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Summary 

1. An enzyme whmh catalyzes the  NAD(P)H-hnked reversible reduction of  
uncharged vmmal dmarbonyls and a-hydroxycarbonyls  to L-(+)-glycols has been 
purified from hen's muscle This enzyme has not  been previously described 

2. Accordmg to the  rules of  the I U.P.A C.-I U.B. Enzymes Commlssmn, the 
systematm name of L-(+)-glycol NAD(P) omdoreductase and the tnwal  name of 
L-glycol dehydrogenase are proposed for the enzyme. 

3. Three forms of  this enzyme differing m pI  have been isolated; two forms, 
whmh together represent about  90% of  total  recovered actlwty,  are electropho- 
retmally pure. 

4. Molecular weight, pH profiles and aff imty for substrates are also described. 

Introduct ion 

Prevmus work from this laboratory [1] has demonstrated the presence m 
hen's muscle of  an enzyme whmh catalyzes acetom reduchon coupled to 
NADPH oxidation. The present paper describes a purification procedure,  whmh 
allows us to obtain electrophoretmally pure preparations of  two forms of  this 
enzyme and to isolate a third form m a less pure state, its characterization as 
L-glycol.NAD(P) d e h y d r o g e n a s e -  as far as we know a new e n z y m e -  and 
some of  its propertms. 

Matenals and Methods 

NAD, NADP, NADH and NADPH were supphed by  Boehnnger; a-NADH by 
Sigma. Acetom (BDH) was purified as prevmusly described [2] and dlacetyl by 
fractional distillation through a Hempel column, collecting the matenal  whmh 
dlstlls m the range 88--89°C at normal pressure; 2,3-pentanedlol and hydroxy-  
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butyrate were a gift of Dr St~rmer, Oslo Umverslty, and dmcetylmethylcar- 
bmol was donated by Dr L6pez, then at the Umverslty of Bochum (F R G ). 
Acetylethylcarbmol was synthesized from hydroxybutyra te  by usmg the proce- 
dure recommended by Larsen et al [3]. Calcmm phosphate gel was prepared 
followmg the method of Kelhn and Hartree as descnbed by Dixon and Webb 
[4]. Sephadex was supphed by Pharmacla Fme Chemmals, Amphohtes by LKB 
and hydroxyapat l te  by Blo-Rad All other chemmals and blochemmals used 
were of  the best available grade from Merck, BDH, Fluka, Sigma or Calblo- 
chem The blologmal material consisted of  dissected leg muscles free of  surface 
fat and connective tissue from culled laying hens 

Protein concentrations were generally determined by the bmret method,  as 
described by Chance and Redfearn [5], absorbance measurements at 280 and 
260 nm were used when the protem concentratmn was low and the method of  
Fenner et al. [6] when samples contained Amphohtes. Bowne serum albumin 
was taken as standard. 

Enzyme actlvltms were spectrophotometrmally measured m the reductase 
dlrectmn at 25°C m 0.1 M phosphate buffer, pH 7, 0.2 mM coenzyme and 
4 mM of the appropriate omdlzed substrate. For assays m the reverse dlrectmn 
the concentratmn of  the omdlzed coenzymes was estabhshed at 1 mM and that  
of  the reduced substrate at 64 mM The purffmatmn procedure was momtored 
through the NADPH-hnked acetom reductase reactmn, 1 umt  of  enzyme activ- 
ity is defined as the amount  of  enzyme that  reduces 1 nmol of  acetom per mm 
under assay condltmns. 

Electrofocusmg was performed during 72 h m a 440 ml LKB Svensson and 
Vesterberg column at 0--0 5°C. Electrophoresls m 7 5% polyacrylamlde gels 
(blsacrylamlde/acrylamlde, 1 37 5) was performed at 0--4°C m 0 1 M sodmm 
and potassmm phosphate buffer, pH 7 8, 8 mA/tube (6 mm tuner dmmeter) 
was apphed until the Bromophenol blue used as tracer reached the end of  the 
tube (12 cm), the protem bands were stamed with Coomassm blue following 
the ORTEC procedure [7] Enzyme actlwty m the electrophoresls tubes was 
revealed as dmcetyl reductase by the procedure already descnbed [8] except 
for the following (a) molarlty of the mcubatmn buffer (0.5 M instead of  
0 05 M) and NADH (1 mM instead of  3 mM), (b) the mtroductmn of  a 30 mm 
period of  rest (under dry condltmns, at room temperature) between mcubatmn 
with substrates and staining of  the residual coenzyme, the rest permd being 
tamed at exhausting the reduced pyndme  nucleotlde m the enzyme positron, 
and (c) stammg buffer 0.5 M Tns-H3BO3, pH 9. 

