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SUMMARY 

UDP-glucose pyrophosphorylase was purified from bovine m a m m a r y  acetone 
powders. Evidence is presented that  multiple forms of the enzyme exist. Kinetic 
studies are consistent with a steady state ordered mechanism and values of the true 
Michaelis and inhibition constants for MgUTP 2- and Glc-I-P are presented. 

INTRODUCTION 

UDP-glucose pyrophosphorylase (UTP:a-D-glucose-I-P uridyltransferease, 
Ec 2.7.7.9) catalyzes the following reaction: 

Mg2+ 
U T P  + G lc - I -P  ~ -  UDP-g lucose  + P~O7 4- 

The enzyme is common to all tissues studied including the m a m m a r y  gland1, 2. The 
enzyme has been crystallized from bovine 3 and human l ive# and may  represent 0.2- 
0.3~0 of the extractable protein. The bovine liver 5 and human liver enzymes 4 exist as 
polymeric species. Initial velocity and product inhibition studies with the human 
erythrocyte enzyme s indicate a steady-state ordered mechanism whereby MgUTP 2- 
is the first substrate to add and UDP-glucose the last product released. Previous 
studies with the enzyme in crude m a m m a r y  extracts and other tissues showed that  
there was a t ime dependent increase in activity of the enzyme v. The purpose of this 
investigation was to purify the enzyme from bovine m a m m a r y  tissue and to study 
some of the physical and kinetic properties in order to gain insight into the mode of 
action and control aspects of this enzyme. 

* J o u r n a l  Article 2381 of the  Agr icu l tu ra l  E x p e r i m e n t  Stat ion,  O k l a h o m a  S ta te  Uni-  
vers i ty ,  Stil lwater,  Oka. (U.S.A.). 

** S u b m i t t e d  to t he  G r a d u a t e  College of  O k l a h o m a  Sta te  Un ive r s i ty  in par t ia l  fu l f i l lment  
of  t he  r e q u i r e m e n t s  for t he  Ph.  D. degree. 
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U D P - G L U C O S E  PYROPHOSPHORYLASE 103  

MATERIALS 

Tris, UTP, Glc-I-P, NAD ÷, UDP-glucose, NADP ÷, piperazine, glycylglycine, 
bovine serum albumin, lactate dehydrogenase (Type III  from beef heart), phos- 
phoglucomutase (rabbit muscle), glucose 6-phosphate dehydrogenase (Type IV from 
yeast) and protamine sulfate were obtained from Sigma, St. Louis; MgC12, quinine sul- 
fate (N.F. grade), triethanolamine (certified), ethylenediaminetetraacetic acid from 
Fisher; UTP from P-L Biochemicals; Whatman DE-32 from Reeve Angel; Bio-Gel P 
from Bio Rad; and Sephadex from Pharmacia. All other chemicals were reagent grade. 

UDP-glucose dehydrogenase was purified from bovine liver through Step V by 
the procedure of STROMINGER et al. s Hydroxylapati te  was prepared following the pro- 
cedure of SIEGELMAN et al. 9 Lactating bovine udders were obtained immediately 
after slaughter from the Wilson Packing Plant, Oklahoma City, Okla. 

METHODS 

Purif ication procedures 
UDP-glucose pyrophosphorylase was assayed in the direction of UDP-glucose 

synthesis by determining UDP-glucose with UDP-glucose dehydrogenase as pre- 
viously described 1°. Assays were done in a I.o-ml final volume and contained 0.2 M 
Tris-HC1, (pH 8.o), 2 mM MgC12, 5 mM Glc-I-P, I mM NAD +, 4-6 units UDP- 
glucose dehydrogenase, enzyme, and I mM UTP. The reaction was initiated by the 
addition of o.I ml of IO mM UTP. Assays with a change in absorbance at 34 ° n m  of 
0.04 per min or less were proportional to enzyme concentration. I unit is defined as 
that  amount of enzyme which forms i/.,mole of UDP-glucose per min. Assays were 
performed at 23 ° on a Cary-I 4 Spectrophotometer. 

