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Summary 

Klnetm constants for liver glycogen synthase (UDPglucose: glycogen 4-~-D- 
glucosyltransferase, EC 2.4.1.11) with respect  to UDPglucose have been 
measured m foetal liver homogenates from samples taken durmg late gestation 
(days 17--22) and the hrst  hours after birth The V of  the inactive form of 
glycogen synthase increased markedly m this period and there was a slgnffmant 
mcrease m V of  the active enzyme to a maximum at day 20 of  gestation. The Km 
for UDPglucose measured in the presence of  glucose-6-P (total act lwty)  did not  
vary greatly, mean values of  0.51 -+ 0.04 mM at day 17 to 0.72 + 0.03 mM after 
birth bemg similar to those for adult  liver, 0.60 -+ 0.04 mM. Values derived for 
the inactive enzyme were almost ldentmal. In contrast,  Km values for active 
glycogen synthase m foetal hvers during gestation were significantly higher than 
those for adult  hver. Highest values were seen at day 19 of  gestation (1.84 + 
0.08 mM) followed by  a steady fall to 0.55 -+ 0.05 mM in the newborn com- 
pared with a mean value of  0.48 _+ 0.04 mM for adult  liver. Existence of  a 
reduced affinity of  actxve glycogen synthase for  UDPglucose must  be recog- 
razed when assaying the enzyme m foetal hver, particularly when extrapolatmg 
values to rates of  glycogen synthesis in vlvo. 

Data were obtained only after removal of  an amylase-like contammant  from 
foetal liver samples whmh mvahdated the radloassay of  glycogen synthase. 

This work illustrates the care needed m the analysis of  foetal tissue and the 
mterpretat lon of resulting data when utilizing methods  developed for adult  
tissue. 
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Introduction 

In late gestation in the rat there is synthesis and deposition of liver glycogen 
by the foetus accompanied by the appearance and activation of glycogen syn- 
thase (UDPglucose glycogen 4-a-D-glucosyltransferase, EC 2.4.1.11) [1,2]. 
The question of whether the foetus is able to utilize its liver glycogen hinges on 
the rates of synthesis of glycogen in vlvo calculated from the activity of  glyco- 
gen synthase measured in vitro. From their measurements of active glycogen 
synthase and glycogen levels in foetal liver over the last 5 days of gestation, 
Devos and Hers [1] calculated that  the maximal synthetic rate would not  allow 
for simultaneous glycogenolyms. Other workers, however, have postulated that  
a turnover of foetal liver glycogen is possible [2,3] For these reasons, it is 
important  that  conditions for the in vitro assay of glycogen synthase in foetal 
liver homogenates be optimized to gave an accurate measurement of enzyme 
activity Studies on glycogen synthase in foetal liver so far have involved 
measuring the enzyme activity in homogenates, using the same techniques and 
assay conditions as those used for studies on adult liver. Affinity constants of 
the enzyme for its substrate UDPglucose in the presence or absence of glucose- 
6-P have not  been studied in detail in foetal liver, although they have been 
determined in crude homogenates [4] and partlally-punfmd preparations 
[5--8] from adult liver In the present study on livers from foetal rats in late 
gestation and newborn rats, affinity constants of glycogen synthase for UDP- 
glucose have been measured in the absence (active enzyme) and presence 
{active + inactive enzyme) of glucose-6-P. From these constants values were 
also derived for the inactive enzyme. 

Materials and Methods 

Animals All studms were made on rats of a derived Wlstar strain. Pregnancy 
was dated from the presence of a copulation plug after leaving females with a 
male overmght (day 0), parturition occurred normally on day 22. Non-pregnant 
females were used to obtained adult hver. Ammals were kept m a convenhonal 
ammal house at 19--25°C and fed a standard dmt 

Chemicals. UDP[U-14C]glucose and [U-14C]glucose-1-P were obtained from 
the Radlochemmal Centre (Amersham, U.K.). UDPglucose, glucose-l-P, glu- 
cose-6-P, oyster glycogen (Type II) and bovine serum albumin were obtained 
from Sigma Chemmal Co. (St Lores, U.S A.). Glycogen solutions were treated 
with Amberhte monobed resin (BDH, Poole, U.K.) before use 