Dmcetyl was determined by using the procedure of  Owades and Jakovac [9] 
and acetom and butylene glycol by a method developed m our laboratory [ 10 ], 
whmh is based on their omdatmn mto dmcetyl after extensive protem<ieple- 
tmn.  Optmal rota tmn was measured m a Perkm Elmer 241 electropolarlmeter 
using the D-line of  the sodmm spectrum as the source of  hght 

Punftcat~on 
The f~rst stages of  the punfmatlon were carned out  using the procedure 

already described [1] Muscles were homogemzed with 5 vol of  cold distilled 
water usmg a blade homogemzer. The homogenate was centrifuged for 10 mm 
at 1500 X g Calcmm phosphate gel was added to the crude extract until 
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10--15% of the enzyme actlwty was bound (usually about 0 5 vol. of  gel with 
2.8 g dried wt. /100 ml) whmh resulted m the adsorption of  about 80% of the 
protem. The gel was removed by centrffugatmn for 10 mm at 1500 × g and the 
supernatant was freeze<ined. 8 g of powder were dissolved m 20 ml of  the elu- 
tmn  buffer (3 mM sodmm and potassium phosphate, pH 7), cleared by centn- 
fugatmn and chromatographed on a column (5 × 50 cm) of  Sephadex G-100. 
These first stages of  purification allowed us to obtain enrichment factors of  
about 80--90 with a ymld of  65--75% of the original achvlty. 

Molecular staving through Sephadex G-75 superfine allowed the estlmatmn 
of the molecular weight of  the enzyme, the result being 28 000, cytochrome c 
(Mr = 12 500), myoglobm (Mr 17 000), chymotrypsm (Mr = 24500) ,  ~-lacto- 
globuhn (Mr = 35 000), egg albumin (Mr = 45 000) and serum albumm (M r = 
65 000) were used as standard proteins. These experiments also revealed that  
the enzyme was essentmlly contaminated with proteins of  low molecular 
weight. Consequently,  after freeze<lrymg, the enrmhed material from Sephadex 
G-100 gel ffl tratmn was redlssolved m water (about 150 mg of  protein/2.5 ml) 
and staved through a bed of  2 5 × 40 cm of  Sephadex G-75 superfine using as 
eluant 3 mM sodmm and potassmm phosphate buffer, pH 7, whmh allowed us 
to obtam enrmhment factors of  170--190 with 50--55% recovery of  the activ- 
ity of  the crude extracts The fractmns selected from the former purfflcatmn 
stage were adsorbed m hydroxyapat l te  beds and eluted with a discontinuous 
molan ty  gradmnt of  sodmm and potassmm phosphate buffer, pH 7, consisting 
of  3 mM (three bed volumes), 10 mM (four bed volumes) and 30 mM (six bed 
volumes). 44--48% of  the activity present m the crude extracts, with a specific 
act lwty of  500--750 U/mg protein, was recovered m the 30 mM fractmn; no 
more enzyme is eluted by increasing the concentratmn of  the buffer up to 250 
mM 

Results 

The result of  electrofocusmg these preparations is shown in Fig. 1. Several 
enzyme forms whmh catalyze acetom reduchon coupled to the omdat lon of  
NADPH were detected, those of  pI 4 8, 6 2 and 7 2 bemg the major ones. Their 
relahve proportions varmd widely m different experiments, but the total  
recovered achwty,  about 35--38% of  that  present m the crude muscle extracts, 
is usually distributed as follows pI 7 2/pI 6.2/pi  4 8 = 10 2 : 1  3 The 
matenal  of  each of  these three mare bands, obtained by performing the electro- 
focusing m the pH range 4--8, was bulked and freed of  sucrose and Amphohtes 
by two consecutive flltratmns (with a freeze<lrymg concentration stage m 
between) through short and wide columns (2 6 × 24.5 cm) of  Sephadex G-25 
coarse. These preparahons can be frozen and stored at --18°C for several 
months  without  notmeable loss of  actiwty. 

