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Abstract--Our report that glucose within its physiological range stimulates glycogen synthase phos- 
phatase activity, provided an appropriate second effector is present, has been expanded The nature of 
the stlmulatory process, particularly the roles of glucose, and of caffeine which represents the potential 
second effectors, has been studied. Glucose and caffeine stimulated synthase phosphatase activity in a 
syrlerglstlc manner With 0 5 mM caffeine the A05 for glucose was 11 mM (from 27 raM), whereas in 
the presence of 30 mM glucose the A05 for caffeine was 0 06 mM (from 0 7 mM) At 10 mM glucose 
the A05 for caffeine was 0 1 mM Glucose stimulation remained non-cooperative, unaffected by the 
presence of caffeine, whereas the cooperative stimulation of caffeine was unaffected by glucose 
Some shght stimulation of synthase activity was observed with caffeine and with glucose over a wide 
concentration range However, they did not act synergistically to influence the measurement of synthase 
activity Glucose-6-phosphate, which also stimulates synthase phosphatase activity, acted independently, 
not synergistically with caffeine. All the methylxanthlnes were tested as potential second effectors in an 
effort to discover the essential structural elements of the agent All dimethylxanthlnes, 3- and 7- 
methylxanthlne and 1-methyl-3-isobutylxanthlne enhanced glucose stimulation but none of them alone 
was stlmulatory. Judged from the half-maximal concentrations, in the presence of 10 mM glucose, 
caffeine was the most potent second effector by a significant margin The maximum velocity was also 
greatest with caffeine, whereas that with other methylxanthlnes was generally lower, and varied 1- 
Methylxanthlne with increased concentration was slightly inhibitory even in the presence of 10 mM 
glucose Xanthlne (0 5 raM), itself, strongly inhibited synthase phosphatase activity, an effect not 
influenced by glucose. Xanthlne did not influence the measurement of synthase or phosphorylase 
phosphatase activity with or without glucose In general, conditions of methylxanthlne-enhanced, 
glucose stimulation of synthase phosphatase and phosphorylase phosphatase activities differed markedly, 
confirming that separate, distinct mechanisms are involved 

The rate of liver glycogen synthesis depends upon 
the proportion of glycogen synthase (EC 2.4.1.11) 
in the active form. This enzyme catalyzes the rate- 
limiting step in the pathway by which glucose is 
incorporated into glycogen. Activation of glycogen 
synthase is catalyzed by glycogen synthase phos- 
phatase (EC 3.1.3.16). It is this reaction which must 
respond to agents that promote glycogen synthesis 
m vwo, although protein klnase activities may be 
simultaneously regulated. A rise in liver glucose 
concentrations can signal the activation of glycogen 
synthase [1-3]. However, the mechanism by which 
this is accomplished has been the subject of an 
intense debate. 

Recently, we provided evidence that direct stimu- 
lation of the synthase phosphatase reaction by glu- 
cose [4, 5] may be one of the ways glucose promotes 
glycogen synthesis. Synthase phosphatase activity in 
a glycogen particle preparation could be more than 
doubled upon addition of glucose [4], but the con- 
centratlon of glucose required greatly exceeded the 
upper limits of the normal physiological range Sub- 
sequently, caffeine was shown to stimulate synthase 
phosphatase activity [5] Remarkably, the presence 
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of caffeine permitted glucose at a physlologlcal con- 
centratlon (10 mM) to stimulate the synthase phos- 
phatase reaction almost 2-fold. This indicated that 
caffeine may act synergistically with glucose [5] 