Ion exchange resins and molecular sieve gels were prepared and equilibrated as 
recommended. Sucrose density gradient centrifugation in 5-2O~o sucrose was per- 
formed as described by MARTIN AND AMES 11 in a Beckman L2-65 centrifuge. Disc gel 
electrophoresis was performed as suggested in the Canalco Model 6 System with the 
standard 7~o separating gel but no sample gel was used. The best method for con- 
centrating the enzyme was by precipitation with (NH4)2SO 4. Protein was estimated by 
the absorbance at 280 nm assuming that  an absorbance of I.O was equal to i mg of 
protein. A small crystal of i ,i , i-trichloro-2-methyl-2-propanol was added to buffers 
and enzymatic solutions to control microbial contamination. 

Kinet ic  studies 
For kinetic studies in the direction of UDP-glucose synthesis, UDP-glucose 

pyrophosphorylase from bovine mammary tissue was purified through Step vii,  
chromatographed on DEAE-cellulose at pH io.o, precipitated by (NH4)2SO 4, 
dissolved in a minimal volume of 0.2 M potassium phosphate, and desalted on a Bio- 
Gel P- io  column (1.15 cm × 22.5 cm) equilibrated with 20 mM triethanolamine 
(pH 8.o), to remove (NH4)zSO a since it is a potent inhibitor of UDP-glucose dehydro- 
genase (5.5% in the assay inhibits the reaction by 45%) 

For kinetic studies in the direction of Glc-I-P formation, UDP-glucose pyro- 
phosphorylase from bovine mammary tissue was purified through Step vii, chromato- 
graphed on DEAE-cellulose at pH 9-7, precipitated by (NHa)2SO 4, dissolved in a 
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minimal volume of o.2 M glycine (pH 9-7) chromatographed on a Sephadex G-2oo 
column (3 cm × IOO cm), precipitated by ammonium sulfate and dissolved in a 
minimal volume of 20 mM triethanolamine, pH 8.5. Since dilutions of I :IO ooo or 
greater were usually used in these kinetic analyses, the enzyme preparation was not 
desalted. 

Assays for UDP-glucose synthesis were similar to the assay described above 
except that IOO mM triethanolamine pH 8.0, was used in place of Tris-HC1 and the 
temperature was 3 o°. The reagents without enzyme were preincubated at 3 °° and 
were stable. MgCle, UTP, and Glc-I-P were varied according to the experiment. 

Fixed-time assay for UDP-glucose pyrophosphorylase 
Reaction mixtures contained, in a total volume of I.O ml: IOO mM triethanol- 

amine at pH 8.0, UTP and Na4PzO 7 at the desired concentration, and sufficient 
MgC12 to maintain the concentration of Mg 2+ at i mM (see RESULTS). Before the addi- 
tion of enzyme the tubes were incubated for 5 rain at 3 o°. The enzyme was added with 
a Hamilton microliter syringe with a stop. All assays were run for at least four different 
time intervals to insure that initial velocities were measured. The reaction was 
stopped by adding o.Io ml of I.O M HC1. After 2.5 rain 0.05 ml of 2.0 M KOH was 
added to return the pH to 8.0. Either Eppendorf or Oxford micropipets were used for 
the addition of acid and base. Blank values were obtained by adding acid, immediately 
followed by enzyme, and neutralizing 2.5 rain later with base. 

Glc-I-P was estimated by using the reaction of phosphoglucomutase and 
Glc-6-P dehydrogenase. To each of the reaction mixtures were added o.I ml of the 
coupling system containing o.I mM EDTA, IO mM triethanolamine, pH 8.0, 6 mM 
NADP +, 0.002 ml of phosphoglucomutase (2 units), and o.ooi ml of Glc-6-P dehy- 
drogenase (2 units). NADPH was estimated by measuring the absorbance at 340 nm 
or by measuring the natural fluorescence of NADPH (excitation at 350 nm, emission 
at 460 nm) 12. 

Absorbance measurements were made on a Beckman DU spectrophotometer 
and fluorescence measurements were done on an Aminco-Bowman Spectrophoto- 
fluorimeter equipped with a water-jacketed sample chamber with thermoregulation 
at 25 ° . 

Analysis oJ data 
The type of curve obtained was determined by graphical analysis of the data 

which were then analyzed by an appropriate computer program 13,14. Linear inter- 
secting initial velocity plots were fitted to Eqn. I ;  linear noncompetitive inhibition 
plots were fitted to Eqn. 2. 

