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S U M M A R Y  

T h e  t)- lactic c y t o c h r o m e  r e d u c t a . ~  of  the r e s p i r a t o r y  par t ic l t~  o f  aerobic  yea_st has  
been  solubi l ized a n d  i.~o. iat .~1 in a p p a r e n t l y  hon togeneous  form.  T h e  e n z y m e  lX)S~e.~ses 
h igh  s e l e c t i v i t y  b o t h  t o w a r d  sub~trate~ a n d  e l ec t ron  ca.rrier~: o n ly  D-lacta te  and  D- 
a - h y d r o x y b u t y r a t e  are  ox id i zed  a t  app rec i ab l e  rate.~; p h e n a z i n e  meth~z~ulfnte and  
c y t o c h r o m e  c are  the  o n l y  e lec t ron  c a r d e r s  wh ich  h a v e  been  fo u n d  to  be  ac t ive .  T h e  
ac t i o n  o f  t h e  e n z y m e  a p p e a r s  to  be i r revers ib le .  

T h e  r e d u c t a s e  con t a in s  x mole  F A D  thor 50 ooo + 5 o o o g  p ro te in  a n d  x g 
a t o m  Zn 2+ per  2z 000-27  ooo g pro te in .  Pa r t i a l  r evers ib le  reso lu t ion  wi th  re.~t~et:t . , 
t h e  t t av in  has  been  accompl i shed .  T h e  Zn z' n~oiety is v e r y  t i gh t ly  l ~ u n d .  T h i ,  
a p p e a r s  to  be t he  first d i r ec t  d e m o n s t r a t i o n  of  the  ex i s t ence  t,f Zn- t l avopr t ) t e ins .  

I ,~TUt >o ut:'r tot.' 

In  t h e  c ou r se  o f  a s t u d y  t.z o f  t h e  poss ib le  i n t e r r e l a t i ons  of  tile L( t ) lactic d eh x d ro g e -  
na .~  ( c y t o c h r o m e  b~) a n d  o f  t he  o - a - h y d r o x y  acid  d e h y d r o g e n a s e  ( D H A D ,  " a n a e r o b i c  
lac t ic  d e h y d r o g ~ n a ~ " )  o f  yeas t ,  ev idence  was  u n c o v e r e d  a ind ica t ing  the  ex i s t ence  
o f  a t h i r d  lac t ic  d e h y d r o g e n a s e  in y e a s t  ceils, which has  been  n a m e d  r)-htctic cyt~)- 
c h r o m e  r e due t a se t ,  s. T h e  e n z y m ~  di f fered  f rom c y t o c h r o m e  b~ in its inab i l i ty  to  
oxid ize  the  L-conf igura t ion  nf  substrat t .~ ;rod ~o reac t  with fe r r i cyan ide ,  m e t h y l e n e  
b lue  a n d  o t h e r  e l ec t ron  carr ier~ which  are  s a t i s f a c t o r y  e lec t ron  accep to r s  for cy to -  
c h r o m e  b 2, as well as  in i ts  s ens i t i v i t y  to  m e t a l  che la t ing  agen t s  and  o t h e r  L tk ib i to rs  
to: which  c y t o c h r o m e  bt is iner t .  T h e  reducta.-.e wa~ r ead i ly  d i f f e ren t i a t ed  fr~mi the  
D H A D  o f  a n a e r o b i c  ) ,east,  on the  (~ther hand ,  b v v i r t u e  o t  t h e  exc lus ive  p resence  ()f 
t he  r e d u c t a s e  in r e s p i r a t o r y - c h a i n  preparat ion.~ f ro m  aerob ic  ceiL~, a_~ well as b y  
n o t a b l e  d i / fe rences  in s u b s t r a t e  a n d  e lec t ron  a c c e p t o r  speci f ic i ty  a n d  response  to  
i nh ib i t o r s t# ,  4. 

In  p r e l i m i n a r y  c o m m u n i c a t i o n s  we have  repot- ted the  solubi l iza t ion ,  assay,, and  
gene ra l  p r o p e r t i e s  o f  t he  e n z y m e  s. its i sola t inn ~,~n<t the  iden t i f i ca t ion  o f  i ts  p r o s t h e t i c  
g r o u p s  as Z n - F A D  I. t he  mechaninma o f  i ts  revers ib le  i n a c t i v a t i o n  b y  che la t ing  a g e n t # ,  

A b b r e v i a t i o n s :  I K P I P ,  2 . 6 - d i c h l o r o p h c n o l i n d o p h ~ o | ;  DI - [AI ) .  r. a h y d r o x y  ac id  d c h v d r  t~- 
g e a a ~ .  
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and its application to the measurement  of species differences and preparat ive modi- 
fications in cvtochrome c preparat ions ~. The question of its supposed role in the 
biosynthesis of cytochrome b~, suggested in the l i terature a.Q, has been considered 
el.~cwhere a. The present paper is a detai led account  of the isolation and characteriza-  
t ion of tile enzyme. 

"1he enzyme was independent ly  discovered by  NYGAARD s, who has reported its 
partial  purification l° and some aspects of its kinetics It, wi thout  noting,  however, tha t  
Zn z+ is a functional  component  of the r educ t a~ .  

MATERIALS AND METHODS 

Fresh b'd.ker's yeast  was a gift of the Red Star  Yeast Products  Company.  Ca O(--)- 
and t. I -: )-lactate were purchased from the  California Corporat ion for Biochemical  
Research anti were converted to the Na salt by t r ea tmen t  with Na~CO t before u.~. 
H o r ~ - h e a r t  cytt~chrome ¢, Type  l I I ,  was purchased from the Sigma Chemical Cor- 
poration. The lots employed (numbers 3 iB65o and 6IB7o5) had been shown to be 
free. from inactive or inhibi tory mater ia ls  as far as this  enzyme is concerned *. The 
sources uf other materials  were as follows: DL-a-hydroxy acids, F luka  AG Chemische 
Fabrik,  Bucbs. (Switzerland); phenazine methosulfa te ,  Aldrich Chemical Company,  
Inc. ; DCPIP ,  General Biochemicals, Inc. ; crystal l ine bacteriM proteinase,  Nagase and 
Company '  Naja ~ta.ia venom, Ross Allen's Reptile Ins t i tu te ,  and  Tr i ton X-xoo, 
IZohm and Haas Company.  Tri ton X-xoo was evacua ted  for 6 h a t  5o ° before use in 
order to remove contamina t ing  ace ta ldehyde and  ethanol.  

I)EAE-cellulose "Selectace[" and  CM-ceilulose (both the  products  of Brown 
Company) were size.d, washed, and equi l ibrated b y  s t andard  procedures. Calcium 
phosphate gel (x-3 months  old) was prepared according to S I N G E R  AI ;i) KEARNEY It. 
I~eagent grade (NH4)zGO 4 was recrystalt ized first from EDTA,  then  from water.  

.~pcctrophotometric assays were performed at  3o ° with a recording spectro- 
photometer ,  and spectr-., were - ~ o r d e d  at  25 ° wi th  a Cary Model xx spectrophoto-  
meter equipped with a the rmos ta ted  microcell holder. Protein was de te rmined  by 
the biuret method  Is, wi th  the use of  the coefficients o.093 per rng protein in 3 ml 
through the a m m o n i u m  slflfate s tep and O.XlZ for the succeeding steps. The  lat ter  
coetficient wa~ determined on thoroughly  dialyzed preparat ions of known dry  
weight. In part iculate preparat ions  and acetone powders 0.3% de.~oxycholate was 
adde, t anti in Tri ton ext rac t  protein was first precipi tated with 5~ ,  trichloroacetic 
acid. 

Flavin was determined by differential f luurometry,  according to BURCH 14. 
fnllowing extract ion with  cold 5% trichlort~acetic acid or 2°/0 perchloric acid, with 
a Fa r rand  Model A photoelectric i luorometer,  FAD was also de termined by  the  D- 
amino acid oxidase test  and by ascending paper  ch romatography  with  5 %  Na~HPO 4 
as solvent. 

Zn a+ analyses were perfolTned with  it modification of  MALMSTR/3M'S procedure t6, 
adap ted  to measure o.z--o,Spg of  Zn st  in enzyme samples, i ron was de termined 
according to  PE'tERSOlq 10. Sedimentat ion velocity was measured in a Spinco anamytical 
Model L ultracentrifuge.  For electrophoretic analyses the Perkin-Elmer  Model 38A 
appaxatus  w ~  employed.  
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A ssay 

Although the existence of  D-lactic cy tochrume  reductase wa_~ first recognized by  
v i r tue  of  its abil i ty to reduce cy tochromu c, p|tunamine metho~ulfaL= ,eoxlti~zL-2, tire 
enzyme  eight t imes faster  than  the most act ive  cy tochrome  sample tested (Fig. I). 
Fu r the r ,  while the  reac t iv i ty  of  the  enzyme with cy tochrome  c is a function of  the 
species f rom which the cy tochcome is obta ined and (>f the care ~mFiuV'ed in its i.~a- 
]atlon 7, i ts react ion with phenazine  methosul fa te  is free f rom these complications.  
_Since the reducta_se does not  reduce DC| ' I  P direct ly,  a rapid  and convenient  assay 
based on the  use o f  this dye  as te rminal  acceptor  and phenazine methosul fa te  as a 
mediator  wa.~ rout ine ly  employed.  Unless otherwise ment ioned  assays were c o i l -  

due led  in o.o5 M imidazole buffer (pH 7.5) in the Fr~-~c~,ce of  o.oz M D(-- )lactate,  
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Fig.  I.  A s s a y  o f  t h e  r e d u c ~ a e  wi th  c y t o c h r o m u  c ant i  p h c n a z i n e  mctho.~,~IfPte ~ electro-* accep-  
tt~ra. Absci~usa. eeciprocR1 c o n c e n t r a t i o n  o f  a c c e p t o r ;  ordinmte,  r ec ip roca l  a c t i v i t y  in ~ rb i t r a ry  
un i t s .  T e s t  c o n d i t i o n s  as d e s c r i b e d  in t h e  t e x t .  2/~g o f  pur i f ied  enzyme,  wa,~ e m p l o y e d  an t |  t he  

reaction period was 15 sec. 

