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SUMMARY 

I. Glycerol dehydrogenase from rabbit skeletal muscle has been isolated and 
some properties of the enzyme have been determined to gain information about its 
identity and its biological significance. 

2. The enzyme has been purified 3oo-fold by (NH4)2SO 4 precipitation, gel filtra- 
tion on Sephadex G-ioo and chromatography on DEAE-Sephadex A-5o. 

3. Formation of glycerol and NADP+ is strongly favoured resulting in an 
apparent thermodynamic equilibrium constant of 1.7- I°-6 for the enzyme at pH 7.o 
and 37 ° . 

4. Molecular weight for the enzyme as determined by gel filtration was 
34 ooo ± IOOO. 

5. Using the glycerol dehydrogenase prepared in this study a method has been 
determined for assaying the amount of D-glyceraldehyde in solution. 

6. D-Glyceraldehyde was found to be the preferred substrate but the enzyme 
also catalyzed the reduction of other aldehydes with close structural similarity. 
Dihydroxyacetone, aldoses and ketoses with 5 or 6 carbon atoms were poor substrates. 
The activity of the enzyme with NADH as cofactor was IO 12% of the activity 
with NADPH as cofactor. 

7. The affinity of the enzyme towards reduced compounds was demonstrated 
on acrylamide gels by applying a technique of combining zymogram and protein stain. 
The results confirmed the findings of the assays with the corresponding aldehydes. 

8. Enzyme activity was almost completely inhibited by I mM p-chloromercuri- 
benzoate and to 84~/o by 4 M urea at 25 °. The presence of o. 5 M (NH4)2SO 4 decreased 
enzyme activity by one-third. 

9. Comparison with other enzymes led to the conclusion that glycerol dehydro- 
genase from rabbit skeletal muscle has its own identity and that this enzyme should 
be classified as "glycerol:NADP+ oxidoreductase (D-glyceraldehyde forming)". 

INTRODUCTION 

Several mammalian tissues contain enzymes which catalyze the interconversion 

Abbreviat ion : PCMB, p-chloromercuribenzoate.  
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of glyceraldehyde and glycerol. However, the nomenclature of these enzymes is not 
clearly established yet and has caused considerable confusion in the literature. For 
example, glycerol dehydrogenase activity has been found in rat tissues such as 
liver 1 4,6, skeletal muscle 4-s and other organs4, 5. Aldose reductases (EC 1.1.1.21) with 
reducing activity towards glyceraldehyde have been demonstrated in several rabbit  
tissues 7, calf eye lens 8 and seminal vesicle and placenta of sheep9, TM. A polyol dehydro- 
genase (EC i. I. 1.2 I) which can utilize D-glyceraldehyde as substrate n has been isolated 
from bull seminal vesicle tissue and alcohol dehydrogenases (EC I . I . I . I ,  EC 1.1.1.2) 
from horse liver 12 or from the liver of other vertebrates 13 are also capable of catalyzing 
the reduction of glyceraldehyde. 

Our interest in glycerol dehydrogenase from rabbit  skeletal muscle was at t racted 
by the following findings. To our knowledge, no triokinase (EC 2.7.1.28) or aldehyde 
dehydrogenases (EC 1.2,I.3, EC 1.2.1.4) with activity towards glyceraldehyde have 
been described yet to occur in muscle tissues. In addition, only low glycerokinase 
(EC 2.7.1.3o ) activity has been demonstrated in rat  and rabbit  skeletal muscle 14. 
Therefore glycerol dehydrogenase might provide a link of some importance for the 
metabolism of glyceraldehyde and glycerol in muscle. Secondly, it was intended to 
examine some characteristic properties of the purified enzyme, particularly with 
regard to substrate specificity. The latter was felt to be valuable in order to gain a 
basis for an appropriate nomenclature of the enzyme. 

The present paper deals with the separation and identification of glycerol 
dehydrogenase from rabbit  skeletal muscle. The enzyme is compared to other 
dehydrogenases with similar functions. 

This work has been presented in part  at the i4th annual meeting of the Cana- 
dian Federation of Biological Societies, Toronto, June 1971. 

MATERIALS AND METHODS 

Reagents 
NADPH, NADP +, NADH, NAD +, glycerokinase (Candida mycoderma), ATP 

(Sigma grade) and the aldehydes and sugars used for the substrate specificity studies 
were obtained from Sigma, St. Louis, Mo., U.S.A., except L-glyceraldehyde which 
was purchased from Fluka, Buchs SG, Switzerland. 

Alcohols for the substrate specificity studies were products from British Drug 
House, Poole, England. 

(NH4)2SO 4 (enzyme grade), urea (ultra pure) and non-enzymic molecular weight 
standards were supplied by Mann, Orangeburg, N.Y., U.S.A. 

Reagents for disc gel electrophoresis were obtained from Eastman,  Rochester, 
N.Y., U.S.A. 

Extraction and purification of the enzyme 
Mature rabbits were killed by a blow on the neck and the muscle from the back 

and hind legs removed and chilled immediately. The following procedures were all 
carried out at o-4 °. Muscle was cut into small pieces and homogenized for 3 rain in a 
Waring Blendor (i g of muscle per 4 ml of distilled water). Crude extracts were 
obtained by centrifugation of the homogenates at 20 ooo × g for I h. The supernatant  
fluid was brought to 50% (NHi)2SO 4 saturation by addition of the solid salt followed 
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by centrifugation. The precipitate was discarded and the retained supernatant 
brought to 8O~/o (NH4)2SO 4 saturation. Centrifugation was repeated and the resulting 
precipitate was dissolved in a small volume of 0.05 M phosphate buffer (pH 7.0). This 
fraction was either subjected to further treatment at once or stored at --20 ° . 