Glucose and caffeine are known to stabilize the 
"T" conformer of phosphorylase a and synergistically 
inhibit the enzyme in a competitive, non-exclusive 
manner [6]. The stabilized conformer is presumably 
a better phosphorylase phosphatase substrate 
[7-10], thus accounting for the observed increased 
phosphorylase phosphatase rate [4, 5, 11] when these 
hgands are present We, therefore, were interested 
in better characterizing the effect of caffeine on 
glucose stimulation of glycogen particle synthase 
phosphatase activity. We were particularly interested 
In determining the A05 for glucose stimulation of 
synthase phosphatase activity in the presence of caf- 
feine and the possible effect of glucose on the A0 5 
for caffeine stimulation of the activity. It was also 
important to establish that the observed effects of 
glucose and caffeine did not result from changes in 
the assay for synthase. Finally, to study the structural 
requirements of the second effector, the specificity 
of caffeine as a synergistic partner with glucose was 
determined by substituting various methylxanthines 
for caffeine This is part of an ongoing study of 
the mechanism(s) by which ingested carbohydrates 
stimulate glycogen synthesJs in liver Phosphorylase 
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phosphatase activity was de termined  simultaneously 
for comparat ive purposes 

M A T E R I A L S  A N D  M E T H O D S  

Caffeine, theophylhne,  theobromine ,  xanthlne,  
and 1,7-dlmethylxanthIne were obtained from the 
Sigma Chemical  Co. ,  St Louis,  MO 1-Methyl- 
xanthine and 7-methylxanthine were obtained from 
the Chemical  Dynamics  C o r p ,  Plainfield, NJ. 3- 
Methylxanthlne was obtained from the Aldrich 
Chemical  Co. ,  Milwaukee,  WI  All other  reagent 
chemicals were of the highest quality available 

Male rats (Blolab, White  Bear  Lake,  MN) weigh- 
ing 150-200g were anestheslzed with Seconal 
(50 mg/kg,  1 p ) and al lowed a quiet  period of at least 
15 min Animals  were then injected with glucagon 
(100/~g/kg, i v ). Livers were rapidly removed  15 sec 
after glucagon administrat ion and homogenized  in 
ice-cold 50 mM lmidazole,  pH  7 0, with 250mM 
sucrose (1 to 2, w/v) .  The homogena te  was centri- 
fuged at 8000 g for 10 mln. The  supernatant  fraction 
was centrifuged at 104,000 g for 30 rain to obtain the 
glycogen pellet. The pellet,  washed to remove  the 
mlcrosomal layer, was suspended in one-half  the 
volume of supernatant  using 50 mM imidazole,  pH 
7.0 

Synthase phosphatase and phosphorylase phos- 
phatase assays were conducted simultaneously as 
previously described [4] React ion mixtures con- 
tamed glucose and xanthlne or a xanthlne derivative 
as indicated for each exper iment  Synthase phos- 

phatase activity is expressed as the number  of units 
of synthase I formed per gram wet weight generated 
per minute Phosphorylase phosphatase activity is 
expressed as the decrease In units of phosphorylase 
a per milllhter of glycogen particle suspension per 
minute. One unit of ei ther synthase or phosphorylase 
~s the amount  of enzyme which incorporates 1 gmole 
of glucose into glycogen in 1 min at 30 ° 

R E S U L T S  

Glucose and caffeine effects on h ver synthase phos- 
phatase actwt~ In the presence of a less than satu- 
rating concentrat ion of caffeine (0 5 raM)  [11], 
increased synthase phosphatase activity was 
observed as the glucose concentrat ion was increased 
(Fig 1A). The A05 for glucose was approximately 
11raM This was a substantial reduction from the 
A05 measured previously in the absence of caffeine 
(27 mM) [4] When a saturating concentrat ion of 
caffeine was used (2 raM), a concentrat ion-depen-  
dent stimulation by glucose was also observed,  and 
the A05 for glucose remained 1 0 m M  (data not 
shown) With glucose at 30 raM, the A0 s for caffeine 
was approximately 0 06raM (Fig. 1B) In the 
absence of glucose, we had previously determined 
the A05 to be approximately 0 . 7 m M  [11] When 
10 mM glucose was present,  the A0 s for caffeine was 
est imated to be 0 09 mM (Fig 2) The  sigmoidal 
relationship between phosphatase activity and caf- 
feine concentrat ion observed in both the absence [4] 
and the presence of glucose suggests cooperat ive  
stimulation with respect to caffeine. 
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Fig 1 Snmulation of synthase phosphatase acnvlty by vanous combmanons of caffeine and glucose 
Liver glycogen particles were obtained from animals treated w~th glucagon as described in Materials 
and Methods These preparations were used in phosphatase reaction mixtures which contained, m 
addition, various combinations of caffeine and glucose Phosphatase assays were conducted at 25 ° Panel 
A shows the effect of a constant amount of caffeine (0 5 mM) and various amounts of glucose, as 
indicated, on synthase phosphatase activity Results are presented as the phosphatase activity expressed 
as the change in synthase I (A unlts/min/g wet wt) A unit is defined in Materials and Methods 
Phosphatase activity was estimated as the fastest rate in the incubation interval from 0 to 10 mm The 
error bars represent the standard error and the arrow indicates the concentration where the velocity is 
half-maximal The initial activity ratio averaged 0 13 and total synthase was 0 92 umts/g wet wt Panel 
B shows the effect of a constant amount of glucose (30 mM) and various amounts of caffeine, as 
indicated, on synthase phosphatase activity Conditions of the assay and data accumulation and reduction 
were the same as described for Panel A The average initial activlt) ratio was 0 22 and total synthase 

