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S U M M A R Y  

A m e t h o d  for t he  ex t r ac t i on  of soluble succinic  dehydrogenase  f rom the  par t i cu la te  succinic  
dehydrogenase  complex  (SDC) is described.  

The  enzyme,  as ex t r ac t ed  f rom SDC, ca ta lyzes  the  dehydrogena t ion  a t  38° of io  /~moles 
of  succ ina te  per  rain per  m g  wi th  ferr icyanide as  t he  e lectron acceptor ,  or  14 /zmoles  of  succ ina te  
per  rain pe r  m g  wi th  phenaz ine  me t hosu l f a t e  as electron aeceptor .  I t  con ta ins  3 - 5" 1o-3 / ,moles  of  
r a v i n  as well as 5 - io .  lO -3 # g  a t o m s  of non-he ine  i ron per  m g  of protein.  
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STUDIES ON THE ELECTRON TRANSPORT SYSTEM 

IX. FRAGMENTATION OF D P N H  OXIDASE* 

B R U C E  M A C K L E R * *  AND N A T H A R  P E N N * * *  

Institute ~or Enzyme Research, University o I Wisconsin, Madison, Wis. (U.S.A .) 

In a previous communication I we have described the effects of deoxycholate on the 
D P N H  oxidase (reduced diphosphopyridine nucleotide ox idase ) - - a  derivative form 
of the electron transport  particle which has lost succinic dehydrogenase activity. 
D P N H  oxidase is prepared in a "closed" state in which external cytochrome c cannot 
interact with the heme chain either as electron acceptor or donor. After exposure to 
deoxycholate the oxidase is converted to an open state in which cytochrome c can 
react maximally with the heme chain, whereas D P N H  oxidase in its closed form cata- 

* Th i s  inves t iga t ion  was  s u p p o r t ~ l  b y  research  gramta RG-4128 a n d  H-2154 f rom the  Nat iona l  
H e a r t  I n s t i t u t e  of  t he  Na t iona l  I n s t i t u t e s  of  Hea l th ,  Publ ic  H e a l t h  Service. 

*~This  work  was  carr ied  o u t  du r i ng  t he  t enu re  of a n  Es tab l i shed  Inves t i ga to r sh ip  of t he  
A m e r i c a n  H e a r t  Associa t ion .  

*** Pos tdoc to ra l  Tra inee  of t h e  Na t iona l  H e a r t  In s t i t u t e ,  Na t iona l  I n s t i t u t e s  of  Hea l th .  
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lyzes the oxidation of DPNH by oxygen in absence of added cytochrome c and this 
capacity is abolished after the particle has been exposed to deoxycholate. In the 
present communication evidence is presented that  cholate-ammonium sulfate mixtures 
which can duplicate the opening phenomenon fragment DPNH oxidase into two par- 
ticles and that  the "opening phenomenon" can be in part interpreted in terms of this 
fragmentation. One of the derivative particles (red fraction) contains DPNH dehydro- 
genase and cytochromes b and c 1, while the second particle (green fraction) contains 
cytochrome oxidase and cytochromes a and a 3. The optimum conditions for the isola- 
tion of the red fraction are not the same as those for the isolation of the green fraction 
although both are found under either set of conditions. 

EXPERIMENTAL 
Methods and reagents 
Assays of enzymic activity and determinations of flavin, copper, iron and protein have been de- 
scribed previouslyL L 

The sources of the following reagents were respectively: DPNH and cytochrome c (Sigma 
Chemical Co.); "1:3oo" trypsin (Nutritional Biochemicals Corp.); and bovine serum albumin 
(Armour and Co.). 