Methods Foetuses were removed by caesarian section after anaesthetizing 
the mother with pentobarbltal (Nembutal, Abbot Lab., New Zealand). Foetal 
hvers were removed with a free pmr of scissors, care bemg taken to exclude any 
non-hepatm tissue. In the initial studies livers were frozen immediately in liquid 
N2 but  in latter studies they were first rinsed by rapid swlrlmg in me-cold buffer 
and touch<ined on Whatman No. 52 filter paper. Frozen livers from a litter 
were pooled for homogenization. Livers from newborn rats were taken 6--18 h 
after birth under light ether anaesthesia and again livers from newborn in the 
same litter were pooled Livers from adult rats were removed under pentobar- 
bltal anaesthesia and frozen immediately in liquid N2. 



25 

Foetal  and adult  hvers were homogenized m 3 vol. me-cold 50 mM Trls-HC1 
(pH 7.8)/5 mM EDTA/100 mM NaF. Homogenates  were centrifuged at 
3000 × g for 15 mm at 0°C and the supernatants used for enzyme analysis. In 
some htters, pancreases were excised from the foetuses after removmg the hver. 
They were homogemzed :n 9 vol. 50 mM Tns-HC1 (pH 7.8) and used lmme- 
d:ately. 

Glycogen synthase was measured at 30°C by incorporation of  [U-14C]glucose 
from UDP[U-~4C] glucose into glycogen and the labelled glycogen counted after 
adsorption on filter paper [9].  Active glycogen synthase was measured m the 
presence of 15 mM Na2SO4 as descr:bed prevmusly [2] bu t  over a range of  
UDPglucose concentrations (0.17--3 mM fmal conc.) Total glycogen syn- 
thase actlv:ty (active + reactive) was measured m the presence of 7 5 mM glu- 
cose-6-P [2] over the same range of UDPglucose concentrations.  A umt  of  
enzyme actlv:ty mcorpora ted  1 pmol glucose into glycogen/mm. 

Glycogen was prelabeUed with 14C m the following way. Adult  rat hver was 
homogemzed :n 3 vol. 200 mM ~-glycerophosphate (pH 6.1). 1 ml homogenate  
supernatant  was incubated at 37°C for 1 h with 2 ml 100 mM glucose-l-P/200 
mM NaF/ I% (w/v) glycogen/approx.  4 • 106 cpm from [U-14C]glucose-l-P 5 ml 
30% (w/v) KOH was then added and the solut:on boiled for 30 mm The glyco- 
gen was twine prec:pltated from the digest with 95% ethanol before being taken 
up m 1 ml of  the approprmte buffer.  The preparatmn contained 48% of the 
radloactlv:ty originally added. 

The amylase act lwty of  hver homogenates  was measured m 50 mM Tns-HC1 
buffer  at pH 7.8 by the method  of  Henry and Ch:amorl [10] .  

Protein was measured by the method  of  Lowry et al. [11] using bowne 
serum albumm, Fractmn V, as standard. 

Results 

Glycogenolysts by foetal lwer hornogenates 
The act lwty of  glycogen synthase m homogenates  of  foetal hver frozen 

unmedmtely m hqu:d N2 was found to vary randomly from one gestatmnal age 
to another and between htters of  the same age. The enzyme reactmn was non- 
lmear w:th regard to time and dilution of  homogenate.  Incubatmn of  foetal and 
adult  hver homogenates  with pre-labelled [~4C]glycogen under  condltmns of  
the synthase assay (F~g. 1) mdmated that  labelled glycogen m the synthase 
assay was bemg degraded when usmg foetal hver homogenates  Amylase act:v- 
:ty was also measured m homogenates  of  foetal and maternal hver (Table I), 
when higher actlvltms were found m the foetal hver homogenates,  these being 
mcreased dramat:cally when the hver was frozen m hqu:d N2. The very h:gh 
amylase actlvltms were assocmted with greatly reduced synthase actlwtms. 
Table II shows the effects of  dehberately contaminating homogenates of  
washed foetal hver w:th a pancreatm homogenate  prepared from the same htter  
and demonstrates  that  extremely small amounts  of  pancreat:c maternal can 
cause mh:bl tory effects on the glycogen synthase assay. 