The enzyme solution obtained by the previous step was applied to a column of 
Sephadex G-Ioo (io cm × 88 cm) prepared according to the manufacturer's instruc- 
tions (Pharmacia, Uppsala, Sweden). Equilibration of the column and elution of the 
enzyme was achieved with 0.02 M phosphate buffer (pH 7.0). The flow rate was 185- 
I95 ml/h and fractions of 20 ml were collected. Fractions with high specific enzyme 
activity were pooled, concentrated and adjusted to a phosphate concentration of 
o.oi M in a Diaflo Ultrafilter with filter type PM-Io (Amicon, Lexington, Mass., 
U.S.A.). 

Sephadex G-Ioo eluates were chromatographed on a DEAE-Sephadex A-5o 
column (initial size 5 cm × 9 ° cm) prepared according to the manufacturer's instruc- 
tions (Pharmacia, Uppsala, Sweden). The gel was equilibrated with o.oi M phosphate 
buffer (pH 7.o) prior to the application of the sample. The column was developed with 
a continuous salt gradient from equilibration buffer to I.O M NaC1 in o.oi M phosphate 
(pH 7.o). The elution rate was 3o ml/h and the fraction volume was 4.3 ml. Fractions 
with high specific activity were pooled and concentrated as described above. 

Assay of enzyme activity and protein 
Enzyme activity was measured spectrophotometrically at 340 nm in quartz 

cuvettes in x-cm light path. The standard assay mixture contained 125 /,moles of 
phosphate (pH 7.o), 0.5/,mole of NADPH and I/ ,mole of D-glyceraldehyde in a total 
volume of 2.5 ml. The reaction, carried out at 25 °, was started by addition of enzyme 
and absorbance was measured at I-rain intervals for IO rain. Control cuvettes con- 
tained all reagents except D-glyceraldehyde. One unit of enzyme activity is defined 
as the amount of enzyme which converts I/*mole of substrate per rain at 25 ° under 
the conditions as specified above. 

The same assay method as described above was employed for the substrate 
specificity studies except the amount of substrate used was 25-75/,moles per assay 
and the amount of NADPH (or NADH) was increased to 5/,moles. 

Protein concentrations were measured according to the method of LAYNE 1~ 
applying the following equation: 

P r o t e i n  c o n c e n t r a t i o n  ( m g / m l )  --  1.55 × A280 nm --  0.76 × A260 n m  ( I )  

Assay of D-glyceraldehyde 
The syrupy D-glyceraldehyde was kept over "Drierite" (CaSO4) at 2-4 °. An 

aqueous stock solution of about IO mg of D-glyceraldehyde per ml was prepared and 
stirred at room temperature under light protection for I h. The D-glyceraldehyde 
concentration of this solution was determined by the following method. The assay 
cuvette contained 125 #moles of sodium phosphate (pH 7.o), I / ,mole of NADPH, 
4/,moles of MgC12, 3 mg of ATP (disodium salt), a known volume of D-glyceraldehyde 
stock solution and 15/,1 of glycerokinase in a total volume of 2.5o ml. Tile reaction, 
carried out at 37 °, was started by addition of an excessive amount of glycerol dehydro- 
genase. The decrease in absorbance at 34 ° n m  was recorded for 9 ° min after addition 
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of glycerol dehydrogenase. Remaining glycerol dehydrogenase activity was measured 
after 9 ° rain by adding D-glyceraldehyde and recording the change in absorbance per 
min at 34 ° nm. Control cuvettes contained the same reagents as the assay mixture 
except no D-glyceraldehyde was added. 

Apparent thermodynamic equilibrium constant K' 
K' for the enzyme was determined with an assay system containing 125/~moles 

of phosphate (pH 7.o), 0.5/,moles of NADP+ and 0.25 mmoles of glycerol in a total 
volume of 2.5 °ml .  The reaction was carried out at 37 ° and absorbance at 34 ° n m  was 
recorded for 2. 5 h. 

Molecular weight determination 
The molecular weight was estimated by the method of ANDREWS 17 except that  

a Sephadex G-ioo column (1.5 cm × 82 cm) was utilized for this purpose. 

Disc gel electrophoresis 
Disc gel electrophoresis on polyacrylamide was performed according to the 

method of ZWEIG AND WHITAKER TM with gels containing 7% acrylamide and an 
acrylamide/bisacrylamide ratio of 38:1. Both acrylamide and bisacrylamide (N,N'- 
methylenebisacrylamide) were purified by the method of LOENING TM. No stacking or 
spacing gels were used. The samples were run at pH 9.5 and at a current of 2.5 mA/gel 
(25o-4oo V). Electrophoresis, carried out at 2-5 °, was completed after 2-3 h. The gels 
were then stained in 1% Buffalo Black NBR (Allied Chemical, Morristown, N,Y., 
U.S.A.) in 7% acetic acid for I h after which time excess stain was removed electro- 
phoretically. 

Enzyme activity was located on gels by adapting the zymogram method of 
SMITH 2° for lactate dehydrogenase to glycerol dehydrogenase. Electrophoresis was 
carried out as outlined above and then each gel was placed in a solution containing 
6.0 mg of NADP+, 3.5 mg 2-(p-iodophenyl)3-p-nitrophenyl-5-phenyl tetrazolium 
chloride, 0.2 mg of phenazine methosulfate and 0. 9 g of glycerol made up to a total  
volume of IO ml with 0.063 M phosphate buffer (pH 7.0). The gels were stained in 
t ightly stoppered tubes which were protected from light with aluminum foil at 37 ° 
for 45-12o rain. 

