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Summary 

Aldose reductase (alditol:NADP ÷ 1-oxidoreductase, EC 1.1.1.21) has been 
purified 1500-fold from porcine brain in a four-step procedure employing 
Blue-Sepharose 6B affinity chromatography. The purified enzyme was shown 
to be apparently homogeneous by polyacrylamide gel electrophoresis. The 
enzyme is a single chain polypept ide of molecular weight 40 000, pH opt imum 
5.0, uapp 4 mM; ~-app 3 tzM. The relative substrate activities, activation ~xylose ~XNADPH 
with sulfate ion, and limited oxidative and NADH-related reductive activities 
confirm the classification of this enzyme as aldolase reductase. The activity of 
the reductase with p-nitrobenzaldehyde and 3-indolacetaldehyde and the 
similarity of its physical properties with the ' low K m' aldehyde reductase of 
porcine brain previously reported indicates that these enzymes may be identi- 
cal. 

Aldose reductase (alditol:NADP ÷ 1-oxidoreductase, EC 1.1.1.21) catalyzes 
the reduction of  a variety of  sugars to the corresponding polyol in an NADP ÷- 
linked reaction: 

Aldose + NADPH + H ÷ ~ Polyol + NADP ÷ 

While the enzyme has been identified in a variety of  mammalian [1--8] and 
microbial [9--11] sources, its metabolic significance in many of these cases is 
not  ye t  fully understood.  However, as recently reviewed [ 12], there is consider- 
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able interest in this enzyme because of its postulated role in the development 
of many of the secondary effects of diabetes. Kinoshita [13] has shown a clear 
relationship between the biochemistry of aldose reductase and its physiological 
consequences in his studies of sugar-cataract formation in mammalian lens. 

Although lens tissue is known to contain aldose reductase as the only 
NADPH dependent aldehyde reducing enzyme [2,4,14], brain tissue contains, 
in addition, the enzyme variously referred to as L-hexonate dehydrogenase (EC 
1.1.1.19) or D-glucuronate reductase [3,4,6,14]. Whether the enzymes 
catalyzing the NADPH dependent reduction of aldehydes derived by oxidative 
deamination of biogenic amines in the brain [15,16] are different from these 
enzymes remains to be established. 

In this paper we report the physical and kinetic characteristics of an aldose 
reductase purified from porcine brain by affinity gel chromatography. 

Materials 

DL-glyceraldehyde, xylose, nucleotide cofactors and porcine brain acetone 
powder were obtained from Sigma Chemical Co. (St. Louis, MO 63178). 
Chromatographic support and associated media were purchased from Whatman 
(Clifton, NJ 07014, DE-52 ion exchange cellulose), Pharmacia (Piscataway, NJ 
08854, Sephadex gels and Blue Sepharose 6B) and Bio-Rad Laboratories 
(Richmond, CA 94804, electrophoresis gels and stains). Coomassie Brilliant 
Blue G-250 was purchased from Serva (Heidelberg, F.R.G.). All other materials 
were of Analytical Reagent grade. 

Methods 

Protein determination. Static measurement of protein was performed using 
the methods of Lowry et al. [17] or Murphy and Kies [18]. Column eluate was 
monitored by determining the absorbance at 280 nm. The protein levels of the 
affinity column gradient eluates were determined after dialysis of each fraction 
to avoid the interference arising from the presence of nucleotide cofactor in the 
eluant. 