It was subsequently found that  a rapid rmsmg of  foetal hver m me-cold buf- 
fer before freezing removed the glycogenolytm contammatmn (Table III) and 
the enzyme reactmn became lmear w:th t:me. Consequently,  all foetal hvers 
were treated th:s way before carrying ou t  glycogen synthase measurements.  
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T A B L E  I 

T O T A L  G L Y C O G E N  S Y N T H A S E  A N D  A M Y L A S E  A C T I V I T Y  IN F R E S H  A N D  F R O Z E N  H O M O G E -  
N A T E S  F R O M  F O E T A L  A N D  A D U L T  L I V E R  

Foe ta l  a n d  adu l t  hvers  were  h o m o g e m z e d  m 3 voL ice-cold 50 m M  Tris-HCl (p H  7 8 ) /5  m M  E D T A / 1 0 0  
nM N aF  Fresh  hver  was  exclsed w l t h  care,  and  r insed In ice-cold b u f f e r  b e f o r e  h o m o g e n i z i n g  F r o z e n  
tassue was  t a k e n  and  f rozen  i m m e d l a t e l y  in l iquid N 2 E n z y m e  act ivi t ies  expressed  as m u n i t s  of  syn thase  
and uni t s  of  a m y l a s e / m g  p ro t e in  

Ges ta t lona l  day  To ta l  g lycogen  syn thase  A m y l a s e  

Foe ta l  l iver 20 Fresh 36 9 16 
F r o z e n  12 5 148 

21 Fresh 39 2 46  
F r o z e n  1 2 801 

Maternal  h v e r  20 Fresh I 0  5 I 3 
F r o z e n  10 6 2 3 

21 Fresh 9 3 0 7 
F r o z e n  9 6 2 3 

Kmettc constants for glycogen synthase tn foetal hver 
The velocity of the glycogen synthase reaction at different UDPglucose con- 

eentratlons was measured In the presence and absence of  7.5 mM glucose-6-P 
m hver homogenates from litters aged 17--22 days and within the period 6--18 
h after birth. The data were plot ted as s/v against s and the Km and V values 
derwed by the statxstlcal method of  Wilkinson [12].  Fig. 2 shows the typical 
plots for day 18 and day 22 foetal lwers and for an adult  lwer. In all the 
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Fxg 1 G lycogeno lyms  m h o m o g e n a t e s  of  foe ta l  hve r  Foe t a l  an d  adu l t  hve r s  were  f rozen  , m m e d m t e l y  m 
h q m d  N 2 S u p e r n a t a n t s  of  h o m o g e n a t e s  of  21-day  foeta l  (¢ -') an d  adu l t  (o o) hve r  m 3 vol  
50 m M  TrLs-HCI (pH 7 8 ) /5  m M  E D T A / I O 0  m M  Na F  were  i n c u b a t e d  wi th  a so lu t ion  of  14C- labened  
g lycogen  m the  s a m e  b u f f e r  at  30°C At  se lec ted  t imes ,  50 /~1 a l lquots  were  s p o t t e d  o n t o  fi l ter  pape r ,  
washed  m e thano l  as in the  g lycogen  syn thase  assay a nd  the  14C.label ied g lycogen  c o u n t e d  

F*g 2 s/v Agains t  s p lo ts  for  UDPglucose  concen t r a t aon  a nd  g lycogen  syn thase  ac t lv i ty  Laver h o m o g e n a t e  
s u p e r n a t a n t s  were  m c u b a t e d  a t  30°C and  p H  7 S wl th  50  m M  Tns-HCI /5  m M  E D T A / 3 3  m M  N a F / I %  
g lycogen  in the  absence  (A)  or  p resence  (B) of  7 5 m M  glucose-6-P a t  the  UDPglucose  c o n c e n t r a t i o n s  
mdzca t ed  Represen ta t l ve  p lo ts  are  s h o w n  for  foe ta l  l ivers a t  day  18 (e e )  a n d  day  22 (o o)  of  
gestat*on and  adu l t  hve r  (X X ) 