7" xo-~ M D C P I P ,  and 2.2- Io  --s M phenazine  methosuffa te  in a total  volume of 3 ml 
a t  3o °. React ion  rates  were calculated f rom the bleaching a t  60o m #  occurr ing within 
the  first 3o -6o  sec a f te r  addi t ion of  the substra te .  As has been do~_umented elsewhere tT, 
the  observed ra te  is independent  of the presence of  dissolved Ot  and o f  the  DCPI P 
concen t ra t ion  wi thin  a wide range. The  rate  is a funct ion o f  the phenazine metho-  
sulfate  concent ra t ion ,  however  {Fig. x). Never the le~ ,  owing to  the  relat ive con- 
s t aney  o f  the  a ppa r en t  Kra for phenazine methosuJfate  dur ing  purification, recourse 
to the  de te rmina t ion  o f  Vmhx. wi th  r~'~pect to the dye  is no t  required except  when 
precise values  axe essential At Vmlx. the  ra te  is 3. x t imes t h a t  observed  a t  the  fixed 
concen t ra t ion  recommended .  Ac t iv i ty  was expressed as #moles  of D-lactate oxidized 
per  rain a t  Vm~.  with respect  to  phenazine  rnethosttlfate. Specific ac t iv i ty  is the  
.~trne per  mg protein.  

In  the  measu remen t  o f  cy t och rom e  reductase  ac t iv i ty  the  tes t  was modified by  
subs t i tu t ing  5" xo-~ M horse~heaxt cy toeh rome  ¢ of  a sui table ka tch  (cf. below) for 
the  two dyes, and  measu remen t s  were conduc ted  at 550 mAA. 

Cy tochrome  c m a y  also be subs t i tu ted  for D C P I P  in the  phenazine  assay, since it 

B~,~m. B~/lys. 4~. ~7 (t963) -2oi-2t8 
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can rea~:t direct ly  with leucophenazine methosul fa te  t~. Wi th  bo th  cy toch rome  c and 
phenazine  methosul fa te  present  the  observed  rate  is, of  course, much  higher  than  
with cy toch rome  c alone. This  techniqtie,  however ,  in t roduces  the  mmecessary_ com- 
plication of dual  react ion sites fi)r cy t oeh r ome  c with the  a t t e n d a n t  risk of kinetic 
art ifacts .  

The appa ren t  Km for a given c y t o c h r o m e  ¢ sample remains  cons tan t  t h r o u g h o u t  
the purif icat ion of the enzyme.  With  the  c y t o c h r o m e  prepara t ions  employed  in this 
s tudy,  mult ipl icat ion by  I , I  4 conver t s  the  ra te  observed  at  5 - t o - s  M horse-hear t  
cy tochrome  c to |'max.. 

ht  par t icula te  p repara t ions  uf the enzyme  and in acctol,~ Ix~wder susi~ension.~ 
interference by  c y t och rom e  oxidase in bo t h  types  of  assay could t~e e l iminated by  
t~e. inclusion of  5" IO-~ bl cyanide ,  which is insufficient to inhibi t  the  redt~ctase unde r  
the a2~say conditions.  The  inclusion uf E D T A  in the  a ~ t y .  as empk)yed by  NYGAARI) x°, 
is not r ecommended  owing to its abi l i ty  to chela te  with the  Zn i÷ comIxmcnt  of  the  
enzyme and thereby  inhibit  it. 

Localizat ion of  the e~zyme in subcdlu lar  f;,actio;J.s 

The pr~.encc of the  reductase  in aerobic ye.',~t was fir.~t no ted  in ex t r ac t s  ob- 
ta ined by autolysis  of dr ied yeas t  t, bu t  the  ac t iv i ty  solubilized in this  manne r  was 
ratlxet" low. In view of the t endency  of  the  enzyme  to resist ex t r ac t ion  by  convent iona l  
methods ,  a .%tudy was made  of its intracel lular  localization. Breakage  in the  Nos.~al 
shaker  and dit terential  cent r i fugat ion ,  using a mtxli t ication of  the  m e t h o d  o f  HEBH 
et al. tg, indicated tha t  some x3°,~ of  the ac t iv i ty  was in the  supe rna t an t  solut ion 
ob ta ined  on x 5 rain cent r i fugat ion  at  x44 ooo × g. T h e  rest  of the  ac t iv i ty  was re- 
covered in the par t icu la te  fract ion sed imented  at  144 0oo × g but  i~ot in xo rain at  
~ x g. S;nce the part~cl¢.~ collected under  these condi t ions  appear  to  consist main ly  
of n, eml)rane f ragments  (also called mi tochondr ia  in the  l i terature) ,  wherein the  
respi ra tory  chain is Ioca|iex:d, it  was of  in teres t  to examine  whe the r  the e n z y m e  is 
funct ional ly  linked to the  terminal  e lectron transptJrt  sys tem of  yeast .  As noted  
elsewhere a,', thus  far no evidence  has been ob ta ined  for the  exis tence  of a direct 
linkage of  the e nzyme  to the  cy l och r ome  system, a t  lea~st in respira tory-pl t r t ic le  
preparations.. 

Solubi l izat ion of  the enzyme  

Since the  par t ich~ conta ined  87~/o of  the  red'actase ac t iv i ty  and were devoid of  
D H A D  act ivi ty ,  t hey  represented  an ideal s t a r t ing  mater ia l  for the isolation of  the  
enzyme+ E x t r a c t i o n  of  the  enzyme  was first a t t e m p t e d  by  mild enzymic  procedures .  
which of ten liber~t:' pa~ic le-bounr i  enzymes  i~ sr_~|uble form. Digestion wi th  phos- 
pholipa.,ae A, ot ~ purified bacter ial  lipa.se of  broad  specificity m, or a concen t ra t e  of  the 
au to lyz ing  enzyme~ of yeas t  failed to  solubiliT~ the reduetase.  T r e a t m e n t  of  acetone 
t~wders  of  the. part icles with mildly  alkaline buffers failed to  ex t r ac t  the enzyme  at 
pH values where it was stable.  At more  alkaline p H  values bo th  the  ex t en t  of  extrac-  
t ion and  of mac*.ivation increased 4. Par t ic les  d ~ i c c a t e d  wi th  ,e-butanol t re i taved ia 
am analogous man.lc.r to  ,acetone powders;  a m a x i m u m  of  18)~ of  the ac t iv i ty  could 
be ex t r a c t e d  b y  this prot:edure¢. E x t r a c t i o n  with aqueous  bu tano l  also gave e~en -  
tiatl',, negati.ve resutt.~. 
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e n z y m e  i n a i l i g ~ : ~ : : ~ "  i : :  ~" : - :.-: ' " ' " - * ' - :  '. : . . . . . . .  
T r i t o n  X-x,.~o, p,~_-tS::z :.... :!. ' ~ : " : : + " " ' . : ' m ~ :1 g : " ' : ' " " " " ' ~ r ' ~ . ' 

b y  s o h t b i l i z a t : ~ : f :  : i f  .~._...-.. '" , , i - .  . . :  : - :  • . ... , - ~.':: ... i~..,~ ..- ". . ~ • .., ." . 

p r o t e i n a . ~ e .  T h u s  a m e t h o d  o f  ~ o l u b i l i z a t i o n  whi<'h w a s  i n e f f e c t i v e  w i i e n  a o p l ] e c i  t o  
t h e  p a r t i c u l a t e  . ~ m r c e  m : t t e r i a l ,  p r o v , . ~ l  h i g h l y  e f f e c t i v e  w h e n  a p p l i e d  t o  a p u r i f i e d  

TA BI ,E 

I ' I L J R I F I ( : A I [ | O N  O F  D~ - -  ) L A C T I C  C Y T ( J C I I ~ t ~ a S F ' - C  R E D t t U I ' A g I ~ -  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T,d~IJ  alctilp~,$~, N j t t t f e l . ~ C  (,tCll~'l;~ 
. ~ t t p  ( , , ~ . , ; e .  t J f  - .~ ;ac t . i t t  ( u m t d e ~  v ( . -  ) l , ,¢¢,ete  

~ 1  Maze61 w ~tl i I t )  o t tdtr . tdlm¢*lllC~Y~l 
. . . . . . . . . . . . . . . . . . . . . .  

~ e a ~ t  p-'-Tticl~,~ I f rorn 9ooo  g) I t5 oo~ o. 4 
T r i t o n  e x t r a c t  of  a c e t o n e  powd~.r 97 2Oo 7 
l~lu~te  f r o m  Ca p h o s p h a t e  geI 84 coo  3z 
A f t e r  d i g e s t i o n  w i t h  .Maja naja pt,b~- 

lahol ipase  A a n d  b a c t e r i a l  prt~tt,in~s.--: GO 6oo 75 
F.tuztte f r o m  D E A E - e e H u l o ~  62 4o0 Soo 
.5.~--68°g (Nl-lt)~3(} a f r a c t i o n  4o c~:~o 44 ° 
E i u a t e  f r o m  CM-cel lu lose  .,.! <H:o 940 
A f t e r  p r e p m t t v e  u l t r ace t t t n f t t g l t t i< , t  ~£ooo" s67o" 

• CottoN:reel for i n a c t i v a t i o n  d u r i n g  ul t tacct~t t i fugi t t io t~ .  

p r e p a r a t i o n .  T h c  h i g h  y i e l d  o b u t i n e - d  b y  t h i s  m e t h o d  o f  e x t r a c t i o n  ( ' F a b l e  l )  m a y  b e  

c o n t r a s t e d  w i t h  t h e  r a t h e r  p o o r  3.-ield (7.5t~'0) r e p o r t e d  b y  N Y G A A R D  t0 f o r  h i s  s o l u b i l i -  

z a t i o n  m e t h o d ,  w h i c h  e n t a i l s  p r e c i p i t a t i o n  ~v-itl~ w e t  ~ t c e t o n e  a n d  ~ e a t i n g  a t  5 5  °. 

