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SUMMARY 

Detergent-solubilized human liver glucose-6-phosphatase (t)-glucose-6-phos- 
phate phosphohydrolase, EC 3.1.3.9) has been found to have inorganic pyrophos- 
phatase (pyroI)hosphate phosphohydrolase, EC 3.6.I.I) and pyrophost~hate-glucose 
phosphotransferase activity (not yet classified). It  is composed primarily of lipid and 
protein, with a small amount of RNA, and trace amounts of calcium and magnesium. 
Pigs and rabbits were immunized with it, and the antiserum also reacted with similar 
preparations from human kidney and intestine, and also from monkey and guinea 
pig liver. Liver from a child with glycogen storage disease, type I, did not produce a 
precipitin line in agar when it was diffused into the antiserum. 

I NTROI)UCTION 

Glucose-6-phosphatase (1)-glucose-6-phosphate phosphohydrolase, EC 3.1.3.9) 
is a microsomal enzyme found primarily in liver, kidney and intestinO. ] 'he rat liver 
enzyme can be induced by cortisol administration, fasting and alloxan diabetes, and 
suppressed by insulin 2 and growth hormonO administration. Human liver glucose-6- 
phosphatase decreases with aging and is reduced in children with leukemia 4. Liver and 
intestinal glucose-6-phosphatase and inorganic pyrophosphatase (pyrophosphate 
phosphohydrolase, EC 3.6.1.1) are reduced or absent in children with von Gierke's 
disease 5. Studies with rat liver glucose-6-phosphatase have indicated that  this enzyme 
may also have inorganic pyrophosphatase activity 6-8, and these two activities have 
been found to be directly proportional in liver from children s. 

This report describes several additional characteristics of detergent-solubilized 
human liver glucose-6-phosphatase. 

MATERIALS AND METHODS 

Human liver was obtained at autopsy, placed in ice-cold buffer, and either 
homogenized immediately or wrapped in cellophane and frozen at 2o °. The IO% 
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homogenates  were matte in a solution containing o. 12 M KC1, o.oo5M MgC12, and 0.02 M 
Tris-HC1 (pH 7.5); and also in 0.25 M sucrose in dist i l led water.  Livers were screened 
for ac t iv i ty  by  homogenizing 2 g with a glass-teflon homogenizer  at 600 rev. /min and 
then assaying tile homogenate .  The livers with sui table  ac t iv i ty  were used for subse- 
quent  studies. 60 g of liver were homogenized for IO rain with a War ing  blender  at  
high speed in 6oo ml buffer. This was done in a cold room, and for all subsequent  s teps  
the enzyme was also kept  at o °. 

The fraction containing mi tochondr ia  and 1nicrosomes was prepared  by  centr i-  
fuging the homogenate  at  ~ooo rev. /min for IO nnin, d iscarding the residue, and  then 
centr ifuging at 4 ° ooo rev. /min in a No 4 ° Spinco rotor  for IO min in a refr igerated 
ul tracentr ifuge.  Several  specimens were centr ifuged again for 6o rain and addi t ional  
enzyme was not  sedimented.  This residue was resuspended to one-sixth of the original 
volume in buffer conta in ing 5'}0 Tr i ton  X-Ioo .  

The 5°.~ Tri ton X- Ioo  suspension was centr ifuged at  40 ooo rev. /min for lO rain. 
Sa tu ra t ed  anunonium sulfate (adjusted to pH 7.5 with NII4OH ) was added  to the 
superna tan t  to make a final concentra t ion of 6o°;,. The suspension was centr i fuged at  
IO ooo rev. /min for IO min, and the precipi ta te  resuspended in buffer or 0.25 M sucrose 
at  lO-2O mg protein/ml .  

