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Inhibition of de novo synthesis of enzymes 
by glucose and other carbohydrates is a com- 
mon regulatory mechanism in bacteria. In 
mammals it has been shown that the in vivo 
and in vitro induction1 of several hepatic en- 
zymes by dietary or hormonal stimulation 
can be suppressed to a variable extent by the 
administration of glucose ( 1-3). Available 
evidence (4, 5 )  indicates that the induction 
of these enzymes is mediated by adenosine 
3’,5’-monophosphate (3’,5’-AMP). It has 
been suggested that, as in bacteria, the addi- 
tion of glucose to the internal environment 
may lower the intracellular levels of hepatic 
3’,5’-AMP thus jnhibi ting the 3’,5’-AMP-de- 
pendent synthesis of enzymes (6-8). 

In  a previous report (9) i t  was demon- 
strated that intragastric administration of 
glucose inhibited the induction of hepatic ser- 
ine dehydratase and tyrosine aminotransfer- 
ase by glucagon but had no effect on the in- 
crease in 3’,5’-AMP in rat liver resulting 
from subcutaneous injection of the hormone. 
Since this finding indicated that glucose re- 
pression in mammalian liver may not be as- 
sociated with changes in the levels of the 
cyclic nucleotide i t  was suggested, as one of 
the possible explanations, that glucose or its 
metabolite (s) may act indirectly by interfer- 
ing with the mechanisms by which 3’,5’-AMP 
induces enzyme synthesis. Such an explana- 
tion would require no changes in the hepatic 

1The term “enzyme inducction” is used here to  
mean an acceleration in the rate of synbhesis of a 
given enzyme. The mere increase in measurable 
activity does not imply that nlew enzyme is made 
available. 

levels of 3’,5’-AMP during glucose repression. 
In the present studies we have examined 

the possible interference of glucose with the 
initial steps of currently known pathways of 
3’,5’-AMP action, including amino acid trans- 
port during glucagon stimulation, binding of 
3’,5’-AMP to receptor proteins and 3’,5’-AMP 
activation of protein kinases in rat liver. 

Materials and Methods. Young female 
Holzman rats were used for in vivo studies. 
In  experiments designed to examine the ef- 
fects of glucose on glucagon-stimulated up- 
take [ 3J4C] a-aminoisobutyric acid by rat 
liver, all animals were housed for 17 days 
prior to hormonal treatment (at which time 
they weighed 140-150 g) in a windowless 
room with an automatic lighting switch which 
provided 12 hr periods of alternating dark- 
ness and light, the dark periods beginning at  
8 : O O  AM. Food was made available to the 
rats immediately before the lights were turned 
off for an eiisuing period of 8 hr. They were 
fasted the remaining 16 hr of each 24 hr 
cycle. Purina laboratory chow was fed for the 
first 12 days. Subsequently the animals were 
maintained on a pelleted protein-free diet for 
5 days. No food was given on the day of the 
experiment. 

The synthetic amino acid, [ 3-14C] a-amino- 
isobutyric acid (New England Nuclear, sp act 
5.3 mCi/mmole), was dissolved in 0.15 mM 
NaCl before use to make a concentration of 
10 pCi/ml. Since this amino acid is slowly 
eliminated in the rat, i t  was given subcutane- 
ously the day preceding the experiment in 
order to reduce the number of injections dur- 
ing its performance. At zero time, 2 mg glu- 

113 



114 RAT LIVER GLUCOSE REPRESSION MECHANISM 

cagon/100 g of body weight (Eli Lilly and 
Co.) and 3 ml of a 70% glucose solution were 
given to rats as described previously (9 ) .  
The rats were decapitated and fragments of 
livers were homogenized for 1 min with a 
Polytron PT-10 in 4 vol of Tris-HC1 (pH 
7.4) containing 0.1 mM dithiothreitol. One 
voli!me of 0.2 ml 100% cold trichloroacetic 
acid was added to 2 ml aliquots of the ho- 
mogenate. After centrifugation (7000g for 10 
min a t  4O), 0.5 ml of the supernatant was 
added to 10 ml of scintisol and the radioac- 
tivity was determined in a Packard scintilla- 
tion counter. Efficiency of counting was 90% 
and correction for quenching was made auto- 
matically, by external standardization. Sam- 
ples of blood obtained after decapitation were 
processed in identical manner. The uptake of 
[ 3-14C] a-aminoisobutyric acid by liver was 
estimated by the distribution of counts in 
blood and liver: 

cpm/g liver 
cpm/ml blood 

distribution ratio = 

The activities of serine dehydratase and tyro- 
sine aminotransferase were determined ( 10, 
11) in livers from the same animals, a t  vari- 
ous times during glucagon induction and glu- 
cose repression. Enzyme activity was ex- 
pressed in micromoles of product formed per 
hour. 

