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SUMMARY 

Uridine diphosphoglueose (UDPG) dehydrogenase (UDPglucose:NAD + oxido- 
reductase, EC 1.1.1.22) has been purified to apparent homogeneity from rat  liver 
supernatant (lO 5 ooo × g). Tile enzyme was found to be NAD + specific and had maxi- 
mal velocity at pH 9.4. I t  was also fairly active at pH 8.6 and under these conditions, 
it was allosterically inhibited by UDPxylose. However, at pH 9.4 the inhibition by 
this compound was competitive in nature. In the absence of the coenzyme, the enzyme 
could bind the substrate rather firmly. The binding of the substrate at pH 9.4 was 
accompanied by alterations in the protein resulting in partial dissociation of subunits 
as could be seen from the elution profiles on Sephadex G-ioo. The addition of the 
coenzyme prevented these changes. The enzyme showed an approximate molecular 
weight of 300 ooo and seemed to be tetrameric after sodium dodecyl sulphate treat- 
ment. The kinetics of the enzyme in the native form and the dissociated state showed 
variations in affinity for the substrate with the respective Km values of 7.56. IO -~ M 
and I" lO -3 M. This was in keeping with the amount of substrate ([U-~4C]UDPG) re- 
tained on the kinetically inactive enzyme in undissociated and dissociated forms. The 
results show that  the pH-dependent  loss of regulatory property was related to the 
substrate-induced partial disaggregation of the protein. 

INTRODUCTION 

The enzyme uridine diphosphoglucose (UDPG) dehydrogenase (UDPglucose: 
NAD + oxidoreductase, EC I. i . i .22) is not only involved in the biosynthesis of glucur- 
onic acid 1 but also mediates in the initial reaction of the glucuronic acid cycle 2 and 
the biosynthesis of ascorbic acid 3. The peculiar kinetics of this NAD + linked conver- 
sion of UDPG to uridine diphosphoglucuronic acid (UDPglucuronic acid) has at tracted 
several investigations on the mechanism of its action 4-1~. I t  has been shown that  for 2 
moles of NAD + reduced, approx, i mole of UDPglucuronic acid was obtained4-~, 11. I t  
has been presumed that  any intermediate involved in this four electron transfer reac- 
tion must remain tightly bound to the enzyme 4. 
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Despite its ubiquitous occurrencO, UDPG dehydrogenase has been purified 
from relatively few sources 4,a,1a-16. The enzyme from calf liver which has been investi- 
gated in fair detail has been prepared in a high state of pur i ty  :),1~. An a t t empt  has been 
made in this paper to purify and characterise UDPG dehydrogenase from rat liver in 
which the presence of glucuronic acid as well as ascorbic acid synthesising mechanisms 
are recognised2, a. I t  has been shown that  the enzyme can exhibit two conformational  
states differing in kinetic and other properties depending on pH. 

MATI¢RIALS A N D  M E T H O D S  

Materials 
All biochemicals including UDPG, UI)Pglucuronic acid, UDPxylose,  NAD ~- and 

NADP~ and DEAE-cellulose (o. 9 mequiv) were obtained from Sigma Chemicals Co. 
[U-14C]UDPG was purchased from Calbiochem and Sephadex G-lOO resin from 
Pharmacia.  All other chemicals of highest pur i ty  were procured from standard 
sources. 

Preparatio~z of tissuc extract 
Male rats (Wistar) weighing 200 25 ° g fed on laboratory stock diet were sacri- 

riced by cervical dish)cation. The liver was excised, ctfilled and homogenised in o.25 M 
sucrose to make a IO% suspension. The homogenate  prepared from 3o-4o g of rat 
liver was centrifuged at 45 ooo rev./min (lO5 ooo x g) for I h in a Beckman Model 
L-2-65B preparat ive ultracentrifuge, and was used as the enzyme source. 