Enzyme measurement. Enzyme activity was determined routinely at 30°C by 
following the decrease in absorbance at 340 nm on a Gilford 300-N spectro- 
photometer equipped with a Model 4006 data lister, or, when large numbers of 
column eluates were to be tested, on an Abbott ABA-100 bichromatic analyzer 
(fast kinetic mode; 1 : 51, sample : reagent ratio). Each reaction mixture con- 
tained 60 mM phosphate buffer (pH 6.2), 136 uM NADPH, 0.90 mM 
DL-glyceraldehyde. The reaction was initiated by the addition of enzyme to a 
total final volume of 1.10 ml. One unit of activity is defined as that amount of 
enzyme which catalyzes the oxidation of 1 ~zmol NADPH h -1 with DL-glyceral- 
dehyde as substrate. D-Xylose (90 mM) was the substrate used in the deter- 
mination of the pH optimum. Relative enzyme activities in the various frac- 
tions were determined in the same system containing, alternately, 0.9 mM 
DL-glyceraldehyde, 90 mM D-xylose, 9 mM sodium D-glucuronate and 0.23 mM 
p-nitrobenzaldehyde. 

Polyacrylamide gel electrophoresis. Polyacrylamide gel electrophoresis was 
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performed as described by David [19].  Gels with 4, 7.5 and 12% monomer  con- 
centration were run in a similar manner with Tris-glycine buffer  at pH 8.9. Pro- 
tein was stained using Coomassie Brilliant Blue R-250 [20] or G-250 in HC104 
[21].  Staining for enzymic oxidative activity was done in phosphate or 
bicarbonate buffers over the pH range 7.0--9.8, using glycerol, sorbitol, or 
erythritol as substrates and NAD * or NADP ÷ as cofactor  at 37°C [22].  The 
reduced cofactor  was coupled to phenazine methosulfate and nitro blue 
tetrazolium. The reverse of  this approach was used in staining for aldose reduc- 
tion. Gels were incubated at 37°C for 1 h in the routine assay mixture. The gels 
were washed, then incubated in 5 mM phosphate buffer (pH 7.4) containing 
0.1 mg/ml nitro blue tetrazolium and 0.02 mg/ml phenazine methosulfate.  
Reducing activity is evident as a clear band on an otherwise blue gel. 

Molecular weight determinations in the presence of sodium dodecyl  sulfate 
(SDS) were performed by the method of Weber and Osborn [23] using human 
serum albumin (68 000), catalase (60 000), ovalbumin (43 000), yeast  alcohol 
dehydrogenase (37 000) and trypsin (23 000) as standards. 

Gel permeation chromatography. Molecular weight determinations on 
Sephadex G-100 were carried out  as previously described [24] with aldolase 
(158 000), human hemoglobin (65000) ,  hen albumin (45 000), chymo- 
trypsinogen A (25 000) and cytochrome c (12 500) as standards. 

Purification o f  the enzyme. All steps were performed at 4°C in the presence 
of 1 mM dithiothreitol. 

(1) Crude extract. Pig brain acetone powder  was suspended in 5 . 1 0  -3 M 
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Fig. 1• DEAE-ce l lu lose  ion-exchange  c h r o m a t o g r a p h y .  F rac t i on  2 was  appl ied to  the  2•6 X 30 cm c o l u m n  
previous ly  equ i l ibra ted  at 4 ° C  w i t h  5 m M  p h o s p h a t e  b u f f e r  (pH 7.4) ,  I mM in d i th io thre i to l .  E lu t ion  wi th  
t h e  s a m e  b u f f e r  w a s  c o n t i n u e d  unt i l  t h e  u n b o u n d  pro te in  ( f ron  peak,  A 2 8 0 n m )  was c o m p l e t e l y  r emoved•  
Gradient  (50 to  150 rnM) e lu t ion  in the  bu f f e r  w a s  t h e n  in i t ia ted .  Prote in  (o o) ,  e n z y m e  
(e e )  and  conduc t iv i t y  ( . . . . . .  ) m e a s u r e m e n t s  were  carr ied ou t  on  each or  a l t e rna te  5 ml ,  f rac t ions  
(4X c o n c e n t r a t i o n ,  PM-10 A m i c o n  u l t raf i l te r  m e m b r a n e ) •  A un i t  of  ac t iv i ty  as m e a s u r e d  on  the  ABA-100  
is e x p r e s s e d  h e r e  as ~tmol N A D P H  ra in  -1 . 
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Fig.  2. A f f i n i t y  c h r o m a t o g r a p h y  o n  Blue Sepharose  6B.  A n  a l i q u o t  ( 1 0  m g  p r o t e i n ,  f r a c t i o n  3) was  
appl ied to  the  gel c o l u m n  (0 .7  f 7 c m )  in t he  e q u i l i b r a t i n g  a n d  e lu t ing  0 . 0 1  M pho spha te  buf fer  (pH 6 .2) .  
P r o t e i n  (o o)  and e n z y m e  (e e)  ac t iv i ty  ( # m o l ] h )  w e r e  measured .  The  eounter- l igand g r a d i e n t  
(0---0.2 m M  N A D P H )  was m o n i t o r e d  a t  3 4 0  n m (  . . . . . .  ). P r o t e i n  wash fract ions  (13  ml)  a n d  g r a d i e n t  
wash fract ions  (2 .5  ml)  were  c o l l e c t e d  a t  a f l o w  rate o f  0 . 4 3  ml  m i n  - I  . 