averaged 0 97 umts/g wet wt Data presented in each panel are from four separate experiments 
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Fig. 2 Stimulation of synthase phosphatase activity by 
caffeine in the presence of 10 mM glucose Liver glycogen 
particles, obtained from glucagon-treated ammals, were 
used to prepare phosphatase reactmn mixtures containing 
10 mM glucose and increasing concentrations of caffeine 
Mixtures were incubated at 25 ° and samples were with- 
drawn at appropnate intervals to analyze for synthase I and 
total synthase As in Fig 1, synthase phosphatase activity 
was estimated as the fastest rate m the Incubation interval 
from 0 to 10 rain Results are presented as the percentage 
of synthase phosphatase activity in a m~xture containing 
10mM glucose. Each data point is the mean of three 
separate expenments -+ S E M The arrow indicates the 
caffeine concentration where half-maximal activity was 
achieved (A05) A data point not shown at 1 0 mM caffeine 
also showed stlmulation 200% ofcontrol Thexmtlalactxwty 
ratio averaged 0 18 and total synthase averaged 0 95 units/ 

g wet wt 

In the present experiments, significant amounts 
of glucose and caffeine were transferred from the 
phosphatase assay mixture to the synthase assay. 
The apparent Increased synthase phosphatase 
actixaty could result from specific stimulation of syn- 
thase activity, particularly by the mixture of caffeine 
and glucose. This was tested when amounts of glu- 
cose and caffeine, individually and in combination, 
equivalent to those transferred from phosphatase 
reaction mixtures, were added directly to synthase 
mixtures. The source of synthase was a resuspended 
glycogen particle preparation from glueagon-treated 
rats; portions of the resuspended particles were incu- 
bated at 30 ° for 0, 5 or 10mln to vary the ratio of 
synthase I to total synthase activity Measurement 
of total synthase was unaffected by any addition A 
moderate stimulation of synthase activity, measured 
in the absence of glucose-6-phosphate, was observed 
with 0.019 mM caffeine, equivalent to 0 5 mM m the 
phosphatase reaction mixture (Fig. 3). When the 
concentration was 0 076 mM, equivalent to 2 mM in 
the phosphatase reaction mixture, the amount of 
stimulation was not increased (data not shown). 
Similarly, synthase measured In the absence of glu- 
cose-6-phosphate was modestly stimulated by 
0.37mM glucose, equivalent to 10mM glucose in 
the phosphatase reaction mixture, and the degree of 
stimulation was the same at various concentrations 

up to 2.96 mM (80 mM in the phosphatase mixture) 
The effect of the combinations of 0.019 mM caffeine 
and various glucose concentrations up to 2.96 mM 
was not greater than that of caffeine alone. The 
degree of stimulation in any case was not related 
to the relative proportion of synthase I. Synthase 
activity measured in the absence of glucose-6-phos- 
phate was also only modestly stimulated by 0 5 mM 
caffeine and concentrations of glucose up to 80 mM, 
individually (Fig. 4), and stimulation by the com- 
bination did not exceed that of caffeine alone These 
concentrations would normally be sufficient to cause 
substantial conformational changes in phosphorylase 
a reflected as a decrease in its catalytic capabilities 
[6]. The stlmulatory effects of glucose and caffeine 
as they influence synthase phosphatase activity could 
involve &rect binding to synthase phosphatase 
However, if they interact with synthase, such an 
interaction has little effect on its catalytic 
capabilities 