Rat liver fractions and partiaily purified 
3’,5’-AMP binding protein preparations from 
rat liver were used to study glucose effects on 
the in vitro binding of 3’,5’-AMP to receptor 
proteins. The rats were sacrificed by decapi- 
tation and the livers were rapidly excised and 
chilled in freshly prepared, ice-cold 0.25 M 
sucrose in Tris-MgCl,,-KCl buffer (50 mM 
Tris-HC1 (pH 7.5), 5 mM MgC12 and 25 
mM KCl) as described by Blobel and Potter 
(12). The livers were blotted, weighed and 
minced in 9 vol of the same sucrose-Tris- 
MgCl2-KC1 solution. Homogenization was ac- 
complished in a Potter-Elvejhem glass ho- 
mogenizer fitted with a Teflon pestle and an 
ice-water jacket; 10-15 strokes a t  1000 rpm 
were used for each sample. The homogenate 
was filtered through eight layers of gauze un- 
der slight vacuum. The filtrate was centri- 
fuged at  2180g for 10 min at  0”. The post- 

nuclear supernatant was removed and its vol- 
ume was measured. The nuclear pellet (and 
all sediments from later steps) was resus- 
pended by homogenization in the original vol- 
ume of ice-cold sucrose-Tris-MgClZ-KCI 
buffer. The postnuclear supernatant was cen- 
trifuged again under the same conditions. 
The combined mitochondria1 pellets were tak- 
en up in the same volume of cold sucrose- 
Tris-MgC12-KC1 as the nuclear fraction. The 
postmitochondrial supernatant was centri- 
fuged a t  78,480g for 90 min a t  0’. The post- 
microsomal supernatznt was collected and the 
microsomal pellet was resuspended as indicat- 
ed above. Aliquots from each fraction were 
removed during the procedure for 3’,5’-AMP 
binding and protein concentration determina- 
tions. 

Purified beef muscle protein kinase was 
prepared essentially as described by Gilman 
( 13).  Peak I1 was utilized in this study. 

Rat liver protein kinase was purified in a 
similar manner, except that DEAE-cellulose 
chromatography was performed by packing 
DEAE-cellulose equilibrated with 5 mM 
phosphate buffer (pH 7.0) in a special pas- 
teur pipette, 8 mm in diameter. All buffers 
used contained 2 mM neutralized EDTA. 
The microcolumn was packed by gravity to a 
height of 4.5 cm. Small aliquots of the dia- 
lyzed ammonium sulfate fraction (1 ml, con- 
taining 18.5 mg protein) were chromato- 
graphed as needed. Elution was accomplished 
with 20 ml of a linear gradient of 5-300 mM 
phosphate buffer, pH 7.0. At least two peaks 
were resolved by this procedure; peak I 
eluted between 100 and 180 mM phosphate 
buffer while peak 11, with the highest speci- 
fic activity, eluted between 200 and 270 mM 
phosphate buffer. The entire chromatographic 
step took approximately 1 hr. 

Binding activity was measured by a Milli- 
pore filter technique using [ 3H] 3’,5’-AMP in 
the presence of the protein kinase inhibitor 
( 13). Glucose or other compounds were add- 
ed to the incubation mixture at the desired 
concentrations, as indicated. Specific binding 
activity was defined as the number of pico- 
moles of [“HI 3’,5’-AMP bound per milligram 
of protein, under the conditions of the assay. 