Tris-phosphate buffer (pH 7.4) and extracted using a motor driven Teflon and 
glass homogenizer. The resulting homogenate was centrifuged at 48 000 X g for 
30 min. (The same procedure was followed for fresh pig brain using 2 vols. 
buffer). 

(2) (NHJ2S04 treatment. The precipitate sedimenting at 35--80% saturation 
of  (NH4)2SO4 was redissolved in 0.005 M phosphate buffer, pH 7.4, and 
dialyzed 3 times (8 h each) against 10 vols of  the same buffer. 

(3) DE-52 cellulose chromatography. The dialyzed enzyme preparation (frac- 
tion 2) was applied to a (2.6 X 30 cm) column of  DE-52 cellulose previously 
equilibrated in 5 mM phosphate buffer (pH 7.4). The column was washed with 
the same buffer until the absorbance at 280 nm was almost zero then devel- 
oped with a 0.005--0.150 M linear phosphate buffer gradient (pH 7.4) (flow- 
rate 42 ml/h). The column eluate was directed through an (Amicon) on-line 

T A B L E  I 

P U R I F I C A T I O N  S E Q U E N C E  F O R  P O R C I N E  B R A I N  A L D O S E  R E D U C T A S E  

S tep  V o l u m e  P r o t e i n  A c t i v i t y  * P u r i f i c a t i o n  ** 
(ml)  ( rag)  

Tota l  Spec i f ic  Yie ld  Fold  
(%) 

Crude e x t r a c t  3 4 8  17 5 3 0  1 2 8 7  0 . 0 7 3  1 0 0  ( 1 0 0 )  1 (1)  
( N H 4 ) 2 S O  4 1 6 7  3 8 6 5  7 4 6  0 .19  58  (58)  3 (3)  
I o n - e x c h a n g e  (DE-52 )  4 2  59 2 4 4  4 .1  19 (47)  57 ( 1 4 3 )  
A f f i n i t y  gel (Blue  Sepharose  3 4  1 .0  4 4  4 4  3 .4  (8)  6 0 3  ( 1 5 1 7 )  

6B)  

* T o t a l  ac t iv i ty  is expressed  as p m o l  N A D P H  h - I  ; spec i f ic  ac t iv i ty  is g iven as ~ m o l  N A D P H  h - 1 / m g  pro-  
te in.  

** Va lues  in parenthes is  represent  y ie lds  and fo ld  pur i f icat ion  correc ted  for  h e x o n a t e  dehydrogenase .  
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concentrator fitted with a PM-10 ultrafiltration membrane. The characteristic 
elution pattern resulting from this t reatment  is shown in Fig. 1. 