Effect of caffeine on glucose-6-phosphate snmu- 
lanon of synthase phosphatase actwtty Glucose-6- 
phosphate stimulates glycogen particle-associated 
synthase phosphatase activity [11] The synthase 
phosphatase activity was increased to a greater extent 
when both glucose-6-phosphatase and caffeine were 
present. However, whether this was due to additive, 
independent effects or to a synergistic Interaction 
between the two effectors, as was true for glucose 
and caffeine, was not determined. Therefore, syn- 
thase phosphatase activity was measured in the pres- 
ence of 2 mM caffeine and increasing concentrations 
of glucose-6-phosphate (Fig 5). The approximate 
A0 5 for glucose-6-phosphate was 0.12 mM. This was 
nearly the same as determined previously in the 
absence of caffeine [11]. In each case, the maximum 
stimulation by glucose-6-phosphate was the same 
Thus, caffeine and glucose-6-phosphate stimulated 
synthase phosphatase activity independently. 

Methylxanthme structure and the facthtanon of glu- 
cose stimulation of synthase phosphatase activity. The 
respective effects of the several methylxanthlnes on 
systems which they influence are dictated by their 
structures [12-14]. In the present studies, methyl- 
xanthlnes were compared for their Influences on 
glycogen synthase phosphatase activity and their 
abilities to facilitate glucose stimulation of the 
reaction. 

The parent compound, xanthlne, at 0 5raM 
inhibited rather than stimulated the synthase phos- 
phatase reaction, and glucose at 10 mM had no effect 
on the inhibition (Fig 6A). Neither 0 019 mM nor 
0.5 mM xanthlne Influenced the measurement of syn- 
thase In the absence of glucose-6-phosphate (data 
not shown). In contrast, xanthlne had only a slight 
effect on the phosphorylase phosphatase reaction 
and did not interfere with glucose stimulation of the 
reaction (Fig. 6B). Substitution of a methyl group 
partially (position 1) or completely (positions 3 and 
7) relieved the inhibitory effects of xanthlne (Table 
1) At 0.5 mM, neither 3- nor 7-methylxanthlne 
stimulated the synthase phosphatase reaction. How- 
ever, both the 3- and 7-methylxanthlnes in the pres- 
ence of 10 mM glucose enhanced the synthase phos- 
phatase rate The effect of 1-methylxanthme 
persisted even in the presence of 10 mM glucose 
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Fig 3 Effect of glucose and caffeine when present at low concentrations on the measurement of 
glycogen synthase Glycogen synthase present in glycogen particle preparations from glucagon-treated 
animals was measured m the presence of glucose with and without caffeine in amounts equivalent to 
those transferred from phosphatase reaction mixtures Following resuspenslon of the preparation m 
50 mM imldazole, pH 7 0, portions of the resuspended particles were Incubated for 5 or 10 min at 30 ° 
The O ume control was kept on ice Then, 25 #1 of each pellet suspension was diluted to a final 
volume of 225.ul m special synthase stopping reagents containing caffeine or glucose at various 
concentrations with and without caffeine In the experiments shown, the final concentrations were 1 11 
2.22. and 8 88 mM glucose with or without 0 057 mM caffeine These are concentrations which would 
be obtained with the transfer and subsequent dilution of 25 gl of phosphatase mcubatmn mixture had 
the original concentration been 10, 20 or 80 mM glucose, respectively, and that for caffeine 0 5 mM In 
the synthase assay, samples were diluted additionally to the final concentrauons shown on the graph 
Pamcle suspensions diluted with stopping reagent without glucose and caffeine additions served as 
controls The results presented represent mean synthase activity (measured m the absence of glucose- 
6-phosphate) -+ standard error for three separate determinations All combinations contained 0 019 mM 

caffeine (Caff) m addmon to the amount of glucose (Glu) in&cated 

Alone ,  the monomethylxanth lnes  had only a small 
st imulatory effect on phosphorylase phosphatase 
activity All three monomethylxanthlnes  acted in an 
apparently synergistic manner  with 10 mM glucose to 
enhance phosphorylase phosphatase activity Since 
only a single concentra t ion of xanthine or xanthine 
der ivatwe was tested, it is possible that a less than 
maximal effect was observed and that at higher con- 
centrations the results might approach those of 
caffeine. 