A 5-ml al iquot  of this suspension was then eluted with buffer from a 2.5 cm X 

4 ° cm Sephadex G-Ioo column in 1.5-ml fractions. The fract ions were checked for 
absorbance  at  28o rn/~, and were assayed for glucose-6-phosphatase and inorganic 
pyrophospha tase  ac t iv i ty .  Mixtures c:omposed of I.O ml of the 60 o/0 ammonium sulfate 
prec ip i ta te  suspended in o.25 M sucrose and o.I ml of '.14C'gluc'ose 6-phosphate  (3.5 
mC/mmole,  o.o5 mC/nll) or a2ppi (356 mC/mmole,  0.74 mC/ml) were prepared.  These 
mixtures  were incubated  at  o ° for 3o rain and then were eluted with buffer from 2 cm × 
15 cm Sephadex G- ioo  columns in 1.5-Inl fractions. The first of two rad ioac t iv i ty  peaks 
coincided with the glucose-6-phosphatase  and pyrophospha tase  peak. From the 
counts/rain associated with the enzyme peak, the q u a n t i t y  of subs t ra te  bound to the 
enzyme was calculated and is summar ized  in Table I I l .  

Assays for these enzymes were propor t ional  to t ime and enzyme concentrat ion.  
( ; lucose-6-phosphatase  was assayed by  mixing o. i  ml of the enzyme suspension (5--15 
mg protein/ml) ,  o.I ml glucose 6-phosphate  (o.I M), and 0. 3 ml o fo . I  M maleate  buffer 
(pH 6.5). This react ion mixture  was incubated  at  37 ~' for exac t ly  15 min, then chilled 
in ice and o.25 ml of 13% tr ichloroacet ic  acid was added.  An addi t ional  mixture  which 
was kept  at o ° was the control..,'\11 assays were done in dupl ica te  and the ac t iv i ty  was 
ca lcu la ted  as the difference in inorganic phosphorus between the incubated  and the 
control  mixture,  as re#moles phosphorus/rag protein per rain. 

Pyrophosl )ha tase  was assavect by  the same method,  except  the reaction mix ture  
contained o.I ml of o.I M sodium pyrophospha te  ad jus ted  to pH 5.8 with acetic acid, 
o.I  ml of the enzyme suspension and o.3 ml o f o . I  M acetate  buffer (pH 5.8). 

Phosphotransferase  assays were done by incubat ing  o.I ml of o.oI M pyrophos-  
phate  at  pH 5.2, o. i  ml of o.o 5 M r>glucose, o.I  ml enzyme suspension and o.2 nil of 
o.o5 M sodium aceta te  (pH 5.2), at 37 ° for 15 min. The react ion was t e rmina ted  by  
addi t ion  of o.25 ml IO°:o perchloric acid. After  ad jus t ing  this mix ture  to pH 7.o with 
6 M KOH,  and centr i fuging at 5ooo rev. /min for IO min, the glucose 6-phosphate  in 
the  superna tan t  was de te rmined  spec t rophotomet r ica l ly  with glucose-6-phosphate  
dehydrogenase  (EC 1.1.I.49 ) and N A D P  + as summar ized  by  NORDLIE AXD ARION 6. 
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NADH oxidase (EC ~.6.99.3) and succinate dehydrogenase (EC 1.3-99.~) were 
assayed using a Yellow Springs Instrument Company oxygen polarograph. They were 
run at two different enzyme concentrations at 37 ° , and the activities were calculated 
as the average of the two assays. The reaction mixture for NADH oxidase contained 
o. 5 mmole NADH, 0.o2 ml of I °/o cytochrome c, and 0.02 M Tris-HC1 (pH 7-5) in 3 ml 
water. Reactions were started by addition of O.l-O.5 ml enzyme. The succinate de- 
hydrogenase assay was the same except 0.05 ml of I M succinate solution was substi- 
tuted ff~r NADH and cytochrome c was not added. 

A rabbit and a pig were immunized with the ammonium sulfate precipitate 
resuspended in 0.25 M sucrose. During IO weeks each animal received 20 injections 
composed of I ml of enzyme suspension diluted with i ml of incomplete Freund's 
adjuvant. Agar diffusion studies were done in 20/0 agar which contained o.oo1% 
phenol. Immunoelectrophoresis was done using agarcoated slides. Antiserum inhi- 
bition studies were done by preincubating the enzyme preparations at o ° for 48 h 
with the pig antiserum and also with normal pig serum as the control. 

Km was determined for two or more samples of each fraction using initial 
reaction rates by the method of LINEWEAVER AND BUI~K 11. Substrate concentrations 
ff~r the Km determinations were o.I, o.05, o.o25, o.o13, and 0.0o6 M, and the enzyme 
was suspended in 0.25 M sucrose. The pH optima were determined at 37 ° by preparing 
duplicate assay mixtures at vario us pH's, and with I5-min incubation times for the 
assays. One of them was assayed a nd the other was diluted to 5 ml with distilled water 
for pH determination. 