Preparation o/particles 

I. Red particle/raction. A suspension of DPNH oxidase in 5% sucrose (20 mg per 
ml), prepared as described previously 1, was treated with 1:3oo trypsin* (0.02 mg 
per mg of protein) and neutral sodium cholate (0.4 mg per mg of protein). The mixture 
was incubated for 30 rain at 23 ° and then cooled rapidly to o °. All subsequent proce- 
dures were carried out in the temperature range o to 2 °. Solid ammonium sulfate (23 g 
per IOO ml of suspension) was then added. The mixture was stirred gently for 5 min 
and then centrifuged in the number 40 rotor of the Spinco preparative ultracentrifuge 
for IO min at 4o,ooo r.p.m. The residue was discarded. The red-brown supernatant 
was treated with a saturated ammonium sulfate solution (neutral) until definite 
cloudiness developed and centrifuged as before. The sediment (fraction I) was sus- 
pended in a minimal volume of a solution which was 30% with respect to sucrose and 
1. 5 % with respect to bovine serum albumin. The supernate was treated again as above 
with neutral ammonium sulfate solution (over the range of 40 to 70% saturation). In 
this way three further sediments, all deep red (fractions 2, 3 and 4), were obtained and 
these were also suspended in the sucrose albumin mixture. Fraction 4 was inactive en- 
zymically, Fraction I was contaminated slightly with cytochrome oxidase activity, 
whereas fractions 2 and 3 which had high DPNH cytochrome c reductase activity 
showed essentially no cytochrome oxidase activity. Fractions 2 and 3 retained full 
activity when stored at - -20  ° for I to 2 weeks. After this period a definite decline in 
activity was observed. 

The most active preparations of fractions 2 and 3 catalyzed the oxidation by 
cytochrome c of 2.5/,moles of DPNH per min per mg protein at 38°. This represents 
an activity which is about 2 times higher than that  of the starting material (assayed 
after "opening" with deoxycholate). Fractions 2 and 3 account for 35 % of the DPNH 
cytochrome ¢ reductase activity of the starting suspension of DPNH oxidase. 

* The presence of trypsin is not essential for the fragmentation of DPNH oxidase. However, 
the fractionation with eholate ammonium sulfate appears to proceed more sharply in presence ot 
the trypsin preparation. 

Re]erences p. 3oo. 



296 B. MACKLER, N. PENN VOL. 9.4 (1957) 

2. Green particle/faction. A suspension of D P N H  oxidase (20 mg protein per ml) 
was treated with I : 300 trypsin (0.025 mg per mg protein) and neutral sodium cholate 
(1.3 mg per mg protein). The mixture was incubated for 80 min at 23 °, cooled to o ° 
and then fractionated with ammonium sulfate as described above. At the higher 
cholate : protein ratio the green particle was extracted while the red particle remained 
in the sediment. After the residue at 40% saturation of ammonium sulfate was re- 
moved, the supernatant was then fractionated with ammonium sulfate over the range 
of 40 to 70% saturation. Four fractions (1-4) were obtained. The sedimented particles 
were suspended in 30 % sucrose. Fractions 2, 3 and 4 (deep green suspensions) showed 
high and virtually equal cytochrome oxidase activity, but essentially no D P N H  cyto- 
chrome c reductase activity. However, there were residual traces of D P N H  de- 
hydrogenase activity (2,6-dichlorophenol indophenol as acceptor). The most active 
preparations catalyzed the oxidation of 24/~moles of reduced cytochrome c per min 
per mg at 38°. This specific activity represents a 4-fold concentration of activity over 
that  of the starting suspension of D P N H  oxidase (after "opening" with deoxycholate). 
Preparations were stored for 3 weeks at - -20  ° without loss of activity. Approximately 
40% of the original cytochrome oxidase activity of the starting suspension of D P N H  
oxidase was recovered in fractions 2 to 4. 

RESULTS 

Spectroscopic and enzymic properties 
I. Red particle ]raction. When a suspension of the red particle fraction was reduced 
with an excess of D P N H  or with dithionite and the light absorption of the reduced 
form was measured against that  of the oxidized form as blank, difference spectra 
such as are shown in Fig. I were obtained. The spectra show absorption maxima at 
562 to 563, 553, 532, 525 and 428 mr*, indicating the presence of cytochrom esb and c 1. 
The absorption maxima characteristic of cytochromes a and a 8 (6o5 and 444 m~ re- 
spectively) were absent. As shown in Fig. I approximately 80% of cytochrome c x 
and 60% of cytochrome b were reduced by  DPNH. The spectrum of the reduced 
pyridine hemochromogens prepared as described previously 3 showed absorption 
maxima only at 420, 525 and 555 m/~. The presence of cytochromes a and a a in the 
red particle fraction is thus ruled out. 