Protein ltinase activity was measured as de- 
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scribed before (14) in a 0.2 ml reaction mix- 
ture containing the following: 50 mM Tris- 
HCl buffer (pH 6 . 5 ) ,  5 mM MgC12, 225  pg/ 
ml calf thymus histone (Sigma), 12.5 pM 
[ Y - ~ ~ P  J ATP (1 X lo6 cpm/tube, New Eng- 
land Nuclear) and 25 pl of enzyme prepara- 
tion (2-50 pg protein). Five micromolar 3’,5’- 
AMP, glucose or other compounds were add- 
ed as indicated at  the stated concentrations. 
The reaction was started by the consecutive 
and immediate addition of enzyme prepara- 
tion and [ Y - ~ ~ P I A T P .  After 5 min incubation 
at  37” in a shaking bath, 0.1 ml of the mix- 
ture was pipetted onto filter papers (What- 
man 3MM), 23 mm in diameter. The discs 
were placed immediately in a perforated plas- 
tic basket: immersed in 100 ml of a cold so- 
lution of 10% trichloroacetic acid and l %  
sodium pyrophosphate and the solution was 
agitated gently with a magnetic stirrer for 45 
min. The basket was transferred to two suc- 
cessive 5 o/o trichloroacetic acid solutions, also 
agitated by magnetic stirring, and the papers 
(still in the basket) were washed in ethanol- 
ether (50:50), and ether. They were then 
placed on a cardboard and dried under an in- 
frared lamp. Protein-bound 32Pi on the filters 
was counted in a scintillation mixture con- 
taining 5 ml of toluene with 0.4% Omnifluor 
(New England Nuclear). The combination of 
1 % pyrophosphate added to the trichloro- 
acetic acid solution and the continuous agita- 
tion during washings, made possible by the 
use of the basket, insured reproducible low 
background radioactivity in the blanks. A 
unit of protein kinase activity was defined 
as the amount of enzyme which transferred 
1 pmole of 32Pi from [ Y - ~ ~ P I A T P  to recov- 
ered protein in 5 min at  37”, under standard 
assay conditions. Specific activity was ex- 
pressed as units per milligram of protein. 
Protein concentration was determined by the 
method of Lowry et  al. ( 15) .  

Results. a-Aminoisobutyric acid transport 

2 The basket was easily made in the Eaboratory by 
cutting out the itop od a polyethylen~e bottle and 
punching numarous 5 mm holes in the body. After 
removal of the neck of the battle, the inverted 
perforated top  was used as a stand for the body, 
which served as tlhe penforated basket. A magnetic 
bar could rotate freely under the stand. 

during glucose repression. As demonstrated in 
Fig. 1, control animals receiving diluent and 
saline showed a small decrease in the distri- 
bution ratio throughout the duration of the 
experiment. When glucagon was injected, af- 
ter a slight decline at  20 min (which was 
similar to that of the controls), there was a 
sustained increase in the transport of a- 
aminoisubutyric acid into the liver. The ac- 
tivities of tyrosine aminotransferase and ser- 
ine dehydratase were already elevated 2 hr 
after glucagon administration and increased 
sixfold and fourfold, respectively, after 4 hr 
(Fig. 2 ) .  The simultaneous administration of 
glucose did not substantially change the 
t ime-curve of distribution ratios obtained 
with glucagon alone (Fig. 1) ; in fact, higher 
distribution ratios were observed in rats given 
glucose plus glucagon at  2 hr. The hormonal 
induction of tyrosine aminotransferase was, 
however, repressed (2 5 % ) by glucose feed- 
ing and that of serine dehydratase by 35% 
(after correction for the control enzyme ac- 
tivities). The smaller degree of repression ob- 
tained compared with previous experiments 
(9) may be related to differences in weight 
and feeding schedules. 

In vitro studies of 3’,5’-AMP binding ac- 
tivity. The 3’,5’-AMP binding affinity of 
crude cell fractions from normal rat liver, ob- 
tained as described in Methods, was exam- 
ined in the presence and absence of 25  mM 
glucose. Table I shows that the highest spe- 
cific activity is located in the postmicrosomal 
supernatant and that the addition of glucose 
has little influence, if any, on the 3’,5’-AMP 
binding capacity of the different fractions. 

I t  may be argued that the presence of hy- 
pothetical inhibitor molecules in these crude 
fractions could mask a possible glucose inter- 
ference with the binding reaction. That this 
is not the case was demonstrated with the 
use of purified rat liver preparations. Glu- 
cose, glucose-6-phosphate ( G-6-P) or glucose- 
1-phosphate (G-1-P) were added at approxi- 
mately physiological concentrations (5, 0.1 
and 0.1 mM, respectively) and up to 10 
times of those amounts, to incubation mix- 
tures containing the dialyzed ammonium sul- 
fate precipitate or DEAE-cellulose-Peak I1 
fraction from rat liver. Table I1 shows that 
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time after injection (minutes) 
FIG. 1. The effect of glucagon and glucose on a-aminoisobutyric acid accumulation in liver. 