Table I summarizes the purffmatlon procedure 
Electrophores~s of the final preparatzons As Fig. 2 shows, the forms of  pI 

7.2 and 6.2 are electrophoretmally pure under the experimental conditions 
used and that  of  pI  4.8 gives wide and diffuse bands of  both protein and activ- 
ity The mobil i ty of  the three enzyme forms ~s very similar 

pH profdes and enzyme stabdzty pH profiles of  the three forms of  the 
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Fig 1 E l e c t r o f o c u s m g  m th e  p H  range 4 - - 8  o f  a pzepazat*on puri f ied to  s tage  5 o f  Table  I (×  × )  
pH gzadlent ,  ( e  e )  e n z y m e  ac t iv i ty ,  (o  . . . . . .  o )  E 2 8 0 n  m after  d*scountmg the  absozbance  of  A m -  
pbo l t t e s  m e a s u z e d  m a b lank  z u n n m g  

enzyme m 0.1 M sodium and potassium phosphate buffer show a plateau 
extending from pH 5 to about pH 6.6 and a descending branch at higher pH 
values At every punfmatlon stage, the enzyme is very stable m both water and 
low molanty  buffers o f  pH 7, prowded that the solutions are mmntamed at low 

r 

? 

a b c 
Fig 2 E l ec t zophozes l s  o n  p o l y a e z y l a m l d e  gel  o f  th e  thzee  f o z m s  o f  the  e n z y m e  obta ined  b y  e l ec tx o fo cus -  
;ng A n o d e  at  t he  b o t t o m  (a)  F o z m  o f  p I  4 8 ,  (b)  f o z m  o f  p l  6 2,  ( c )  f o z m  o f  pI  7 2 Dazk tubes ,  s ta ined 
foz  L-g lycol  d e b y d z o g e n a s e  a c t i w t y ,  c leaz  gels ,  s ta ined foz  p z o t e m  
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T A B L E  II 

R E D U C T I O N  OF D I A C E T Y L  TO B U T Y L E N E  G L Y C O L  AND O X I D A T I O N  OF N A D P H  

R e a c t m n  m i x t u r e  dmce ty l ,  11 98 p m o l ,  N A D P H ,  29 71 ~tmol, e n z y m e  p repa ra t ion ,  f o r m  of  p I  7 2, to ta l  
a c t lw t y  a b o u t  1 0 0 0  U, wa te r ,  e n o u g h  to r each  a to t a l  v o l u m e  of 25 ml  ( the r e a c t m n  m i x t u r e  was n o t  
bu f f e r ed  to  avoid  dlf f lc tdtms m b u t y l e n e  glycol  d e t e r m m a t m n s )  Similar  results  were  o b t m n e d  wi th  the  

e n z y m e  fo rm s  o f p 1 6 2 a n d 4 8  r i d , n o t  d e t e r m i n e d  

T i m e  C o n s u m e d  A c e t o m  Buty lene  Oxidized  
(man) dm ee t y l  ( p m o l )  glycol  N A D P H  

(#mol )  ( p m o l )  (pmol )  

5 7 19 n d  n d  7 26 
10 10 88 9 71 n d 11 22 
90 11 78 8 07 2 64 13 29 

390 11 78 4 47 6 75 19 11 

temperature, but it is easily reactivated in high molan ty  buffers 
Stozchmmetry The stolchlometry of  the reaction was studied by incubating 

at 25°C samples of  the enzyme forms of  pI 7.2, 6.2 and 4 8 with dlacetyl and 
NADPH, permdmally remoxang allquots and measuring dlacetyl, acetoln, butyl- 
ene glycol and NADPH As shown m Table II for the form of  pI 7.2, 1 mol of  
NADPH is consumed per mol of  acetoln measured, and 2 mol for each mol of  
butylene glycol formed This demonstrates that  the enzyme catalyzes the 
reduction of  keto groups to secondary alcohols; in the case studmd (1) dla- 
cetyl + NADPH -~ acetom + NADP, (2) acetom + NADPH -~ butylene glycol + 
NADP 

These results were not due to the presence m our preparations of  two 
enzymes independently catalyzmg the reduction of  dmcetyl and acetom, as 
proved by. (a) The puri ty of  the enzyme preparations used. (b) Dlacetyl reduc- 
tase and acetom reductase actlvltms show entirely parallel elutlon profiles m 
Sephadex G-100 and G-75 superfme chromatographm analyses and in electro- 
focusing fractlonatlons. (c) Enzyme assays with mixtures of acetom and dm- 
cetyl (4 mM each) gave actlwtms clearly lower than the addltmn of  those ob- 
tained with 4 mM acetoln or 4 mM dmcetyl, very similar to the rates reached 
with dlacetyl alone, as expected since dmcetyl is a much better substrate than 
acetom (see Table III). 