i ~ o l a t i o n  o f  the  e,tz_vme 

L a r g e  sca le  p repara t ion2  o f  y e a s t  p a r t i c l e s  

4 8 o  g o f p r ~ - ~ s e d  y e a . s t  w e r e  d i l u t e d  t o  x .2 I w i t h  x °..o N a C I  ( a d j u s t e d  t o  p H  7 . 5 ) ,  a n d  
x 1 o f  p r e - c o 0 1 e d  B a l l o t i n i  b e a d s  ( N o .  xz )  w e r e  a d d e d .  M e c h a n i c a l  b r e a k a g e  o f  t h e  
y e a s t  s u s p e n _ ~ i o n  w a s  a c h i e v e d  i n  t h e  o v e r t , e a r l  b l e n d o r  d e . ~ c r i b e d  e a r l i e r  "-'~, o p e r a t e d  a t  
x8  o o o  r e v . / m i n  f u r  x5  r a i n  i n  a n  S 1 s t a i n l c ,  s s t e e l  b e a k e r  s u r r o u n d e d  b y  a n  i c e - b a t h ;  
t h e  t e m p e r a t u r e  r o s e  t o  2 5  ° a t  t h e  e n d  o f  t h e  b r e a k a g e .  T h e  b e a d s  w e r e  a l l o w e d  ; o  
s e t t l e  a n d  t h e  s u p e r n a t a n t  s u s p e n s i o n  w a s  t l e~ : an t ed ,  a n d  m a d e  t o  4 I w i t h  0 . 0 5  M 

p h ~ % p h a t e  ( p H  7-5 )  u s i n g  p a r t  o f  t h i s  b u f f e r  t o  wa.~h t h e  b e a d s  t w o  o r  t h r e e  t im~-~.  
T h e  s u ~ p e n s i o n  wa_s c e n t r i f u g e d  f o r  4 r a i n  a t  x 3 o o  × ~ i n  a n  I n t e r n a t i o n a l  M o d e l  
S R - 3  c e n t r i f u g e ;  t h e  t u r b i d  s u p ~ r n a t a n t  w a ~  c o l l e c t e d  a n d  t h e  p r e c i p i t a t e  c o n t a i n i n g  

r . ~ . ' i d u a l  c e l l s  . a n d  c e l l  w a l l s  wa.~ d i s c a r d e d .  
T h e  s u p e r n a t a n t  s o l u t i o n s  o b t ; d n e d  f r o m  f o u r  4 8 o - g  b a t c h e s  w e r e  u n i t e d  a n t i  

c e n t r i f u g e d  i n  a r e f i 4 g e r a t e d  G h a r p l e s  c e n t r i f u g e  a t  5 o  o o o  r e v . / m i n  a t  a f l o w  r a t e  o f  

3 0  m l / m i n  ; t h e  e f f l u e n t  a p I ~ a x e d  o n l y  s l i g h t l y  t u r b i d  a n d  w a s  d i s c a r d e d .  
W i t h  s m a l l e r  q u a n t i t i e s  o f  m a t e r i a l  o t h e r  b t e n d o r s  m a y  b e  s u t ~ t i t u t e d  b u t  t h e  

~ r n e  a n d  s p e e d  o f  h o m o g e n i z a t i o n  m u s t  b e  r e d e t e r m i n e d .  T h u s ,  w i t h  t h e  s a m e  r a t i o  
o f  p r e s s e d  y e a s t  : N a C I  s o l u t i o n  : B a l t o t i n i  b e a d s  a s  d e s c r i b e d  a b o v e ,  s a t i s f a c t o r y  
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results are obtained with  6o g yeast  and the VirTis "'45" blendor (zso-ml bowl), 
using a rheostat  set t ing of 6x and  30 rain blentling. Wi th  the Lourdes homogenizer  
r2o g 3,east m a y  be worked up in ~o rain at  a rheosta t  sett ing of 6~. 

l)repa~,ation of aceto~ p o w e r  

The thick pa-ste obta ined from x9zo g of  yeas t  was homogeniTx~l and st irred for 
5 rain with 4 1 of acetone, pre-cooled to ~ o  ~, in an 8 1 stainless steel beaker, using 
the overhead blendor operated a t  8000 rev./min.  The :;t~spevsion was then centr ifuged 
for 5 rain at  x4oo × g at  -- ro °. The precipitate was homogenized and  stirred with 
acet-~ne as bef~>re, rapidly filtered by suction through a Buchner  funnel, and  the  
moist  cake was wa.shed ~~th 500 ml of ether (-- xo°). Residual  ~olvent was removed 
by ~preadh~g the cake on heavy  paper in the cold room in front of  a fan and  then  was 
dried ha a high vacuum at room temperature .  The resulting powder weighed 40-60 g/ 
~gzo g of l)re:~ed yeast .  The enzyme in this form is very  stable and the powder can 
be stored at lea.st fur several weeks wi thout  appreciable loss of  actix~ity. 

Extra,~:'o,t u;ith Trito,~ X- too  

Trea tment  of the acetone powder suspension with  a hurler of  modera te ly  high 
ioaic s t rength extracts  a certain amount  of  inert protein and  the reby  simplifies the 
subsequent  purification tff the reductase. 4 o g of  acetone powder suspended by brief  
homogenization in ~" 1 ~. x ?,I N a i:ho.sphate (pH 6.5) were st irred vigorously for x 5 rain 
at o ~ znd then cent r i fug~l  for 30 rain at  I8 ooo rev. /min i[~ the Ba tch  Ro to r  of the 
Spinco Model L ul t racentr i fuge (43 400 × g max.) .  The yellowish superna tan t ,  con- 
raining es~nt ia l ly  no enzyn~.e, was discarded and the precipitate was resuspended 
in 800 ml o.ox2~ M Na phosphate  (pH 6.5). To this zoo ml of  a zo~g solution {v/v) 
of Triton X-Ioo it. water  were added and the suspension was slowly stirred for x 5 rain 
xshth part icular  care taken t .  avoid excessive fi~aming. The suspension was then  
centrifuged 30 rain at  2o o0o rev./min in a Spinco M(xlel L ul t racentr i fuge {Rotor 
No. zx) and the resulting clear, i n t e n t l y  brown-yellow superna tan t  {about 10co ml) 
contained ( ) o - I o o ~  of  the enzyme present in the suspended powder. 

I't~rification wzth calcie,m phosphate gel a,~a lyophilization 

The protein disper:~d t)y Tr i ton X-xoo, a l though not  suitable for salt fiacti~)na- 
lion, can be par t ia l ly  purified by means of ca!eium phosphate  gel+ For best  yield and  
pur i ty  it  is advisable to determine for a given ex t rac t  the amoun t  of  gel which gives 
90--95% adsorption of the  enzyme,  the u~ual range being o.4-0.6 mg geltrag protein. 

In practice, the Tri ton extract  was t rea ted  wi th  70 ml of a gel suspension con- 
ta imng ~7 nag gel/ml (on a d ry  weight basis) and.  af ter  -To rain of slow stirring, it  was 
centrifuged for 5 min at  x4oo × g. The  ~upernatant  was discarded and the  gel was 
wa-shed with  x 1 of 0.05 M phospha te  bu/~er (pH 6.5). The ~.'ash was discarded and 
the- enzyme was d u t e d  from the gel wi th  400 ml of o.25 bl K phospha te  buffer 
(pH 6.5~ to which 4 ml of -~o~/o Tr i ton X-xoo had  been adtled. The  clear, yellow- 
brown .~upernatant contained the enzyme in a yield of 75-85°/0. The  .'~alt concentra-  
t ion in the eluate was lowered by r~a~sing it th rough a coltunn of  Sephadex G-25 

Bi0chim. B~op~y~. Acta. 67 (x~3) 2ot-218 
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(V 0 = 5oo mi), equi l ibra ted  with 5 mM phospha.te (pH 6.5). The  so|utioix was then  
lyophJlized. The  r~sulting powder  (35o-45o mg protein) couM be pre~:rved for ~everal 
weeks at  - -2o  ~ wi thou t  appr~.xziable loss of  act ivi ty .  

l'rea~rnent ~ith phospholipas~ A and bacteriul proteina~e 

D i g ~ t i o n  of  the  p repara t ion  at  this .~tage with phospholip~Lse A and bacter ia l  
prote inase  conver t s  it to a soluble form, a~ evidenced b y  sohtbili ty in (NH0~SO ~ 
solut ion and behav ior  <m ion exchange column.~. SolubilizatioJl i~ pr:,ucipally accom- 
pl ished by  the  former  enzyme,  while the la t ter  serves mainly  to ~emove interfer ing 
protein~, such as cy t och r ume  c. 

F ive  ba tches  o f  iyophil ized powder  were p~oled and di.~solv~.~ in ct)id distilled 
wa t e r  to  a concen t ra t ion  of ~5 mg protein/ml.  "l'he dark  brown,  clear .~olutit,,, was 
d ia lyzed  for 8 - t o  h against  5 mM pho.~phate bttffer tpH 6.5) tt~ reduce the salt c-n-  
cen t ra t ion .  Fol lowing 5 rain t empe ra t u r e  equi l ibrat ion the prepara t ion  was incuba ted  
for 45 rain a t  30 ° in the  presence of Naja mzj~ venom (o.o 4 mg/mg of  px'oteinl and 
cry~atalline bacter ia l  prote inase  (o.oo 5 rag/rag protein).  Tu rbk i i t y  developed dur ing 
incuba t ion ,  bu t  no inac t iva t ion  of the enz.vr'.,~: ,occurred. The  mix tu re  was then r,~p:,.~ly 
cooled to o" i,n a sa l t - ice  mLxture and centr i fuged for zo rain at  r. 1 ~, ooo × C.+ The  
ye l low-brown supe rna tan t  solut_;on conta ined ~;5--cyo",'~ of tht: ~;n~.~.,ttte. 

ChromatogJ, aphy on DEA E-cell,lose 

This s tep  yields four-fold purification :u:~i fur ther  .~erves ~u remove r~:~10u=l 
T r i t o n  and  bacter ia l  protein~se. 

T h e  soluble e n z y m e  was vdsorbed on a DEAE-ceHulose column (~ x rfi cm~, 
equi l ib ra ted  with 5 mM K phospha te  (pH 6.5). The  c,¢maxn was washed with 0.o65 ,~t 
K phospha te  (pH 6.5~ unt i l  the  Aa, 0 of  the effluent was almost  zero and t ' ie enzyme  
was then  e lu ted  with o.z M NaCl-o . I  M phospha te  (pH 6.0). The  y,:llow enz- 'me band  
was collected batchwise  with a y.~eld o f  9o-95% + From this point  par t icular  care was 
t aken  to  pro tec t  the enzyme from light. 

