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There is now abundant evidence that in many
animal tissues glucose can be oxidized by two bio-
chemical routes-the Embden-Meyerhof pathway
and the hexosemonophosphate shunt. A number
of investigators have described the enzymatic steps
(3, 4) as well as the quantitative significance (5)
of these two routes of glycolysis. Studies in this
laboratory have recently been concerned with the
role of glycolysis, and particularly of the hexose-
monophosphate shunt, in regulating the various
synthetic processes of the animal cell. Previous
reports have dealt with the relationship between
glycolysis and fatty acid and cholesterol synthesis
(64).

Glucose oxidation is also known to have a pro-
found effect on protein metabolism. While marked
restriction of caloric intake both in man and ani-
mals results in accelerated protein wastage, the
administration of carbohydrate alone to such sub-
jects causes a marked diminution of this nitrogen
loss. This capacity of carbohydrate to spare pro-
tein cannot be a consequence simply of added
calories; the amount of carbohydrate required is
trivial, and, moreover, similar amounts of fat are
relatively ineffectual in this regard (9). It is ob-
vious, therefore, that carbohydrate and protein
metabolism 'are intimately interlinked; yet the
mechanism whereby this articulation is accom-
plished remains obscure.

We have previously postulated on theoretical
grounds that this influence of carbohydrate on pro-
tein' metabolism is mediated by the cofactors gen-
erated by the hexosemonophosphate shunt (10),

* This work was presented at the meeting of the Society
for Clinical Investigation, May 5, 1958, and has been pub-
lished in abstract form (1, 2).

t These studies were supported in part by grants from
the National Heart Institute, United States Public Health
Service, and the Dallas' Heart Association.

and evidence has recently been presented that
these cofactors may in fact play a role in the regu-
lation of protein synthesis (1, 2). The purpose
of the present paper is to present in detail these
studies on a possible mechanism for the protein-
sparing effect of glucose.

EXPERIMENTALPROCEDURE

Treatment of animals. Male rats of the Long-Evans
strain, weighing from 150 to 250 Gm., were used through-
out this study. The animals were fed three different
diets. One group was allowed free access to Purina
Laboratory Chow prior to. the time of death. Two other
groups were placed in restraining cages and given 'ad
libitum a 25 per cent protein diet 1 or a protein-free diet 1
for 48 to 72 hours prior to death. These variations in
diet were not found to produce differences in the rates
of protein synthesis by rat liver homogenates in the ex-
periments'reported here.

Preparation of homogenates and incubation procedure.
The rats were stunned by a blow on the- head and ex-
sanguinated by cutting their throats. The livers were
perfused through the portal vein with 15 ml. of an ice
cold sucrose-electrolyte buffer (pH 7.8) described by
Zamecnik and Keller (11). The livers were then ex-
cised, placed in cold buffer, and allowed to cool; they
were weighed and transferred to a Dounce homogenizer
to which was added a volume of sucrose-electrolyte buf-
fer equal to the weight of the liver. The livers were then
homogenized using four slow strokes with each of two
plungers, the tightest of which had a clearance of 1 mm.

'The composition of the 25 per cent protein diet was as
follows: glucose, 67 per cent; casein, 25 per cent; Hawk-
Oser salt mixture, 7 per cent; and vitamins per 1,000
Gm. of diet-inositol, 500 mg.; folic acid, 10 mg.; 0.1 ml.
oleum percomorphum containing vitamin A, 6,000 units;
vitamin D, 850 units; and one bottle of Folbesyn®
(Lederle) containing thiamine, 10 mg.; riboflavin, 10 mg.;
sodium pantothenate, 10 mg.; niacinamide, 50 mg.; pyri-
doxine, 5 mg.; B-12, 15 jug.; and ascorbic acid, 300 mg.
The composition of the protein-free diet was the same
as the 25 per cent protein diet except that it contained:
glucose, 80 per cent; corn oil, 15 per cent; Hawk-Oser
salt mixture, 5 per cent; and no casein.
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FIG. 1. INFLUENCE OF ATP-GENERATING SYSTEM ON
PROTEIN SYNTHESIS

The entire procedure was carried out in a room main-
tained at 50 C. The resulting homogenate was centrifuged
at 800 X G for 10 minutes at - 1 C. to remove intact
cells and nuclei, and the supernatant, containing the re-

mainder of the cellular components, was used in these
experiments.

One ml. aliquots of the homogenate were placed in cen-
trifuge tubes, and substrate, coenzymes, water and ace-

tate-1-C' or DL-valine-l-C1' were added to give a con-

stant volume. The flasks were gassed with 95 per cent
oxygen-5 per cent carbon dioxide for 10 seconds, sealed
with serum caps, and incubated at a 300 angle in a Dub-
noff metabolic shaker for 45 minutes at 37.5° C.