Assay of UDPG dehydrogenase 
Tile enzyme activi ty was est imated by tile method of Strominger ct al?. The 

reaction mixture consisted of i .o ml of o. i M g lyc ine-NaOH buffer (pH 9.4) containing 
1. 5/*moles of UDPG, I.O/,mole of NAD + and o.I ml of enzyme extract. The incuba- 
tion was carried out in a cuvette at room temperature and the increase in absorbance 
at 34o nm was measured in a Shimadzu Model QV-5o spectrophotometer .  The unit  of 
enzyme act ivi ty has been expressed as the amount  of enzyme required to give an 
increase in absorbance of o.ooI per min under the conditions employed. 

Protein estimations 
Protein estimations were carried out spectrophotometricallylL hi  some deter- 

minations the method of Lowry et al? s was employed, with bovine serum albumin as 
standard.  

Other analytical methods 
The absorption spectral analyses of the purified enzyme with or without  the 

substrate were carried out  on a Perk in-Elmer  DB Model 124 spectrophotometer  
coupled with Hitachi  Model 165 recorder. 

The radioact ivi ty  was est imated on a Beckman Model LS-Ioo  Liquid Scintilla- 
tion Spectrometer. The composition of the scintillation liquid was as s tated by  Brayl~k 

Biockim. t3iophys. Acta, 276 (I972) 43-52 



RAT LIVER U D P G  DEHYDROGENASE 45 

EXPERIMENTAL AND RESULTS 

Purification of rat liver UDPG dehydrogenase 
All opera t ions  were carr ied out  a t  0 -  4 °C and centr i fugat ions  were per formed in 

a Sorval l  RC-2B ref r igera ted  centr ifuge using SS-34 ro tor  a t  15ooo rev . /min  for 3o 
min. Table  I summarises  the  act ivi t ies  and  recoveries of the enzyme at  var ious  s teps 
employed  for purif icat ion.  

"['ABLE I 

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

Volume Total Total  Spec i f i c  Recovery 
(ml) protein activi ty activity (%) 

(rag) (units) (units/rag) 

Rat liver supernatant 
(Io 5 ooo × g) 26o.oo 3689 36 4oo 9.86 ioo 

Anlmonium sulphate 
(25 50% saturation) 50.00 633 20 ooo 31.6o 55 

Dialysis 57.00 633 25 935 4 °.80 71 
Heat treatment 60.00 288 21 600 75 oo 59 
DEAE-cellulose 31-5 ° 55 20 900 380.00 57 
Sephadex G-ioo 15-oo 7-9 16 400 2075.00 45 

Ammonium sulphate fractionation. The supe rna t an t  ob ta ined  from ra t  l iver  
homogenates ,  p repared  as s t a t ed  above,  was b rought  to 25% sa tu ra t ion  b y  adding  
solid (NH4)2SO 4 and  was allowed to s t and  for 30 nfin. The p rec ip i t a te  ob ta ined  af ter  
cent r i fugat ion  was d iscarded and the supe rna t an t  was b rought  to 5o% sa tu ra t ion  b y  
fur ther  add i t ion  of  the salt .  The prec ip i ta te  ob ta ined  af ter  s t and ing  for I h was centr i-  
fuged and dissolved in o.I  M sodium phospha te  buffer (pH 6.2). 

Dialysis and heat treatment. Ttle enzyme thus  p repared  was d ia lysed  agains t  the 
same buffer for 3 h b y  making  changes at  i h intervals .  The appa ren t  increase in the  
recovery  of  the enzyme af ter  dialysis  ind ica ted  t ha t  the  sal t  inh ib i ted  the  ac t iv i ty .  

The samples  from different ba tches  were pooled and the p H  was ad jus t ed  to 5.5 
using di lute  acetic acid. The enzyme solut ion was then hea ted  in a wate r  ba th  a t  54 °C 
for 2 rain and quickly  cooled in ice. The prec ip i ta te  formed dur ing this t r e a t m e n t  was 
d iscarded and the solut ion rich in enzyme ac t iv i ty  was lyophil ised.  

DEAE-cellulose chromatography. The lyophi l ised p repa ra t ion  (288 rag) was dis- 
solved in the  buffer and  ba tches  conta ining 50 mg of prote in  were loaded on the 
DEAE-ce l lu lose  column. E lu t ion  was carr ied out  wi th  sod ium-phospha te  buffer p H  
6.2 and wi th  a l inear  g rad ien t  of NaC1 (o.o5-1.o M) as shown in Fig. I.  The enzymat ic -  
al ly act ive samples  were pooled and lyophilised.  