(4) Affinity gel chromatography. An aliquot from the pool of active frac- 
tions from the DEAE-cellulose gradient step (fraction 3), containing about  10 
mg protein, was applied to a (0.7 X 7.0 cm) column of Blue-Sepharose 6B 
(2 ttmol dye/ml gel) equilibrated in 0.01 M phosphate buffer, (pH 6.2). When 
the column wash showed no further evidence of  protein being eluted, a linear 
0--0.2 mM NADPH gradient in phosphate buffer was initiated. The two 2.5 ml 
fractions of  peak activity emerging with the NADPH-gradient (Fig. 2) were 
collected and shown to contain purified aldolase reductase. Protein values of 
the enzyme fractions were determined after dialysis or buffer exchange on 
Sephadex G-25, since the nucleotide interferes with the routine monitoring of 
protein at 280 nm. 

The purified enzyme (fraction 4) was stored at 4°C if it was to be used 
immediately. Otherwise 1 mg/ml of bovine serum albumin was added and it 
was stored frozen at --12°C. A typical purification scheme is shown in Table I. 

Results 

Purification. Approx. 70% of the total reducing activity with D,L-glyceral- 
dehyde as substrate was due to L-hexonate dehydrogenase, which, as indicated 
by the relative substrate activities and electrophoretic behavior of fractions 3 
and 4, (Fig. 1) ig completely separated from aldose reductase in the ion- 
exchange step. Since the remainder of the activity (30%) is due to aldose reduc- 
tase, the yield and fold purification (Table I) is shown to express this fact. If 
the ion-exchange step is omit ted from the purification sequence, the resulting 
yield and specific activity are 11% and 4.8 U/mg, but  the relative substrate activ- 
ities of  this modified preparation remain unchanged. Thus the large amounts of 
contaminating hexonate dehydrogenase appear to be completely removed from 
the reductase by the (NH4)2SO4 and DE-52 ion-exchange chromatography 
steps, or alternatively, by (NH4)2SO4 treatment  and affinity gel chromatog- 
raphy. 

NADPH (0.2 mM) was found to be the most  effective counter  ligand for 
removing the enzyme from the Blue Sepharose 6B. The elutability of the 
reductase was not  affected when 0.05 M NaC1 was incorporated into the irri- 
gating buffer. ATP (10 mM), (10 mM) NAD* and 1 mM NADP ÷ were not  as 
effective as the cosubstrate for aldose reduction in eluting the reductase from 
the column. In fact, ATP and NAD ÷ at these concentrations were found in a 
separate experiment to completely inhibit aldose reductase activity. 

These data indicate that the affinity gel behavior of the enzyme can be 
characterized as biospecific adsorption [25] in which the interaction of  the 
reductase with the Cibacron Blue F3GA ligand is relatively weak. It will be 
recalled that in this gel the ligand is joined directly to the agarose matrix 
throught the triazine moiety,  and no spacer arm is present. 

When fresh frozen porcine brain was used as the source and taken up in the 
same extracting buffer,  comparable yields and activities relative to the equiv- 
alent weight of  acetone powder  were obtained (100 g fresh brain tissue yields 
approx. 20 g acetone powder).  Lower yields resulted if dithiothreitol was 
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absent in either case, or if the temperature was allowed to rise above about  4°C, 
particularly in steps 3 and 4. 

Stability of the preparation 
The purified enzyme gradually lost all activity at 4°C after 5 to 7 days and 

about  90% of its activity upon rapid freezing in an acetone/solid CO2 bath or 
slow cooling to --12°C in a freezer. The addition of  1 mg/ml bovine serum 
albumin stabilized the preparation so that no activity was lost after 50 days at 
--12°C or 2 days at 4°C. All characterization studies were carried out  on the 
freshly prepared enzyme prior to the addition of albumin. Kinetic studies were 
performed on the serum albumin stabilized enzyme after it was established that 
the addition of  albumin did not  alter the relative activities or the apparent Km 
with xylose as substrate. 

