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( R e c e i v e d  ()ct~)her 3rd,  195S) 

. G I I M M A R Y  

I. The earlier finding "~ tha t  enolase consists of a single chain having alanine as 
the  N-terminal  amino acid has been confirmed by  the phenyl i so th iocyanate  method.  
The only C-terminal amino acid in the enzyme is leucine, ,~ shown by the  carboxy-  
peptidase method.  Enolase a and  b do no t  differ with respect to N- or C-terminal 
groups. 

2. I t  has been found tha t  the enolase molecule can be extensively  degraded 
with leucine aminonept idase  or carboxypept idase  wi thout  loss of ac t iv i ty .  Not  only  
the velocity but  a,so the extent  of digestion achieved is dependent  on the molar 
rat io between peptidase and enolase. Maximally,  about  15o residues can be removed 
from either end. 

3. Some implications of the results for the  s t u d y  of the s t ruc ture  of enzymes 
are discussed. 

INTRODI"CTION 

It is now a well-established fact t ha t  the intact  protein molecule is not  necessary 
for the ca ta ly t ic  ac t iv i ty  of several enzymes t. VVe have recent ly  reported" t h a t  
about  ioo amino acid residues can be removed from the N- or  C-terminal end of 
yeast  enolase wi thout  change in enzymic ac t iv i ty  by  digestion with  leucine amino- 
peptidase or carboxypept idase .  The present communica t ion  gives a detai led account  
of an extension of these studies. 

As in the case of mercuripapain a, i, it has been found t h a t  tile ex ten t  of digestion 
is dependent  oil tile rat io of exopeptidase to subst ra te  (enolasc), and with a higher  
ratio t h a n  used previously" as m a n y  as 15o residues can be removed from either  end 
of the molecule wi thout  loss of ac t iv i ty .  Several types of evidence are presented 
showing t h a t  the amino acids l iberated are derived from tile enolase molecule and  
not  from some other  cons t i tuent  in the reaction mixture .  

The de terminat ion  of the  N- and C-terminal residues is also described herein. 
The N-terminal  sequence of the enzyme has been reported elscwhere~; the present  
results, obta ined by  a different method,  c(mfirm the previous findings on the na tu re  
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of the  N- te rmina l  amino  acid (alanine) and  the m~mber of pepti,.!e chains. ©nly one 
C-terminal  amino  acid (leuci~,e) has been fom~(|. 

1.'_XI~E R131 F. X TAL 

I'ra16aralio~ o[ ye~tst e;wlasc 

The -enolase used h~r end-g roup  de te rmina t ions  was purified I)v the ch romato -  
grapl,ic procedure  described previously  6. Since enolase t in,pared in this way  contains  
about  5 % impur i ty ,  the  enzyme  nsecl fl:~r the &~gradation exper iments  was purified 
fu r the r  by  zone electrophoresis~; the enzyme  so ob ta ined  appears  homogeneous  
according to several  cr i ter ia  ~. Enolase ac t iv i ty  was measured  as described earlier  7. 

DelermhtaNoJ~ o / the  N-lermin,~d rcsidtt¢. 

The N- terminal  amino acid w,~s de te rmined  by a receipt modif icat ion s of E l ) M A N ' S  