Similar results were obtained with the other two enzymatm forms. 
Coenzyme specificity Assays with eqmmolar mLxtures of  NADH and 

NADPH ymlded actlwtms lymg between those obtained in tests with either 
coenzyme, enzyme actlvltms with NADH or NADPH show parallel elutmn pro- 
files m gel fll tratmn and electrofocusmg experiments This proves that  the 
enzyme accepts both pyrldme nucleotldes. 

None of  the three forms of  the enzyme shows measurable actlwty with 
oNADH 
Substrate specificity To investigate the substrate structural reqmrements for 

carbonyl reductmn, a number of  aldehydes, monoketones,  ketoaclds, d~ke- 
tones, ketoacld esters and carbmols were tested (Table III) The highest actlv- 
~tms were found w~th wcmal dhketones and glyceraldehyde, but the enzyme 
also utlhzes ~-ketoacld esters, ~-ketocarbmols, glyoxal and methylglyoxal qmte 
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T A B L E  I I I  

S U B S T R A T E  A N D  C O E N Z Y M E  S P E C I F I C I T Y  OF H E N ' S  MUSCLE L - G L Y C O L  D E H Y D R O G E N A S E  

Act iv i ty  n m o l  o f  subs t ra te  r e d u c e d  pe r  n u n  u n d e r  s t anda rd  assay cond i t ions  b y  100  U e n z y m e  t r ,  trace 
act lv lhes ,  less t h a n  5 n m o l  of  subs t ra te  r e d u c e d  per  m m  Th e  fo l lowing  c o m p o u n d s  were  also tested, 
resul t ing  m e i the r  zero or  t r ace  act lvzhes a c e t a l d e h y d e ,  ace tone ,  3 -bu tanone ,  3 -pen t anone ,  p y r u v a t e ,  
oxa loa ce t a t e ,  c~-ketoglutarate,  2 , 4 - p e n t a n e d l o n e  and  2 ,5 -hexaned lone  

Subs t ra t e  p I  4 8 p l  6 2 p I  7 2 

N A D P H  N A D H  N A D P H  N A D H  N A D P H  N A D H  

Vleinal  d l ca rbony l s  
G lyoxa l  241 81 305  6 59 9 
Methy lg lyo  xal 64  9 373 16 194 34 
Dlace ty l  454  125 537 33 203  101 
2 , 3 - p e n t a n e d m n e  528 143 666 36 217 113 

K e t o a c l d  esters  
E t h y l  p y r u v a t e  390  104  374  29 182 115 
Methy l  p y r u v a t e  259 74 157 0 145 66 

a - H y d r o x y c a r b o n y l s  
G l y c o l a l d e h y d e  99 46 51 t r  35 7 
G l y c e r a l d e h y d e  621 187 549 40 191 110  
A e e t o m  100 29 100 12 100 74  
A c e t y l e t h y l c a r b m o l  225  66 198 13 103  80 
D m c e t y l m e t h y l c a r b m o l  241 56 200 13 101 63 

well, it does not accept acetaldehyde, monoketones,  non-wcmal dlketones or 
free ketoaclds Therefore, the structural reqmrement for the substrate is an un- 
charged carbonyl vmmal to a second carbonyl or hydroxycarbonyl  group. 

As reDorted for other enzymes able to reduce dlacetyl and/or acetom [8,11-- 
17], all three forms of  this enzyme operate much better m the reductase dlrec- 
hon.  Reversibility assays were performed with the more charactenstm of  its 
products 2,3-Pentanedlol was the best accepted of  them, but the raho of  
forward to backward actlvltms was only about 4 1, even when increasing the 
coenzyme and substrate concentrations by a factor of 5 and 16, respechvely, 
with respect to the usual value m experunents m the forward direction. At the 
same concentrations, assays with acetom of  butylene glycol as substrate 
revealed only traces of  acetom dehydrogenase and about 10-tnnes lower butyl- 
ene glycol dehydrogenase than acetom reductase actlwty. Only trace actlwtms 
were equally observed with glycol, glycolaldehyde, glycerol, acetylethylcarbmol 
and ethyl  lactate. 