The methodology used is detailed in the text. Data was given as mean 2 standard error crf the 
mean (indicated by vertical bars) of three to five animals par point. The standard error falls 
within bhe character for those points where no standard error is indicated. (m-) diluent + 
saline; (A-) gluwgon + saline; ( 0-) glucsgon + glucose. 

none of these compounds had any appreci- The possible interaction of glucose or glucose 
able effect on 3’,5’-AMP binding. metabolite(s) with the catalytic unit(s) of 

In  vitro studies on protein kinase activity. protein kinases was examined. Since highly 
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FIG. 2 .  The effect of glucagon and glucose on serine dehydratase (-4) and tyrosine aminotrans- 
ferase ( B ) .  Expmimental details are given in the text. Mean values (columns) and standard 
error of the mean (vertical bars) of three to five animals per group are shown. 
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TABLE I. The Effect of 25 InN Glucose on 3’,5’- 
AMP Binding to Proteins from Normal Rat 

Liver.a 
~ ~~ 

Specific binding activity 

Qrude cell fractions - Glucose + Glucose 

Homlog enate 2:08 2.08 
Nuclear suspension 0.86 0.80 
P m tnu clear sup ernat ant 2.27 2.35 
Mitochondrial suspension 1.37 1.31 
Poistmitochordrial e ~ ~ p e s -  2.86 2.72 

Miertolsomal suspension 1.24 1.76 
Poetimicroso~rnalsupermatant 3.56 3.64 

natant 

“Asaays were performed in  duplicate at pH 4.0, 
in  the presence of protein kinme inhibitor. One 
pieomole [3H]3’,5’-AMP was added per tube. Glu- 
cose, when present, wm at a final concentration of 
25 mM. Values are the average of three experi- 
ments; the standard error for each point is within 
4-101% of the mean. 

purified protein kinases may not be represen- 
tative of the entire set of protein kinases 
present in the liver cell, i t  seemed that stud- 
ies using less pure preparations would involve 
all cellular protein kinases. Therefore, the ef- 
fects of glucose, hexose and triose phosphates 
on the 3’,5’-AMP-dependent protein kinase 
activity of rat liver homogenate, postmicroso- 
ma1 supernatant and partially purified rat 

liver protein kinase (ammonium sulfate pre- 
cipitate) were explored. 

Table IT1 shows that in the presence of 
3’,5’-AMP, none of the compounds tested, in- 
cluding fructose-&phosphate (F-6-P), fruc- 
tose-1 ,&diphosphate (F-l,6-DP), 3-phospho- 
glycerate (3-PG) , 2-phosphoglycerate (2- 
PG) and phosphoenolpyruvate (PEP), caused 
significant inhibition when added a t  approxi- 
mately physiological concentrations, with the 
possible exception of 2,3-diphosphoglycerate, 
(2,3-DPG).3 Only mild inhibition was ob- 
tained when their concentrations were in- 
creased to 10 times the normal levels (2-PG 
and F-lY6-DP, were assayed at  10 and 100 
times the estimated physiological concentra- 
tions) . 

Comparison of the effects of any given 
compound on the various enzyme prepara- 
tions (Table 111) suggested that the low lev- 
els of inhibition became more noticeable as 
the purity of the preparation increased. 
Therefore, it was of interest to determine the 
results of adding some of those compounds to 

3 Thle concentration od 2,3-diphoEiphoglyceraite in 
rbt liver is nlot lmown with great accuracy. Data 
{published by GrisoBa and Joyce (16) indicate a 
level of >O.S pmoledg ; a \conservative estimate 
of tlhe comenitration derived Erom this figure is 0.1 
mM.  