Analytical methods. Protein was purified by a modi-
fication of the method described by Littlefield, Keller,
Gross and Zamecnik (12). At the end of the incuba-
tion the serum caps were removed. The protein was

precipitated, centrifuged and resuspended three times with
5 ml. of 10 per cent trichloracetic acid. The protein-tri-
chloracetic acid mixture was then heated to 900 C. in a

water bath for 15 minutes (13), following which it was

cooled, centrifuged and decanted. The precipitate was

then washed two times with 8 ml. alcohol-ether-carbon
tetrachloride (2: 2:1) by shaking the capped centrifuge
tubes for five minutes on an International Bottle Shaking
Machine. The suspension was again centrifuged and the
supernatant decanted. Five ml. 1 N NaOH was then
added to the precipitate, and the opalescent solution was

warmed to 400 C. for 30 minutes (14). The protein was

then reprecipitated by the addition of 2 ml. 10 N HCl;
the tubes were centrifuged and the supernatant was de-
canted. The precipitate was then washed once with 5 ml.
of 10 per cent trichloracetic acid and twice with 5 ml. of
acetone. In these experiments the initial addition of
carrier acetate and valine and the use of hot alcohol-
ether-carbon tetrachloride were found to have no effect on

the final result.
The acetone-washed precipitates (weighing approxi-

Creatine Phosphate X 10-3 M.

FIG. 2. INFLUENCE OF TPN AND DPNON PROTEIN
SYNTHESIS

mately 10 mg.) were then dissolved in 1 ml. Hyamine®2
hydroxide as described by Vaughan, Steinberg and Logan
(15). The Hyamine® protein solution was transferred
into glass vials to which was added 16 ml. of 0.4 per cent
diphenyloxazole in toluene, and the radioactivity was as-
sayed in a Packard Liquid Scintillation Counter which
was set at 1,120 volts in order to minimize the quenching
of counts.

To determine the location of the label in the protein
end-product, N-terminal amino acids were separated from
the protein as their dinitrophenyl derivatives as de-
scribed by Porter (16). The protein was suspended in
1 ml. 5 per cent NaHCO,. Two ml. of 10 per cent
fluorodinitrobenzene in ethanol was added, and the mix-
ture was shaken on an International Bottle Shaking Ma-
chine for two hours. This solution was centrifuged, and
the precipitate was washed two times each with water,
ethanol, and ether and air-dried in a vacuum oven. The
dinitrophenyl-protein was then hydrolyzed in 5.7 N HCO
by heating in an autoclave at 1200 C. and 15 pounds pres-
sure for four hours. The protein hydrolysate was ex-
tracted three times with ethyl ether. The ethyl ether
extracts were combined, taken to dryness, and dissolved
in a few drops of ethanol. Aliquots of the ether ex-
tract and the protein hydrolysate were then mounted at
"zero mass" on stainless steel planchettes and'assayed for
radioactivity in a Nuclear Chicago flow counter equipped
with a micromil window.

RESULTS

Influence of pyridine nucleotides on protein syn-
thesis from acetate

The results of studies on the effects of pyridine
nucleotides on protein synthesis are shown in

2 Hyamine® loX is the trade name for para diisobutyl
cresoxy ethoxy ethyl dimethyl benzyl ammonium chlo-
ride monohydrate which was purchased from The Rohm
and Haas Company.
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TABLE I

The influence of pyridine nucleotides on protein synthesis from acetate-l-C'4 in rat liver homogenates *

Acetate-i-CH4 converted to protein (cpm)
Additional substrate

and/or cofactors Exp. 1 Exp. 2 Exp. 3 Exp. 4 ExP. St

None 180 50 25 30 90 * *
G-6-P 123 106 33 23 71
G-6-P + TPN 665 141 147 95 335 u U
G-6-P + DPN 612 101 83 56 243
G-6-P + TPN + DPN 506 183 93 242

* Rats in Experiment 1 fed Purina Laboratory Chow; rats in Experiments 2 through 5 fed 25 per cent protein diets.
For details see text.