The effects of the addition of increasing amounts of D P N H  on the degree of re- 
duction of cytochromes c 1 and b are shown in Fig. 2. As shown in the figure, cytochrome 
cl became reduced at levels of D P N H  that  did not reduce cytochrome b. As the con- 
centration of D P N H  was increased (above the concentration necessary to fully reduce 
cl) a gradual reduction of cytochrome b occurred. 

D P N H  eytoehrome c reductase activity was measured routinely in 0.04 M phos- 
phate  .buffer (in presence of o.oi M azide to suppress any residual enzymic oxidation 
of reduced cytochrome c). Activity was maximal  over the pH range 7.5 to 8.5. Phos- 
phate ions were not essential for activity. Other buffers such as tris (hydroxymethyl) 
aminomethane (hereinafter referred to as "tris"),  histidine, and inorganic pyro- 
phosphate, were equally satisfactory. 

Antimycin A at low levels 2 and amyta l  (2.0 mM) inhibited cytochrome c reduc- 
tase activity 95 to lOO%. No preincubation of the particle suspension with inhibitor 

Re#rences p. 300. 



VOL. 24 (1957) TERMINAL ELECTRON TRANSPORT SYSTEM I X  

).1 

Z_l :x~sel ine - 
I I I I I I I I I 

5 5 0  6 0 0  

O.3 
D 

O.D. 

O.J.- 

0.1 [ 
C 

0,2-  ~ 

0.1 
I 

B 
0.2- 

°.1 

C I _ _ _  
0.1 

I 
500 550 

~. in m/~ 

3 L - - - ~  I I I I i I I I I t I I I 
4 2 0  4 4 0  4 6 0  4 8 0  5 0 o  

Fig. 1. Difference spectra (reduced minus oxi- 
dized) of the red fraction. The enzyme suspen- 
sion was reduced with dithionite (o.2 mg) or 
DPNH (I mg). The sample contained 4.6 mg of 
enzyme protein in i ml of o.o 4 M phosphate 

buffer (pH 7.5). 
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Fig. 2. Extent of reduction of the heroes of the 
red particle with increasing levels of DPNH: 
(a) 0.00447/~mole, (b) o.o134/*mole, (c) o.o313 
/*mole and (d) o.o581 /*mole. The cuvette con- 
tained 7 mg of enzyme protein in a total volume 
of i ml of 0.o 4 M phosphate buffer of pH 7.5. 

The reaction was carried out at 23 °. 

was necessary.  The  d iaphorase  a c t i v i t y  of the  par t ic le  suspension (reduct ion of 2,6- 
d ich lorophenol indophenol  or fe r r icyanide  wi th  D P N H  as subst ra te)  was not  affected 
b y  e i ther  a n t i m y c i n  or a m y t a l  in concent ra t ions  5 t imes  higher  t han  those  necessary 
to  inh ib i t  cy tochrome c reduct ion  completely .  I" IO -s  M o-phenanthro l ine  inh ib i t ed  
cy tochrome  c reduc tase  a c t i v i t y  80 to 90% while i - I O  -s  M Versene, I - I O  -s M 
Versene EDG,  I .  IO -~ M azide a n d  I .  IO -a M p-ch loromercur ibenzoa te  were wi thou t  
effect on th is  ac t iv i ty .  

The  Michaelis cons tan t s  of the  red  par t ic le  f ract ion for D P N H  and  cy tochrome c 
are 1.2. lO -5 and  2.2. IO -e M respect ively .  
2. Green particle/raction. Fig.  3 shows the  difference spec t rum (reduced wi th  d i th ioni te  
minus  oxidized) of a suspension of the  green par t ic le  fract ion.  The  presence of cy to-  
chromes a a n d  a s is i nd i ca t ed  b y  the  absorp t ion  bands  a t  605 and  444 m/~ respect ively .  
There  was no spect roscopic  evidence for the  presence of cy tochromes  b a n d  cz, charac-  
ter is t ic  of the  red  par t ic le  fract ion.  W h e n  the  hemes of the  green par t ic le  f rac t ion are 
conver t ed  to  the  form of the i r  py r id ine  hemochromogens  the  spec t rum shows only  two 
m a x i m a  a t  432 a n d  59 ° m ~  respect ive ly ,  which are  charac te r i s t ic  of the  pyr id ine  hemo- 
chromogen of cy tochromes  a and  am. 
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Fig. 3. Difference spec t rum (reduced wi th  dithionite minus  oxidized) of the green particle fraction. 
Each cuvette  contained 1.06 mg  of protein  in I ml of o.o 4 phospha te  buffer (pH 7.5). 