TABLE 11. The Effect of Carbohydrates on 3’,5’-AMP Binding to Receptor Proteim frotm 
Ra t  Liver. a 

Dialyzed ammonium 
sulfate precipitate 

D’E A E - c elldose f r ac tione 
(Peak 11) 

Carbobydrake Concn (d) Sp act % Inhibit60’nb Sp aet % Inhibitionb 

None 0 6.49 0 

Glucose 5 6.67 (+> 2.8 
25 6.81 (+> 4.8 

G-6-P 0.1 6.68 (+> 2.8 
1 6.57 (+> 1.3 

G- l-P 0.1 6.71 (+) 3-4 
1 6.47 0 

13.18 0 

13.21 0 
11.90 9 

14.49 (+) 9.9 
13.58 (+> 3.0 

13.29 (f) 1.0 
ND ND 

“Assays were performed in the presence of protein kinase inhibitor, at p H  4.0. [3HJ3’,5‘- 
AMP (1 pmole/tube) was added. Total volume par tube = 710 d. Results are the mean of three 
experiments; standard errm for  each point is within 5 1 0 %  of the mean. 
’ Values preceded by (+) denolte percentage increase of activity over controls without car- 

bohydrate. ND : not determined. 
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TABLE ITI. The Effwt of Carholipilrntes on Protein Kinase Activities from Ra t  Liver, in the 
Presence of 3’, 5’-AMP.‘I 

_ _ _ _ _ _ ~  

Postmicrosomad Dialyzed ammonium 
Carbohydrate Concn (niM) €1 oniogena t e supernatant sulfate precipitate 

Soiie 

Glucose 

G-1-P  

G-6-P 

F - 6 - P  

F-1,6-DP 

2,3-DPG 

3-PG 

2-PG 

PEP 

0 

5 
25 

0.1 
1 

0.1 
1 

0.1 
1 

0.1 
1 

0.1 
1 

0.1 
1 

0.1 
1 

0.1 
1 

222o.Ob 

227.0 
245.0 

210.4 
206.0 

2103.8 
215.3 

XD” 
3- D 

ND 
ND 

209.4 
157.6 

ND 
ND 

ND 
ND 

220.2 
182.1 

702.4c 

713.5 
698.1 

711.7 
649.8 

708.4 
680.3 

NI) 
ND 

ND 
ND 

665.8 
497.2 

ND 
ND 

ND 
ND 

ND 
ND 

2434d 

2191 
1983 

2225 
2120 

2409 
2115 

2256 
2181 

2251 
1824 

1921 
1531 

2175 
1902 

2’0 7 0 
1951 

2269 
1823 

Reaction mixture contained 12.5 fl  ATP arid 5 p M  3’,5’-AMP. Results are expressed as 
protein kinase specific actil-ity. Each value is the mean of four separate experiments ; standard 
error for each point is within 10-150/0 of the mean. See tes t  for  (letjails of experiments. 

Specific activity i n  the absence of 3’,5’-AMP = 37.1. 
Specific activity i n  the absence of 3’,5‘-AMP = 115.1. 
Specific activity in the absence of 3’,5’-AMP = 539.5. 
ND, not determined. 

the purified protein kinases from rat liver. In 
either case, no significant interference with 
protein kinase activity was observed with 
glucose, 2-~-deoxyglucose, N-acetylglucosa- 
mine or pyruvate. G-1-P, G-6-P and F-6-P 
had some inhibitory action, which at  concen- 
trations of up to 5 mM was either smaller or 
similar to that found in less pure prepara- 
tions. Only at  very high concentrations (10- 
2 5  mM) was an inhibition of 20 to 38% 
seen. A consistent inhibitory pattern with in- 
creasing purification was, therefore, not pres- 
ent. Residual ammonium ion in the dialyzed 
ammonium sulfate precipitate may have en- 
hanced the slight inhibitory action of the sub- 
stances studied. 

Because 2,3 -diphosphoglyceric acid ap- 
peared to be the most effective inhibitor, it 

was tested over a wide range of concentra- 
tions for its effect on both the 3’,5’-AMP-de- 
pendent and 3’,5’-AMP-independent protein 
kinases from rat liver and from beef rnu~cle .~ 
The effects were similar with either enzyme 
(Table IV)  . The lower, physiological concen- 
trations did not interfere with protein kinase 
activities in the presence or in the absence of 
3’,5’-AMP. At concentrations 100 times high- 
er, over 80% inhibition was achieved. The 
magnitude of the effect was similar on both 

4 Availabl~e evidence indicates ( 1  7 )  thalt protein 
kinases from various trissues and species differ in 
their regulatory units but  that their catalytic com- 
polnenlt is identical. Beef muscle proltlain kinase having 
a high specific activity was used only as a com- 
plement to similar experiments on rat liver protein 
kinase. 
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TABLE IV. The Effect of 2,3,-Diphosphtoglyceric 
Acid on 3’, 5‘-AMP-Dependent and 3’, 5’-AMP-In- 

dependent Protein Kinases.” 