A similar staining technique was utilized for the gels of the substrate specificity 
studies except that  the staining solution contained IO mmoles of substrate and the 
staining time was exactly I h. 

RESULTS 

Purification of glycerol dehydrogenase 
Table I summarizes the purification procedures carried out as described above. 
Chromatography on DEAE-Sephadex A-5o revealed the presence of two 

enzymes with reducing activity towards D-glyceraldehyde. Fig. I shows a typical 
elution pattern.  The main peak of enzyme activi ty (I) was eluted at an ionic strength 
of about 0. 9 and was identified, following assay of the fractions using D-glyceraldehyde 
as substrate, as a glycerol dehydrogenase. The small peak of enzyme activity (II), 
eluted ahead of I, was found to contain a dehydrogenase which was not identifiable 
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T A B L E  I 

P U R I F I C A T I O N  O F  G L Y C E R O L  D E H Y D R O G E N A S E  F R O M  400 g OF R A B B I T  S K E L E T A L  M U S C L E  

Purification step 

Crude ext rac t  
50-80% (NH4)2SO4 

satn. ppt.  
Sephadex G-Ioo eluates 

pooled/conc. 
DEAE-Sephadex  eluates*** 

i pooled/conc. 
I Fract ion 4io 
I i  pooled/conc. 

* Units /rag protein. 

Specific Purification Total Yield 
activity* factor (-fold) activity** (%) 

approx,  o.ooi approx.  55 ioo 
o.oo74 7.5 29 53 

0.038 38 8.9 16 

0 , 2 0  

o.3o 
o.0o 5 (approx. 

200 4.3 8 
300 

** Specific act ivi ty × nag of total protein. 
*** I = glycerol dehydrogenase,  I I  = non-specific aldehyde reductase (see Fig. I). 

with glycerol dehydrogenase. The provisional name non-specific aldehyde reductase 
was given to enzyme II. 

Disc gel electrophoresis showed the presence of two major protein bands in the 
pooled concentrated fractions of enzyme I (Fig. 2). One of these bands gave a strong 
zymogram reaction for glycerol dehydrogenase. 

Unless otherwise indicated, the enzyme properties described below are those 
of the pooled concentrated fractions which eluted as the main peak (I) of enzyme 
activity from DEAE-Sephadex A-5o. 

E 
c 
g 
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AA A 2 
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F rQc t ion  NO 

Fig. i. Chromatography  of  glycerol dehydrogenase on DEAE-Sephadex  A-5o. Glycerol dehydro- 
genase act ivi ty (O), absorbance at  280 nln (&), salt gradient  from I = o.o22 (Fraction 7 o) to 
I = I.O22 (Fraction 44o), ( - - - - - ) .  

Biochym. Biophys. Acta, 258 (1972) 40-55 



N A D P + - D E P E N D E N T  GLYCEROL DEHYDROGENASE 45  
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Fig. 2. Ana ly t i ca l  disc gel e lec t rophores is  of g lycerol  dehydrogenase ,  i, pooled and  c o n c e n t r a t e d  
e lua te  f rom Sephadex  G-Ioo  co lumn;  2, pooled and  concen t r a t ed  f rac t ions  co r re spond ing  to 
E n z y m e  I f rom D E A E - S e p h a d e x  A-5 o column.  The  lower b a n d  on the  gel s ta ined  for p ro te in  (P) 
cor responds  to g lycerol  dehydrogenase .  A denotes  gel was  s ta ined  for enzymic  ac i t iv i ty .  P denotes  
gel was  s t a ined  for protein.  

Stability of the enzyme 
E n z y m e  p repa ra t ions  ob ta ined  by  (NH4)2SOa f rac t iona t ion  re t a ined  thei r  

g lycerol  dehydrogenase  a c t i v i t y  for abou t  i yea r  a t  - - 2 o  °. Purif ied enzyme prepara -  
t ions  d id  not  lose the i r  a c t i v i t y  for several  weeks if  t hey  were s tored  as concent ra tes  
(about  IO mg/ml)  a t  p H  6 -  7 and at  o °. 

Hea t  t r e a t m e n t  of  the  enzyme at  55 or 60 ° resul ted  in a loss of 95-IOO% 

T A B L E  I I  

I N H I B I T I O N  O F  G L Y C E R O L  D E H Y D R O G E N A S E  B Y  p - C H L O R O M E R C U R I B E N Z O A T E  (PCMB), 4 M U R E A  

AND (NHa)2SO 4 

S t a n d a r d  error (3 assays) did no t  exceed ± 3% in a n y  case excep t  a t  PCMB conch, of i .o  M and  
2.oM. 

P C M B  conch. % Init ial  Exposure time % Init ial  (NH4)2S04 % Init ial  
(raM) * activity to 4 M urea (h)** activity conch. ( M ) *  activity 

o I o o  

0.004 82 
o.oi  74 
0.04 67 
o. i  54 
0.2 4 I 
0.3 3 ° 
0. 4 20 
I . O  I 

2 . 0  I 

O I O O  O I O O  

0. 5 26 0.05 96 
I.O 16 o.Io 93 
1.5 14 0.20 83 
2.0 14 0.50 67 
2.o*** 47 I .o 57 

* Assays  were pe r fo rmed  as descr ibed in METHODS excep t  v a r y i n g  a m o u n t s  of PCMB or 
(NH4)2SO4 were added  to  the  reac t ion  mix tu re .  