Sephadex G-Ioo gelfiltration. The lyophi l ised powder  (5 ° rag) was dissolved in 5 
ml of  phospha te  buffer p H  6.2 and then ch romatographed  on Sephadex  G-Ioo  column 
(2.1 cm × 60 cm). The elut ion was carr ied out  for 3 h and 5-ml fract ions were col- 
lected in an au toma t i c  f ract ion collector (LKB Ul t ro-Rak) .  The enzyme was e lu ted  in 
a single peak  which on r e c h r o m a t o g r a p h y  presented  the profile shown in Fig. 2. 

The pu r i t y  of the  p repa ra t ion  thus  ob ta ined  was tes ted  on po lyac ry lamide  disc 
gel e lectrophoresis  as shown in Fig. 2 by  s ta in ing with amido  b lack  2°. The U D P G  
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Fig. I. C h r o m a t o g r a p h y  on Dl~2AE-cellulose. The p r e pa ra t i on  of r a t  l iver  UI )PG dehydrogenase  
ob t a ined  af ter  hea t  t r e a t m e n t  (5o.o nlg protein)  was appl ied  to  the  co lumn (i c m x  5 ° cm). The 
e lut ion was carr ied  out  us ing o.l M sodiunl  phospha t e  buffer (pH 6.2) and  a l inear  g r ad i en t  of 
NaC1 be tween  o.o 5 l .o M. Frac t ions  of 3.5 ml were collected. The enzyme a c t i v i t y  was recovered 
in the  tube  Nos shown by  the  do t t ed  line. 
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Fig. 2. Gel f i l t ra t ion  of r a t  l iver  U D P G  dehydrogenase  on Sephadex  G-ioo.  The enzyme  prote in  
(8.o m g ) d i s s o l v e d  in 2.o m l o f o . I  M sod ium phospha t e  buffer p H  6.2 was loaded on to  a co lumn 
(2. I CUl X 60 cm)  prev ious ly  equ i l ib ra t ed  wi th  the  buffer. E l u t i o n  was  carr ied out  w i th  the  same 
buffer, col lect ing 5-illl f ract ions.  The  inse t  shows the  po lyac ry l amide -ge l  e lec t rophore t ic  p a t t e r n  
us ing  5 mA cur ren t  per t ube  for 4 ° min  a t  room t empera tu r e .  The pro te in  ( ioo / ,g )  was appl ied  
t o  a o /  7.5 ,o ac ry lau l ide  gel. 

dehydrogenase activity was also located in the same band by staining with phenazine 
methosulphate and nitroblue tetrazolium 14. 

Properties of the enzyme 
Rat liver UDPG dehydrogenase seemed to have two pH optima as shown in 

Fig. 3. Though the velocity of the reaction was maximal at pH 9-4, appreciable activi- 
ty was also apparent at pH 8.6. For lower ranges between pH 6 8, sodium phosphate 
buffer (o.I M) was used while for pH values 7.2-9.0 Tris-HC1 buffer and for 8.6 IO.O 
glyeine-NaOH buffer of the same molarity was employed. 
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Fig. 3- Dependence  of r a t  l iver  U D G P  dehydrogenase  on pH.  

The enzyme activity was not affected by EDTA in the concentrations lO-5-1o -4 
M indicating that  there was no metal ion requirement. 

NADP + could not replace NAD + for the hydrogen transfer involved in the reac- 
tion. 

The molecular weight of the purified UDPG dehydrogenase was determined to 
be 300 ooo using Sephadex G-Ioo 21. The standard proteins used in these determination 
were fibrinogen (34 ° ooo), bovine serum albumin (69 ooo), yeast hexokinase (96 ooo) 
and cytochrome c (12 800) as shown in Fig. 4. 