T he  e n z y m e  wan immedia te ly  concen t ra t ed  by the addi t ion of ~,flitl (NH,)o.~O 4 
to  0-75 sa tu ra t ion  while the  pH  was m ~ n t a i n e d  ;,t 6 by the  addi t ion  of  z N N H , O H .  
Af te r  z5 ruin st irr ing the prec ip i ta te  was co|iect(nl by  z 5 rain cel , t r i fugat ion at  
24 ooo ,¢ g. 

Salt lractionation 

The prec ip i ta te  was dis.~;lved ";r, o.x bl phospha te  (pH 6. 5) to  a concent ra t ion  
o f  x 5 m L prote in/ml ,  and the  result ing (NH4}~SO, concent ra t ion  was calculated from 
the  vo lume o f  the prec ip i ta te  iat the  preceding .-,~e|,. Sa tu r a t ed  (NH4)aSO4 solution 
was added  to  o.53 sa tu ra t ion  and the  pH  was ma in ta ined  at 6.5. The  resulting ore- 
c~tntc, te  was centrifu~ged and discarded and the  enz~mae was prec ip i ta ted  from the 
s u p e r n a t a n t  .solution by  the  fu r the r  addi t ion  of  .saturated (NH~)¢SO= ~Jlution to 
0.68 sa tura t ion .  The  prec ip i ta te  dissolved in a minimal  volume of  o.oz M phos- 
pha te  (pH 6.5) conta in ing  65 ~/o of  the  enzyme,  wa~ dialyzed for  6-8  h against  the 
same buffer  in order  to  remove  low-moleculax--weight prote in  impuri t ies  resulting, 
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presumably,  f rom the digestion with bauieri~d proteinase which had  not  been re- 
mo~ ed in the preceding steps. 

C M-cdlulose chromatography 

The dialyzed enzyme was equil ibrated with  o.o2 M Na acetate ,  (pH 5.2) on a 
column of  Sephadex G-25; t u rb id i ty  wa_~ removed by  5 rain centr i fugat ion,  and  the  
enz~tTne was then adsorbed on a CM-ceUulose column (x × xo cm), equil ibrated wi th  
the same aceta te  buffer. The column was washed with the equil ibrating solution and  
a first inactive fraction was removed. The fraction ¢o,ttaining the enzyme was then  
eluted with  a pH gradient  obta ined as follows: 75 ml of  o.ox M Na succinate buffer  
(pH 5.2) in the mix, r ,  o.oz 5 M ,Na phosphate  (pH 7) in the reservoir. Frac t ions  of  
z ml were collected at  a flow rate  of  about  o-5 ml/min.  The enzyme was d i s t r ibu ted  
in ~ : fractions, and  the six central  fractions containing about  605/0 of enz~nme of 
lag. ~ t  speci.fic ac t iv i ty  were pooled, ad jus ted  to pH 6. 5 with ~- N NH4OH, ancl con- 
cent ra ted  by precipitation with solid (NH4)s$O 4 at  o.7o saturat ion.  

At  this gtage the enzyme is 55--60°/0 pure, as judged b y  sedimenta t ion  analysis.  
"ll remaining con taminan t  is a high-molecular-weight protein,  which sediments  
almost 3-5 time,; a.~ fa~t as the rcducta.~e. While t~'A~- con taminan t  m a y  be removed 
by differential u l t racentr i fugat ion and  thus  an  apparen t ly  homogeneous preparat ion 
is obtained,  there is a lways an a t t e n d a n t  inact ivat ion,  since from this point  on the 
enzyme is rei,+'.ively unstable and fairly readily lose~ its fiavin component .  

UItracentrifugatio, 

The enzyme obtained as described above was dissolved to a concent ra t ion  of  
about  xo mgtml and equil ibrated with o.I M NaCl-o.ox M K phosphate  (pH 6.5) b y  
passage through Sephadex G-zs. I t  was ul t r~centr i fuged in the SW 39L swinging 
bucket  rotor o." the Spine t  Model L ul t racentr i fuge (4-mI tubes, x73 ooo × g ~ . ) .  
After  6 h cen t r i f ,  gation the content  of the  upper  half  of  the tube was careful ly re- 
moved.  In this fraction the  enz3~ne was ~rec.ent in homogeneous fot~n. Par t ia l  in- 
act ivat ion occurred during ultracent., ' ifugation, since about  20% of  the ac t iv i ty  could 
not  be accounted for: the  ac t iv i ty  observed in the final product  was, therefore,  cor- 
rected for the inact ivat ion factor ( total  prote;_n recovery)/( total  ac t iv i ty  recovered 
in ult  racent ri['ugatZ.on). 

The outl ine of  a typical  preparatit~n is summar i z~ l  in Table I. 

PYoperties 

S~bility: "fhe enzyme is very stable in the cold th roughou t  the purification up to the  
CM-cehulose step. For  exagaple, it m a y  be preserved as a frozen (NH,)ISO, precipitate 
a t  the end of  the salt f ract ionat ion for prolonged periods wi thou t  inact ivat ion.  This 
behavior is in contras t  to the pronounced labil i ty of  NVG~RD's  prepaxationte0 even 
at  ear ly stages of the procedure. This difference migh t  well be the  consequence of the  
hewsh methods  applied by NYGAARD in the: solubiIization of the enzyme,  which m a y  
result L~ progressive denaLoxation. 

As a l ready mentioned,  the  present preparat ion is also somewhat  labile following 
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t h e  r e m o v a l  o f  i m p u r i t i e s  on C M - c e l l u l o ~ ,  wh ich  m a y  p r o t e c t  the  e n z y m e .  I n a c t i v a -  
t ion  a t  th is  s t a g e  i.¢, l_~rgely, i f  no t  en t i r e ly ,  the  cuai~equen~.e o f  d i s soc i a t ion  o f  the  
F A D  m o i e t y .  

T h e  p H  o f  o p t i m u m  .gtahil i ty i~ ahcmt  6 5 a t  m o d e r a t e  ionic s t r e n g t h  (o.o2--o.z M 
p h o s p h a t e ) .  Whi le  the  e n z y m e  m a y  be k e p t  for a shor t  pe r iod  a t  low pFI (e.g., 30 sec 
a t  p H  3.o) witholxt  i n a c t i v a t i o n ,  e v e n  b r i e f  e x p o s u r e  tc~ pFI va lues  a b o v e  7-5 r e su l t s  
in m a j o r  i n a c t i v a t i o n .  

Variation of  activity ~,ith pH: "rite p H  curv~: of  the  e n z y m e  d e p e n d s  b o t h  on 
the  n a t u r e  of  the  buf fe r  a n d  of  the  e l ec t ron  a c c e p t o r  e m p l ~ y e d  (Fig. ~). In the  p h c n a -  

.C Y..__T...C A S..~, A.Y_ ,:~.~ N .a._L~,~. _~ .~ ~ ~pt, v 
t - - ¢  ,,l',d,OA-,"O,t_F.. , -  '," !k . ' lO,  g 7 - " ) l  E 
a. ,~ " IR IS  ~ T~, , ,~  

V " - =  ACETATE 

60  

50  

4 0  

30  

::'0 

io / 

4 .~ 6 7 ~, pl . . l  9 

Fig. z. Variation of activity with pl-I. Assays. were conducted with 0.05 31 Imflc~ anti the plI  
values noted arc those prevailing in the reaction mixturt  at 3t) ¢ . Activity is (~,x|)rt',w,.to2t~. &.-t .~lmo[~ X 
to ° lactate ox.htized l~r  z5 SL'C hi L!~L: prc.~cnct- ot .~ ;tg puriticd enzyme {DEAE-cellulo~e eluate). 

z i n e - D C P I P  a s s a y ,  wh ich  Ls le-~,~ inflt: ,-nccd b y  ionic  s t r e n g t h  t i t an  the  c y t o c h r o m e  ,,~say, 
l~ighcst a c t i v i t y  is o b t a i n e d  in i m i d a z o l e  buf fe r  a t  p H  7.5 (z t  30"). T h e  p H  o p t i m u m  
in Tr i s  bu f f e r  is t h e  s a m e  a n d  t h e  a lka l ine  lcg.~ of  t i le p H  c u r v ~  in T r i s  a n d  inf idazole  
a r e  co inc iden t ,  b u t  be low pFI 8 the  a c t i v i t y  in Tr i s  is .~omewhat  b w e r .  In  p h o s p h a t e  
t h e  p H  o p t i m u m  is 7.o a n d  the  a c t i v i t y  a t  a n d  a b o v e  th i s  p H  is lower  in p h o s p h a t e  
t h a n  in imida~,ole. 

I n  t h e  c y t ( m h r o m e  as,~ay t h e  p H  o p t i m a  a t  3o '~ a r e :  8.o in Tr is ,  7.5 in imidazo le ,  
a n d  5 .5 -6 .o  in  p h o s p l - , a t e - a c e t a t e .  A t  t~e  buf fe r  c.';n':.~tr~ati'..'n e m p l o y e d  {o."5 M) 
t h e  a c t i v i t y  a t  tb(" p H  o p t i m u m  is m u c h  lower  in p h o s p h a t e  t h a n  in Tr i s  or  imidazo le .  
O n e  r ea son  for  th is  i.g t h a t  t h e  r e o x i d a t i n n  o f  t he  f l a v o p r o t e i n  b y  c y c 0 c h r o m e  c is 
c o m p e t i t i v e l y  i n h i b i t e d  a t  e l e v a t e d  ionic  s t r e n g t h s  ( c o m p e t i t i o n  w i t h  the  e l ec t ron  
accep tor~  a n d  is m u c h  g r e a t e r  in p o ! y v a l e n t  t h a n  in m o n o v a l e n t  buffers ,  as h a s  also 
b e e n  n o t e d  b y  NYGAARD n.  I t  sh*mld be  m e n t i o n e d  in th is  c o n n e c t i o n  t h a t  the  a s s a y s  
in t he se  e x p e r i m e n t s  we re  c o n d u c t e d  a t  f ixed ¢ytc~chrome c o n c e n t r a t i o n s .  