*" A t  25 °, enzyme  assays  were pe r fo rmed  as descr ibed in METIIODS. In  the  absence  of u rea  
a t  25 ° less t h a n  lO% of the  in i t ia l  a c t i v i t y  was  lost  a f ter  2 tl. 

*** At  o °. 
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activity after 3 rain. The presence or absence of substrates did not influence this 
property of the enzyme. Enzyme activity was relatively well preserved at 37 ° : 87% 
after 30min ,  79% after i h, 71% after 2 h ,  65% a f t e r 3 h  and 55% a f t e r 5 h .  No 
measurable protein precipitation occurred during this time period. 

Inhibition experiments 
Glycerol dehydrogenase was inhibited to various degrees by p-chloromercuri- 

benzoate (PCMB), 4 M urea and (NH4)2SO ¢. Table I I  summarizes the results of the 
inhibition experiments with these reagents. 

pH optimum 
As shown in Fig. 3 the enzyme displayed the highest activity over a pH range 

of 5.0 to 7.0. Glycerol dehydrogenase denatured rapidly at pH values below 4 or 
above 9. 

Apparent thermodynamic equilibrium constant K'  
K' for glycerol dehydrogenase was determined in 0.05 M phosphate buffer 

(pH 7.0) at 37 °. Equilibrium was reached after I h and 50 rain to 2 h. K' was calculated 
for the reaction 

Glycerol + N A D P +  ,~ D-glyceraldehyde + N A D P H  -F H+ (2) 

I t  was assumed that  [H +] remains constant at the pH of the buffer throughout the 
reaction. This led to a value of 1.67 (:t: 0.23)" lO -8 which indicates that  the formation 
of NADP + and glycerol is strongly favoured under these conditions. 

1C 

0 ,,,-, 

> 

> ,  

(.9 

• " - - - "  • / • \ m  

\ 
\ 
\ 

/ 
C , " * ' T - * I  I I I 

4 5 6 7 8 9 

pH 

Fig. 3. p H - a c t i v i t y  curve  for r abb i t  musc le  glycerol dehydrogenase .  Ac t i v i t y  d e t e r m i n e d  in 
0.05 M p h o s p h a t e  buffer  (It), in o.05 M ci t ra te  buffer  (A). 

Determination of Km 
The Km values for D-glyceraldehyde and NADPH were determined and found 

to be 1.5" IO 4 M for D-glyceraldehyde and 1.6.1o s M for NADPH. 

Molecular weight 
The molecular weight of the enzyme was found to be 34 ooo :k IOOO. Fig. 4 

shows a plot of elution volume versus log (molecular weight) and the determination 
of the molecular weight for glycerol dehydrogenase. 
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Mo lecu la r  we igh t  x l O  - 4  

Fig. 4. Semi- logar i thmic  plot  of  molecular  weigh ts  of  s t a n d a r d  m a r k e r  p ro te ins  and  glycerol  
d e h y d r o g e n a s e  (GDH) as a func t ion  of  t he  pa r t i t ion  coefficient, Kay. I, a l bumin ;  2, o v a l b u m i n ;  
3, c h y m o t r y p s i n o g e n  A; 4, c y t o c h r o m e  c. Vert ical  ba r s  r ep resen t  s t a n d a r d  error of  the  mean .  

Assay of D-glyceraldehyde 
I)-Glyceraldehyde is commercially available as a syrupy liquid. The percentage 

of o-glyceraldehyde in an aqueous solution was determined to evaluate the amount 
of substrate actually available to the enzyme. This was achieved by  assaying a known 
amount of syrupy o-glyceraldehyde with an excess of glycerol dehydrogenase and 
NADPH. 

I t  was assumed that  I #mole of oxidized NADPH is equivalent to I/~mole of 
D-glyceraldehyde converted. The molar extinction coefficient for NADPH was taken 
as 6.22-io -6 cm2/mole at 34 ° n m  and a light path of I cm (ref. 16). The commercial 
D-glyceraldehyde used in these studies was shown to be free of dihydroxyacetone by 
incubating a large excess of o-glyceraldehyde with glyeerokinase, a-glycerophosphate 
dehydrogenase, triose phosphate isomerase and NADH when no detectable reaction 
occurred. 

I t  was found that  syrupy D-glyceraldehyde (kept over "Drierite" at 2-4 °) con- 
tained 57-61% of D-glyceraldehyde which is in good agreement with the values of 
58-63% reported by  CHARLTON AND VAN HEYNINGEN ~1. Slight differences between 
different commercial batches were observed. For example one batch contained 58 ± 
I %  of D-glyceraldehyde, another batch 59 =c 20/0 . 

The remaining glycerol dehydrogenase activity after 9 ° rain was found to be 
7o-75% of the initial activity. 

The possible influence of depolymerisation of D-glyceraldehyde prior to the 
assay was determined. A stock solution was prepared and the solution was stored at 
room temperature in the dark for 2-3 days prior to the assay of D-glyceraldehyde. 
The values for D-glyceraldehyde content obtained by this method did not differ 
significantly from the values for freshly prepared D-glyceraldehyde solutions. 

The use of the method according to CHARLTON AND VAN HEYNINGEN 21 by us 
for the assay of n-glyceraldehyde yielded the same results as were determined with 
glycerol dehydrogenase. 
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T A B L E  l l I  

S U B S T R A T E  S P E C I F I C I T Y  OI: G L Y C E R O L  D E H Y D R O G E N A S E  

initial velocity of substrates at optinmm substrate concentration expressed re la t ive  to the initial 
velocity of D-glycera ldehyde.  For  e x p e r i m e n t a l  de ta i l s  see text .  