Total lipid was determined by evaporating a 2-ml aliquot to dryness in a tared 
beaker, and weighing it again. Then it was extracted with five successive 2-ml aliquots 
of chloroform-methanol ( I : I ,  by vol.), filtered, and the extract was evaporated to 
dryness and weighed. 

Magnesium and calcium were determined by atomic absorption spectrophoto- 
metry. Protein and RNA were determined by the methods of LOWRY el alp and 
( 'ERIOTT110 .  

Glucose 6-phosphate, disodium, fl-NADH, horse heart cytochrome c (Type III),  
and glucose-6-phosphate dehydrogenase were obtained from the Sigma Chemical 
Company. ~14C'glucose 6-phosphate and sod iunl [3zPpyrophosphate were obtained 
from Nuclear Chicago Corporation. 

T A  H I . E  I 

H U M A N  L I V E R  E N Z Y M E  

A c t i v i t y  in m u m o l e s  s u b s t r a t e / m g  p r o t e i n  p e r  ra in .  

Glc-6- P PPf Dhospho- N,4 I)H Succinate 
transferase oxidase dehvdro- 

genase 

Liver homogenate 
Mea.n a c t i v i t y  i 3 . 6  24.o  i 3 . 6  0 .02 0 . 0 0 7  
N u m b e r  o f  s a m p l e s  13 r3  4 i I q 

6o% ammonium sulfate precipitate 
M e a n  a c t i v i t y  5.2 23.2 12.8 o o 
N u m b e r  o f  s a m p l e s  5 5 4 4 4 
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R E S U L T S  

Table I summarizes data which compare the activity of the detergent-solubilized 
enzyme preparation with Io% liver homogenate. The three microsomal activities were 
solubilized and the mitochondrial activities were not. There was a tendency for less 
glueose-6-phosphatase activity to be found in the solubilized preparation when 
compared to the other two microsomal activities. 

T A B L E  I I  

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

p l l  optimu,, K,n (M)  

z O°~o homogenate 
( ; l c - 0 - P  0.5 o .oo66 
P l ' l  5.8 0.5 0 .0025 

5°/o Triton X-xoo supernatant 
(;.lc-(3-P 6.5 0 .0080 
PPI  5.8 o . o o , 6  
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Fig.  I. I, H u m a n  l i ve r  h o m o g e n a t e  ; 2, 4 ° ooo r e v . / m i n  r e s idue  ; a n d  3, 5 o,g T r i t o n  s u p e r n a t a n t  were  
p r e i n c u b a t e d  for 3 ° ra in  a t  d i f f e r e n t  t e m p e r a t u r e s .  ( ; l u c o s e - 6 - p h o s p h a t m s e  a n d  i n o r g a n i c  py ro -  
phosphat , '~se a c t i v i t y  were  d e t e r m i n e d .  

Fig.  2. The  4 ° ooo r e v . / m i n  r e s idue  of  h u m a n  l i v e r  h o m o g e n a t e  was  r e s u s p e n d e d  in d i f f e r en t  con-  
c e n t r a t i o n s  of  T r i t o n  X- I  oo a n d  t h e n  c e n t r i f u g e d  a g a i n  a t  4o ooo r e v . / n u n .  T h e  s u p e r n a t a n t  was  
a s s a y e d  for g l u c o s e - 6 - p h o s p h a t a s e  ( ,~ . - -  -- (_)) a n d  i n o r g a n i c  p y r o p h o s p h a t a s e  (0----0) .  The  
d a t a  r e p r e s e n t  t he  pe r  c e n t  of  each  e n z y m e  w h i c h  r e m a i n e d  in t he  5°,0 T r i t o n  X-Too s u p e r n a t a n t  
in s i m i l a r  e x p e r i m e n t s  w i t h  7 d i f f e ren t  l ivers .  
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The pH op t imum and the K,n of these act ivi t ies  were de te rmined  before and af ter  
solubil izat ion with Tri ton X- ioo .  The d a t a  in Table  I I  summarize  the findings, which 
indica te  tha t  the Km and pH op t imum was essent ial ly  the same for the original lO% 
homogena te  and the detergent-solubi l ized enzyme.  

