by cen t r i fuga t ion  for 
120 min  a t  14.5,000 g, S 2 has  no respi ra tory  ac t iv i ty .  

3. The  washed  smal l  part icles  do not  oxidize a -ke t og lu t a r a t e  or f u m a r a t e  unless  S 2 is added.  
Under  these  condi t ions ,  ox ida t ive  phosphory la t ion  was d e m o n s t r a t e d  wi th  bo th  subs t ra t e s .  

4. The  effects of  added  S,  on the  ra te  of oxida t ion  of succ ina te  can  be expla ined  in t e r m s  of 
inhibi t ion by oxa loace ta te  formed dur ing  the  oxida t ion .  

5- T rea t ing  the  large par t ic les  wi th  supersonic  v ibra t ion  for 0. 5 to 5 rain raised the  specific 
ac t iv i ty  of the  D P N H  oxidase  or the  succinic oxidase  s y s t e m s  to t he  va lue  charac te r i s t ic  of the  
smal l  par t ic les .  

6. The  resp i ra to ry  chain  in ex t rac t s  of Azotobacter vinelandii is localized in the  smal l  part icles.  
I t  is possible t h a t  t hese  smal l  part icles  are identical  with  g ranu les  of a b o u t  the  s ame  size which can  
be seen in the  c y t o p l a s m  in electron mic rographs  of ttle whole ceil. I t  c a n n o t  be excluded,  however ,  
t h a t  t hey  m i g h t  be der ived by the  d is in tegra t ion  of the  cell m e m b r a n e .  In  a n y  case, these  g ranu les  
differ in severa l  respects  f rom mi tochondr ia ,  which do no t  appea r  to be p resen t  in bacterial  cells. 

7. T h e  fraction W L P  probab ly  consis ts  of a m i x t u r e  of large par t ic les  (possibly volu t in  g ran-  
ules) and  aggrega ted  smal l  part icles  or large pieces of the  cell m e m b r a n e .  The  smal l  part icles  arc 
l iberated by the  act ion of supersonic  vibrat ion.  
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Addendum added in proo[ (July 171h, 10571. Since submitting the above paper, we have seen the 
paper by J. H. BRUEMlSt~:R, P. W. WILSON, J. I.. GLENN AND F. L. CRANE [_[. Bacteriol., 73 (t957) 
113] also describing the preparation of small particles (called electron-transporting particle) from 
extracts (7f .4. vinelandii. The I)PNH oxidase activity" of these particles (prepared by alcohol 
fractionation) is about the same as that  of the WSP described in the above paper when correction 
is made for the different temperatures employed for the measurements. 

THE MECHANISM OF THE REACTION BETWEEN CYSTINE IN 

KERATIN AND SULPHITE/BISULPHITE SOLUTIONS AT 5 °0 C 

PART I 

P. T. SPEAKMAN 

Department o[ Textile Industries, University o/ Leeds (England) 

INrRODUCTION 

Many experiments have been described in which a keratin f ibre--wool ,  human hair, 
e t c . - - h a s  b e e n  s t r e t c h e d  a n d  t h e n  t r e a t e d  in some  w a y  so t h a t ,  a f t e r  bo i l ing  s lack  

in d i s t i l l ed  wa t e r ,  i ts  f inal  l e n g t h  differs  f r o m  i ts  in i t ia l  l eng th .  If  t he  final l e n g t h  

is g r e a t e r  t h a n  t h e  in i t ia l  l eng th ,  t he  p h e n o m e n o n  has  been  cal led  " p e r m a n e n t  s e t " ;  

if t i le f ibre  is s h o r t e r  a f t e r  t h e  t r e a t m e n t ,  it  ha s  b e e n  cal led  " s u p e r c o n t r a c t i o n " .  T h e  

phys i ca l  m e c h a n i s m  of t hese  c h a n g e s  is wel l -es tab l i shed~:  c ross - l inkages  b e t w e e n  the  

p r o t e i n  cha ins  of t h e  k e r a t i n  are  b r o k e n  b y  chemi ca l  t r e a t m e n t ,  a n d  t h e  supe r -  

c o n t r a c t i o n  or p e r m a n e n t  set  of t he  fibre a f t e r  t r e a t m e n t  d e p e n d s  on  t h e  degree  to  

w h i c h  c ross - l inkages  are  r e - f o r m e d  b e t w e e n  the  p r o t e i n  cha ins  in t h e  e x t e n d e d  fibre.  

T h e r e  is e v i d e n c e  t h a t  t he  c ross - l inkage  b r e a k d o w n  is a d y n a m i c  equ i l i b r ium,  a n d  

t h a t  u n d e r  t h e  c o n d i t i o n s  of t h e  in i t ia l  chemica l  t r e a t m e n t  d e s c r i b e d  in th i s  pape r ,  

t h e  n u m b e r  of u n b r o k e n  eys t i ne  d i s u l p h i d e  c ross - l inkages  a t  a n y  t ime  is v e r y  small .  

Re[ercnces p. 355. 