The oxidation of reduced cytochrome c by oxygen was measured spectrophoto- 
metrically in cuvettes maintained at 380 and exposed to air. There was no increase in 
velocity when air was replaced by oxygen. Half-maximal velocity was attained in the 
oxidation when the concentration of cytochrome c was 3.6" lO -5 M. The assay system 
contained 0.04 M phosphate buffer at pH 7.5. There was no difference in rate over the 
pH range 6.5 to 7.5 in phosphate buffer. Phosphate is not essential for cytochrome 
oxidase activity since it may be replaced by tris or glycyl glycine. The oxidized form 
of cytochrome c in high levels (up to I .  lO -4 M) had no influence on the enzymic oxida- 
tion. 

Cytochrome oxidase activity was completely abolished by cyanide (I. IO -s M), 
hydrogen sulfide (I" I0 -S M) and azide (I. IO -s M). Versenol (I. IO -s M), Versene EDG 
(i.  IO -s M), p-chloromercuribenzoate (I .  lO -4 M) and o-pheuanthroline (I. IO -s M), 
had no effect on the rate of oxidation. Dithiodiethyl carbamate (I-lO -3 M) progres- 
sively inhibited enzymic activity as the reaction proceeded. Inhibition developed 
30 to 45 seconds after the reaction started and reached 75 % by 2 minutes. Preincuba- 
tion of the particle suspension (either in reduced or oxidized form) with the inhibitor 
did not change the pattern of inhibition. 

Composition o/the red and green particle fractions 
In other communications we shall deal with the further purification of the particles 
carrying DPNH cytochrome c reductase and cytochrome oxidase activity respectively 
and with the composition of such purified particle preparations. For the purposes of 
the present communication only a few qualitative observations are reported. The 
parent particle, DPNH oxidase, contains ravin,  non-heme iron, copper, cytochromes 
a, b and c1" in the approximate molecular or atomic ratio of I : 15 : 6: 2: 2: 2. When 
the parent particle is cleaved into the red and green derivative particles, the former 
contains the bulk of the ravin  and all the cytochrome b and c x, while the latter contains 

* Cytochrome c is present  in prepara t ions  of D P N H  oxidase in variable amoun t s  and since no 
definite correlation has yet  been found between the a m o u n t  of cytochrome c and the activity of 
D P N H  oxidase, the cytochrome c content  of the oxidase has not  been referred to in the text.  
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relatively little ravin  and all the cytochrome a. Copper is concentrated exclusively 
in the green fraction while non-heme iron is distributed between the two fractions. 
The a heme and copper content of the green fraction is 4 times as high as that  of the 
parent particle. This increase in concentration agrees with the four-fold concentration 
of cytochrome oxidase activity in the green fraction. The red particle fraction is prob- 
ably a mixture of particles containing cytochromes b and c a with variable amounts 
of ravin.  A considerable amount of ravin  becomes liberated during the isolation pro- 
redure. This could explain the small degree of purification of the DPNH cytochrome c 
ceductase activity of the red fraction compared to the parent particle (about 2 times). 

DISCUSSION 

The observations reported above are consistent with the following interpretation of 
the opening phenomenon. If DPNH oxidase is represented by the formula 

[ F D l  - -  [bel l2* - -  [a  + as]  2 

where FD represents the flavin of the DPNH dehydrogenase, b, c 1 and a + a 3, the 
corresponding cytochromes, and the bars between the brackets indicate that  the com- 
ponents enclosed in the brackets are linked to the other components in the manner 
shown, then the fragmentation of this unit by  cholate-arnmonium sulfate may be 
described by  the following scheme: 

[ F D ] - -  [bcl]2* - -  [a + a s ]  ~ ) [ F D ] - -  [bell 2 + [a +as]"  