The effect of pre incubat ion  for 30 rain at  various t empera tu res  is summar ized  
in Fig. I.  Glucose-6-phosphata~se and inorganic pyrophospha tase  were reduced propor-  
t iona te ly  as the pre incubat ion  t empera tu re  increased,  and the more purified prepa-  
ra t ions  were more sensi t ive to heat  inact iva t ion .  Pork insulin (I unit/nil)  was added  to 
add i t iona l  a l iquots  of liver homogenate  and did not a l ter  the results  of  p re incuba t ion  
at  different temperatures .  

When  the 4 ° ooo rev. /min residue was suspended in 5 ~o Tri ton X- Ioo  in buffer 
and  allowed to s tand  for o, 30, 6o and 12o min at  o ° before centr i fugat ion,  there  was 
no increase in the solubil izat ion of ei ther  enzyme ac t iv i ty .  Several  concent ra t ions  of 
T r i ton  X- Ioo  and deoxychola te  were used to solubilize these act ivi t ies .  The d a t a  in 
F ig .  2 indicate  tha t  3-5 }~ Tr i ton X- Ioo  was the op t imal  concentra t ion for solubilizing 
bo th .  Several  deoxychola te  concentra t ions  were tr ied (o.I% , o.25~/o, 0 .5%,  I.O~o, 
2.0 %) and 0.5 % was found to be the op t imal  concentra t ion for both enzyme activi t ies .  
Deoxychola te  was s imilar  to the  Tr i ton X- Ioo  and solubilized less glucose-6-phos- 
pha tase  than  pyrophospha tase .  

Da t a  from one of the Sephadex G- ioo  columns is summar ized  in Fig. 3. The peak 

1 250, 

PV \'~/~ % Total 
1000 :~.o ~ .  24 Atti,it, 

A 210 =.  0 BO * 

O~O0 ~ ~ "~ lz 
° \ 

0 250 

\ . . . . .  
. ~ o 

SEPXADEX G'100 FRACIIONS 

Fig. 3. Data are from one of several similar experiments. Solubilized (5% Triton X-Ioo) human 
liver glucose-6-phosphatase and inorganic pyrophosphatase were eluted from a Sephadex G-Ioo 
column in i.5-ml fractions. The aLbsorbance at 28o m# (e~-Q) was determined after diluting 
(J :5) an aliquot of each fraction with distilled water. Glueose-6-phosphatase ( I - - - - I t )  and 
inorganic pyrophosphatase (() . . . . .  G) activities were determined with aliquots of each fraction, 
and their recovery in different fractions is plotted as a per cent of the total recovery. 

a c t i v i t y  for both  glucose-6-phosphatase  and pyrophospha tase  were found in the same 
fract ions.  

The composi t ion of the three most act ive fract ions from the Sephadex  columns 
is summar ized  in ] ' ab le  I I I .  I t  conta ined 38% lipid, 2o. 9 mg RNA/g  protein and smal l  
am oun t s  of magnesium and calcium. Magnesium was not  included in any p repa ra t ive  
solution when the fract ions were to be analyzed  for it. When  added  to the a m m o n i u m  
sulfate suspension, small  amounts  of [14C~glucose 6-phosphate  and 32PPi were as- 
sociated with the enzyme peak fronl the Sephadex G-Ioo columns. These columns 
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T A B L E  I11 

C O M P O S I T I O N  O F  I~2XZYMI'; A F T F R  S E P H A D E X  G - I O O  COLLIMN* 

Mean Range 

Glucnse -0 -phospha ta se  ac t iv i ty  (m/ imoles /mg per min) 2. 4 0.8 .t.4 
Inorganic  p y r n p h o s p h a t a s e  ac t iv i ty  (m!~moles/mg per rain) 10.o 8.4-  34.4 
Tota l  lipid (°, o dry  weight} 38.0 17.o 55.0 
Ribonucleic  acid (mg/g protein) 20.9 8 ;t4 
Magnes ium (tLmoles Mg/g protein) 8.2 7 - 9 
Calc ium (ttmoles Ca/g protein) 20.o 14 3(~ 
:~t4(7~ Glucose 6 -phos pha t e  (/mloles/g protein) 7.5 5.() 1 i.o*" 
aaPP i (/*moles/g protein) t l g .o  o5 -173"" 

" Da ta  are the  m e a n  of p repara t ions  f rom 7 different livers. 
** Mean of expe r i men t s  with 3 different livers. 

were eluted at o ~" in order to reduce the conversions of these substrates to ~4C,glucose 
a n d  s2Pi, respectively. 