To obtain an insight into the subunit structure of the protein, UDPG dehydro- 
genase was treated with I~o sodium dodecyl sulphate in o.I M sodium phosphate 
buffer, pH 7.2; the mixture was then incubated at 37 °C for 3 h22. This was then 
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Fig. 4. Molecular  we igh t  d e t e r m i n a t i o n  of r a t  l iver  U D P G  dehydrogenase  us ing Sephadex  G-ioo.  
The  sample  loaded  and the  co lumn size are as s t a t ed  in Fig. 2. The e lu t ion  vo lume  (Ve) for each 
p ro te in  a s s t a t e d  in the  t e x t  was measured ,  the  bed vo lume  (Vt) and  void  vo lume  (Vo) being 2o 7 
and  59 ml, respect ive ly .  F low ra t e  was  n l a in t a ine d  a t  o.6 to  o. 7 ml  per  minute .  Kay was  ca lcu la t ed  
as (Ve -- Vo)/(Vt -- Vo). SDS -- sodium dodecyl  su lpha te ;  BSA = bovine  se rum a lbumin .  
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passed through Sephadex G-IOO column previously equilibrated with i% of the 
detergent. The single peak that showed up indicated an apparent molecular weight of 
7 ° ooo as indicated in Fig. 4. It  therefore seemed that the enzyme was tetrameric and 
possessed equal sized subunits. 

Enzyme kinetics 
The time course of activity at pH 9.4 showed that the enzyme reaction was 

almost complete within 3 rain with the entire UDPG in the assay system being 
stoichiometrically converted to UDPglucuronic acid as determined by the orcinol 
method 2a. 

The apparent Km (Michaelis constant) of the rat liver enzyme at pH 9.4 calcu- 
lated 24 from the rate of reaction with different concentrations of UDPG, keeping 
NAD + level constant at I.o #mole/ml, was found to be 7.56" IO -~ M. The Km (NAD ~) 
was similarly determined to be 3.30" IO 4 while keeping UDPG level at 1. 5 #moles/ml. 

Allosteric nature of the enzyme 
The earlier studies with calf liver UDPG dehydrogenase have indicated that 

UDPxylose exerts allosteric inhibition on the enzyme la. Therefore, the effect of this 
compound on rat liver UDPG dehydrogenase was ascertained. The varying concen- 
trations of UDPxylose were added to the assay mixture as shown in Fig. 5. I t  was 
observed that co-operative interactions were apparent only at pit  8.6. The Hill plot 
made of UDPxylose inhibition at pH 8.6 is presented in tile inset of Vig. 5. The Hill 
coefficient calculated as the slope of the plot 25 was found to be 2.2 suggesting the 
number of interacting sites 2s. However, at pH 9.4 the enzyme was inhibited compete- 
tively in a linear fashion with increasing concentrations of UDPxylose with a K, of 
9.1o 5M. 
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Fig. 5- The inhibition of ra t  liver UDPG dehydrogenase by  UDPxylose.  The responses have been 
determined at  p H  8.6 and 9-4, respectively, as indicated. The inset shows a Hill plot with reference 
to varying concentrat ions  of the inhibitor at pH 8.6. 

Biochim. Biophys. Acta, 276 (1972) 43--52 



RAT LIVER U D P G  DEHYDROGENASE 49 

Enzyme substrate interaction 
Earlier studies carried out with calf liver UDPG dehydrogenase presumed that 

the substrate becomes firmly bound to the enzyme and the product UDPglucuronic 
acid is released only after the reaction is complete4-8,1~. An attempt was therefore 
made to assess the enzyme-substrate interaction with the rat liver preparation. The 
experiments were performed at pH 6.2, 8.6 and 9.4, respectively. 

The enzyme preparation (3 rag) was dissolved in o.z M phosphate buffer, pH 6.2 
or 8.6, or o.I M glycine-NaOH buffer, pH 9.4. The mixture was incubated at room 
temperature for IO min with addition of UDPG (15 #moles). I t  should be noted that 
NAD + was not added in these experiments, so that the enzyme reaction would not 
proceed and the protein would be functionally static. The mixture (1.5 ml) was then 
passed through Sephadex G-Ioo column (60 cm × 2.1 cm) with elutions carried out 
with the same buffer in which the enzyme preparation was initially dissolved. The 
fractions (5 ml each) were collected for a 3-h period using an automatic fraction col- 
lector (LKB ULTRO Rac). The absorbance of the collected samples was measured at 
260 and 28o nm. In preliminary experiments, absorbance spectra of components in 
the mixture were recorded individually in the range 200-37 ° nm. It  was observed 
that UDPG gave a maximum at 260 nm while the enzyme preparation gave an 
absorbance maximum at 280 nm. 