pheny l i so th iocyana te  (PTC) me thod  'a. About  ~ nfl o[ an a p p r o x i m a t e l y  3 % solut ion 
of enolase was mixed  wi th  tiaree vol. of pyr idine  conta in ing  50 i*l phenyl i so th io-  
c y a n a t e / m l ;  a ve r y  fine prec ip i ta te  was fl)rmed. The  coupling react ion and  subsequent  
washing was carr ied ou t  as descr ibed by l]Lo.XliC~,(" K AN 1) Y.~.~t.~SH[N: wi th  the  modifi- 
ca t ion  t h a t  o.2 N HCi was added  to dena tu re  the prote in  in tl,e first washing will, 
acetone.  The  cycl izat ion s tep  also followed in detai l  the  procedure  of V,I.os[t~_'~c~ 
AXl) YA,~IASHINAS. The  p h e n y l t h i o h y d a n t o i n  (PTH)  amino acid~ formed were removed 
by  two ex t rac t ions  wi th  5 ml e thy l  ace ta te ,  and  the ex t inc t ion  at  27o m #  of the 
combined  ex t r ac t s  was measured  in the Beckman  I)U spec t ropho tome te r .  The 
ex t r ac t  was then  dr ied irz vactto at  room t empe ra tu r e ,  and  tt:e P T H  der iva t ives  
"dissolved in a small vo lume of a c e t o n e - e t h y l  ace ta te  (x : i )  for e laromatography.  
The  ch roma tog raph i c  identif icat ion was carried out  in two sys tems described by 
SJO{~UIST I°, t he  so-ca!led sys tem A and a modif icat ion ~t of sys tem C. 

DvterminalioJ~ o/t l tc C-termi~ml residue 

The  ca rboxypep t ida se  me t hod  ~a was used for the  identif icat ion of the  C-terminal  
amino acid. A o. 7 % solut ion of enolase in water  was shaker, with Dowex-5o in the  
H+ form (o.5 g /mi  solution) to r emove  free amino  acids 0:/. ref-a) - Af ter  removal  of 
the  Dowex  by  cent~ifugat ion,  the  enolase solut ion was incubated  at  room t empera tu re  
wi th  different  molar  rat ios (x:~oo and  i:IOOO) of ca rboxypep t idase  dissolved in 
xo o..:o LiCla2. The  p H  dur ing  the  digest ion ~as  ad jus t ed  to abou t  8.5 by  addi t ion of 
o.I  N N a O H .  Af ter  x5 ruin the  react ion was s topped  by addi t ion  of Dowex-5o in 
the  H + form (o.5 g /m|  solution).  The resin was centfif l lged down and  washed 4 t imes 
wi th  5 volumes  of  water .  The adsorbed  amino  acids were then  etuted wifi:_ 3 ml of 
7 °o ammonia ,  and  the solut ion taken  to dryn(:ss in a vacuum desiccator .  The amino 
acids were dissolved in a small vo lume of wa te r  and  identified by  paper  chromatog-  
r aphy .  Two sys tems  were used: (x )~ t -bu tano l -g lac ia t  acetic ac id~IGO (4:x :5) ,  
and  (z) e thy l  m e t h y l  ke t one - ace t one - - l i fO  (x5 : 5:3)- 

Digestion o/ai,ohtsa with leuci~t.c ,¢miJ,opepti, tasa aim carboxypcplidas~ 

The  leueine aminopep t idase  (LAP) was p repared  from swine k idney  as described 
by  HII.L AND SMIFII la, "l'l)2 a c t i v i t y  of the  enzyme  was measured under  the same 
condi t ions  as used by  HILL AND S.~W|'Ht'% ta (O.O 5 .1[ L-leucinamide in tds  ( h y d r o x y -  

t~e#'reT~¢es p. ..,oI /-'o-'. 
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methyl)  aminomethanc-HC1 buffer, pH  8. 5, containing 0.005 3I  MnCI2). In all 
experiments  described herein, a preparat ion having a first-order proteo]ytic coefficient 
(C1) of 9o has been used; however, most  preparat ions  yielded a lower C 1 (around 5o). 
"I't~e molecular weight of L A P  was assumed to be 300,ooo ~s. 

The carboxypept idase  (CP) used was a commercial  preparat ion (Worthington 
Biochemical Corp.) of 3 t imes crystall ized enzyme.  A solution of IO % LiC1 was 
used to dissolve the  enzyme ' - .  