27 

T A B L E  n 

T H E  E F F E C T  OF A D D E D  F O E T A L  P A N C R E A T I C  E X T R A C T S  ON T H E  M E A S U R A B L E  G L Y C O G E N  
S Y N T H A S E  OF F O E T A L  L I V E R  H O M O G E N A T E S  

H o m o g e n a t e s  w e r e  prepared  f r o m  w a s h e d  f o e t a l  hvers  and f o e t a l  pancreases  Al iquo t s  o f  serial  d i lu t ions  
of  the  pancreat ic  h o m o g e n a t e s  w e r e  ad d e d  t o  hver  h o m o g e n a t e  supernatants  t o  give proportaons  of  pan-  
creas  t o  l iver s h o w n  T o t a l  g l y c o g e n  s y n t h a s e  w a s  m e a s u r e d  and the  ac t iv i ty  as m u m t s / m g  Prote in  calcu-  
la ted  f r o m  t he  14C c o u n t s  i n c o r p o r a t e d  in to  g l y c o g e n  at 15 r a m ,  no  a c c o u n t  be ing  t a k e n  o f  non-hnear i ty  

Ges ta t iona l  age  Pancreas  hver  

1 100  1 1 0 0 0  1 5 0 0 0  1 1 0 0 0 0  Liver a lone  

Day  19 0 3 2 10  9 12  7 20  3 
Day  21 0 2  4 8  2 6 9  3 8 2  5 3 6  
D a y  22 3 5 24 5 32  3 36 7 39 1 

homogenates studmd, these plots were linear over the UDPglucose concentra- 
tions studied. 

Table IV shows combined data for the kmetlc constants of  glycogen syn- 
thase m hver from htters of  foetal and newborn rats and a group of  adults. 
Values for total and active glycogen synthase were obtained from measure- 
ments taken m the presence and absence of  glucose-6-P, while values for the 
reactive enzyme were derived from the difference In these activities at each 
substrate concentration. The statlstmal significance of  the data was ascertained 
by analysis of  variance and regression analysis. There was a pronounced 
increase m the amount of  reactive glycogen synthase, expressed as V, produced 
in the foetal liver from day 17 of  gestation through to the period after birth 
(P < 0.001).  At b~rth the V was 3-tunes greater than that seen for the enzyme 
m adult hver. There was a trend towards shghtly higher Km values of  the 
mactlve enzyme as gestation proceeded (P < 0.01) but values were not 
significantly different from those seen for adult hver. For the active form of 
glycogen synthase, the V mcreased slgmficantly from day 17 to a maximum at 

T A B L E  n l  

T H E  E F F E C T  O F  W A S H I N G  F O E T A L  L I V E R  T I S S U E  B E F O R E  F R E E Z I N G  ON M E A S U R A B L E  
G L Y C O G E N  S Y N T H A S E  A C T I V I T Y  

Fo r  each  l i t ter ,  l ivers t a k e n  f r o m  f o e t u s e s  m o n e  uter ine  horn  w e r e  f r o z e n  i m m e d l a t e l y  in l i q md  N 2 (non-  
w a s h e d )  w h i l e  l ivers f r o m  f o e t u s e s  m the  o t h e r  h o r n  w e r e  r insed m i ce - co ld  b u f f e r  and touch-drxed b e f o r e  
f reez ing  ( w a s h e d )  H o m o g e n a t e s  f r o m  the  w a s h e d  and n o n - w a s h e d  l ivers were  p r e p a r e d  and the  to ta l  
g l y c o g e n  s y n t h a s e  assayed  us ing t w o  i n c u b a t i o n  t l m e s  

Ges ta t lona l  age G l y c o g e n  s y n t h a s e  a c t l v l t y  ( m u n l t s / m g  p r o t e i n )  

I n c u b a t i o n  t i m e  5 m l n  15  m m  

l S  d a y s  N o n - w a s h e d  7 0 5 5 
Washed  13 3 13 2 

19 d a y s  N o n - w a s h e d  5 2 1 4 
Washed 26 6 26 1 

22 days  N o n - w a s h e d  15 1 3 8 
Washed  29 1 29 1 
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T A B L E  IV  