Unl ike  caffeine, none of the three dimethyl- 
xanthlnes ( theophyll ine,  theobromlne  and 1,7- 
&methylxanthme)  st imulated synthase phosphatase 
actlwty when present at 0 5 mM (Table 1) However ,  
when added together  with glucose which itself has 
little stamulatory affect on synthase phosphatase 
activity, there was a considerable s tmmlation of 
activity All three d~methylxanthlnes st imulated 
phosphorylase phosphatase actlwty, 1,7-dimethyl- 
xanthine was the most potent ,  being almost equiv- 
alent to caffeine Theophyl l ine  and theobromIne 

further st imulated activity in the presence of glucose 
and were approximately equlpotent  in this regard 
In contrast,  1,7-dlmethylxanthlne had no apparent  
synergistic effect. 

From the data in Table 1, caffeine and glucose 
seemingly did not  act synergistically to enhance phos- 
phorylase phosphatase activity. In fact, they did. The 
A0 5 for caffeine was determined to be about 0 08 mM 
for the phosphorylase phosphatase reaction (experi- 
ments not shown) Since caffeine and glucose sta- 
bilize the same conformer  of phosphorylase [7], 
0 5 m M  caffeme st imulated phosphorylase max- 
imally. As was observed,  the addition of glucose 
would be expected to have no additional effect 

1-Methyl-3-1sobutylxanthme (MIX) binds with 
great affinity to both adenosine A1 and A 2 receptors 
[12] and to phosphodiesterase [14] Because of its 
relatwe potency compared  to other  methylxanthines 
In binding to these sites, it was tested for its effects 
on both the synthase phosphatase and phosphorylase 
phosphatase reaction systems MIX.  alone, did not 
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Fig 4 Effect of glucose and caffeine when present at high concentrations on the measurement of 
glycogen synthase This experiment was conducted as described in the legend for Fig 3 except that the 
final concentrations of glucose and caffeine in the synthase assay are those present in the phosphatase 
assay before dilution Therefore, in these experiments the final concentrations after dilution of resus- 
pended particles with special stopping reagents were 30, 60 and 240 mM glucose with or without 1 5 mM 
caffeine When diluted in the synthase assay the concentrations were 10, 20 and 80 mM glucose, 
respectively, with or without 0 5 mM caffeine Resuspended particles diluted with stopping reagents 
without glucose and caffeine additions served as controls The results presented represent mean 
synthase activity (measured m the absence of glucose-6-phosphate) -+ standard error for three separate 
determinations Comblnatmns contain 0.5 mM caffeine (Caff) in addition to the indicated amount of 

glucose (Glu) 

affect synthase phosphatase activity but a synergistic 
action with 10mM glucose was apparent. Phos- 
phorylase phosphatase was slightly stimulated by 
MIX but no synergistic action with glucose was 
observed 

Those methylxanthlnes that enhanced glucose 
stimulation of synthase phosphatase activity we~c 
further characterized by estimating the A05 for each 
in the presence of 10 mM glucose The concentration 
dependence of theophylline-enhanced stimulation is 
illustrated (Fig. 7) The A05 for theophylhne was 
approximately 0.7 mM, five to ten times greater than 
that for caffeine (Table 2). Maximum stimulation 
was slightly less than that for caffeine, and the stimu- 
lation was apparently cooperative with respect to 
theophylllne. Sigmoidal-shaped curves of actlvlty 
versus concentration also characterized the effects 
of other st]mulatory methylxanthlnes (Table 2). Gen- 
erally, the A0 ~ values for all methylxanthines except 
MIX were high, and the maximum stimulation was 
lower compared to caffeme 