The following procedure was used in the degradat ion exper iments :  The enzyme 
was dissolved in o.oo 5 ;1I MgSO 4, Insoluble mater ia l  wa.s removed by centr i fugat ion,  
and  the concentra t ion (a.bout io  mg/ml) was de termined from the ext inct ion a t  
280 m/z TM measured in the  Beckman DU spectrophotometer .  The pH of the solution 
was adjusted to 8.o-8..5 by addit ion of o.I N NaOH, and a few drops of toluene were 
added  to minimize the possil,ility of bacterial  contaminat ion .  When the  solution 
had  reached the t empera ture  of the experiment ,  a given a m o u n t  of L A P  or CP was 
added. ~:liquots of the incubat ion mixture  were removed at  regular intervals for the 
dcter lninat ion of the amount  of amino acids l iberated. The protein in the al iquots 
were precipi ta ted by addit ion of tr ichloroacetie acid to a final concent ra t ion  of 5 %, 
nnd the amino acids were determined by  the n inhydr in  me thod  of MooRE AND 
STE[N~L ]'lie enolase ac t iv i ty  was also measured at  regular intervals  (5 ~l aliquots). 

RF-SULTS 

N -  amt C-ter~ni.md resid~¢es 

Quali tat ively,  alanine was found to be the on ly  N-terminal  amino acid in 
enolase; not  even traces of o ther  end-groups could be detected,  as is seen in Fig. I .  
The same end group was found to he present in enolase b as in enolase a. The yield 
of PTH-alanine  was 0.85-o.90 molehnole of enola.~e in all experiments.  For  unknown  
reasolls, it was impossible to detect  the N-terminal  residuv in enolase by  FR.XENKEL-  

Cox~.xT's ts paper-str ip modification of EDM.\N's method.  
The main difficulty in determining the C-terminal residue was the fact tha t  

" p u r e "  enolase contains some rather  s t rongly  bound frec amino acids, However,  
these could be successfully removed with  Dowex-5o (see I~XPF.RIMENTAL), as iS seen 
from the  blank in Fig. 2. This figure also shows the  chromatographic  identif ication 
of the amino acids l iberated by  two different concentrat ions  of CP (as well as of  
LAP).  I t  is seen t h a t  essentially one amino acid is l iberated by CP under  the condit ions 
employed,  but  ch romatography  in the sys tem used (I) cannot  reveal whether  this 
is leucine or  isoleucinc. However,  by  ch romatography  in sys tem 2, it was possible 
to show tha t  the end-group is leucine. No difference between enolase a mad b could be 
detected.  Since CP a t t acks  different peptide bonds at  highly varying rates, a qnan-  
t i ta t ive  endgronp de terminat ion  by this me thod  is complicated,  and  no a t t e m p t  
at  such quan t i t a t ion  was made.  

Degradatiot~ with exopept~frascs 

Exper iments  wi th  varying tempera ture  and eolacentration of proteolytic el, zyme 
have been performed. The dura t ion  of the exper iments  has never been allowed to  
exceed 24 h in order to minimize nonspecifie losses of ac t iv i ty  (bacterial contamina-  
t ion ,  thermal  instabil i ty,  etc.). Proper blanks (enolase wi thout  peptidase,  and  vice 

lee#reuves p. 2o1/2o2, 
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Fig.  t .  C h r o m a t o g r a p h y  of  P T i l - M n n i n e  {.Xt Fig.  2. ( ' h r~m~at~ ,graphy  oi  a m i n o  a ~ i d s d e r i v -  
a n d  of  P T H - d e r i v a t i v e s  d e r i v e d  f r n m  e n o l a s e  ed |r(~m e m d a s e  h v  d i g e s t i o n  w i t h  ( ' I"  {and 
(B). P a p e r :  s t a r c h - t r e a t e d  "Wh~ttllltttl NCL 1; w{th I...X['}. T h e  s a m l ) l e s a r e ,  f r - n ~ ' e f t t o r i ~ h t :  

s o l v e n t :  h e p t a n e - p . v r i d i u e  ( 7 : M .  a m h m - a c i d  m i x t u r e  : \  {lysine,  n s p a r t i c  acid ,  
gl yc ine ,  t h r v o n i n e ,  v M i n e ,  t r y p t t  q~hao_, p h e n  yl-  