Some of  the products of  the forward reaction have stereolsomers The stenc 
form of  the reduced compounds obtained was investigated by mcubatmg 
NADPH with a large excess of  dlacetyl to displace the eqmhbrmm of the reac- 
tmn  toward acetom accumulatmn, thus avoiding further reductmn to butylene 
glycol, the a20 value of  whmh is much lower. NADPH oxldatmn was spectro- 
photometrmally momtored and the optmal rota tmn penodmally measured 
(Fig. 3). At the end of  the experunents, acetom and butylene glycol concentra- 
tmns were determined m the reactmn mmture,  no butylene glycol was detected 
and the acetom measured was m agreement with the spectrophotometrm data 
of  NADPH omdatlon.  The acetom produced was shown to be the L-(+~ form, 
with an a2D0 value of  226.4 ° (S.D + 20 5), this value is about twine as high as 
the largest reported for this compound,  but  it is probably the purest L-(+)-ace- 
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Fig 3 Opt ica l  r o t a t i o n  o f  th e  a c e t o m  p r o d u c e d  m the  zeductaon of  d laee ty l  b y  L-glycol  dehyd~ogenase  
I n c u b a t i o n  m i x t u r e  N A D P H ,  0 11 m m o l ,  d lace ty l ,  18 2 m m o l ,  e n z y m e  preparat ion,  a b o u t  500 U o f  the  
pI  4 8 (e  o ) ,  6 2 (o o) or  7 2 (X × )  e n z y m e  f o r m s ,  v o l u m e  8 ml  m 0 2 M sochum and 
potas s ium phosphate  buf fer ,  pH 7 C o n t i n u o u s  l ines,  op t ica l  ro ta t io n ,  dashed l ines,  a c e t o m  f o r m e d  

T A B L E  IV 

A F F I N I T Y  F O R  S U B S T R A T E S  K ~  p V A L U E S  C A L C U L A T E D  A T  pH 7 A N D  2 5 ° C  W I T H  S A T U R A T -  

I N G  C O N C E N T R A T I O N  O F  N A D P H  (0 2 raM) 

Values  of  K m are expressed  m pM and are m e an s  ± S D 

Substrate  p I  7 2 p I  6 2 p l  4 8 

G lyox a l  5 2 2 ±  49 53 ± 3 8  411 ± 19 

M e t h y l g l y o x a l  102  + 5 4 98 + 3 4 - -  
D*acetyl  109  ± 2 5 38 + 2 6 - -  
2 ,3 -Pentaned*one  60  + 1 2 97 ± 2 9 675  ± 53 
G l y c e r a l d e h y d e  26 ± 1 6 29 ± 4 3 566 ± 39 
A c e t o m  2590  ± 186  2 0 1 3  ± 77 2 1 6 4  ± 167  

t o m  ever obta ined ,  since our  preparahons  should  lack  a c e t o m  racemases  (see 
Ref .  18) .  

Coenzyme and substrate affznzty K app values for  N A D P H  and N A D H  were  
es t imated  in. t h e  e n z y m e  f o r m  o f  pI  7 .2 ,  K NADPH-- 3.5 pA~ (S .D -+ 0 12) ,  
KNm ADH -- 167 pM (S D + 17), p /  6 2 form, K NADPH -- 5 4 ~ (S.D -+ 0.16), 

= / ~ N A D P H  --m~(NADH 168 pM (S D -+ 5 1) ,  pI 4.8 f o r m ,  --m = 3 8 /.aM (S D -+ 0 13) 
A f f m l t m s  for  substrates  w i t h  posmble  p h y s l o l o g m a l  mteres t  are s h o w n  m Table  
IV 

Discuss ion  

Enzyme charactenzatzon and nomenclature 
The  e x p e r i m e n t s  d e s c n b e d  d e m o n s t r a t e  that  (a) this  e n z y m e  is an L-(+)- 

d e h y d r o g e n a s e ,  the  revermbfllty o f  w h m h  can be d e t e c t e d ,  a l t h o u g h  it is very 
m u c h  m o r e  e f f l cmnt  m t h e  reductase  d~rection,  (b) it uses  b o t h  N A D H  and 
N A D P H  as c o e n z y m e ;  (c)  its substrates  are a < h c a r b o n y l s ,  w h m h  are trans- 
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formed m two independent stages in L-(+)-glycols, the reductmn of  the f~rst 
carbonyl group leading to a-hydroxycarbonyls,  also accepted as substrates for 
glycol production In our opmlon,  according to the rules for enzyme classffma- 
tmn  and nomenclature of  the I.U.P.A C -I U.B. [19], this enzyme must receive 
the systematic name of  L-(+)-glycol NAD(P) oxldoreductase and the tnwal  
name of  L-glycol dehydrogenase. 