The pig and rabbit antisera were studied for their organ and species specificity. 
Figs. 4 and 5 are photographs of agar double-diffusion studies which show that the pig 
antiserum contained precipitating antibodies for human kidney and intestine glucose- 
6-phosphatase preparations and also for monkey and guinea pig liver. The pig anti- 
serum always produced a precipitin line when diffused against the resuspended normal 
human liver ammonium sulfate precipitate. Addition of o.oi M glucose (>phosphate 
and inorganic pyrophosphate to the agar had no effect on the development of precipitin 
lines. Fig. 6 shows that liver from a child with glycogenstorage disease, type i. failed 
to produce a precipitin line with the pig antiserum. Fig. 7 shows that only a single 

Fig. 4 - A g a r  double-diffusion s t udy  showing  a precipit in line between pig a n t i - h u m a n - l i v e r  
( a m m o n i u m - s u l f a t e  precipitate) s e rum in the  center  and :  A, resuspended  (lo mg/ml)  h u m a n  liver 
a m m o n i u m  sulfa te  precipi ta te ;  1';, r e suspended  (lo mg/ml)  h u m a n  kMnev a m m o n i u m  sulfa te  
precipi ta te ;  F, r esuspended  (io mg/ml)  h u m a n  in tes t ine  a m m o n i u m  sul fa te  precipi ta te ;  and  no 
precipi t in line for B, pig liver h o m o g e n a t e  ( l o m g / m l ) ;  C, resuspended  ( i o m g / m l )  pig lixer 
a m m o n i u m  sul fa te  precipi ta te ;  1), h u m a n  liver h o m o g e n a t e  ( in  mglml) .  

Fig. 5. Agar douhle-dif fus ion s t u d y  showing precipi t in line he tween pig a n t i - h u m a n - l i v e r  (am- 
m o n m m  sulfa te  precipitate)  s e rum in center  anti r esuspended  (io mg/ml)  a m m o n i u m  sul fa te  
precipi ta tes  f rom liver of  B, gu inea  pig; F, m o n k e y ;  (;, h u m a n ;  and  no precipi t in lines for A, dog; 
C, pig; D, ra t  and  E, rabbi t .  

Biochim. Biophys.  :! cta, i 07 (1968) 14 l - i  49 



HUMAN LIVER GI.UCOSE-O-PHOSPHATASE 

T A B L E  IX,* 

A N T I S E R U M  I N H I B I T I O N  S T U D I E S .  ° 0 O F  C O N ' r R O L  A C T I V I T Y  

GIc-6-P PP~ 
O" (%) (,,o) 

H u m a n  liver h o m o g e n a t e  (5) io0 i iO 
Solubilized e n z y m e s  (3) 39 54 

147 

precipitating antibody was detected in the rabbit antiserum during immunoelectro- 
phoresis, and this was also true for the pig antiserum. 

Experiments were done to determine whether the pig antiserum would inhibit 
the enzyme activities. Addition of o.I ml of antiserum to the assay mixture did not 
cause significant inhibition. When liver homogenate was preincubated with the anti- 
serum, no significant inhibitiim was found. Preincubation with the liver ammonium 
sulfate precipitate did reduce glucose-6-phosphatase and pyrophosphatase to 39% 
and 54% of the control values (Table IV). 