V A B  
~) 

K i a K b  + KaB + KbA + AB 

VA 
u ~ 

(i) 

(2) 
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U D P - G L U C O S E  PYROPHOSPHORYLASE IO 5 

RESULTS 

Purification of UDP-glucose pyrophosphorylase 
Acetone powder was prepared from bovine mammary glands 1° and yielded 

20 g powder per IOO g of tissue. The powder was stable for two years when stored 
desiccated at --20 °. All purification steps unless otherwise indicated were at 4 ° and 
centrifugations were at io ooo × g for 30 min. 

Step I. 50 g acetone powder were extracted with 750 ml o.I M Tris-HC1, pit  8.0 
for 1-1. 5 h. After centrifugation, the supernatant solution was filtered through glass 
wool. 

Step II. I ml 0.2% protamine sulfate solution (2 g dissolved in 3.2 ml o.I M 
KOH and diluted to ioo ml) was added slowly to each 12 ml of supernatant solution 
from Step I. The solution was stirred 15 rain after the last addition and centrifuged. 

Step III.  313 g (NH4)2S04 were added slowly to each liter of solution from 
Step II, stirred for 15 min and centrifuged. The precipitate was dissolved in 25 ° m l  
0.2 M potassium phosphate pH 8.0. 

Step IV. The dissolved precipitate from Step I I I  was heated to 5 °0 and held 
at this temperature for 30 min. The solution was stirred constantly during the heating 
process and it was critical that  the temperature did not exceed 52 ° . After heating, 
the mixture was cooled rapidly to 0-4 ° . 

Step IV. IOO g (NHa)2SO a were added to each liter of solution from Step IV, 
stirred for 15 min and centrifuged. The precipitate was discarded. 

Step VI. 114 g (NH4)2SO 4 were added to each liter of solution from Step V, 
stirred for 15 min, centrifuged and the precipitate was dissolved in a minimum volume 
of 0.2 M potassium phosphate pH 8.0. 

Step VII. Material from Step VI was placed on a 6. 4 × 12 cm DEAE-cellulose 
column (IO mg of protein per 2 ml bed volume of column) equilibrated with 20 mM 
potassium phosphate, pH 8.0. The column was eluted with 2 column volumes each of 
20, 50 and 500 mM potassium phosphate, pH 8.0.2o-ml fractions were collected and 
the activity eluted with the 500 mM potassium phosphate, pH 8.0. The enzymatic 
activity was precipitated with 313 g (NHa)2SOa per 1 and the precipitate was dissolved 
in a minimum volume 0.2 M potassium phosphate, pH 8.0. 

Step VIII. The enzyme was purified further on DEAE-cellulose between 
pH 8.8 and IO.O and on Sephadex G-2oo columns. For example, 60 mg of protein con- 
taining 45 I.U. of enzyme were chromatographed on a 3 cm × 28 em column of 
DEAE-cellulose equilibrated with 20 mM glycine, pH 9-7. The column was washed 
with 600 ml 20 mM glycine, pH 9.7 and then eluted with a linear gradient formed 
from IOOO ml each of 20 mM and 1.5 M glycine, pH 9.7. 3.2-ml fractions were col- 
lected and 8 protein peaks were observed of which two were enzymatically active. 
Varying the pH between 9.0 and IO.O gave similar results. In general the total en- 
zymatic units recovered from the DEAE cellulose columns were lO-3O times that put 
on the columns and several protein peaks containing enzymatic activity were observed. 
The major enzymatic activity peak was pooled, precipitated with (NH4)2SO a and 
purified by chromatography on a 2 cm x IOO cm Sephadex G-2oo column equilibrated 
and eluted with 20 mM triethanolamine and 250 mM KC1, pH 8.5. The enzymatic 
activity eluted near the void volume in a symmetrical peak and the specific activity 
was from 16-18. A summary of the purification is shown in Table I. 
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T A B L E  I 

S U M M A R Y  O F  T H E  P U R I F I C A T I O N  O F  U D P - G L U C O S E  P Y R O P H O S P H O R Y L A S E  F R O M  5 0  g OF B O V I N E  

M A M M A R Y  A C E T O N E  P O ~ V D E R  

Step Vol. A ctivity Protein Specific Purification 
(ml) (I. U.) (mg) activity (-fold) 