As far as we know this enzyme has not  been described until now It has been 
reported the punfmatlon and properties of a rather similar form from Aero- 
bacter aerogenes which converts dmcetyl and 2,3-pentanedmne to acetom and 
acetylethylcarblnol and these to 2,3-butanedml and 2,3-pentanedlol, respec- 
tively, but  it fails in reducing other a-dlcarbonyls and a-hydroxycarbonyls 
as well as m oxidizing some glycols and, on the other hand, does not  accept 
NADPH or NADP either as substrates or as lnhlbltors [3,20] 

Purification 
A number of  commonly  used techniques of  protein purification were tried 

and discarded, such as precipitations by salts, heat, acids or solvents, mmc 
exchange on CM- and DEAE~ellulose and affinity chromatography on NAD- 
Sepharose 4B The purification procedure which was fmally adopted, although 
rather t ime consuming, has some advantages it allows us to obtmn electropho- 
retmally pure enzyme preparatmns of  at least the two major enzyme forms, it 
uses only very mild treatments not  hkely to alter the natural properties of  the 
enzyme, and it results in a very h ~ h  final ymld The latter seems partly due to 
the behawour of  impure preparatmns durmg the Sephadex filtrations, m which 
greater than 100% recoveries are systematically obtamed; this suggests the pres- 
ence m the aqueous muscle extract of  some inhibitor accompanying the 
enzyme m the first stages of  purification On the other hand, the enrichment 
factors m Table I for each of  the three isolated forms of  the enzyme are proba- 
bly underestimated, smce they have been calculated with respect to the whole 
orlgmal actlwty (which is due to all the enzymatic forms) and not to that  of  
each Individual enzymatm specms. Were the d l smbu tmn  of  the three purified 
forms m the original tissue the same as that  observed at the end of  the purlfma- 
t lon process, the enrichment factors would be 5300 (form of  pI 7 2), 20 000 
(form of  pI 6.2) and 5000 (form of  pI 4.8). 

Mtcroheterogenezty 
The existence of  multiple molecular forms of  an enzyme is a frequent and 

well known phenomenon detected m no less that  15% of the enzymes char- 
actenzed to date [21]. To explain the heterogeneity of  the enzyme described 
here the hypothesis to be formulated has to account for its behawour as a 
smgle species durmg all the purffmatlon stages previous to electrofocusmg and 
for the fact that  all forms of  the enzyme show equal electrophoretlc mobility 
at pH 7 8 (electrophoresls at higher pH values than this leads to great dlffmul- 
ties in enzyme detection,  at lower pH values enzyme migration is extremely 
slow) Since the molecular weights of  all the enzymatm forms seem to be 
equal, in wew of  the narrow elutlon bands observed m Sephadex G-75 super- 
fme filtrations, it is likely that  the three molecular species have only minor dif- 
ferences m amino acid composition. These differences should imply groups 
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whmh remam essentmlly uncharged at the  electrophoresls pH, but  are mmzed 
in the pH range o f  their  lsoelectnc pomts,  1 e ,  catlomc groups with pK values 
of  about  6.5; hlstldme lmldazole fulfil these condltmns 

Physzologlcal substrates 
Apparent  Mmhaehs constants for  NADPH and NADH mdmate that  the 

enzyme must operate m vlvo mainly with NADPH, smce the physmlogmal con- 
centratmn of  this is about  10--30 Km NADPH while tha t  of  the latter is only 
about  0 5 ~m/(NADH" The lack of  reports  on the  concentra tmns in avian muscle or 
similar systems of  most of  the compounds  the enzyme uses as substrates makes 
it very dfffmult to speculate about  whmh of  them can be considered as physm- 
logmal Nevertheless, acetom, the  compound  used for detecting enzyme achv- 
lty durmg the p u n h c a t m n  procedure,  must be a poor  substrate, since its K ~  p 
value is about  300-times higher than the lukely physmlogmal concent ra tmn 
[22,23] 
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