The continuous heme chain of the parent particle is cleaved and two derivative par- 
ticles are formed each containing a different segment of the heme chain. Cytochrome c 
is needed for the interaction of the two daughter particles--undergoing reduction by  
D PN H when attached to the red particle and undergoing oxidation when attached to 
the green particle. In the original particle the heme chain is continuous, the bc 1 heme 
pairs being linked to th£ a hemes in an as yet unknown manner. Once the chain is dis- 
rupted and separate particles are formed, then only a compound like cytochrome c 
which can shuttle between the two now separate particles can reestablish electronic 
communication between the reducing and oxidizing segments of the heme chain. 
DPNH can be oxidized by  oxygen in presence of the red and green particles and cyto- 
chrome c but  not in the absence of cytochrome c. 

WAINIO 4 and SMITH AND STOTZ 5 have already described fractions obtained by 
extraction of heart muscle with deoxycholate and cholate respectively which approxi- 
mate closely the green fraction described above both in enzymic and spectroscopic 
properties. In a previous communication of this series CRANE AND GLENN 6 described 
the fragmentation of ETP  into a red particle fraction with DPNH and succinic cyto- 
chrome c reductase activity and a green particle fraction with DPNH but no succinic 
dehydrogenase. This green particle catalyzes the oxidation of DPNH by oxygen when 
supplemented with cytochrome c. 
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S U M M A R Y  

D P N H  oxidase  ha s  been f r a g m e n t e d  wi th  m i x t u r e s  of cholate,  a m m o n i u m  sul fa te  and  t ryps in  into 
a red par t ic le  wi th  D P N H  cy t och rome  c r educ tase  ac t iv i ty  (an t imyc in  sensit ive) and  a green par -  
ticle w i th  cy toch rome  oxidase  ac t iv i ty .  This  f r a g m e n t a t i o n  p robab ly  accoun t s  for the  open ing  
p h e n o m e n o n  in which  t he  D P N H - o x i d a s e  ac t iv i ty  of D P N H  oxidase  is abol ished by  exposure  to 
deoxychola te ,  and  two new  act ivi t ies  emerge,  viz. D P N H - c y t o c h r o m e  c r educ tase  ac t iv i ty  and  
fe r roey tochrome  c oxidase  ac t iv i ty .  
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A CRYSTALLINE TRYPSIN INHIBITOR FROM SWINE COLOSTRUM* 

M. L A S K O W S K I ,  B E A T R I C E  K A S S E L L  AND G L O R I A  H A G E R T Y  

Department o] Biochemistry, Marquette University School o[ Medicine, 
Milwaukee, Wis. (U.S.A.) 

A recent study of the resistance to pepsin of six naturally occurring trypsin inhibitors 1 
revealed striking differences. The two most resistant were a pancreatic inhibitor of 
KUmTZ AND NORTHROP ~ and bovine colostrum inhibitor 8, 4. Since it was previously 
postulated 8 that the physiological role of the inhibitor in colostrum is to protect the 
antibodies of colostrum from digestion by trypsin, it appeared desirable to extend 
our studies to the trypsin inhibitor of swine colostrum. Newborn pigs are known to 
be very sensitive to infection when deprived of normal colostrum. One might therefore 
expect swine colostrum to have a high level of inhibitor, highly resistant to pepsin, 
and this has proved to be the case. 

The present paper describes the occurrence, purification and some of the proper- 
ties of swine colostrum trypsin inhibitor. 

EXPERIMENTAL 
Material 
T h e  swine co los t rum was  collected in  t h e  D e p a r t m e n t  of  A n i m a l  H u s b a n d r y ,  Un ive r s i t y  ot 
Wiscons in ,  Madison,  Wiscons in .  W e  are  g rea t ly  i ndeb t ed  to  Prof .  R .  H.  GRUMMER and  Mr. H. C. 

* Presen ted ,  in pa r t ,  before t he  Divis ion  of Biological C h e m i s t r y  a t  t h e  i 2 8 t h  mee t ing  of the  
A m e r i c a n  Chemica l  Society,  Minneapol is ,  S ep t embe r  I955. 
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