I. E x t r a c t i o n  640 681 22 ioo  0.03 i 
i1. P r o t a m i n e  su l fa te  680 429 13 ooo 0.03 i 

I I I .  (NH4) SO 4 25o 668 428o o.16 5.3 
IV. H e a t  25o 688 518o o.13 4.3 

V. (NH4),SO ~ 242 472 24oo o.2o 6. 7 
VI.  (NH4)2SO 4 17.8 433 1175 o.37 1"2-3 

VI I .  DEAE-ce l lu lo se  14. 5 44 ° 28o 1.57 52.3 
V I I I .  DEAE-ce l lu lose ,  p H  9.7, 

Sephadex  G-2oo - -  - -  - -  16.o 533 

Properties of bovine mammary UDP-glucose pyrophosphorylase 
Temperature stability. The enzyme from Step I I I  is stable when incubated for 

30 min at 5 °° between pH 7.5 and 9.0 in the presence of 250 mM potassium phosphate. 
About 70% of the enzymatic activity is lost when the enzyme is held at 52 ° for 30 min 
and no activity remained when held for 5 min at 60 °. The observed heat stability 
may be explained by the observation that  phosphate is a competitive inhibitor of the 
bovine liver enzyme a. 

pH stability. The effect of pH on the stabili ty of the enzyme in a bora te-c i t ra te-  
phosphate buffer at 4 ° is presented in Fig. I. At pH 3.o, 8o% of the activity was lost 
immediately but 86 days were required for the remainder to be lost. At pH 4.o, the 
enzyme lost 2o% of its act ivi ty at zero time, about 5o% after two days and still 
retained detectable activity at 86 days. Above pH 4.o there seemed to be an increase 

i r i , ~  
/ 

80 

"E 
~ 6 0  t 

2 4 6 8 " 85 
Doys 

Fig. I. The effect, of p H  on the  s t a b i l i t y  of  UDP-g lucose  py rophosphory l a se  in  b o r a t e - c i t r a t e -  
p h o s p h a t e  buffer,, 'pH 3.0-7.5. E n z y m e  from Step V I I  was  d i l u t ed  Io-fold in  the  buffer con ta in ing  
57.3 mM bora te ,  33.3 mM c i t r a t e  and  72.5 mM p h o s p h a t e  and  s to red  a t  4 °. The  cont ro l  was  di- 
l u t ed  io-fold  in 0.2 M Tris, p H  8.0 which  is the  a s say  buffer. Since the  buffer was  s l i gh t ly  inhibi-  
tory,  o.oo 5 ml  of  each buffer was  added  to  each assay.  Al iquots  of enzyme  were r emoved  a t  va r ious  
t imes  and  a s sayed  in the  s t a n d a r d  assay  a t  p H  8.0. The v a r i a t i o n  in the  a s s a y  (5 sepa ra te  assays  
in i h) was  4-3%.  i o o %  a c t i v i t y  equals  o.5i I .U . /ml  a nd  the  resul t s  are  expressed  as percen tages  
of the  control  in the  Tris  buffer. ~ . - - ~ , p H  3.0; [~--V-1, p H  4.0; © - - C ) ,  p H  5.0; m---m, control ;  
A - - ~ ,  p H  6.0; O---Q, p H  6.5; [ ] - - [ ] ,  p H  7.0; A- - -a ,  p H  7.5. 
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U D P - G L U C O S E  PYROPHOSPHORYLASE lO 7 

in 'act ivi ty for about 7 ° h and at 86 days the highest activity was similar to the in- 
crease in activity of the enzyme observed in crude mammary gland homogenates 7. 
The pH stability was measured over a shorter time period in o.I M piperazine and 
o.i M glycylglycine buffer 15 between pH 4.4 and 7.5. This buffer did not inhibit the 
reaction and the results obtained showed that  there were oscillations in enzymatic 
activity + 3 0 %  which occurred on a weekly basis. The oscillations were more pro- 
nounced at the higher pH values. Another experiment, using piperazine-glycylglycine 
buffer from pH 8.0 to lO.8, for 20 days showed similar oscillations in enzymatic activity 
which could not be explained on the variation in the enzymatic assays (Fig. I). 