a l a n i n e ,  [ euc ine j ,  e n o l a s e  b l a n k ,  e n o l a s e  --  ( ' P  in |ll{~lar ra t i ( t  t oo :  1, e n o l a s e  } ( ' l"  in m t d a r  
r a t i o  loo t> : ] ,  e n o l a s  e - -  I .AP ,  a n d  ; t m i n o - a c i d  m i x t u r e  B Lcystine,  h i s t i d i n e ,  a r g i n i n e ,  5erine,  
g l t t t a m i c  ac id ,  a l a l l i ne ,  t y r o s i n e ,  m e t h i t m i n e ,  i sn leuc ine ) ,  l ' a p e r :  %Vhat lnan  No.  I :  s t>lvent :  

~-lmt-'_tn(fl g l ac ia l  ace t i c  a c id  Hal  ) (4 : I : 5)- 

versa)  h a v e  a l w a y s  been inch]ded.  So lu t ions  of  L A P  or  CP,  as well as of  enolase  
a t  IO °, h a v e  g iven  c o n s t a n t  n i n h y d r i n  values ,  At  h igher  t e m p e r a t u r e s ,  t he  enolase  
so lu t i ons  h a v e  y i e lded  s l ight  increases  in n i n h y d r i n  color ,  b u t  all va lues  of ~mino 
ac ids  l i b e r a t e d  g iven  h e r e  h a v e  been  c o r r e s p o n d i n g l y  r educed .  

T h e  resu l t s  r e p o r t e d  earl ier"  were  all p e r f o r m e d  w i th  a m o la r  r a t i o  b e t w e e n  
p e p t i d a s e  a n d  enolase  of i :30.  A d d i t i o n a l  e x p e r i m e n t s  wi th  this  r a t io  of  e n z y m e s  
a t  a 2  ° a n d  3 4  ° h a v e  c o n f i r m e d  t h a t  b e t w e e n  50 a n d  I o o  a m i n o  acids  a re  l i b e r a t ed  
in a4  h b y  b o t h  e x o p e p t k l a s e s .  H o w e v e r ,  as in the  calve of  m e r c u r i p a p a i n ,  i t  was 
f o u n d  t h a t  c o n s i d e r a b l e  increases  _in the  e x t e n t  of d iges t ion  can  be a c h i e v e d  b y  the  
use of h ighe r  ra t ios ,  as is seen  in T a b l e  [. F o r  e x a m p l e  wi th  a m o l a r  r a t i o  of  r : i o ,  
a n d  t e m p e r a t u r e s  of  j o  °, a a  ° ,  or  34 °, b o t h  L A P  a n d  C P e a n  l i be ra t e  a b o u t  ~5o res idaes  
w i t h o u t  a p p r e c i a b l e  loss in eno lase  a c t i v i t y .  E x p e r i m e n t s  showing  this  are  i l l u s t r a t ed  
in Figs.  3 a n d  4- T h e  s p r e a d  in the  a c t i v i t y  va lues  is cons ide rab le ,  b u t  t h e y  m u s t  
sti l l  all be c o n s i d e r e d  to  lie wi th in  the  e r ro r s  of  m e a s u r e m e n t s ,  which  a re  la rge  
( a b o u t  :E IOO.r'O) u n d e r  t he  c o n d i t i o n s  used  (high b l a n k  ex t i n c t i o n ,  5 ,~! e n z y m e  

Relereuces p. 2or/.-'o 2. 
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Fig,  3, : \ c t i v i t v  , f  t,n<~lase (O)  ~u'~d a m o u n t  
( l e t t c i n e  equ iva f eu t s )  - f  anline, ~tci<l.~ (/ '~) I i h e r -  
a t e d  [)or n l , l e  of Oll(Jhl.'~t.~ durin/2, i n c i i h n t i o n  
wi't | l  I . A  P .  T e t n p e r a t  t i re  : I o "  ; l n o l i l r  r a t h ~  { t .AI ' [  
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"g  o . I _ 1 o 
:~ O 5 t O  
4 T i m e  o¢ diqesfion (~" 