Subsh, aZes: T h e  D lac t ic  c y t o c h r o m e  c r e d u c t a s e ,  un l ike  D H A D  N. possesses  a 
h igh  d e g r e e  o f  s u b s t r a t e  spec i f ic i ty  (Tab le  I I ) ,  s ince  it is a c t i v e  o n l y  on  N- l ac t a t e  a n d  
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T A B L E  I I  

S U B S T R A T I ~  S P E C I F I C I T Y  O F  D( - - ) L A C ' r l C  C Y T O C l t R O M F .  ¢ R E D U C T A S E  

Sub~fcal¢ 
to oi-11a0o¢¢ h 'm ol 2 o~ 
at i~,~n~fe 
$1bgCatt ( ,V ) 

¢o m g4rtlgtclgl $0~ 

~.-I ~ c t a t e  z 2 .85 • t o  -+ 
D-a-]  t y d r o x y b u t y r a t e .  0 .4  t t -4 " z ° - s  
D - M e d a t e  o 
D L - o - O l l - i s o b u t y r a t o  o 
D L - ~ - O H - c a p ¢ o a t e  o 
n L - a - (  ) b l - L ~ c a p r o a t e  t~ 
nz+-a-( ) H  - i s o v a l e r a t  e o 

D-a-OILbutyra te .  The  following Michaelis cons tan ts  were  o b t ~ n e d  at  pH  7-5, 3 0°: 
Km for D-lactate :-: 2.8 5 . i o  -4 M. for D - a - O H - b u t y r a t e - - - - z - z o - S M .  T h e  ac t iv i ty  
with u - O H - b u t y r a t e  was measured  wi th  a raceraic subs t ra te  ,'rod ti~e Km was cal- 
cula ted on the assumpt ion  tha t  the  L-antipode does not  inhihit  the  enzyme compet i -  
t ively.  

Electron acccpto~s: Although the  direct reoxida t ion  o f  the  enzyme  by  Os is in+ 
significant in ca ta ly t ic  lests, the  reducta~e is nerverthele.g.g apprec iab ly  autooxidizable ,  
as m a y  be: seen when subs t ra te  quant i t ies  of  the  e n z y m e  are b leached by  hydro-  
s,..~'te: upcn  the  r eadm i ~ i on  of O a there  is a re la t ive ly  fast  r eappearance  o f  the  
tylfi,:al yellow color of  the oxidized fi)rm. 

" g A B L E  l i t  

S P E C I F I C I T Y  OF D(  • ) L A C T I C  CY ' / 'OCHROME G R E D U C I ' A ~  
]FOR E L E C T I ¢ O ~  A.CcJF~]Fc]'ORS 

OJ klant R¢latit.¢ aehtlJy 
at I'~+~,¢+1 

| ' h e n a z l n e  m e t h o s u t f a t e  zoo  
C y t c ~ : h r o m e  ¢. ( h o r s u  he .ar t )  t 2.5 
Menadione" o 
Ferricyanide o 
~.6-DCP1P o 

(M) 

4-45 ' t ( ) -8  
5 - ' I  " I o - ¢  

" M e a s u r e d  s p e c t r o p h o t ~ m c t r i c a l [ y  w i t h  f c r r i c y a n i d c  o r  D C P I P  a s  t e r m i n a l  a c c c p t o r .  

The  specificity o f  the  enzyme toward  electron acceptors  i5 ve ry  res t r ic ted  
ITable III)+ Antong the oxidant~ tes ted  only cy toch rome  c and phenazme  metho-  
sulfate were active.  El~whereT.  ~ we have  shown tha t  bo th  the  ac t iv i ty  of  this 
enzyme  at  V~.a.-.. ano  the  Km for cy t och r ome  are h ighly  dependen t  on  the  species 
f rom which the  hemopro te in  is isolated and on the  p r e ~ n c e  o f  spec t ropho tomet r i ca l ly  
unde tec tab le  impuri t ies  (presumab!y mcdif ied cy toch rome  c) present  in va ry ing  
a m o u n t s  in different  lots o f  all commercia l ly  avai lable  prepara t ions .  Thus  while the  
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a b i l i t y  o f  th i s  o_nzvme to  d e t e c t  s t r u c t u r a l  mod i f i c a t i ons  in the  c y t o c h r o m e  mo lecu l e  
is c o n v e n i e n t  in a p p r a i s i n g  the  q u a l i t y  o f  c y t o c l l r o m e  p r e p a r a t i o n s  7, i t  nece s s i t a t e s  
e x t r e m e  c a u t i o n  in the  choice  o f  t he  c y t o c h r o m e  emph>yed  for k ine t ic  s tudies .  Un-  
f o r t u n a t e l y ,  th i s  c i r c u m s t a n c e  has  n o t  been  g e n e r a l l y  recoG"ni2a.~cl and .  as a resul t ,  
m u c h  o f  the  k ine t i c  i n f o r m a t i o n  on  tl-i~ enz3"me, which  h a s  linen p u b l i s h e d  f r o m  
o t h e r  iatx~ratories ,  m i g h t  h a v e  to  be  r e e v a l u a t e d .  A.s to the  d a t a  in th is  p a p e r  a n d  
p r e c e d i n g  ones  f r o m  th i s  I n s t i t u t e ,  t h e y  were  obt:tinc~d wi th  the  bes t  hors/e_-heart 
p r e p a r a t i o n s  ava i l ab l e ,  which  were  ,I~ void  o f  it,t~lifi~d c y t o c h r 0 m e  in all  tile c a t a l v t i c  
t e s t s  appl ied*.  N e v e r t h e l e s s ,  t h e  poss ib i l i ty  t h a t  cv,.'n t h e ~  did  no t  r e p r e s e n t  colll- 
p le te ly-unmodi t ic~t |  cv t t~chrome c r emain~  open .  

I t  is o f . i n t e r e s t  in th i s  connt~-t ion :lx:xt crvsta | l in t r  hor.,~-, beef- ,  a i td  t u n a - h e a r t  
c y t o c h r o m e s  c a re  consider~d)ly m o r e  ac t i ve  wi th  the  reducta.~e tha t t  i~ yea s t  
c y t o c h r o m e  c. 

• R e v e r s i b i l i t y :  In  v iew o f  t he  ease  w i th  w h i c h  the  r eve r s ib i l i t y  of  t he  c lose ly  r e l a t e d  
e n z y m e ,  ye.a.,~t D H A D .  m a y  be d e m o n s t r a t e d  ~ . ~ ,  it was  u n e x p e c t e d  t h a t  a t t e m p t s  
to  r e v e r s e  t h e  a c t i o n  of  t he  r e d u c t a s e  i n v a r i a b l y  y ie lded  n e g a t i v e  recruits. Such  
a t t e m p ~  inc luded  the  u_~e tff leuctmLethyl  ~ioh~gcn. l cucobenzy l  v io logen ,  a n d  F M N  [ | a  
as  e l ec t ron  donor~ a n d  p y i n v a t e  ~m e l ec t ron  a c c e p t o r  a t  v a r i o u s  p H  va lue s  in the  
h y d r o g e n a ~ - c o u p i e d  a~,say d e s c r i b e d  ei.~.vi~erc :~. S ince  t h e  poss ib i l i t y  t h a t  none  o f  
t h e  e l e c t ron  d o n o r s  t e s t e d  cou ld  r educe  t~le e n z y m e  r e m a i n e d  open ,  p a r t i c u l a r l y  in 
v i e w  o f  t h e  r e s t r i c t e d  spec i f ic i ty  of  the  rec luctase  for  dyes ,  d i r ec t  p r o . f  o f  the  i r re-  
v e r s i b i l i t y  o f  t h e  c a t a l y t i c  r e ac t i on  was  s u u g h t  b v  a n o t h e r  meth¢xt .  A s u b s t r a t e  
a m o u n t  o f  t h e  pur i f ied  e n z y m e  (5 m g  p ro te in ,  specific a c t i v i t y  ~ 270; 3 m l  vo lume)  
w a s  t i t r a t e d  in a n  a n a e r o b i c  s p e c t r o p h o t o m e t e r  cell, u n d e r  N v w i t h  h y d r ~ ; u | t i t e .  
B l e a c h i n g  w a s  flfllowt, d a t  450 m/J in a r ap id  r eco rd ing  s p e c t r o p h o t o m e t e r .  A d d i t i o n  
o f  h y d r o s u l f i t e  w a s  s t o p p e d  be fo re  c o m p l e t e  blea¢ 'bing o c c u r r e d  so as t o  a v o i d  the  
p r e s e n c e  o f  u n r e a c t e d  hydrosu l f i t e .  At  t h a t  t i m e  5 m g  solid Na  p y r u v a t e  was  t i p p e d  
in a n d  no  r e o x i d a t i o n  t~f the  4 5 o - m #  b a n d  was  no ted .  Rezdmi.,~sicm o f  O t. on  the  o t h e r  
h a n d ,  e l ic i ted  a r a p i d  r e t u r n  o f  t he  vello~v color.  I t  wou ld  a p p e a r  f rom ihese  expe r i -  
ment.~ t h a t  t h e  ac t i on  of  t h e  e n z y m e  i.~ i r r eve r s ib le  a n d  t h a t  the  r eason  for  th is  m a y  
be  in i t s  i n a b i l i t y  to  b i n d  p y t a t v a t e .  In  a c c o r d  w i th  th is  i n t e r p r e t a t i o n  p y r u v a t e  is 
n o t  a c o m p e t i t i v e  i n h i b i t o r  o f  D- lac ta te  ox ida t i on .  