Multiple forms. Chromatography on various hydroxylapatite columns between 
pH 8.0 and 9.6 were investigated as a possible purification step. Multiple protein 
peaks having varying specific activities were observed. Step-wise elution of the protein 
with phosphate buffer usually resulted in the elution of one protein peak with each 
concentration of phosphate. A typical pattern is shown in Fig. 2. This procedure was 
not satisfactory as a purification step, but the results showed that  the enzyme was 
eluted in a differential manner suggesting the presence of different forms of the enzyme 
or that  there was inhomogeneity of binding sites on hydroxylapatite. 

I ' .O0~MOSM "06M :IM .21~1 .SM 'IM I 

0.8 15.8- 5D5 -10.48 po / 
0.6 I1.0 0.36 

/ 13.4 

~ )  60 90 120 150 180 210 
FRACTION NO. 

Fig. 2. E lu t i on  profile of  a h y d r o x y l a p a t i t e  co l umn-a t  p H  8. 5. E n z y m e  f rom Step VII ,  con ta in ing  
125 m g  protein,  specific ac t iv i ty  9.0 was  placed "on a 2 cm  × 12 cm h y d r o x y l a p a t i t e  c o l u m n  
equ i l ib ra ted  wi th  wa te r  a f te r  t he  e n z y m e  was desa l t ed  b y  pass ing  t h r o u g h  a Bio-Gel P - i o  c o l u m n  
equ i l ib ra ted  a n d  e lu ted  wi th  water .  The  c o l u m n  was  e lu ted  s tepwise  wi th  p o t a s s i u m  p h o s p h a t e  
buffer  p H  8. 5 a n d  3.o-ml f rac t ions  were collected. The  ar rows on top  o f  t he  figure indica te  t he  con- 
cen t r a t i on  o f  t he  buffer  change .  The  n u m b e r  above  the  peaks  are  the  specific ac t iv i ty  o f  t he  peak  
t ube  in un i t s /ml .  O, A2s0 nm; D,  ac t iv i ty  in un i t s /ml .  

Chromatography on DEAE-cellulose columns between pH 8.o and IO.O also 
gave rise to multiple protein peaks and multiple enzymatic peaks. Usually two to 
three protein peaks had enzymatic activity. Usually, there was a IO-3o-fold increase 
in the total number of units of enzyme after chromatography on the DEAE-cellulose 
column. Multiple activity peaks were occasionally observed when the purified enzyme 
was chromatographed on a Bio Gel P-3oo column. The results from chromatography 
on hydroxylapati te and DEAE-cellulose showed the presence of multiple peaks of 
enzymatic activity, suggesting that  there may be different forms of the enzyme. 

Molecular weight. An estimate of the molecular weight was performed on 5-20% 
sucrose gradients according to MARTIN AND AMES 11. Catalase was used as a marker 
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and the best estimate of the molecular weight by  this technique was 5oo ooo at 2o °. 
The enzymatic activity peak was symmetrical  and no evidence for other active species 
was present. At tempts  to determine the molecular weight on Sephadex G-2oo 16 and 
Bio Gel P-3oo gave values greater than 400 ooo since the enzyme was in the non- 
linear region of the elution pattern.  

Inhibitors. EDTA did not affect the enzymatic activity until it sufficiently 
complexed Mg 2+. Sulfhydryl reagents, ~ mM PCMB and io mM iodoacetate, io mM 
mercaptoethanol or I mM dithiothreitol did not affect the activity or storage of the 
enzyme. A 2% sucrose solution inhibited the enzyme 54% but  did not inhibit the 
UDP-glucose dehydrogenase. 

,N 

x 
- I >  7.,~ 

Kinetic Studies 
Effect of Mg 2+. The stability constants of MgP2072-, MgUTP 2- and MgGlc-I-P 

at pH 8.0 were considered to be 250 00017, 70 ooo ls,19 and 2o2°, 21, respectively. The 
stability constant of UDP-glucose was considered to be similar to that  of UDP which 
is low18,19. Since the stability constants for UTP and P2074- are so large, they will 
essentially exist as their Mg 2+ complexes in solution. Glc-I-P and UDP-glucose were 
assumed to react in the non-complexed form and binding of Mg 2+ to the other 
components of the assay were negligible including the buffer, triethanolamine 18. 
During the analysis free Mg 2~ was held constant at i mM so that  any effect of free 
Mg 2+ on the enzyme was constant. 