F i g .  4 .  A c t i v i t y  o f  e n o l a s c  {O) a t t d  a m o u n t  
f l e u c i n e  equ iva l en tS )  of  a m i n o  ac ids  (,5,) l ibe r -  
a t e d  p e r  m o l e  o l  e n o l n s e  d u r i n g  i n c u h a t i o n  
w i t h  C P .  T e m p e r a t u r e :  3 ( ~ :  m o l a r  r a t i o  (CP/ 

e n o l a s e )  : I : 1 o .  

samples, long duration of experiment).  While the amino acid curves are still quite 
steep around i5o  liberated residues, it has been impossible to go far beyond this 
point of digestion, even by increasing the molar ratio to r : 2.5 or I : x. 

Sex-eral criteria have been used to show that the increase in n inhyddn color 
observed is due to a degradation of enolase. Tile blanks used have already been 
mentioned.  By paper chromatography it was shown that the color increase was due 
to amino acids. In the experiments with LAP,  the N-terminal residues after digestion 
welx~ determined. While the starting material gave only  alanine (see above}, the 
LAP-treated enzyme yielded aspartic acid, serine, and alanine, as well as minor 
amounts  of histidine and glycine. In addition, the sedimentation constant was 
decreased by about 15 %, but since no diffusion measurements were carried out,  it 
was impossible to estimate, the actual decrease in molecular size. 

D I S C U S S I O N  

The results here described fully confima the previous report" that the eno|ase molecule 
consists of  a single peptide cl~ain having alanine as the N-terminal amino acid. The 

ReleveJ~e.~ p. aoI :2o2. 
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fact  tha t  qual i ta t ive ly  the  only C-terminal residue detected is teucine is also in accord 
with the presence of a singIe chain.  Since eliotase a and  b have the same end-groups,  
as well n.~ the same molecular weight °, but  differ in charge, iS is likely t h a t  changes 
in ~mide content  account  for t h e  microheterogenei ty,  as has been found in the case 
of ribonuclease1% Ti t ra t ion  studies on enolase are in progress and  m a y  resolve this 
quest ion,  

Limited proteolyt ic  digestion of enzymes wi thout  loss of ac t iv i ty  has now becu 
accomplished in a rt,imber of cases; the l i terature ha~ been summarized  in other  
placesU, L These findings have led to the formulat ion of tile so-called " j u n k  hypo th -  
esis ''~° of enzyme structure ,  i .¢. the act ivi ty-of  enzymes is a.~sumed to be a~,ssoc~atcd 
with an active site, and a good port ion of the protein molecule is t hougk t  to be 
unessential  for the maintenance  of this sit~'. Vehile the general i ty of ~tii,~ hypothesis  
remains to be established, it .offers a promising approach to the de te rmina t ion  of 
the s t ruc ture  of act ive sites by  chemical  means even in ra ther  large enzymes.  However, 
such studies  are complicated by the  fact  tha t ,  while all of the  p r imary  s t ructure  of 
the protein m a y  not be necessary for ac t iv i ty ,  this  is ~till generally lost by the 
dest ruct ion of the  labile t e r t i a ry  s t ructure .  For example,  eRolase is completely 
inactive in 6 3[ urea% It  is possible t ha t  the metal  present in m a n y  enzymes may  
stabilize the  s t ruc ture  o~ the act ive site, so tha t  metaltoefizyme~ -'t m a y  be more 
promising objects of s t u d y  in this  respect, and,  consequent ly ,  we have ini t ia ted ~t 
this In s t i t u t e  s t ruc tura l  invest igat ions on two enzymes containing f i rmly bound 
metals  (carbonic anhydrase  and a phenol oxidase2-°). 