The precipitating antibodies in the pig antiserum were precipitated by addition 
of solid anmlonium sulfate. Most of the antibody was foand in the fraction that 
precipitated between 34% and 4o% ammonium sulfate. This fraction was resuspended 
in o.25 M sucrose at 2o mg protein/ml and was found to have concentrated the pre- 

Purified Itumn Ltver Glucose-lS-Phosp~tase 

Rabb|t Ant|-Humln Liver G]ucose-6-Phosphitase 

Purified Rat Liver Glucose-6-Phospl~ttse 

Human Liver Homogenate 

bbbt t  Anti-Huron Liver Glucose-S-Phosl~atase 

Purtfted Huron Liver Slucose-6oPhosphatase 
Fig. 6. Agar  double-dif fus ion s t u d y  showing  precipi t in lines be tween pig a n t i - h u m a n - l i v e r  (am- 
m o n i u m s u l f a t e  precipi tate)  s e rum in cen te r  and  2 r e suspended  (io mg/ml)  normal  h u m a n  liver 
a m m o n i u m  sul fa te  prec ip i ta tes  (A). There  is no precipi t in line for the  o ther  h u m a n  liver amino-  
n ium sul fa te  prec ip i ta te  prepared f rom a chihl with  t ype  i g lycogen s torage  disease (B). 

Fig. 7. Immunoe l ec t ropho re s i s  slides showing  single precipi t in line be tween the  rabbi t  a n t i s e r u m  
and  the  r e suspended  (IO mg/ml)  h u m a n  liver a m m o n i u m  sul fa te  prec ip i ta te  a t  top and  bo t tom,  
and  absence  of line for the  h u m a n  liver h o m o g e n a t e  ( l o m g / m l )  (bot tom) and  resuspended  rat  
liw~r a m m o n i u m  sul fa te  prec ip i ta te  (top). 

Biochim. Biophys..4cta, i67 (1968) 14t I49 
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cipitating antibody 2-3 fokt. This concentrated antiserunl still did not inhibit the 
enzyme activity of liver homogenate. 

DISCUSSION 

The effect of using autopsy liver on the activities of these enzymes has been 
studied previously 4, and there was insignificant change in enzyme activity during the 
first 24 h after death. After homogenization, or during prolonged storage at --2o °, 
both activities decline steadily. These studies were done primarily with adult human 
liver, which has previously been shown to be 5 io-fold less active than during the first 
year or two of lifO. 

Solubilization of enzyme activities from mitochondrial or microsomal particles 
by detergents is usually determined by the fact that the activity, in question no longer 
sediments (luring ultracentrifugation under conditions where it previously did sedi- 
ment. This detergent solubilization can result in truly soluble enzyme proteins, or it 
can simply reduce the size of the colloidal partMes so that they no longer sediment 
during ultracentrifugation. The analyses of the detergent-solubilized enzymes in this 
report indicate that they contain 38°,~ lipid and very small amounts of RNA. This 
suggests that this particular "solubilization" removed most of the RNA and dispersed 
the large lii)oprotein colloidal partMes into smaller ones. NORI)IAE AND ARION e 
mentioned that  detergent-solubilized glucose-b-phosphatase from rat liver had a 
tendency to aggregate (luring storage, and they suggested that for rat liver the de- 
tergents were probably also dispersing large microsomal partMes into small ones. 

Magnesium does not activate the microsomal glucose-6-phosphatase and inor- 
ganic pyrophosphatase from human liver, but does tend to stabilize them during 
storage and heating '~. The small amounts of calcium and magnesium found in the 
column fractions suggest that they are contaminants. The unexpected coincidence 
between the magnesium content and the quantity of glucose 6-phosphate bound by 
the active column fractions leaves the question of whether the enzyme contains 
magnesium still not definitely answered. The binding of substrate by the active column 
fractions may have occurred at the active site or at non-specific sites. I t  may have 
been associated with proteins which are not part of the enzyme. The only additional 
evidence that the material in the eolunm fractions was homogeneous comes from the 
experiments with the antiserum. A single precipitin line was found during immuno- 
electrophoresis. 

The antiserum studies indicate that there are antigenic similarities between 
human liver, kidney and intestine, and monkey and guinea pig liver. The absence of 
this antigen in a patient with glycogen-storage disease and the ability of the antiserum 
to inhibit the enzyme activity provide evidence that this antigen is closely associated 
with liver glucose-6-phosphatase. 

A recent reporO ~ by NORDLIE AND SNOKE has presented data which indicate 
that  the detergents eliminate the difference in rat liver glucose-6-phosphatase activity 
which results from cortisol administration. 
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