Kinetic studies in the direction of UDPG formation. Initial velocity studies 
with varying MgUTP 2 and fixed Glc-I-P (Fig. 3) and varying Glc-I-P and fixed 
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Fig. 3. Doub le  rec iprocal  p lo t  w i th  M g U T P  ~ as the  va r i ab le  subs t r a t e  a t  fixed concen t ra t ions  
of Glc - I -P .  R e a c t i o n  m i x t u r e s  con ta ined  2.2/~g enzyme,  M g U T P  ~- and  G l c - I - P  as ind ica ted ,  free 
Mg 2+ a t  i mM, and  i oo  mM t r i e t h a n o l a m i n e  a t  p H  8.o. v, in i t ia l  r a te  of UDP-g lucose  fo rma t ion  
in ~ m o l e s / m l  per  min.  

Fig. 4- Double  rec iprocal  p lo t  w i t h  G lc - I - P  as the  va r i ab le  subs t r a t e  a t  f ixed concen t r a t i ons  of 
M g U T P  2+, R e a c t i o n  m i x t u r e s  con ta ined  2.2/zg enzyme,  MgUTP*-  and  G l c - I -P  as ind ica ted ,  free 
Mg 2- a t  i raM, and  ioo  mM t r i e t h a n o l a m i n e  a t  p H  8.0. v, in i t ia l  r a te  of UDP-g lucose  fo rma t ion  
in /~moles/ml per  min.  
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T A B L E  I I  

KINETIC CONSTANTS FOR UDP-GLUCOSE SYNTHESIS FROM INITIAL VELOCITY STUDIES 

Kinetic constant* Exp. I Exp. I I  Weighted mean** 

v 69.9 :J:: 1.71 73.0 J:: 2.63 7o,8 ::1:1.43 
K M g u ' r P  2 -  o.153 xlz O.OLO o.167 ::t: 0.022 o.156 -1:0,009 
/~lMgllTP 2- 0.489 ~= o.116 0.342 J__ O.I2 o,417 -- 0,084 
KGle_l_p 0.053 ::1:0.009 0.042 ± 0.007 0.046 =: 0.006 
I~'iGlc-l-P O.168 ± O,O21 0,085 ~ 0.026 O.135 ~. O.O16 

* # m o l e s / m i n  per  2.2/*g enzyme  for v; t h e  k ine t i c  and  inh ib i t ion  cons t an t s  are in mM. 
** W e i g h t e d  mean  a nd  the  s t a n d a r d  er ror  (S.E.) of  the  mean  for th ree  e x p e r i m e n t s  were 

c a l c u l a t e d  us ing  the  fol lowing formulas23: 

~XiWi I 
Mean - -  ; S.E . . . .  ; where  wt = I](S.E. for each expe r imen t )L  

Xwi ~/27i 

MgUTP 2- (Fig. 4) gave intersecting patterns to the left of the ordinate. The experi- 
mental  points are plotted and the lines are drawn using a statistical fit to Eqn. r with 
a weighting factor of v 4. The intersecting lines indicate that  the reaction is sequen- 
tial =~ and the intersection point above the abscissa indicates that  Kla > Ka. This 
differs from the erythrocyte enzyme 6 where the lines intersect below the abscissa 
indicating that  Kta < Ka. The secondary plots of slope and intercept are linear. The 
true kinetic constants obtained from the initial velocity studied are presented in 
Table II .  No substrate inhibition was observed up to 2 mM UTP or 2.5 mM Glc-I-P.  

Product inhibition by MgP2072- is shown in Fig. 5 when MgUTP 2- is varied 
and in Fig. 6 when Glc-I-P is varied. The points are the experimental data  and the 
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Fig. 5. I n h i b i t i o n  of  UDP-g lucose  syn thes i s  by  MgP207 ~- wi th  M g U T P  2- as the  va r i ab l e  subs t ra te .  
Reac t ion  m i x t u r e s  con t a ined  2.2 # g  enzyme,  MgP20~ 2- and  M g U T P  ~- as ind ica ted ,  free Mg 2+ 
and  G l c - I - P  a t  I mM, and  IOO mM t r i e t h a n o l a m i n e  a t  p H  8.o. v, in i t i a l  r a t e  of UDP-g lucose  for- 
m a t i o n  in t, moles /ml  per  rain. 