Si~bstrate Relatiw~ Relative 
activity activity 
with N d D P H  with N A D H  

D-Glycera ldehyde  1.00 0.1 o 
DL-Glyceraldehyde o. 84 
L-Glycera ldehyde  o.36 
DL-Glycera ldehyde-3-P o.24 
Dihydroxyacetone o.o 4 o.oo8 
D i h y d r o x y a c e t o n c - P  < o.o02 
F o r m a l d e h y d e  0.04 ~ o.oooi  
Acetaldehyde o.07 o.o03 
Glyco la ldehyde  0.44 0.040 
M e t h y l g l y o x a l  o.8o o.o8 i 
P r o p i o n a l d e h y d e  0.45 o.o2o 
Crotonaldehyde o. 13 
n-Butyraldehyde o.68 o.o 52 
isobutyraldehyde o.59 0.029 
n-Valeraldehyde 0.74 o.o76 
] sovaleraldehyde 0.47 o. 07 i 
n-Hexanal o.09 0.056 
m H e p t a n a l  0.53 o.o52 
D-Ery throse  o.74 o.o78 
D-Ribose 0.05 
D-Lyxose o.o9 
D- ( - -  ) -Arabinose 0.02 
L-(  + ) - A r a b i n o s e  0 . 0 2  
D-( + )-Glucose <0 .004  o 
D-( - - ) -Fruc tose  o,o 
D-Fructose- I-aP < 0.005 
Sodiunl  g lucurona te  < o.o i 
Glucuronolactone 0. ~ S 

Substr ate specificity 
Glycerol dehydrogenase (enzyme I, see Fig. I) was assayed with a number of 

different substrates. The initial velocity obtained with D-glyceraldehyde was taken 
as a standard of unit activity and initial velocities for other substrates, estimated 
under the same conditions, were expressed relative to this standard. The optimum 
substrate concentration for each of the substrates was determined beforehand. Table 
III summarizes the results obtained. Each of these reaction rates was within ~ '~j' 
of its value given in Table III (S.E., 3 assays per substrate). 

When N A D P H  was replaced by equivalent amounts of N A D H  the activity 
exhibited by the enzyme was lO-12% of the activity shown in the presence of NADPH.  

Attempts to apply the spectrophotometric assay method for the reverse reaction 
(alcohol--~aldehyde) were not successful. Therefore, the affinity of glycerol dehydro- 
genase towards reduced substrates was analyzed on polyacrylamide disc gels by using 
the zymogram method. Iqg, 5 shows the results of these experiments with several 
substrates and NADP + as cofactor. The enzyme exhibited strong activity with 1,2- 
propane diol, glycerol, n-butanol, and n-pentanol. 1,3-Propane diol caused consider- 
ably less staining and no reaction was observed with methanol,  ethanol, 1,2-ethane 
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A B C D E F G H I J K L 

Fig. 5. Analytical disc gel electrophoresis pa t te rns  showing the subs t ra te  specificity of glycerol 
dehydrogenase with N A D P  + as cofactor. The gels were stained for enzynie activity with the zy- 
mogram procedure described in the text.  The heavy  bands  at the lower positive end of the gels 
are due to the t racking dye. A, methanol ;  B, ethanol;  C, 1,2-ethane diol; D, n-propanol ;  E, 2- 
propanol ;  F, 1,3-propane diol; G, 1,2-propane diol; H, glycerol; I, H-butanol; J, z-butanol;  K, 
tert.-butanol ; L,  n-pentanol.  

diol, n-propanol, 2-propanol, 2-butanol or tert.-butanol as substrate. Tile gels were 
knowingly overloaded with enzyme to ensure zymogram stains from poor substrates 
as well. It was established that the zymogram stains were caused by equivalent bands 
on the gels by subsequent staining for protein with Buffalo Black NBR (not shown 
here). The pink zymogram stain superimposed on the dark blue protein stain could 
easily be distinguished. Therefore the position of the enzyme band within the whole 
protein pattern of the gel could be evaluated by this technique, 

T A B L E  IV 

SUBSTRATE SPECIFICITY OF NON-SPECIFIC ALDEHYDE REDUCTASE WITH N A D P H  AS COFACTOR 

Initial velocity of subs t ra tes  at o p t i m u m  subst ra te  concentrat ion expressed relative to the initial 
velocity of  I)-glyceraldehyde, For  experimental  details see text.  

Substrate Relative 
activity 

D-Glyceraldehyde i.oo 
Dihydroxyacetone  0.07 
Formaldehyde  o. 19 
Acetaldehyde o. 12 
Glycolaldehyde o.2o 
Methylglyoxal i. 15 
l ' ropionaldehyde o. 58 
n-Butyra ldehyde  i .75 
I sobu tyra ldehyde  i.o 4 
n-Valeraldehyde 2.50 
Isovaleraldehyde 2.i o 
n-Hexanal  3.05 
n -Heptana l  i .9 ° 
D-Erythrose 0. 4 I 
D-(+)-Glucose < o . o o i  
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Non-specific aldehyde reductase (enzyme II, see Fig. I) was also assayed with 
a number of different substrates. Table IV shows the results of spectrophotometric 
assays with NADPH as cofactor. When NADH was used as cofactor no significant 
enzyme activity could be detected indicating that enzyme II  is essentially NADPH 
specific. Zymogram reactions on disc gels (done similarly as shown for glycerol dehy- 
drogenase, Fig. 5) confirmed the findings of the spectrophotometric assays. 