[ n h i ~ i ~ r x :  in  c o n t r a s t  to  t h e  D H A D  o f  yeast-----, the  e n z y m e  is r e l a t i v e l y  in.~en- 
s t r ive  to  i n h i b i t i o n  by- S H  r e a g e n t s  a n d  s u b ~ t r a t e  ana logs .  T h u ~  ox id iz ing  a~en t s ,  
such  as  H t O  f do  n o t  inh ib i t  t h e  e n z y m e  a n d  it is o n l y  p a r t i a l l y  sens i t ive  tn mercuriaL,~ 
( 'Fable  IV).  R e m a r k a b l y °  t h e  s a m e  p a r t i a l  {6o%;,) i nh ib i t ion  w a s  n o t e d  a t  5 - z o  -7 M 
a n d  5" zo-S M p - c h l o r o m e r c u r l p h e n y l s u l f i m a t e  (5.5 P g  p r o t e i n / 3  m | .  specific a c t i v i t y  -= 
94)- I n  v iew o f  the  fac t  t h a t  t h e e  d a t a  we re  d e t e r m i n e d  a t  f ixed c o n c e n t r a t i o n s  o f  
I ~ t h  s u b s t r a t e  an t i  e l ec t ron  a c c e p t o r ,  t h e  pos.,~ibillty is o p e n  t h a t  t h e  i n c o m p l e t e  in- 
h ib i t i on  By t h e  m e r c u r i a l  sugges t s  a s te r ic  i n t e r f e r e n c e  e i t h e r  to  the  a p p r o a c h  o f  the  
s u b s t r a t e  or  o f  t h e  o x i d a n t ,  in the  sense  discus.~ed for w h e a t - g e r m  l i p a ' ~  ~ .  r a t h e r  
t h a n  t h e  d i r e c t  par t i~Apat ion o f  a s u l f h y d r y l  g r o u p  in the  c a t a l y t i c  cycle .  

W i t h  r e g a r d  to  ~ u b s t r a t e  analog.% p y r u v a t e ,  u - l a c t a t e  a n d  L - m a l a t e  a re  n o t  in-  
h i b i t o r y  e v e n  a t  m o d e r a t e l y  lf igh c o n c e n t r a t i o n s  ant i  ox~date  is m u c h  l~,~s i n h i b i t o r y  
t h a n  in the  case  o f  D H A D  n .  O,xalato inh ib i t i on  m a y ,  in a n y  e v e n t ,  ref lect  i t s  m e t a i -  

B,~c~i.~. Bi~phys..-laa, 67 (x963) 2ot-218 
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binding tendency  ra the r  t i tan its somewhat  r emote  s t ruc tura l  resemblance tt; the  
sulx~trate. 

The effect of  meta l  chelators on the  redu~:tasa hau~; been ex tens ive ly  invest igated 
in this l abora to ry  and the  re.~ults have been summar ized  elsewheree.ta.tt.~L The  phe- 
nomenon  is too complex to be. discu,med here and the inclusion of  d a t a  on meta l  
chelators in Table  IV is on ly  i n t ended  to  emphasize  wha t  is perhaps  the  most  in- 
t2resting known fact  abou t  this  enzyme:  the  comple te  dependence  o f  its ac t iv i ty  on 
the s ta te  of  its meta l  component .  

TABLE 1%' 

I N H I B I T O R $  OF  D ( - - ) L A C ' I I C  C Y T O C H K O M K  [: RE~,I[]C'I"ASE 

Tht:  e n z y m e  p r e p a r a t i o n  e m p l o y e d  ~a.s  a n  ( N H 4 ) t S O 4 - p r e c i p i t a t e d  e n z y m e  ~ t  t h e  end o f  t h e  
D E A E - r e i I u l c ~ t "  .~tep. U n l e s s  o t h e n ~ s e  ind i t : a t cd ,  t h e  e n z y m e  w a g  i n c u b a t e d  f o r  .I rn in  a t  3o ° 
in t h e  a s s a y  m i x t t t r c  w i t h  i n h i b i t o r  a n d  subs t r '&te  b o t h  p r e s e n t  a n d  t h e  r e a c t i o n  w a s  s t a r t e d  b y  

a d d i t i o n  o f  t h e  e l e c t r o n  a c c v p t o r  ( c y t o c h r o m c  ¢). 

l nh  d~ i lor U oet~ cn2 F ~ fon  I ~ g ~ igi~a 
;M~ [#~ t*.O 

p - C h l o r o m e r c u r i p h e n y M u l f o n a t e  5 '  to -7  o a  
# - C h l o r o m e r c . r i p h c n y l a u i f o n a t e  5" l o - t  tm 
HIO t I • I 0  -~ O 

O x a l a t c  5" x o - t  22 
O x a l a t e  z • t o  - t  50 
( ) x a l a t e  5" zo-*  92 

EDTA 4" lo-t 25 

EDT,X , • to-~ 5 t 
o-Fhenanthr~line" 3.5" lO-ts 95 
o - P h c n ~ n t h r o t i n e ' "  3-5 " *o-* 90 

" O v e r n i g h t  d i a l y s i s  a t  p H  6. 5 a g a i n s t  t h e  i n d i c a t e d  c o n c e n t r a t i o n  o f  i n h i b i t o r .  
"" I n c u b a t e d  f o r  t5  r a in  a t  3o °. 

Metal chelators  seem to fall in to  two categories  as far as the i r  effect  on this 
enzyme  is ccmcerned: those which react  rap id ly  with its Zn 2÷ comp.~ncnt and  whose 
inhib i tory  .effect is also rapidly,  perhaps  ins tan taneous ly ,  reversible on dilution,  ,rod 
those  which react  and d i . ~ c i a t e  re la t ively  slowly. In  the first ca tegory  are  E D T A  
and  oxalate.  The  inhibi t ions by t h e ~  compounds  tisted in "Fable IV ob ta in  only  
x~hen they  are present  in the  cuve t tes  a t  the t empera tu res  and concen t ra t ions  in- 
dicated.  Pre inct tbat ion at  these concentra t ions ,  followed by  di lu t ion of  an a l iquot  
for actixdty de te rmina t ion ,  results  in par t ia l  or complete  reversal  of the inlfibition, 
depending on the ex t en t  o f  di lut ion and  the t empe ra tu r e  of the  assay. 

0-Yhenanthrol ine is ~ .~.~ . . . .  r ,~., ~ - , , . , a  ~*~g,wv of  chelators .  I t s  repr~_n ....... . .................. . 

react ion with the  e n z y m e  is a modera t e ly  slow, first order  process, and  results  in the  
format ion  of an enzymicMly inact ive  chela te  conta ining 2 moles of  o-phenan-  
throline per  a tom of  enzyme-bound  Zn t+. The  che la tor  m a y  be  dissociated and  the  
ac t i v i t y  comple te ly  regenera ted  by  a va r i e ty  o f  means,  including dialysis or als- 
p lacement  with d ivalent  metaZ~. Under  no condi t ion s tudied does the  che la tor  inhibi t  
by  dissociating the  meta l  componen t  (i.e., resolving the  holoenzymeS,U,t~). 

Bio¢ki,,. Biopkys. Aaa. t, 7 (1~3) ao t -z ,8  
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(;onstitz~tion 

Electrophoresis and itRracentHf~,~atitm: T h e  r e d u c t a s e  s h o w s  a l m o s t  n o  m o b i l i t y  
in t h e  e t e c t r o p h ¢ ~ r e t i r  f ie ld  ; .p .o .  _" M N a ( ' l  0 .005  7,I p h o s p h a t e  s o l u t i o n  x~'ithin t h e  
p H  r a n g e  o f  i t s  s t a b i l i t y .  

T h e  s e d i m e n t a t i t m  c(~efficient (s,0,,~.) w a s  f o u n d  t,.~ t~e 6 .8  ai;¢t t o  b e  i n d e p e n d e n t  
o f  p r o t e i n  c o n c c n t r a t i o n  in  t h e  r a n g c  ~f  {~.z5 t -5  01, pr~ , te in .  

Flavin content: T h e  a s s o c i a t i o t x  o t  D-iact~c e v t o c h r o m e  r e < i u c t a s e  a c t i v i t y  w i t h  
a f l a v o p r o t e i n  is  r e c o g n i z a b l e  a t  r e l a t i v e l y  e a r l y  ~tag~.~ o f  pur i f ica t ic~n o w i n g  t o  t h e  
a b i l i t y  o f  D( - ) l a c t a t e  t¢~ b l e a c h  t h e  e n z ; ' m e  in t h e  I t av in  r e g i o n .  T h e  a b g o r p g i q n  
s p e c t r u m  o f  t h e  m o s t  pnr i f i t - ( l  e n z y m e  ir~ ~ h o w n  in Fi/g. 3- S i n c e  a t  thi,~ ~ t a g e  o f  p u r i t y  

1 
. . . . . . . . . . . . . . . . . .  . . . . .  

3 ~ 0  z.CO ~,bo  -~00 ~ b o  6 0 0  
W A V E  I. ~" h ;GT H 

F i g .  3 ,  A | ~ t ~ q ~ t i t ) r t  s i a * : c t n t m  o f  the :  r c d u ~ ' t a ; ; c  ,Lq rocort |~.-(I  s~ ' i th  & ( ' a r y  M~d~. l  t t s p e e t r o p h o t o -  
mete r  equ ipped  with a mit'tt~.'e|| hohh.r. There wert: present  z3 nag puri.'hcul t~ng'h'illt2 {gpt.'t;itlC 

ac t iv i ty  - ,841 in t ml total  volume. 

f l a v i n  t e n d s  t o  d i s s o c i a t e  f r o m  t h e  e n z y m e  q u i t e  r e a d i l y ,  t h i s  e x p e r i m e n t  w a s  tver- 
f o r m e d  b y  p a s s i n g  t h e  d i f f e r e n t i a l l y  u l l r a c e n t r i f u g e d  e n z y m e  t h r o u g h  . " ; ephadex  
G - 2  5 i m m c x t i a t e l y  b e f o r e  t h e  s p 2 c t r u m  w a s  d e t e r m i n e d ,  in  o r d e r  ~o r e m o v e  f ree  f l a v in .  
W h i l e  c o n s : q u e n t l y  t h e  f l a v i n  con t~ :n t  c a n n o t  b e  c a l c a l a t e : t  f r o m  ~.his e x p e r i m e n t ,  
t h e  s p e c t r u m  t h u s  o b t a i n e d  is  ; .dent ic : : l  w i t h  t h a t  f, m n d  a t  e a r l i e r  s t a g e s  (e.g., b e f o r e  

the CM~c~l!ul~.~e szc F) ;vkcrc the cn~yni¢ k; .~table. 