DISCUSSION 

An examination of the experiments of Kasvinsky 
e t  a l .  [15] revealed that, when hepatocytes are lncu- 

bated with 1 mM caffeine and 20 mM glucose, gly- 
cogen synthase activation occurs at a greater rate 
than with glucose alone. The rate of phosphorylase 
inactivation was, similarly, increased by the com- 
bination, compared to glucose only Synthase acti- 
vation and phosphorylase inactivation were also 
simultaneous events. Yet, 1 mM caffeine had no 
apparent effect on either system, and 5 mM caffeine 
caused considerable phosphorylase activation. The 
latter effect is consistent with an elevation of cAMP 
and the activation of a cAMP-dependent protein 
klnase [16-18]. The cell-free preparation employed 
in the present studies has been useful because, as 
with hepatocytes, a combination of caffeine and a 
physiological concentration of glucose greatly 
enhanced the synthase phosphatase rate compared 
to that sustained by the individual effectors 

The present observations provide strong support 
for the suggestion [5] that glucose and caffeine act 
synergistically to stimulate the synthase phosphatase 
reaction. These same effectors act synergistically to 
stimulate phosphorylase phosphatase acnvlty [5] 
However, it is evident that the effects of these mode- 
tiers on the two reactions can be dissociated For 
example, only caffeine stimulated the two reacnons 
itself Several other methylxanthlnes stimulated the 



2102 D P GnBok 

13 

12 

H 

o }  
o - ~  

~,~ 0 9  

o 

°81-1 

0 O~ 0~2 ~ 0 3  0 4  0 5  

Glucose 6-Phosphate ,  mM 

F~g 5 Effect of the combmaUon of caffeine and glucose- 
6-phosphate on synthase phosphatase acnwty A control 
phosphatase reacnon m~xture prepared from hver glycogen 
particles obtained from a glucagon-treated animal cot~- 
tamed 2mM caffeine Other m~xtures contained, m 
addlnon, various amounts of glucose-6-phosphate as mda- 
cated Results are expressed as synthase phosphatase 
actlwty (A umts synthase I /mm/g wet wt) measured as the 
fastest rate m the mcubanon interval from 0 to 10 mln at 
25 ° The half-maximal rate indicated by the arrow occurred 
when the glucose-6-phosphate concentranon was 0 12 mM 
The error bars indicate the standard error for four separate 
determinations For comparison, the effect of glucose-6- 
phosphate, only, pubhshed prewously [11], was reanalyzed 
and ~s shown m the figure In both instances, the maximal 
glucose-6-phosphate snmulanon of the synthase phos- 

phatase reacuon was 170% of control 

phosphory lase  phospha tase  react ion but  not  the  syn- 
thase  phospha tase  react ion (see Table  1) On  the 
o ther  hand ,  xan th lne  inh ib i ted  the synthase  phos-  
phatase  react]on but  not  the phosphory lase  phos-  
phatase  reachon .  Thus,  with the d~stmct responses  
of the two phospha ta se  systems, the mechan t sms  of 
action of x a n t h m e  and  ~ts d e n v a u v e s  on the two 
systems must  be di f ferent  This difference was 
fu r ther  seen when  a s tandard  concentratLon ot each 
of the various me thy lxan thmes  was used to enhance  
glucose s t imula t ion  of the two phospha t a se  react ions  
Moreover ,  the measu red  hal f -maximal  concen-  
t ra t ions  for glucose and  caffeine s t imula t ion  ot syn- 
thase phospha tase  actwlty differ subs tanha l ly  f rom 
the kinet ic  cons tants  de t e rmined  for thei r  in terac t ion 
with phosphory lase  a [6] 