Fig. 6. I n h i b i t i o n  of UDP-g lucose  syn thes i s  by  MgP2072- w i t h  G l c - I -P  as the  va r i ab l e  subs t ra te .  
Reac t ion  m i x t u r e s  con ta ined  2.2 #g  enzyme,  MgP2072- and  G l c - I -P  as ind ica ted ,  free Mg 2+ and  
M g U T P  ~- a t  i mM, a nd  ioo  mM t r i e t h a n o l a m i n e  a t  p H  8.o. v, in i t i a l  r a t e  of UDP-g lucose  for- 
m a t i o n  i n /~mo le s /m l  per  min.  
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lines represent the best fit to Eqn. 2, The secondary plots of slopes and intercepts are 
linear. The noncompetit ive inhibition of Glc-I-P and MgUTP 2- by  MgP~072- is 
consistent with an ordered mechanism where MgP~072- is the first product released 
However, the data cannot distinguish the ordered addition of MgUTP 2- and Glc-I-P. 
The kinetic constants obtained from the product inhibition analysis are presented 
with their s tandard errors in Table I I I .  

TABLE III 

APPARENT KINETIC CONSTANTS FOR PRODUCT INHIBITION OF IJI)P-GLUCOSE PYROPHOSPHORYLASE 

BY MgP~OT *- 

Apparent kinetic Variable substrate 
constant* 

Glc-z-P Mg UTP 2- 

K O.lO8 ± 0.008 0.253 ~ O.Ol 7 
K,s 0.633 ~2 o.172 0.766 ~ o.I93 
K~ 1.46 ± 0.24 1.44 ± 0.27 

* Values  for the  k ine t i c  c o n s t a n t s  (mM) wi th  the  s t a n d a r d  errors. 

Kinetic studies in the direction of UTP formation. Initial velocity studies at 
substrate concentrations adequate for reading NADH by absorbance were unsatis- 
factory in obtaining reliable constants, since they were apparently very small. 
Fluorometric measurement of the reduced pyridine nucleotide concentration was in 
a satisfactory range and a linear correspondence existed between relative fluorescence 
and o - -  15 nmoles of Glc-I-P and the velocity showed a linear dependence upon 
enzyme concentration. 

However, when one substrate was held constant and the velocity determined at 
several concentrations of the second, the lines on a plot of relative fluorescence versus 

z 2 . t  

~ 1 . 5  

~ 0 9  

=do. 3 

I I I I 

tUOP- GLUCOSE3/ 

om 2A 

o 
uJ 

U. 

>m 1.2 

m 0.6 

I I I ; / .  I 

0.861 / 0.46 

/ e /  

,/" .e / 

J ' J I I I 
I 2 3 4 5 -2 -I I 2 3 

TIME (rain) TIME (rain) 

Fig. 7. Assays  of py rophosphoro lo lys i s  a t  a fixed MgP,O72- concen t ra t ion  and  va r i ab l e  UDP-g lucose  
concen t ra t ion .  R e a c t i o n  m i x t u r e s  con ta ined  2/*l of 1 :IO d i lu t ion  of enzyme,  0.36 mM MgP,O~ 2-, 
Mg *+ a t  i raM, ioo  mM t r i e t ha no l a m ine ,  p H  8.0, and  UDP-glucose  a t  4.08 (O), 5.1 ([~), 6.8 (A) ,  
lO.2 (O),  or 2o/~M (A). 