0 . 4 0  

i 0 . 3 0  pH 8"6 -- 3 0 0  

.c 
E 

0 - 2 0  --  2 0 0  

0-10 -- I 0 0  

CL 
- t  I I o 

o 0 . 4 0 -  > 
z 5 
< pH 9"4 < 

0-30 300 ~ 

0 0 . 2 0  2 0 0  

"~ 0'10 \ 1 /  - -  I 0 0  

, ,4",, 
IO 15 20 25 30 

FRACTION NO. 

[;ig. 6. Elut ion profiles of U D P G  dehydrogenase on Sephadex G-ioo in the presence of subs t ra te  
at  p H  8.6 and 9-4. The details are s tated in text.  The protein  was est imated spectrophotometr ical-  
ly by  measur ing the absorbance at 280 nm and the enzyme act ivi ty as changes  in absorbance at  
34 ° n m .  In  radioact ivi ty exper iments  IU-14CIUDPG (15/*moles) containing 2.8. lO 5 cpm was 
added to 3 mg of the enzyme prior to gel filtration. The absorbance at 260 n m  of the subs t ra te  in 
different tubes  was observed to be concurrent  with the radioactivi ty observed in these samples;  
hence the former  has  not  been shown in this figure. 
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At pH 6.2 the enzyme and UDPG were eluted separately from the Sephadex 
G-Ioo column. The protein component separating in tube Nos I4-~6 was enzymatical- 
ly active when incubated with UDPG and NAD + in glycine-NaOH buffer, pH 9.4- 
The substrate appeared essentially in tube Nos 4o-45 (not shown). The data, there- 
fore, did not indicate any binding of the substrate when the mixture was chromato- 
graphed at pH 6.2. However at pH 8.6 a part  of UDPG in the mixture eluted out 
with the protein component as shown in Fig. 6, thus showing formation of enzyme- 
substrate complex. This was confirmed by using [UJ4C]UDPG (I.O ~Ci) in the experi- 
mental  conditions as described above. The radioactivity was scanned in all the frac- 
tions obtained from the Sephadex G-ioo column and was observed to be bound to the 
enzymatically active peak. 

The profile obtained at pH 9.4 was different since at least two protein peaks 
were eluted in different fractions (Fig. 6) and only one of these was enzymatically 
active. The approximate molecular weights of these separating protein components 
were observed to be 23o ooo and 7 ° ooo, respectively, pointing to the probability that  
one of the subunits of this tetrameric protein was becoming detached. The substrate 
was eluted with the active component indicating that  some of the UDPG was firmly 
bound to the protein. When the enzyme alone was passed through Sephadex G-Ioo 
column at this pH, there was no apparent dissociation of the protein, suggesting that  
these alterations were related to the binding of the substrate. The addition of NAD~ 
to the mixture also prevented this disaggregation. 

Experiments were also carried out to see if NAD ~ alone could bind the enzyme 
using the same method as stated above, in which NAD + (but not UDPG) was added. 
We could not, however, observe any binding of the coenzyme in the experimental 
conditions employed. 

Differences in the native enzyme and the dissociated protein 
The Km values of rat  liver UDPG dehydrogenase and the enzymatically active 

component of the protein separating after dissociation (Yig. 6) showed significant dif- 
ferences. The Km value of the dissociated protein for the substrate (UDPG) was found 
to be I.O. IO a M which was approx. 13 times higher than that  of the native enzyme as 
stated above, suggesting reduced affinity of the enzyme for the substrate. 

The amount of radioactive substrate retained on the enzyme was assessed to be 
3.7 and 2.6 moles per mole of the enzyme in undissociated and dissociated states, 
respectively, during the procedures described above. The substrate binding therefore 
appeared to be one equivalent per subunit. 