While the  ac t iv i ty  of the degraded enoiase molecule is unchanged nnder  condi- 
t ions of maximal  ac t iva t ion  (high subst ra te  and Mg ~-+ concentration.), it is likely 
tha t  the kinetic parameters  as well as t empera ture  and pH s tabi l i ty  of the enzyme 
have been al tered,  and  we are a t  present invest igat ing the properties of the " f r a g m e n t "  
in detail .  Studies of ti~e quant i t ies  of the various amino acids l iberated by  the exo- 
peptidases are also in progress. 
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E F F E C T S  OI:  I L L U M I N A T I O N  A N D  O X Y G E N  S U P P L Y  U P O N  

T H E  L E V E L S  O.F P Y R I D I N E  N U C L E O T I D E S  IN C H L O R E L L A  C E L L S  

T A * [ I I , ~ O  OH~I-IA.'~I,\  AND NHIGIUI ' t ) I - [  M I Y A ( ' } t I  

Depa.rtmeut tJ[ l~i,,chemislvv aJ~d Biophys ics ,  aJztl the lnstil*tte o[ ...I ppl ied  ."tl icrobiolog3,, 
UJtiuersily o] Tokyo  { j apau )  

( R e c e i v e d  O c t o b e r  2oth,  t958)  

S U M M A  | { V  

I. Using in tac t  cells of ChIorella, inves t igat ions  were made  on the  effect of l ight 
on the levels of var ious  forms of pyr id ine  nucleotides,  compa red  wi th  tha t  on the  
photogenic  reducing agent  (R), 

2. No form of pyr id ine  nucleot ide  was fotlnd of which the concen t ra t ion  was 
affected in the same m a n n e r  as tha t  of R, which has been known to be p roduced  on ly  
in the  light and  el i lninated comple te ly  in the  dark.  

3- Under  bo th  aerobic and  anaerobic  condit ions,  light decreased the  level of 
DPN+ aud increased the  level of TPN.  Quan t i t a t i ve ly ,  there  was a cor respondence  
be tween these effects. 

4- When  algal cells were t ransfer red  in the  dark  t rom anaerob ic  to aerobic con- 
ditions: a ma rke d  decrease of D P N H  occurred,  the levels of D P N  +, T P N  + and T P N H  
remaining almost  unchanged.  The  decrease of D P N H  in tile light (in No) was assumed  
to  be b rough t  abou t  b y  the b e  p roduced  c o n c o m i t a n t l y  with the  photogenic  fo rma t ion  
of R and effecting the t r -nnfe r  of D P N H  to some subs tance  o the r  t han  DPN +. 

5- I t  was concludeo :hat (a) ne i ther  T P N H  nor  D P N H  i~ the p r ima  W R and  
tha t  (b) one of the  effects caused by  light is the convers ion of I )PN + to T P N .  

1NWRODUCTIOX 

Since the work of CALVIN and his associates 1, 2 it is now genera l ly  agreed tha t  the  re- 
duc t ive  s tep involved  in the  pho tosyn the t i c  cycle is the  t r ans fo rma t ion  of phospho-  
glyceric acid to 3 -phosphoglycera ldehyde ,  an enzymic  react ion tha t  is known to 

A l ) b r e v i a t i * m s :  D P N "  a n d  D I ~ N H ,  oxidized altd r e d u c e d  d i p h o s p h o p y r i d i n e  n u c ! c o t i d c ;  
T P N  1 a n d  T P N f t ,  o x i d i z e d  a n d  r e d u c e d  t r i p h o s p h < l p y r i d i n e  n u c l e o t i d e :  t o t a l  I ) P N  = D P N  + t 
I I I ' N H ;  t o t a l  " I P N  ~ T P N  ÷ + T P N H :  P N  + --  I ) P N *  + T P N * ;  P N H  = I I P N H  + T P N I - [ , ;  
total PN = total ])PN -I- total TPN. 

ReJeyences p. j~o. 