Protein-kinaseb 
2,3,-DPG 

concn (mM) Beef musclec Ra t  liverd 

0.1 -3’, 5‘-AMP 
+3’,5’-AMP 

0.5 -3’,5’-AMP 
+3’,5‘-AMP 

1.0 -3’, 5‘-AMP 
+ 3’, 5’-AMP 

2.5 -3’,5’-AMP 
+3’,5’-AMP 

5.0 -3’, 5’-AMP 
+3’,5’-AMP 

10.0 -3‘, 5’-AMP 
+3’, 5’-AMP 

25.0 -3’, 5’-AMP 
+3’,5’-AMP 

ND ND 
7.3 (+) 8.4 

ND ND 
19.6 ND 

ND ND 
25.7 28.8 

ND ND 
44.2 46.7 

71.9 69.6 
62.5 58.5 

, 85.7 92.1 
880.3 78.6 

100 100  
100 100 

Conditions of the assay were the same as those 
on Table 111. Results are expressed as percentage 
inhibition of controls, assayed in  the absence1 of 
carbohydrates. Data  are the mean of two to three 
experiments; standard error for each point is  
within 10-15% of the mean. 

Values preceded by (+) denote percentage in- 
crease of activity ovelr controls. ND:  not deter- 
mined. 

Specific activities welre: (+) 3’, 5’-AMP : 

Specific activities were : ( +) 3’, 5’-AMP : 7490 ; 
73,250 ; (-) 3’, 5’-AMP : 33,300. 

(-) 3’, 5’-AMP : 2870. 

3’,5’-AMP-dependent and 3’,5’-AMP-inde- 
pendent enzymes. 

Discussion. While there is strong evidence 
(8) that glucose inhibits the synthesis of cer- 
tain enzymes in E. coli by reducing the intra- 
cellular level of 3’,5’-AMP, glucose repression 
in mammalian liver appears to operate inde- 
pendently of the amounts of cyclic nucleo- 
tide in the cell (9).  There are, however, indi- 
cations that glucose effects in rat liver may 
still be interrelated with 3’,5’-AMP metabo- 
lism. For example, dibutyryl 3’,5’-AMP re- 
verses glucose repression of amino acid-in- 
duced serine dehydratase (18) and phospho- 
enolpyruva te carboxykinase ( EC 4.1 1.1.3 2 ) 
(19). 

As a possible explanation for this apparent 
contradiction it hmas been suggested (9) that 
glucose could interfere with the pathways of 
3’,5’-AMP action leading to the synthesis of 
specific proteins. If this is the case, then the 
glucose effect should be examined a t  the vari- 
ous metabolic steps currently known to be 
influenced by the cyclic nucleotide. Although 
the exact manner in which 3’,5’-AMP acts 
during protein synthesis in mammals is not 
well known, Figure 3 indicates several such 
steps at  which glucose could alter 3’,5’-AMP 
action, without changing the iiitracellular lev- 
els of the nucleotide. 

Transport of amino acids across cell mem- 
branes provides potential sites for the regu- 
lation of the hepatic amino acid pool. A case 
can be made for the need of a suitable amino 
acid pool to ensure de novo formation of spe- 
cific proteins after stimulation by certain hor- 
mones, such as glucagon. Evidence support- 
ing the postulation that 3’,5’-AMP mediates 
the transport of amino acids after glucagon 
administration has been presented by several 
authors (20, 21). The effects of glucose on 
the glucagon-stimulated amino acid transport 
in liver had not been reported previously. The 
results shown in Figs. 1 and 2 demonstrate 
that glucose does not cause a depression in 
the transport of a-aminoisobutyric acid al- 
though administration of the carbohydrate 
inhibits induction of serine dehydratase and 
tyrosine aminotransferase. The divergent ef- 
fects of glucose on these glucagon-stimulated, 
3’,5’-AMP-mediated phenomena could repre- 
sent a serious objection to a key role for the 
cyclic nucleotide during glucose repression in 
mammals. Since glucose does not interfere in 
vivo with one of the transport systems (“A” 
System) stimulated by glucagon, it would 
seem unlikely that a change in the amino acid 
pool could explain the suppression of enzyme 
synthesis. This is further supported by a pre- 
vious study by Jost et  al. ( 2 2 )  showing 
relatively small differences in the amino acid 
pools of a group of rats receiving a mixture 
of essential amino acids and another group to 
which both amino acids and glucose were 
given. 