Comparison of Tables I I I  and IV reveals that glycerol dehydrogenase and non- 
specific aldehyde reductase have distinctly different properties. In addition, ttIe 
elution pattern on DEAE-Sephadex A-5o indicates a considerable difference in net 
charge of the two enzymes. This was confirmed by the observation that the two 
enzymes displayed different mobility ratios (Rm, migration of protein band/migration 
of tracking dye) on disc gel electrophoresis. Rm for glycerol dehydrogenase (I) was 
found to be o. 4 to o.5 and Rm for enzyme II was o.2. 

DISCUSSION 

Glycerol dehydrogenase from rabbit skeletal muscle has been purified about 
3oo-fold. The presence of interfering enzymes prevented an accurate determination 
of glycerol dehydrogenase activity in the crude homogenate. Most of these enzymes 
could be separated from glycerol dehydrogenase by (NH4)2SO 4 precipitation. LIN AND 
MAGASANIK 22 encountered similar problems during the purification of glycerol 
dehydrogenase from Aerobacter aerogenes. Gel filtration on Sephadex G-ioo as an 
intermediate step was essential to ensure a considerable purification of the enzyme by 
subsequent chromatography on DEAE-Sephadex as indicated in Table I. 

Treatment at 55 ° or 60 ° denatured the enzyme quite rapidly. Similar results have 
been obtained with purified aldose reductases from placenta and seminal vesicles of 
sheep TM and beef n, 23 although HERS 9 found that crude aldose reductase from sheep 
seminal vesicle was stable at 55 ° if NADP + was present. I t  appears that the pH 
dependence of these aldose reductasesS,l°,n, 2a and glycerol dehydrogenase from rat 
skeletal muscle4, 5 and rabbit skeletal muscle is quite similar. Maximum reduction 
rates for aldehydes were found in a pH range from 5.5 to 7.0 for these enzymes. 

The glycerol dehydrogenase reaction at pH 7.0 strongly favours the formation 
of glycerol and NADP + as demonstrated by the apparent equilibrium constant K '  
(I. 7 • IO 6). This explains why the reverse reaction, i.e. the formation of glyceraldehyde 
and NADPH, could not be studied with the spectrophotometric assay method. How- 
ever, the conditions of the zymogram technique enabled the thermodynamically 
unfavoured reaction to take place. NADPH formed is quickly oxidized back to 
NADP + by the reaction mixture 2° and a large excess of glycerol and NADP ~ is present 
thus facilitating the formation of glyceraldehyde and NADPH. The equilibrium for 
rat muscle glycerol dehydrogenase '~ has also been found to be in the direction of 
glycerol formation (K = 1.6.1o a at pH 7.0). 

The molecular weight for the enzyme from rabbit skeletal muscle was estimated 
to be 34 ooo ~ Iooo which is similar to the values of 28 ooo to 33 ooo reported by 
ToEws 4 for glycerol dehydrogenase from different rat tissues. 

The observations of RIDDLE AND LORENZ 24 that DL-glyceraldehyde is converted 
quantitatively to dihydroxyacetone during paper chromatography in the presence of 
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phosphate had little relevance for the enzymic assay of D-glyceraldehyde with glycerol 
dehydrogenase. This was demonstrated by the low reaction rate of dihydroxyacetone 
with this enzyme (4% of the rate of D-glyceraldehyde) and by the good agreement of 
our results with those of CHARLTON AND VAN HEYNINGEN 21. RIDDLE AND LORENZ ~4 
also measured non-enzymic methylglyoxal formation from DL-glyceraldehyde when 
phosphate was present but this phenomena seems to be negligible as well since only 
about 2% of DL-glyceraldehyde is transferred to methylglyoxal at 4 °0 and pH 7.3 
after 2 h of incubation 24. In addition to that,  methylglyoxal proved to be a very good 
substrate for glycerol dehydrogenase (Table III) .  

The lack of knowledge of the molecular forms of D-glyceraldehyde in solution 
requires special techniques to assay the amount of D-glyceraldehyde that  is actually 
available to the enzyme. Aqueous D-glyceraldehyde might be present in polymerized 
folms25, 2G which would not be distinguished from the monomer by a chemical assay 
method. CHARLTON AND VAN HEYNINGEN 21 have discussed this problem and presented 
a specific enzymic assay for dihydroxyacetone and D-glyceraldehyde. This assay 
includes four different enzymes of which triokinase has to be purified by a time- 
consuming procedure 27. The other enzymes are commercially available in purified 
fornl. 

Other methods have been developed for the determination of glycerol, glycer- 
aldehyde and dihydroxyacetone~8, 29 but they all have certain shortcomings with 
regard to specificity or convenience. A simpler assay for D-glyceraldehyde is reported 
in this paper. 

Our studies indicated that  glycerol dehydrogenase from rabbit  skeletal muscle 
reduced dihydroxyacetone but at a much slower rate than D-glyceraldehyde. Further- 
more,the apparent thermodynamic equilibrium constant indicated that  the formation 
of glycerol and NADP+ was strongly favoured under these conditions. Therefore, the 
enzymic reaction of glycerol dehydrogenase was suitable for the determination of 
D-glyceraldehyde provided this substrate was not contaminated with dihydroxy- 
acetone which can be formed from glyceraldehyde under certain conditions 24, Glycero- 
kinase from Candida mycoderma phosphorylates dihydroxyaeetone as well as glycerol 
and it is also very heat-stable 3°. On this basis a system was developed for the assay 
of o-glyceraldehyde involving only glycerol dehydrogenase from rabbit  muscle and 
glycerokinase from C. mycoderma. Glycerokinase was used in this assay to remove 
glycerol from the assay system and therefore to reduce any possible product inhibition. 