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

OF  T H E  F O E T A L  R A T  

To ta l  g l y c o g e n  s y n t h a s e  was  m e a s u r e d  m the  p resence  o f  7 5 m M  glucose-6-P,  ac t ive  g l y c o g e n  s y n t h a s e  

m i n u s  g lucose-6-P and  m the  p resence  of  15 m M  N a 2 S O  4 D a t a  fo r  r eac t ive  g l y c o g e n  s y n t h a s e  were  ob- 
t a ined  f r o m  the  d i f f erence  b e t w e e n  t he  to ta l  and  ac t ive  ac t iv i t i es  a t  each  substrate  c o n c e n t r a t m n  K m 
va lues  a re  exp re s sed  as  m M  U D P g l u c o s e  a n d  V va lues  as  m u m t s / m g  p r o t e i n  Resu l t s  are  m e a n  + S E 

G l y c o g e n  s y n t h a s e  To ta l  Ac t ive  I n a c t i v e  

Liver  No K m V K m V K m V 

Foe ta l  Day  17 5 "  0 5 1 ±  0 0 4  1 0 +  0 6  1 43 ± 0 1 0  0 4  + 0 0 1  0 5 0 ±  0 0 3  9 ± 0 6  

Foe ta l  D a y  18 5 0 5 1 ±  0 0 3  1 4 ±  1 6 1 69 ± 0 0 9  1 0  + 0  17 0 4 8  ± 0 0 3  13 ± 1 5 
Foe t a l  D a y  19 5 0 58 ± 0 0 3  27 ± 0 9  1 8 4 ±  0 0 8  3 2 ± 0 1 3  0 53 ± 0 0 4  2 4 ±  0 8  
F o e t a l  D a y  20 5 0 59 ± 0 0 2  33 ± 1 4 1 58 ± 0 10 4 3 ± 0 4 7  0 53 ± 0 0 3  30  ± 1 2 

Foe t a l  Day  21 5 0 57 ± 0 0 2  3 5 ±  2 5 1 34 + 0 14 3 4 ± 0 4 0  0 5 4 ±  0 0 2  3 2 ±  2 3  

Foe ta l  D a y  22 5 0 59 ± 0 0 3  4 2 ±  2 5 0 7 5  ± 0 0 4  2 4  ± 0 1 4  0 5 8 ±  0 0 3  4 0 ±  2 7  

N e w b o r n  5 0 7 2 ± 0 0 3  4 0 ±  2 4  0 5 5 ±  0 0 5  2 4  ± 0 1 8  0 73 ± 0 0 3  37 ± 2 6  
A d u l t  10 0 6 0 ± 0 0 4  1 3 ± 0 7  0 4 8 ± 0 0 4  1 1 ± 0 0 8  0 6 0 ± 0 0 5  1 2 ± 0 7  

* N u m b e r  of  h t t e r s  s t u d i e d  for  foe ta l  and  n e w b o r n  g r o u p s  

day 20 (P < 0.001). There was then a slgmflcant fall in active glycogen syn- 
thase towards btrth (P < 0.01). In contrast to the inactive enzyme, there were 
slgnffmant changes m the affinity of active glycogen synthase for UDPglucose. 
Dunng gestation Km values were up to 3-times higher than those seen for adult 
liver. Values increased slightly from days 17 to 19 (P < 0.02), but thereafter 
there was a steady fall in Km up to birth (P ~ 0.001) and in the newborn, 
values were approaching those seen m adult hver. 

Discussion 

The presence of a contammant  causing glycogenolysls m homogenates of 
foetal liver must be recognlsed as a potentially senous hazard In any experi- 
ment  revolving measurement of 14C-labelled glycogen. Fortunately,  the contam- 
ltant can be removed by rmslng the liver quickly before freezing. The contam- 
matlon was probably due to amylase m secretions released from the foetal pan- 
creas during removal of the foetus from the uterus and dissecting out  the hver. 
These experiments demonstrate the caution required in workmg with the small 
and delicate organs of the foetal rat and the care needed m applymg procedures 
developed for adult tissues directly to the foetal environment. 