A second possible site of glucose interfer- 
ence is the binding of 3’,5’-AMP to its recep- 
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FIG. 3. Pathways \of 3’,5’-AMP action during synthesis of specific proteins in mammals. The 
nature of 3’,5’-AMP mediation of stimulation of amino acid transpont is not y& fully established; 
the broken line arrow merely indicates this effect. Thick inveated arrows denote possible p i n t s  
of glucose interference, wibhaut reference to stimulation or inhibition. (R) ReguIatory units of 
protein kinase; (C) Catalytic unit of protein kinase. 

tor proteins. Should glucose or a metabolite 
thereof interfere with binding of the nucleo- 
tide to the proteins through which its effects 
are manifested, changes in the glucagon- 
stimulated levels of 3’,5’-AMP may not neces- 
sarily occur but induction of serine dehydra- 
tase and tyrosine aminotransferase could be 
repressed. The results presented here demon- 
strate the absence of inhibition of 3’,5’-AMP 
binding by even higher than physiological 
levels of glucose or other carbohydrates. 

The same end result as with receptor pro- 
teins would obtain if glucose or glucose me- 
tabolites inhibited 3’,5’-AMP activation of 
protein kinases. Glucose and other carbohy- 
drates studied in the present investigations 
had, in general, no effect on the protein ki- 
nase activities of several preparations exam- 
ined. Only the triose and hexose phosphates 
caused some inhibition when tested at  very 
high concentrations ; 2,3-diphosphoglyceric 
acid was the most effective compound, inhibit- 
ing both the 3’,5’-A.MP-dependent and 3’,5’- 
AMP-independent protein kinases equally. 
Since the amount of 2,3 -diphosphoglyceric 

acid in liver is very small and since its levels 
during glucose repression are not known, the 
significance of this finding remains to be 
established. The slight inhibition due to oth- 
er triose and hexose phosphates is probably 
nonspecific and not likely to play a regula- 
tory role. 

A few other possibilities would appear to 
remain from present knowledge for further 
studies of glucose interference with the 
mechanisms of 3’,5’-AMP action. In  particu- 
lar, phosphorylation of ribosomal proteins 
and of cell membranes by protein kinases 
should be examined. Glucose effects at  such 
levels may alter the stability of specific por- 
tions of the translational apparatus. Pitot and 
Jost (23) and Treadow and Khairallah (19 )  
have presented evidence suggesting that glu- 
cose represses synthesis of serine dehydratase 
and phosphoenolpyruva te carboxykinase at  
the translational level. I t  is also conceivable 
that glucose may cause changes in the com- 
partmentalized intracellular distribution of 
3’,5’-AMP. This would imply that without 
changing the total hepatic levels of 3’3- 
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AMP, less cyclic nucleotide would be made 
available a t  the sites where i t  is necessary 
for the synthesis of specific enzymes. 

The experiments described herein do not 
eliminate completely the possibility of an in- 
direct effect by glucose or some of its me- 
tabolites; however, in view of our results an 
alternative mechanism (9) may deserve more 
serious consideration. 

Summary. Several indirect mechanisms of 
glucose repression, not involving changes in 
the in vivo concentration of hepatic adeno- 
sine 3’,5’-monophosphate, were explored. 
Glucose, while repressing the induction of the 
serine dehydratase and tyrosine aminotrans- 
ferase, does not interfere with the in vivo glu- 
cagon-s timulated, 3’,5’-AMP-media ted trans- 
port of a-aminoisobutyric acid in rat liver. 
No changes were noted in the in vitro bind- 
ing of 3’,5’-AMP to receptor proteins in cell 
fractions and in purified preparations from 
rat liver when glucose or other carbohydrates 
were added to the reaction mixture. At 
physiological concentrations, glucose and 
other carbohydrates did not alter the phos- 
phorylation of histones by hepatic or beef 
muscle protein kinases. At very high concen- 
trations of several triose and hexose phos- 
phates, only a slight inhibition of protein ki- 
nase activity was noted. Complete inhibition, 
however, was obtained with 25 mM 2,3-di- 
phosphoglyceric acid. 
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