0 . 0 4  

o . o e  

Z 

OE 
0 - 0 , 0 2  
err 
< t  

- .0 .0.~ 

3 5 0  

WA.V E LEN.CD T H (ml,:) 

Fig.  4- Difference spec t rum of th-." r~uc:v.~c~ 2~8 mg enzyme ~t the cn,I ~,f thr  CM-c,:liulcsc s tep  
w e r e  di~,mJivcd in .~ ml o J  M phospha te  ip ! !  t,.~) and  pl'at:L~l in an arlaerobic cuvc t tc  e%.dppcd 
wi th  2 Hide arm~. Af ter  ~tll tr'~ccs of O,  were removvd, tht: ~pectrum was rec~'dt~! with a C~Lry 
Model t l  ~i>cctrophotomcter {o.i absorbaJtcy full st-~lcl; then the  en~ym'" -,'a.~ titrate¢! with 
x)-Iactate and  the sp<.,ctrum immedia te ly  rcdeterminud.  The curve ~hown i.- the difference ~ p o c -  
t r t t m  el ic i t t~[ l  b y  the  a~l~Litiott o f  I mole lactate/molt* cnzymc-bot~nd FAD.  A (iownwartt deflectio~t 

d~note~ bieachhtg. 

bio~hV,.  BiopAy.~. Act,;. 67 (t9~3) = o t - ~ t 8  
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On a d d h i o n  of  D-iacta*~ u n d e r  ae rob ic  o r  a n a e r o b i c  cond i t i ons  the  d i f fe rence  
s p e c t r u m  r e p r , x i u c ~ l  in Fig. 4 is ob t a ined .  T h e  n o t a b l e  f e a tu r e s  o f  th i s  s p e c t r u m  ~re 
the  usu~d f l avupro te in  peaks  a t  45o a n d  387 m ~  in a d d i t i o n  to  a b r o a d  b a n d  cen t e r i n g  
a r o u n d  330 m/~. T i t r a t i o n  o f  t he  ox id i zed  enz2rwne wi th  b - l a c t a t e  u n d e r  m m e r o b i c  
cond i t i ons  in it r eco rd ing  s p e c t r o p h o t o m e t e r  s h o w e d  t h a t  (a) ad d i t i o n  o f  as l i t t le  as 
o.5 mole  s u b s t r a t e / m o l e  e n z y m e - b o u n d  F A D  a p p e a r s  t o  elicit m a x i m u m  f o r m a t i o n  
of  the  45 ° [~/~ t r o u g h  attd t he  53o n ~  p e a k  wi th in  a few seconds  (b) a d d i t i o n  nf  
zo moles  t~ ] a c t a t e /mo le  F A D  causes  no  f u r t h e r  spec t r a l  change  (c) on  the  admis.~ion 
o f  O~ the r e  is ,, grad;~al d i s a p p e a r a n c e  first o f  t h e  53o p e a k  t h e n  o f  the  450 m/ ,  t r u u g h  
untie the  s p e c t r u m  o£ the  or iginal  e n z y m e  is r e e s t ab l i sh ed ' .  T h e  530 m/t  b a n d  m a y  
ind i ca t e  t h a t  an app rec i ab l e  f r ac t i on  of  the  e n z y m e - b o u n d  f lavin is in the  f ree- rad ica l  
s t a te ,  even  wi th  excess  s u b s t r a t e  p r e ~ n t .  I f  th is  i n t e r p r e t a t i o n  p roves  t o  Ix,. c(~rrect, 
t h e  s emi -qu inone  w(ml(i have  to  be u n u s u a l l y  s t ab le  s ince u n d e r  ~q~erohic  co n d i t i o n s  
it  is p r e : ~ r v e d  foe prolongexl pe.rit)ds, while  ev en  ae rob ica l ly  ( w i t h  excess  su b s t r a t e )  
i ts  d i s a p p e a r a n c e  requ i res  severa l  minu te s .  

"t he flavitt preso.nt in the  e n z y m e  has been  u n a m b i g u o u s l y  ident i f ied  as F A D  b y  
d i f fe rent ia l  f l u o r u m e t r y ,  l ) -amino acid  ox idase  tes t ,  ant i  p a p e r  c h r o m a t o g r a p h y .  T h e  
flavin m o i e t y  is r e ad i l y  re leased f r o m  the  p r o t e i n  b y  t r e a t m e n t  wi th  5°/,> t r i ch lo ro-  
acet ic  acid or  2°{) perchhwic  acid.  P r i o r  t o  the  CM-cellulose s t ep  m i ld e r  p ro ced u re s ,  
SUCh ;L'q pro longed  dialysis ,  fail  t o  ( l i s .~cia te  t he  f lavin .  T r e a t m e n t  wi th  ac id  (N H~)a,qO~ 
at  a n d  below p H  3 pal t ial ly spl i t s  the  f lavin.  D ~ p i t e  t h e  use o f  p r o t e c t i v e  a g e n t -  
( t h i , ) g | y c o l | a t e .  T~-lactate), h o w e v e r ,  i r revers ib le  d e n a t u r a t i o n  a lw ay s  a c c o m p a n i e d  
*he res(q~ation o f  the  h o l o e n z y m e ,  and ,  a~s t h e  p H  was  lowered  in the  r ange  of  3 . o  to  
~-.', d e n a t u r a t i o n  o u t s t r i l . - e d  t ru  :e.~olution. F o r  these  reason.~ fu l ly  reso lved  an d  
flally r e a c t i v a b l e  ~poenzy~, : p r e p a r a t i n n s  ha~e  nn t  h0en : )brained,  b u t  the  fac t  t h a t  
F A D ,  bu t  no t  FMN,  rea~¢.ivates the  ap t ) enzyme  could  be n e v e r t h e l e s s  r e ad i l y  
d e m o n s t r a t e d  {Fig. 5)- 
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Fig. .5  Rever~ibl( .  (li%~t~utntio[~ o f  F A I )  f r o m  l ) - Iact ie cytochrolTl9 l 'cducta~ ' ,  l . f) 5 I11| enzyme  -at 
t ,n, I  tJf l-)l ': .~,R-vt.ltul<~(. ~ tep (fJ.2 mg  prote~n)  in  o .o  5 M phcqphatc  ( p t |  {J.5) were t rea ted  a t  o ° 
w i t h  [4-9 ml  na tu ra tcd  (NH4)aSt ;  t so lu t ion ,  c o n l a i n i n  H t m M  t h i o ~ l y c o l l a t e  and peevtous iy  
ad jus ted  to  p H  3.o. A f te r  30 m.~c s t i r r ing ,  the  prec[pl t~t¢,d ©nzymo w,Lq co l lec tcd b y  5 ra in  c~nt r i -  
legation, redissolved in 3,o rni o.~ M phosphate -z rnM thiogiycollat¢ hurter (pll 6.5} end passed 
through ~ .~eph&dex G-25 c~lurnrt which had been equilibrated with o.t M phoaphate - t  mM 
zhiogiycoiiate (pH 6.5). i t  wtt~ mcrMit ,ed tluL! t~i~ tae~t~rnen~ Temoved t )S% of the activity. For 
rewetivation to-ill aliquots were incubated for $ rain mt 30 ° in the dark with the ¢omptet,~ reac- 
tion mixtur~ p|u~ FAD or F~|N but  without cytochrome c. Atlmys were started by the ad(lition 

of cytochrome t. and were conducted at ftxod concontr~t|on of the accepter. 

• The~u experirnontn were kindly performed by Dr, T. Cm~MONA. 
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Since in the hom~geneous form the  flavin is rapidly  dissociated, the flavin elm- 
ten t  of  the  enzyme had to  be de t e rmin t~  at lc.~s purified stages (just af ter  the CM- 
cellulose step) an,d correct ions applied for tile pre~ellce of  impuri t i .~  frnm analyt ical  
ul ' . raeentrifuge pat terns .  Analysis of the five be.~t prepara t ions  gave x mole F A D /  
45 000-66 oo9 g protein.  A value of 50 ooo ~ 5t~oo is con.~idcred probable,  aince 
af ter  the CM-celluk>se s tep  ;he ~nly f lavoprotein present  is the enzyme  and  thus  
at-tifactually high values are unlikely,  and  since even dur ing the coh, mn s tep  some 
loss of  flavin m a y  have  occurred occasionally,  as judged by  the  ¢~ccasic~nal appearance  
o f  fluorescence. In the nat ive enzyme  the flavin ;s non-fluorescent.  

Since homogeneous  pn¢t,aration.,, have not heen obta ined in stable form, the 
de t e rmina t ion  of  the diffusion c~mstant has nc~t b,.'~:n feasible. Con.~etluently, the 
molecular  weight  is not  known accurately.  Taking  45 ooo to 55 eve  a.~ the min imum 
molecular  weight, the observed sedimentatio,a (:~m~tant wtmld suggest a molecular  
weight  of  the order  of  zoo ooo and,  hence, the p~:.;sible pre~ence tff 2 rn~)les tlavin/ 
e n z y m e  molecule. 

Z i n c  cup,tent: F r o m  the DEAE-c lua t e  .~tage on, the rat io  of ac t iv i ty  to, Zn z '  
con t e n t  i_~ ra the r  ct~nstant. In ht)m<JgenetJus prepara t ions  no metal  o ther  than  Zn 
has  been detec ted .  Until  the  differential  uLtracentrifugaticm step there  is a small 
a m o u n t  o f  Fe present ,  which is, however,  associated with the high molecular  weight 
impur i ty  (s~a,w -= x5.3), which is r emoved  in the last s tep of  the purif ication pr<~cedure. 

The  Zn ~* , :ontent" (~f varitJus samplL~.', de te rmined  before and af ter  tile CM- 
c,ri:.u~o-,~ step, as well as at the end ,~f the  purifi~::tt;.on, ranged from 2 2  OOt., tf~ 27 O(U~ g 

pro te in /g  a tom of  Zn z*, af ter  sui table correctitm for the b.c,,n~geneity of  the prepara-  
t ion from ul t racent r i fuge  pat terns .  Tht; uncer t a in ty  of  the  exac t  flavin content  does 
no t  permi t  a definite deei.~ion between .'he ex t reme  v a l u ~  found for the ZnZ*/flavin 
rat io  (2-3). While  the labil i ty of  the flavin might  sugge.~t '~at ttne ,.'ahze of 2 is the  
correc t  one. it shoulcl be ment ioned  t..'~at a 3 : t ra t io  has been oce~x~ionally observed 
in ful ly act ive samph,s t aken  ima_,aecliately aftt,r t[te Cbi-cellulose step. hefore any  
known i~).~ of flavin occurred,  a~ well as prior t~ this chrvmatograph ic  procedure,  
when the  flavin is comple te ly  stable. 