F rom the p resen t  results  there  is ce r tamty  that  the  
effects of glucose and  caffeine influence the phos-  
phatase  react ion rate  and not  the  m e a s u r e m e n t  of 
synthase I U n h k e  phosphory lase  a which is mh lb i t ed  
by glucose and  caffeme and is especmlly sensmve  to 
the  combina t ion  [6, 7], synthase  actlvlty was not  
inf luenced by these  effectors This,  of course,  ~s no 
assurance that  the  1OCl for glucose and  caffeme are 
not  assocmted with synthase D r a the r  than  synthase  
phospha ta se  The  re la twe potenc ies  par t tcular l )  of 
caffeine and t heophy lhne ,  compared  to MIX,  suggest  
tha t  the na ture  of the i r  b m d m g  sites are different  
f rom the  blolog~cally ~mportant  s~tes a l ready charac-  
terized.  Thus,  for example ,  M I X  bmds  w~th an affin- 
ity greatly exceeding that  of caffeine and  theo-  
phy lhne  to the A~ and  A2 adenos ine  receptors  [12] 
and  to p h o s p h o & e s t e r a s e  [14] 

In p r e h m m a r y  studies,  phospho ry l a t ed  denva t tves  
of glucose were  examined  as possible subst t tu tes  for 
glucose m a synergistic m t e r a c n o n  wKh caffeine 
Glucose -6 -phospha te  s t imula t ion of synthase phos-  
phatase  act~wt), was not  inf luenced b), caffeme as 
ewdenced  by the unchanged  A0 ~ and  the max~- 
m u m  st~mulaUon L~kew~se, g lucose - l -phospha te  

~°[ A 
_~ O8 

B 
O6 

~ 0 2  

5 I0 15 

t 
I - -  I I 

5 I0 45 

Incubahon TLrne (minutes) 

Fig 6 Ellect ot glucose and xanthme on synthase phosphatase and phosphorylasc phosphata~e actwmes 
Synthasc phosphatasc and phosphor~lase phosphatase acnvmes were measured m gbcogen pamcle 
preparauons from ammals treated with glucagon Reaction m~\tures ~ere then incubated at 25 ° and 
contained, m addlUon to the glycogen parncle, no addmon ( x - - × )  1[)mM glucose ((~-g0). (1 5 mM 
xanthme ( A - - A )  or 0 5mM xanthme and 10mM glucose ( ~ )  Panel A shows the results ot 
experiments measuring s~nthase phosphatase acnvlty, while Panel B shows the phosphorylase phos- 
phatase results Each experiment was repeated w~th tour separate preparanons, and the results ale 

dcplctcd as the mean of these expenment~ 
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inhibited the synthase phosphatase reaction, an 
effect not relieved by caffeine (data not shown). In 
a physiological sense, glucose-6-phosphate, which is 
stimulatory in its normal concentration range, does 
not need a second effector to improve its binding 
affinity and to improve its effectiveness. On the 
other hand, glucose and certain analogues including 
fructose apparently require such an effector if they 
are to function in their normal physiological range. 

The present results do not give a clear picture of 
the structural reqmrements for the second effector 
that enhances the ability of glucose to stimulate the 
synthase phosphatase and phosphorylase phos- 
phatase reactions. All the dlmethylxanthlnes and 
both the 3- and 7-methylxanthxnes enhanced glucose 
stimulation of synthase phosphatase activity with a 
resultant maximum ~tlmulatlon less than that 
achmved with caffeine. However, caffeine stimulated 
the reaction with an affinity judged by the A05 of 
almost an order of magnitude greater than that of 
other effectwe methylxanthmes With regard to both 
the A o 5 and maximum stimulanon, caffeine and MIX 
may be equivalent. Contrasting these results, the 
methylxanthines showed a different pattern of effec- 
tiveness with respect to glucose-enhanced phos- 
phorylase phosphatase activity although, again, at a 
standard concentration caffeine was by far the most 
effective 

It seems clear from the evidence presented that 
glucose and caffeine act to stimulate the synthase 
phosphatase and phosphorylase phosphatase reac- 
tions in distinctly different, synergistic modes. If 
caffeine and glucose synergism reflects events of 
physiological importance, there are a number of 
questions to be answered Kasvmsky et al [15] 
showed that a crystal of muscle phosphorylase a 
has the nucleoslde site occupied after soaking in a 
neutrahzed, perchloric acid extract of liver from a 
rat injected with glucose plus lnsuhn but not in a 
similar extract from a non-inJected control. Our work 
indicates that adenosine, a constituent of liver 
[19, 20], enhances glucose stimulation of synthase 
phosphatase activity The potential importance of 
the nucleoside site on phosphorylase a and an equiv- 
alent site in the synthase phosphatase system to 
enhance glucose regulatory effects makes iden- 
tification of the natural hgand(s) a high priority. It 
is also important to determine whether the com- 
pound is constitutive or whether its concentration 
rises in response to an external signal What would 
the external signal be9 It could be glucose, itself, or 
msuhn might be involved. 