The substrate specificity studies with the rabbit  muscle enzyme showed that  
NADPH is the major cofaetor for this enzyme. These results also gave evidence that  
o-glyceraldehyde is the preferred substrate being reduced about 3 times faster than  
the L-form. The intermediate reduction rate of oL-glyceraldehyde confirmed these 
findings. Examination of the data in Table I I t  reveals that  other substrates with a 
reaction rate of 5O~'o or more of the rate measured with D-glyceraldehyde exhibit a 
considerable degree of close structural similarity. This is particularly evident for 
methylglyoxal, D-erythrose and to some extent for glycolaldehyde and the aliphatie 
aldehydes with 3 to 7 carbon atoms. The low reaction rates for other aldoses such as 
n-ribose, o-lyxose and the arabinoses emphasize that  the enzyme differentiates 
between D-erythrose (C4) and aldoses with 5 or more carbon atoms even if the latter 
have otherwise similar molecular properties. 

The zymogram reaction on disc gels with different alcohols as substrates (Fig. 5) 
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generally confirmed the results as obtained by the spectrophotometric studies with 
oxidized substrates (Table III). The method of combining the zymogram and protein 
stain techniques proved to be very useful for the evaluation of the purity of the enzyme 
and for the planning of further purification steps. The usefulness of this staining 
technique could be further expanded by combining it with size and charge isomer 
studies on disc gels with different acrylamide concentrations. 

Comparison of the properties of glycerol dehydrogenase from rabbit skeletal 
muscle with similar enzymes such as other glycerol dehydrogenases, alcohol dehydro- 
genases and aldose reductases gave strong evidence that the enzyme described in the 
present paper is not identifiable with any of these enzymes (Table V). All these en- 
zymes display reducing activity towards glyceraldehyde and a number of other 
substrates. However, the substrate specificity patterns of glycerol dehydrogenase 
from rabbit skeletal muscle and the other enzymes differ significantly. Glycerol 
dehydrogenase (I) and the non-specific aldehyde reductase (enzyme II) from rabbit 
skeletal muscle display differences in the reduction rates towards aliphatic aldehydes 
(Tables I I I  and IV), e.g. for n-bexanal 69% with enzyme I and 3o5% with enzyme II. 
The different electrophoretic behaviour for these two enzymes gave additional 
evidence that they are not identical. Substantial differences were also found between 
enzyme I and glycerol dehydrogenase from rat skeletal muscle and heart 't. The latter 
enzymes reduced dihydroxyacetone at rates of 29% and 31%, respectively, and L- 
arabinose at rates of 41°/o and 37%, respectively, of the rate of D-glyceraldehyde. 
Aldose reductase from sheep seminal vesicle 9 has a much higher affinity for D-ribose, 
L-arabinose, D-glucose, sodium glucuronate and glucuronolactone than enzyme I. 
Propionaldehyde is reduced 2.5 times faster and D-ribose twice as fast as D-glycer- 
aldehyde by polyol dehydrogenase from bull seminal vesicle tissue n. HAYMAN et al.: 

measmed reduction rates for aldose reductases from several rabbit tissues and found 
very high values for sodium glucuronate and glucuronolactone. A wide variety of 
substrates is reduced by aldose reductase from the eye lens oi calf 8 but these reaction 
rates differ significantly from those of enzyme I. Glycerol dehydrogenase from 
Aerobacter aerogenes 31 prefers NADH as cofactor and it reduces dihydroxyacetone at 
a faster rate than glyceraldehyde. Similar properties have been found for alcohol 
dehydrogenase from horse liver 12. Leuconostoc mesenteroides contains a NADP+ 
dependent alcohol dehydrogenase but this enzyme does not act on glyceraldehyde or 
dihydroxyacetone 32. Polyol dehydrogenase from Candida uti l is  33 has a much higher 
affinity towards L-arabinose and D-ribose than enzyme I. In summary, the substrate 
specificities of all these enzymes compared with glycerol dehydrogenase from rabbit 
skeletal muscle appear to exclude that  these enzymes can be identified with the 
rabbit muscle enzyme. 

There are some similarities, however, between glycerol dehydrogenase from 
rabbit muscle and aldose reductases fronl several sources. Aldose reductases from 
sheep seminal vesicles 1° and from cow placenta 23 are inhibited by urea and PCMB in a 
similar fashion to that reported in this study for glycerol dehydrogenase from rabbit 
skeletal muscle. In contrast to these results (NH4)2SO 4 has a stimulatory effect on 
aldose reductase from sheep ~° and bovine tissuesS, 23, and also on bacterial glycerol 
dehydrogenase 22. However, glycerol dehydrogenase from rabbit skeletal muscle is 
inhibited by (NH4)2SO, (Table II). 

At present, the only glycerol dehydrogenase systematically classified in the List 
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of Enzymes  of the IUB Enzyme Commission a4 is NAD÷-dependent glycerol dehydro- 
genase (EC I . I . I . 61 ,  an  enzyme which catalyzes the reaction, glycerol + NAD+ ~_ di- 
hydroxyacetone + NADH.  This classification obx:iously does not describe the glycerol 
dehydrogenase from rabbit skeletal muscle. 

On the basis of the results repolted in this pa!cer, we propose that the enzyme 
known only under the trivial name NADP dependent glycerol dehydrogenase from 
rabbit skeletal muscle, also be given the systematic classification glycerol:NADP + 
oxidoreductase (D-glyceraldehyde forming) according to the recommendation of the 
International Union of Biochemistry a4 and be incorporated as such in their List of 
Enzymes  a4. 