The  linkage of  zinc to the  protein appears  to  he consiclerably more stable than  
t ha t  of  the  FAD moie ty ,  since nei ther  x2 h dial~'sis at  p t  ~. 6.5, dialys~s against  o- 
phenan th ro l ine  ~, nor  4-5 h dialysis at  pH  5.2 or pas.~age th rough  (;P,i cellulose at this 
pH  lower the Zn ~ ~ con ten t .  The  s tabi l i ty  of the p ro t e in -Zn  a+ ha~ntl to t r e a t m e n t  a t  
pH  5.2 was a ~ e r t a i n e d  in order  to e l iminate  the  possibility tha t  Zn ~" might  be lt~st 
in the  ch roma tog raph ic  step, par t icu lar ly  since the Zn 2÷ moie ty  of  carboxypeptid;L~e 
is dis,~nciated unde r  these ccmditions ~. 

T1 ~¥91o-0~r l t t o l t bdr  

The  specific ac t iv i ty  of  t t e  most  purifiecI prepara t ions  averaged z67opmoles  
v - lac ta te  oxidized/rain/rag protei~ in ,ha  phena2"..ine methosul fa te  assay. On the basis 

° 1A'e a r e  indebted!  t o  Dr. D. V,tLLE~ for  t h e  q u : t n t i t a t i v c  .~tncctrographic a n a l y s i s  o f  a n  
e a r l y  p r e p a r a t i o n  

B , v c / ~ m .  RiQphy~. A ~ t a  " 7  (t-c~3) z o t - z x 8  



az6 c. ~a~COL].X,-r, P, s /~o~a  

o f  an average flavin con ten t  of  ~ mole per 56 ooo g protein,  the  tu rnove r  number  
corresponds  to  9" ~o' moles substr~te  oxidized/rain/mole flavin. Occasional  samples 
possc,~ed a t u rnove r  number  as high as r z -  zn~. 

DISC~.:S.~ION 

The identif icat ion s of  Zn ~* and  FAD as th~ prusthcLic groups of  D-lactic c y t o c h r o m e  
reductase provided the  first unambiguous  demons t r a t ion  of  the  existence of  z inc-  
f lavoproteins.  Zn ~÷ has  also been pc~stulated~, s° to  be present  in the  D H A D  of  
anaerobic yeast ,  an enzyme whom f lavoprotein  na tu re  has been clearly demon-  
s t ra ted  s2 bu t  one which has not  been isolated in sufficiently pure form to permi t  
a,,~lytical proof  of  the iden t i ty  ~ither e f  it.~ flax'in nr of  its meta l  cons t i tuents .  The  
conclusion of  LaB~.vRIr- e~ at .  s '  tha t  F A D  is t he  flavin componen t  of  D H A D  was 
based on the  prevent ion  o f  a tehr in  inhibit ion by  FAD,  a t enuous  basis in view of  the  
es*ablished ci:cumstaucesa2, aa t ha t  a tebr in  is by  no means  a specific inhibi tor  o f  
fla "~enzvtne.~ alld tha t  it does not  act  b y  displacing the  flavin from flav,. 'proteins. 
The i r  cc>nclu~ion =~ tha t  Zn=- is present  in D H A D  was based in par t  on the  assump- 
t ion tha t  E D T A  resolves the holoenzTnnae and  Zn ~+ specifically recons t i tu tes  it, in 
part  on the  a ~ u m p t i o n  tha t ,  following t r e a t m e n t  wi th  E O T A  only the  ZuS*-reacti- 
r a t e d  D H A D  possesses kinetic canstanL~ ident ical  wi th  the  un t r ea t ed  enzyme.  Bo th  
of the~e assumptions  have been shown to be fallaciousl. =.s~,a4, The  I~)ssibility tha t  
DI tAD,  like tt=e reductase  described here,  is a Z n t ÷ - F A D  enzyme  is never theless  
open hut  remains to be proven.  

The discovery of  this new c l a ~  of  me ta l - f l avopro te ins  reopens the  much  deba t ed  
quest ion of  the function{s) of  the  metal  cmnponen~s in these enzymes.  An oxidu- 
reduc t ive  role fi~r zinc has been suggested n b u t  is clearly unl ikely and  avai lable  
evidence suggests tha t  ~inc funct ions as a subs t ra te -b inding  site r a the r  t han  a 
par t ic ipant  in electron transfer.  This  possible funct ion of zinc has been r epea t ed ly  
voiced for the reducta.~e as well as the  D H A D  of  yeas t  and of  animal  tissu~-s 4.t~,~.~a. 
The evidence is in all cases indirect and incu.-nplete. As far a~ the reductase  is con-  
cerned, the substratc.-binding func tam is suggested by  the  facts t ha t  (a) l ac ta te  and 
meta l  chelat ing ager.ts compe te  for the  same binding site on the  enzyme ;  thus  the  
substrat , :  p revep ts  combina t ion  o f  o-phenanthro l ine  with the Zn 2+ moie ty  (b) the  
o-phenanthroline-ctneJated, inact ive form of the reductase  is no t  b leached in the  
visible region of the spec t rum by the subs t ra te  ~. 

An()ther aspect  of this  enzyme  which remains  to  be fur ther  explored is its 
biologicM role. As is also t rue  of  the f lavohemoprote in ,  cy t ,mhrome b t (L(+) lac t i c  
clehydr.gena.~,),  and of  the  D H A D  of  anaerobic  yeast ,  almost nothing is known of  
the role t he y  play in the  metabol ism of  yeast  cells. 

I .astly, it might  be of  some intere~,~t to compare  the  p r o p e r t i ~  of the  enzyme  
described here with the prepara t ion  s imul taneously  and  independen t ly  purified b y  
NYGAARD 1°. Since no physical  cr i ter ia  of  homogene i ty  have  been published by  t h a t  
au thor ,  compar ison must  be based on specific activities.  In  compar ing  act ivi t ies  
r epor ted  by  NYGAARD with those found in this  s tudy ,  considering the  differences in 
assay condit ions and units  employed,  the  fo rmer  should be d iv ided  by  35.I for con° 
version to  ~m~les lac ta te /min  at  fixed phenaz iae  concent ra t ion ,  b y  xx.z to  conver t  
to  ~naoles lactate/rain a t  infinite phenazine  concent ra t ion ,  and by  zo~ tn cnnver t  to  
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/ , .moles l a c t a t e ] r a i n  in t h e  c y t o c h r u m t :  v as,~tv at the  tixe(t c y t o c h r o m e  c~,nccnt ra t ion  
e m p l o y e d  in t h e  pr~..~ent ~ tody .  

T h e s e  c o n v e i s i ~ n  factor~ t a k e  iot<~ co t~ tde r t t t ion  the  d i f ferent  p H  a n d  t e m l ~ r a -  
l u r e  e m p l o y e d  in t he  ;tsslty~ in t he  t w o  [ab~ra t  )ties a.~ well as  the  inc lus ion  of  inh ib i -  
t o r y  E D T A  in N$'GAARD'.',, a ~ a y  m e d i u m .  O n  tile b~-~is o f  t h e ~ e  c<m,~ideration.s, ttte 
b e s t  p r e p a r a t i t m s  . ) b l a m e d  b y  N Y G A A R I )  {~2Oo i n  N ' . ' < ; A A R D ' ~  uni t s t0 ]mg ~ specif ic 
a c t i v i t y  - -  462 a t  inf ini te  p h e m t z i n e  c o n c e n t r a t i o n  in our  uni ts )  a p p e a r s  to  be  abt )u t  
280/0 o f  t h a t  a t t a i n e d  in thi:~ s t u d y .  T h i s  lower  a c t i v i t y  m a y  e i the r  be  d u e  t<) the  p~ e- 
seance o f  i m p u r i t i e s  in N Y t ; A A R 1 ) ' ~  b e ~ t  f r ac t ions  or  to  inac t iwt t i (m c a u s v d  b y  l.)s~ o f  
f lav in ,  s ince pe r  m~)ie o f  e n z y m i c a l l y  t educ ibh :  t t av in  .~Yt;AARI: obuti l l t :d a t u r n -  
o*,'er o f  o.75 ' t o  * mo le s  o - l a c t a t e  ~)xidized/min,  which  i~ on ly  s l igh t ly  tow~.r t h a n  t h e  
v a l u e  t • IO* m o l e s  D- l ac t a t e  o x i d i z e d / r a i n / m o l e  of  t,~tal f lavin  rel×~rted ill th is  pape r .  
T h i s  m i n o r  d i f i e rence  m a y  well  be  d u e  t,) tilt, - ~ , n e w h a t  less f a v o r a b l e  i~smty c(m- 
di t i<ms e m p l o y e d  in O.~1o. Be.~idt*s th is  d i f ference ,  t he  m a j o r  d i v e r g e n c e  t)f the  two  
prepara t io r~s  is in s t a b i l i t y .  %Vhite b,*th a re  tm~t, tble  a t  the  te rmin; t l  .~tage ~)f pur i f ica-  
t ion ,  NVGAARI)'S .,,,amples at 'e sa id  to  be  h igh ly  labile  t h r t m g h o u t  the  pur i f i ca t ion  
p r o c e d u r e ,  whi le  ou r s  a re  g r a t i ~ ' i n g l y  s t ab l e  a t  ea r l i e r  s tages .  T h e  r ea son  for th is  
d i f f e rence  m i g h t  well  be  t h e  r e l a t i v e l y  harMt t r e a t m e n t s  e m p l o y e d  in NYGAARD's 
~ h t b i l i z a t i o n  s tep .  As  is o f t en  t he  ca.-~', d a m a g e  to  a p r o t e i n  a t  t h e  b e g i n n i n g  o f  the  
i so l a t ion  l eads  in p a r t  to  an  i m m t x t i a t e  los> o f  a c t i v i t y  (i.~-., h),,v y ie ld  on e x t r a c t i o n ) ,  
in p a r t  t o  a progrt..~sive d e n a t u r a t i o n  o f  the  ex t r ac t t~ I  e n z y m e ,  m a n i f e s t  f r o m  its 
t e n d e n c y  to  u n d e r g o  i t t a c t i v a t i o n  u n d e r  t :onditi~ms tt~ which  it  is ~ tab le  if  p r e p a r e d  
b y  m i l d e r  p rocedu re s .  
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