Apparent Michaelis constants 
The apparent Michaelis constant  for xylose ITZapP~ in the presence of  ~ x y l  ! 

NADPH (5--136 ~uM) was 4.0 + 0.3 mM. No evidence for xylose inhibition was 
observed up to a concentrat ion of  2 M. KNADP Happ (in 24 mM xylose) was 3.1 + 
0.2 ~M. Enzyme inhibition was observed, beginning at 90 ~M NADPH, and 
increased with increasing cofactor  concentration. At 186 ~zM, the reaction was 
about  15% inhibited, relative to the maximum activity at 60--80 gM. 

pH activity profile 
The activities of the enzyme in phosphate and MES (2-(N-morpholine) 

ethanesulfonic acid) buffers (I = 0.1) at various pH values relative to the 
(optimum) activity in MES at pH 5.0 are shown in Fig. 3. Enzyme activity in 
phosphate buffer at constant  concentration (0.060 M) in the pH range 6.2 to 
7.9 showed no differences relative to the corresponding phosphate buffers at 
constant  ionic strength. Equivalent activities were found in MES buffer at two 
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different ionic strengths (I = 0.05 and 0.1). The activity in 0.06 M acetate 
buffer was less than half that  in MES buffer in the pH range from 5.2 to 5.8. 

When 0.4 M Li2SO4 was incorporated into the 0.06 M phosphate buffer,  the 
activity of the reductase was increased by 60% above that recorded for the 
phosphate buffer in the absence of the lithium salt over the pH range 5.7 to 
6.4. 

Relative substrate activities 
The activities of  varous fractions with several aldehyde substrates relative to 

DL-glyceraldehyde are shown in Table II. The crude and ammonium sulfate 
fractions showed sonle variation in relative activity from one preparation to 
another, reflecting the variation in the fraction of  total activity contr ibuted by 
aldose reductase. Within 1 mM 3-indolacetaldehyde as substrate the activity of 
fraction 4 was 43% of that  with 1 mM DL-glyceraldehyde. If 136 aM NADH 
was substi tuted in the assay with either DL-glyceraldehyde or p-nitrobenzal- 
dehyde as substrate, only about  3--5% of the activity was found, relative to 
NADPH, indicating the enzyme is NADPH specific. No reaction with 450 mM 
glycerol and 115 aM NADP * or 115 aM NAD ÷ was observed for the enzyme in 
glycine-NaOH buffers from pH 8.6 to 10.4. 

The activity of  our preparation with DL-glyceraldehyde as substrate was 
increased about  60% in the presence of  0.4 M Li2SO4. Similar activation was 
observed in the presence of  (NH4)2SO4, suggesting that the SO42- ion is the 
activating species. However,  the relative activities of the other substrates were 
altered (also noted by Hers, see Ref. 1) as indicated in Table II. As a result of  
these variations in the relative substrate activity, Li2SO4 was not  used further in 
the studies described here. 

Electrophoretic and chromatographic behavior 
An aliquot of  fraction 4 containing 30 ug protein yielded a single band upon 

electrophoresis and protein staining on each of the various pore size gels. 

T A B L E  II  

R E L A T I V E  S U B S T R A T E  A C T I V I T I E S  

S t e p / f r a c t i o n  Subs t ra tes  * 

DL-Glycera l -  D-Xylose D-Glucu-  p-Ni t ro-  
d e h y d e  ronate  b e n z a l d e h y d e  

1 Crude  ex t r ac t  100 
2 DE-52  (p ro te in  wash)  100 
3 DE-52  (gradient ,  fract ion  3) 100  
4 Aff in i ty  gel 

(i) Before  r e m o v a l  of  N A D P H  ** 100 
(ii) A f t e r  r e m o v a l  of  N A D P H  100 
(iii) Before  r e m o v a l  of  N A D P H  in the  100  

presence  o f  0.4  M Li2SO 4 

70 410  410 
55 6 5 0  610 
93 58 100 

94 67 110  
91 64 95 
76 30 81 

* Substrate  c o n c e n t r a t i o n s  used  we r e :  0 .90  rnM DL-g lyce ra ldehyde ;  90 m M  D-xylose;  9 mM D-glucu- 
rona t e  0 . 2 3  rnM p - n i t r o b e n z a l d e h y d e ;  136 #M NADPH.  