DISCUSSION 

The extent of purification of rat  liver UDPG-dehydrogenase accomplished in 
the present studies points to apparent homogeneity of the preparation. The activity 
could not be detected with whole homogenates but became apparent only in the 
supernatant fraction as reported for calf liver 4-7 and rabbit  skin 15. The properties of 
the present preparation were generally similar to those of UDPG dehydrogenase re- 
ported from other sources, though it exhibited a peculiar pH effect. Thus, like UDPG 
dehydrogenase from Aerobacter aerogenes 14, the rat  liver enzyme operated with maxi- 
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mum velocity at pH 9.4 at which point the inhibition exerted by UDPxylose was also 
of a competitive nature. However, at pH 8.6 it displayed the characteristics similar to 
those of the calf liver enzyme 4 when the interaction of the inhibitor with the enzyme 
was cooperative 13. UDPG dehydrogenase from various sources such as pea seedling, 
bovine liver, chick cartilage and from Cryp~ococcus laurentii 2e has been reported to 
have allosteric properties; the only exception being that  of Aerobacter aerogenes 14. I t  
was suggested that  UDPxylose which potently and specifically acted on the enzyme 
served as a feed-back inhibitor to regulate the synthesis of UDPglucuronic acid 26. The 
metabolic intermediates of galaetose were also involved in controlling the enzyme ac- 
t ivity in calf liver 27. 

Several models that  have been proposed to rationalise regulatory behaviour of 
enzymes envisage a conformational change of some kind in the protein 28. I t  has now 
been well recognised that  separate and specific sites exist for substrate and modifier 29. 
I t  was observed that  the abolition of CTP modulating action on aspartate trans- 
carbamylase produced a striking decrease in the rate of sedimentation of the enzyme 3°. 
This was at tr ibuted to dissociation of the protein producing a catalytic subunit 
exhibiting normal Michaelis kinetics but insensitive to CTP and a regulatory unit 
having no catalytic activity but binding CTP. Recombination of these subunits re- 
stored the sigmoidal kinetics as well as CTP sensitivity 3°. The present experiments 
show a similar phenomenon in respect of UDPG dehydrogenase. I t  is apparent that  
the loss of cooperative interaction with UDPxylose at pH 9.4 could be correlated with 
dissociation of the enzyme protein (Fig. 6). Under the conditions, this compound 
would essentially act as the structural analogue of the substrate competing for the 
same site. At tempts  to recombine the subunits to restore the native characteristics of 
the enzyme were not however successful with the techniques employed. 

The allosteric enzymes should necessarily have two states which differed in 
affinities for the substrate al. The differences in Km values of UDPG dehydrogenase in 
native and dissociated forms were thus in keeping with the presence of a polymerising 
protein system in which polymer and dissociated species differed in binding proper- 
ties 3~--a5. The present enzyme seemed to be tetrameric and could undergo changes only 
when the substrate became bound to the protein in the catalytically inactive state in 
the absence of the coenzyme. The binding ligand could distort the conformation of the 
enzyme thus affecting the stability and shape of the protein. The subunit interactions 
involved in these alterations have since been analysed to explain cooperativity and 
kinetic effects 36-~. 

The dependence of UDPG dehydrogenase on pH for reactivity of the substrate 
has also been recognised 7 10. The kinetic studies with 5-fluorouracil and 6-azauracil 
analogues of UDPG have suggested that  the ionic state of the pyrimidine moiety had 
a determining effect on the binding of UDPG to the enzyme and that  the undissociated 
form of the substrate was the effective species for interaction with the enzyme 7. 
Though the involvement of the uracil moiety has been suggested in binding of UDPG 
to the enzyme, UDPG dehydrogenase was reported to be relatively unspecific for the 
nucleoside part  of the substrate but was highly specific for the glucosyl portion. The 
glucose moiety in UDPG, dihydroxy-UDPG and 5-hydroxy-UDPG was oxidised to 
glucuronate at the same rate as NAD÷ was reduced TM. The mechanism of action of the 
enzyme with reference to stepwise changes in the glucosyl moiety with the formation 
of UDP-gluco-hexodialdose have recently been clarified TM. These studies also show 
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that  the substrate existed in a bound state with the enzyme unti l  the reaction was 
complete.  
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