A C K N O W L E D G E M E N ' f S  

This work has been supported by the Medical Research Council of Canada and 
the Muscular Dystrophy Association of Canada. 

R I t l r l ' ; R E N C I : S  

I H.  P. WOLF AND F. LEUTHARDT, Helv. Chim. Acta, 36 (1953) 1463. 
2 F. LEUTHARDT AND H. ]). WOLF, Helv. Chim. deta, 37 (1954) 1732. 
3 I3. ~vV. MOORE, J. Anz. Chem. Soc., 81 (1959) 5837 • 
4 C. J .  TOEWS, Ph .  I).  Thes i s ,  Q u e e n ' s  University, Kingston, Ontario, Canada, 1967. 
5 C. J .  TOEWS, Biochem..[., 98 (1966) 27C. 
6 C. J.  TOEWS, Biockem. J., lO 5 (1967) lO67 . 
7 S. HAYMAN, ]~I. F. L o u ,  L. O. MEROLA AND J.  H.  KINOSHITA, Biochim. Biophys. Acta, 128 

(1966) 474. 
8 S. HAYMAN AND J.  H.  ]<INOSHITA, J. Biol. Chem., 240 (1965) 877. 
9 H.  G. HERS, Biochira. Biopkys. Acta, 37 (196o) 12o. 

I O T .  HASTEIN AND W.  VELLE, Biochim. Biopkys. Aela, 178 (1969) i .  
1 i l{. L. HANCOCK, Physiol. Chem. Phys., 2 (197 o) 581. 
i 2  A. D. \VINER, Acta Chem. Seand., 12 (1958) 1695. 
13 F. HEINZ AND F. WEINER, Comp. Biochem. Physiol., 31 (19(79) 283. 
14 E .  A. NE;~SHOLME AND K. TAYLOR, Biochem. J., 112 (1969) 465 . 
15 E.  LAYNE, in S. P.  COLOWlCK AND N. O. KAPLAN, Methods in Enzymology, Vol. 111, A c a d e m i c  

P res s ,  N e w  Y o r k ,  i s t  ed., 1957, p. 447- 
16 H . - I ! .  BERGMEYER, 2~4ethods of Enzymatic Ana:ysis, Verlag Chemie ,  \ V e i n h e i m / B e r g s t r . ,  ~st 

ed.,  1965, p. lO3O. 
17 P. ANDREWS, Biockem. J., 96 (19651 595. 
18 G. ZWEIG AND J.  R.  \VHITAKER, Paper Chromatography and Electrophoresis, Vol. 1, A c a d e n l i c  

Press, N e w  Y o r k ,  I s t  ed., 1967, p. 159. 
19 [7. E.  LOENING, Biochen~., J. lO2 (I967)  251. 
2o I. SMITIt, Ct, romatograpkic and Electrophoretie Techniques, Vol. l l, l n t e r s c i e n c e ,  New York .  

21~d ed.,  I 9e8 ,  p. 345. 
21 J.  51. CttARLTON AND 14. VAN HEYNINGEN, Anal. Bioehem., 3 ° (1969) 313 . 
22 F.. C. C. LIN AND B. I~'IAGASANIK, .]. Biol. Chem., 235 (196o) 182o. 
23 \ ¥ .  VELLE AND g .  L. I".N(3EL, Endocrinology, 74 (1964) 429 . 
24 V. RIDDLE AND F. W.  LORENZ, .[. Biol. Chem., 243 (1968) 2718. 
25 \ ¥ .  S. BECK, in  S. P. (20LOV¢ICK AND N. O. KAPLAN, Methods in Enzymology, Vol. [ I I ,  Aca-  

d e m i c  Press, N e w  Y o r k ,  1957, p. 2Ol. 
20 [{. M. C. DAWSON, D. C. ELLIOTT, \ ¥ .  H.  ELLIOTT AND K. M. JONES, Data for B i o c h e m i c a l  

Research, Oxford, 1959, p. 34. 
27 F. HEINZ AND ~V. LAMPRECHT, Z. Physiol. Chem., 324 (19611 88. 
28 J .  K. PINTER, J.  A. HAYASHI AND J.  A. WATSON, Arch. Biochem. Biophys., I 2 I  (1967) 4o4 . 
29 T. NAKAI, M. [(OYAMA AND H.  DEMURA, J. Chromatogr., 5o (197 o) 338. 
3 ° H . - U .  BERGMEYER, G. HOLZ, E. M. KAUDER, H.  MOLLERING AND O. WEILAND, Biochem. Z., 

333 (1961) 471 . 
31 1{. M. BURTON, in S. P. COLOWlCK AND N. O. KAPLAN, Alethods in Enzymology, Vol. 1, Aca-  

d e m i c  Press, N e w  Y o r k ,  I s t  ed.,  t955,  p. 397. 

Biochim. Biopkys. Acta, 258 (1972 ) 40 -55  



N A D P + - D E P E N D E N T  GLYCEROL DEHYDROGENASE 55 

32 R. D. DE Moss, in S. P. COLOWICK ADN N. O. t~APLAN, Methods in Enzymology, Vot. i, Aca- 
denlic Press, New York, I s t  ed., 1955, p. 504 . 

33 B. M. SCHER AND B. L. HORECKER, Arch. Biochem. Biophys., 116 (1966) 117. 
34 Enzynle N o m e n c l a t u r e - - R e c o m m e n d a t i o n s  (1964) of the In te rna t iona l  Union of Biochemis- 

try, Elsevier, Ams te rdam,  1965 . 

Biochim. Biophys. Acta, 258 (1972) 4o-55 