The precautions required in the handlmg of foetal hver have not  been refer- 
red to by previous workers. However, in this context ,  It Is pertinent to note 
that  our results on glycogen synthase are m general much higher than those of 
two previous studies [1,13] usmg a radloassay to measure the enzyme but  are 
m good agreement with those of Ballard and Ohver [14], who used an assay 
based on the productmn of UDP which would be independent of any glyco- 
genolytlc contaminant  in the homogenate.  

Our prewous work has shown that  as glycogen IS deposited progressively in 
the liver of  the foetal rat from day 17 of gestation, total glycogen synthase 
activity increases steadily. The present data show that  the Increase m total 
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glycogen synthase is primarily due to an mcrease m V of  the reactive enzyme 
with httle variation m the affinity for UDPglucose The Km values for hvers 
from foetal and newborn animals of 0.48--0.73 mM and 0 60 mM UDPglucose 
for adult hver compare reasonably with previously reported values for the 
partially punfmd enzyme from adult rat hver of 0.5 [6], 0.56 [7] and 0.9 mM 
[15] Values of 0.79--1.1 mM have been found with crude homogenates [4] 
All of these were measured m the presence of 4 mM or higher amounts  of glu- 
cose-6-P. 

Values reported previously for the Km for UDPglucose of active glycogen 
synthase m adult rat hver have varmd from 0.74 to 2.5 mM [4,6,8,15] com- 
pared with 0.48 mM m the present work. The V of active glycogen synthase 
mcreased to day 20 of gestation and then fell towards birth on day 22. This 
pattern was ldentmal to our previous work [2] where the active form was mea- 
sured at a substrate concentration of  3 mM UDPglucose which, compared with 
the present data, measured 85% of the maximal actlvlty m adult and newborn 
hvers, but only 60--65% m foetal hvers at days 17 to 20 of  gestation. The 
apparent inhibition of active synthase from day 20 onward, could be due to the 
high glycogen levels m the hver regulating the rate of glycogen synthesis, as has 
been postulated recently [16]. We found major differences m the apparent K~ 
for UDPglucose of active glycogen synthase m foetal and adult hver homog- 
enates. Devos and Hers [1] have stated that  there can be no degradatmn or 
turnover of hver glycogen by the foetus from days 10 to 21 5 of  gestatmn. 
They reached this conclusmn because their active glycogen synthase values 
were only just adequate to account for the rate of glycogen accumulatmn over 
this permd However, they  used a UDPglucose substrate concentratmn of  only 
0 25 mM and ff the K~ was very much higher as m the present work they 
would greatly underestimate the maximal activity of  the active enzyme and 
mvahdate their extrapolatmn to m wvo synthetm rates. The glycogenolytm con- 
t ammatmn could also contribute to an artffmal lowering of  their enzyme actlv- 
1tins Their highest active glycogen synthase value of 80 mumts/g wet wt. com- 
pares with an equivalent value of 480 mumts/g wet wt. calculated from the V 
m the present work. There are many pitfalls m extrapolating m wtro enzyme 
actlwtms to synthetm rates m wvo and ff calculatmns were made from our m 
vitro V values, assuming the active synthase was saturated by its substrate, we 
would derive a rate of glycogen synthesis may times greater than that  obtmned 
by Devos and Hers [1]. However, our Km values for foetal active synthase and 
those reported by others for adult hver [4,6,8,15] are much higher than the 
UDPglucose concentratmns measured on whole hver samples of 0.23 [17] and 
0.45 [18] pmol/g hver and obwously other effectors could be important  m the 
m wvo sltuatmn Despite this, the changes m the affmlty of  the foetal active 
synthase for UDPglucose shown here must represent a slgmfmant change m 
propertms of  the enzyme, although these are dfffmult to explmn. Presumably, 
an effector whmh mcreases the affinity of the active enzyme for UDPglucose 
could appear or mcrease m concentratmn m the hver m late gestatmn. These 
could include P, although we have not  detected any major changes m foetal 
hver homogenates over this permd [19]. Others could be glucose-6-P [5], or 
citrate and other t rmarboxyhc acids [20] whmh are stud to produce conforma- 
tmnal changes m active glycogen synthase. Extensive studms will be reqmred to 
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elucidate the changes that  occur in the enzyme and its activation dunng late 
gestation. 
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