Finally, the question arises as to the possible 
Importance of the synergism between glucose and 
a second effector represented in these studies by 
caffeine Kasvinsky et al  [6] discussed the relation- 
ship with respect to phosphorylase a and its mac- 
tlVatlon by phosphorylase phosphatase At its 
presumed physiological concentration, AMP sup- 
presses the effects of glucose and stabilizes a form 
of phosphorylase a which is catalytically active Con- 
trariwlse, glucose alone stabilizes a form of phos- 
phorylase a which is inhibited and is a favored phos- 
phorylase phosphatase substrate Only in the 
presence of caffeine are physiological concentrations 
of glucose able to overcome the powerful effects 
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Fig 7 Stimulation of synthase phosphatase act]vity by 
10 mM glucose In the presence of various concentrations of 
theophylhne Glucagon-treated animals were the source 
of hver used to prepare glycogen particle preparations 
Phosphatase reaction mixtures contained, in addition to 
the particle preparation, 10mM glucose with increasing 
concentrations of theophyllIne, as indicated The control 
contained only 10 mM glucose As in Fig 1, mixtures were 
incubated at 25 ° with samples withdrawn at appropriate 
intervals for the measurement of synthase I and total syn- 
thase Phosphatase actiwty was esnmated as the fastest rate 
m the incubation interval from 0 to 10min Activity is 
expressed as A units of synthase I /min/g wet wt The arrow 
indicates the half-maximal concentration of theophylhne 
The initial actiwty ratio for the three separate experiments 
averaged 0 18 and total synthase averaged 0 95 unlts/g wet 

wt Data points are shown with standard error bars 

of A M P  These  obse rva t ions ,  and  in par t icular  the  
d e m o n s t r a t i o n  of the  so-called nucleos ide  site, led 
the  au thors  to specula te  tha t  glucose may  not  be  the 
sole regu la to r  of glucose homeos tas i s  in hver .  

We  have  r eached  a similar conclus ion wtth respect  
to the  synthase  p hos pha t a s e  react ion.  A l t h o u g h  
physiological  concen t r a t ions  of glucose are able  to 
ove rcome  the  powerfu l  inh ib i to ry  effects of ATP-  
Mg 2+ on the  synthase  p h o s p h a t a s e  reac t ion  (manu-  
script in p repa ra t ion ) ,  s t imula t ion  of the reac t ion  
beyond  the basal  level requi res  glucose concen-  

D P GILBOE 

tra t lons  tha t  exceed the  physiological  range  W h e n  
a site in the  synthase  phospha t a se  system equiva len t  
to the  nucleoslde site on  phosphory lase  a IS occupied 
by an appropr ia te  effector ,  s t imula t ion  of the  syn- 
thase  phospha ta se  activity by physiological  con- 
cen t ra t ions  of glucose is possible.  S t imula t ion to 
more  than  double  the  basal  level and  several  t imes 
that  when  A T P - M g  2÷ is p resen t  occurs in direct  
p ropor t ion  to the  glucose concen t r a t ion  Thus ,  
a l though mechan i sms  may differ, the  role of the 
second effector  in b o t h  the synthase  phospha t a se  
and phosphory lase  phospha t a se  react ions  is to make  
physiological  concen t ra t ions  of glucose more  effec- 
tive in s t imulat ing each of these  react ions .  Thus ,  
glycogenolysis is r educed  by inact ivat ing phos-  
phorylase  a and  glycogen synthesis  is increased by 
act ivat ing glycogen synthase ,  by events  which need  
not  be  sequent ia l  but  can be s imul taneous  
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