Fig. 8. B iphas ic  t ime  course  of the  f luorescence a s say  a t  two  enzyme  concent ra t ions .  Reac t ion  
m i x t u r e s  con ta ined  o.36 mM MgP,O~ 2-, 20. 4/zM UDP-glucose ,  Mg 2+ a t  I mM t r i e t h a n o l a m i n e  a t  
p H  8.o, and  enzyme.  O,  o .ool  ml  of I :IO d i lu t ion  of  enzyme;  0 ,  0.oo2 ml of i : i o  d i lu t ion  of enzy-  
me. R a t e s  are  ind ica t ed  on the  figure and  are expressed  as the  change  in fluorescence per  rain. 
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time did not intersect at a common point on the ordinate, but rather intersected at a 
common point at negative time (Fig. 7). An explanation of such a phenomena is a 
two step process in which the velocity of each step is very different. Fig. 8 indicates 
a 2-step process when shorter time intervals are examined. The velocity for each 
step is proportional to enzyme concentration. An initial velocity study in which the 
rate of the slower process was used and MgP2072- was varied from 0.22 to 1.o8 mM 
and UDP-glucose was varied from 4.08 to 20. 4/~M gave an intersecting pattern to the 
left of the ordinate. However, there is considerable scatter in the data as reflected in 
the large standard errors of the kinetic constants (Table IV). 

TABLE IV 

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

Data are values for the kinetic constants with the standard errors. 

A ss(~y K UDP-glucose Kl UDP-glucose KMeP2072-  KiMePs072- 
(l~M ) (#M ) (laM ) (tzM ) 

Bovine mammary 
Absorbance 

UDP-glucose 
(o.I to 0. 5 mM) 
MgP,O72- 
(0.2 to I.O mM) 

Fluorescence 
UDP-glucose 
(4.08 to 20. 4/,M) 

MgP20, 2- 
(o.216 to 1.o8 mM) 

81.9 ± 37.7 --8 ± 16 893 ~220 --93 i 154 

21.3 ± 5.6 6. 7 ± 2.6 608 -4- 185 191 4- 64. 7 

DISCUSSION 

UDP-glucose pyrophosphorylase purified from bovine mammary acetone 
powder had a specific activity of about 16.o I.U. compared to a specific activity of 
80 for the crystalline bovine liver enzyme 3. The molecular weight is between 400 ooo 
and 500 ooo as determined by sucrose density grandient and gel filtration experiments 
compared to 480 ooo for the bovine liver enzyme 3. The enzyme is stable to 5 °0 for at 
least I h at pH 8.0 and the purified enzyme is stable between pH 5.0 and lO.8. 

There is evidence to suggest that  more than one form of enzyme exists. Multiple 
enzymatic peaks were observed readily upon chromatography on DEAE cellulose, 
hydroxylapatite, and less readily on Bio Gel P-3oo though the number of peaks 
varied with the preparation. A single peak of activity was obtained on the sucrose 
density gradients which is a less descriminating technique than the previous ones. 
The pH instability at pH 3.0 may be interpreted as evidence for two enzymatic forms 
one of which is very sensitive to pH since 80% of the activity was lost in 2 rain but 
86 days were required to loose the remainder. Lowering the pH to 2.0 for 2.5 min did 
not sufficiently inactivate the enzyme for the fixed-time assays. Kinetic experiments 
have also indicated (Fig. 8) two forms of enzyme. The present evidence would suggest 
that  multiple forms of the enzyme exist and is consistant with previous observations 
on a time-dependent increase of the enzyme activity in crude extracts which was due 
to a change in V of the enzyme suggesting a conversion from a less active to a more 
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active enzyme form 7. The observed increase in enzymatic  activity on DEAE cellulose 
chromatography may also reflect this process. 

The kinetic studies are consistent with a steady state ordered mechanism 
similar to the erythrocyte enzyme where an ordered addition of MgUTP 2- and 
GIc-I-P was followed by an ordered release of MgP~072- and UDP-glucose 6. In this 
study the order of release of MgP2072- and UDP-glucose was established by the 
product inhibition studies but the order of addition of MgUTP ~- and Glc-I-P was 
not determined. Since the secondary plots of slopes and intercepts were linear, no 
dead-end complexes or sigmoidal kinetics were indicated. Quantitatively the bovine 
mammary  and erythrocyte enzymes differ in that K,a is greater than Ka for the bovine 
mammary  enzyme and is less than Ka for the human liver enzyme. 

The true Michaelis constants for the human erythrocyte and bovine mammary 
enzyme indicate that KGle_I_ P < /~MgUTP in both cases and kinetic constants for 
the bovine mammary  gland and bovine liver 3 enzymes are similar. The bovine mam- 
mary and liver enzymes are unaffected by dithiothreitol or mercaptoethanol whereas 
one of these is required for the human erythrocyte or human liver enzymes. 
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