** F r a c t i o n  4. 
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Assuming a Coomassie Blue R-250 sensitivity of  20 ng of  protein [8],  the 
absence of  additional bands indicates that  no other  protein is present at greater 
than 0.1% of the concentrat ion of  aldose reductase. 

When aliquots of fractions 1 through 4 were stained for aldose reducing 
activity following electrophoresis, a single band corresponding to hexonate 
dehydrogenase was observed in fractions I and 2 and in the protein wash of  the 
DE-52 column. No band corresponding to aldose reductase activity could be 
observed for the reaction in either direction because of the thermal instability 
of the enzyme. 

A single protein band was also seen on SDS polyacrylamide gels. The molec- 
ular weight of  the reductase determined by this procedure was 39 000 + 1600. 

The molecular weight of  the enzyme as determined from the plot  of  the 
calibration curve constructed for Sephadex G-100F was 41 500 + 3000. Only a 
single (symmetrical) protein band was observed by column monitoring of the 
column eluate at 280 nm. 

Discussion 

The rapid general-ligand affinity gel preparation of  porcine brain aldose 
reductase described in this paper achieves a comparable or improved degree of  
purity relative to brain tissue preparations from other mammalian species 
[3,8]. The salt insensitive biospecificity of  our preparation and its elutability 
relative to the Cibacron Blue F3GA affinity ligand with low levels of  NADPH 
as counter-ligand is taken as evidence for the presence of  the dinucleotide fold 
in the enzyme [26]. Gradient or pulse elution with 0.1 mM NADPH, sufficient 
to fully desorb the enzyme, is consistent with the low value for the apparent 
Michaelis constant  of  NADPH. 

A summary compilation of  the physical properties of  several mammalian 
aldose reductases culled from the literature [2,3,5,6,8,14] follows the pattern; 
Molecular weight, 30 000--40 000; pH opt imum between 5.0--6.7; relative 
substrate activities, D,L-glyceraldehyde > D-xylose > D-giucuronate; activity 
with NADH < 20% of activity with NADPH; increased activity in the presence 

rEapp 9--30 mM; negligible reverse reac- 0.4 M SO~-; ZSNADPH,T'rapp 1.2--45 tzM; lXxylose, 
tion. Based on these criteria, the enzyme described in this paper is classed as an 
aidose reductase. Differences are, however, to be noted. For example, the 
molecular weight reported for the ox-brain preparation [3] is 56 000. In con- 
trast to the absence of  SO~- ion activation and the biphasic character of  the 
Lineweaver-Burk plot for D,L-glyceraldehyde reported by Dons and Doughty 
for the calf brain enzyme [8], we observed pronounced SO~- activation and 
linearity in the Lineweaver-Burk plot with xylose as substrate for the procine 
brain preparation. We found no evidence for reductase isoenzymes as reported 
by Gabbay and Cathcart [6]. 

The similarities and overlapping properties of  the NADPH-dependent  
aldehyde reducing enzymes have been recognized by  several groups [15,27,28].  
It is to be noted that the pig brain ' low Km' aldehyde reductase (EC 1.1.1.2) 
described by Turner and Tipton [16] has a similar molecular weight (36 000), 
pH opt imum (5.0) and K~P~DPH (1.2 ttM) to those reported here for the pig 
brain reductase. In addition, our enzyme was found to be active with p-nitro- 
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benzaldehyde and 3-indoleacetaldehyde. The cumulative evidence presented 
here suggests these two enzymes may be identical. 
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