Concentration of additions:
Experiments 1 and 5: G-6-P, 12 X 10-3 M; DPN and TPN, 0.5 X 10-3 M; creatine phosphate, 85 X 10-3 M;

ATP, 1.7 X 10-3 M+ 2 tic. acetate-i-C'4 to make a final volume of 2.1 ml.
Experiment 2: G-6-P, 14 X 10-3 M; DPNand TPN, 0.5 X 10-3 M; creatine phosphate, 97 X 10-3 M; potassium

acetate, 2.7 X 10-3 M; ATP, 1.9 X 10-3 M+ 2 Mc. acetate-1-C4 to make a final volume of 1.8 ml.
Experiments 3 and 4: G-6-P, 8 X 10-3 M; DPN and TPN, 0.6 X 10-3 M; creatine phosphate, 112 X 10-3 M;

potassium acetate, 3.1 X 10-3 M; ATP, 2.2 X 10-3 M+ 2 jMc. acetate-I-C14 to make a final volume of 1.6 ml.
t Alloxan-diabetic rats.

Table I. Glucose-6-phosphate served as the sub-
strate in these experiments, and as indicated in
Table I the addition of this compound alone had
no stimulatory effect on protein synthesis in four
out of the five experiments. On the other hand,
the addition of either diphosphopyridine nucleo-
tide (DPN) or triphosphopyridine nucleotide
(TPN) in every case caused a definite stimulation
of protein synthesis. It should be noted that in
each of the five experiments the addition of TPN
produced a greater increase in the synthesis of
protein than did DPN. These effects were not
additive in that a combination of TPN and DPN
did not significantly enhance protein synthesis
above that obtained with TPN alone. In a single
experiment protein synthesis in homogenates ob-
tained from the livers of alloxan diabetic rats was
studied; the results were identical to those ob-
tained in the experiments on normal rats.

The influence of other glycolytic cofactors upon
protein synthesis from acetate

A previous study has demonstrated that glucose
oxidation may be selectively stimulated down either
the hexosemonophosphate shunt or the Embden-
Meyerhof pathway by the addition of TPN or
DPN, respectively (17). Thus, it was possible
that the effects of the pyridine nucleotides on pro-
tein synthesis observed here might simply be the
passive consequence of the enhanced production
of either adenosine triphosphate (ATP) or guano-

sine triphosphate (GTP), two cofactors previously
shown to stimulate protein synthesis (11, 18).

To resolve this question the effects of ATP and
GTP, both alone and in the presence of added pyri-
dine nucleotide, were examined. Figure 1 shows
the influence of an ATP-generating system, cre-
atine phosphate plus ATP, on protein synthesis in
the rat liver system studied here. As has been
previously noted by Zamecnik and Keller (11),
increasing concentrations of creatine phosphate
produces an increasing stimulation of protein syn-
thesis. This effect is seen to reach a plateau in
the experiment shown in Figure 1 at approximately
a 40 to 45 uM concentration of creatine phosphate,
after which there is a slight decrease in the rate of
protein synthesis with increasing concentrations
of creatine phosphate.

It is apparent therefore that the influence of
the pyridine nucleotides upon protein synthesis
could simply be due to increased ATP generation.
In order to establish whether the stimulation of
protein synthesis by TPN and DPN is in fact
independent of ATP generation, the influence of
the pyridine nucleotides on protein synthesis was
determined during the maximal enhancement of
protein synthesis by ATP. As is illustrated in
Figure 2, if G-6-P and TPN were added to a
homogenate at the point on the curve of creatine
phosphate stimulation at which protein synthesis
was maximal, a twofold increase in protein syn-
thesis was produced. G-6-P plus DPNproduced
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a lesser increase in protein synthesis while G-6-P
alone caused no effect.

In Table II are listed the results of 20 similar
experiments in which TPN and DPNwere added
to systems in which ATP generation was maximal.
In each of these experiments the addition of the
pyridine nucleotides to the systems containing glu-
cose-6-phosphate and creatine phosphate resulted
in a further increase in protein synthesis. More-
over, in 10 of the experiments the effect of TPN
was definitely greater than that of DPN. In only
1 experiment was the effect of DPNgreater, and
in the remaining 9 experiments the stimulatory
effects of TPN and DPN were comparable. In
all but one experiment the effects of TPN and
DPNwere not additive.

To determine whether the influence of pyridine
nucleotides on protein synthesis was also inde-
pendent of enhanced GTP generation, another
series of experiments was performed (Figure 3).
Increasing concentrations of GTPwere added to a
system in which creatine phosphate concentration
was maximal. As in the case of ATP, at near op-
timal levels of GTP, TPN and DPN enhanced
protein synthesis still further. The results of four
such experiments are given in Table III. GTP
consistently enhanced protein synthesis above
levels attainable with maximal ATP generation,
and in each instance the addition of pyridine nucleo-
tide produced still greater protein synthesis than
was attainable with GTP. In two of the experi-
ments the effect of TPN was greater than that of
DPN. In the other experiments TPN and DPN
had similar effects.
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FIG. 3. INFLUENCE OF GTP, TPN AND DPN ON
PROTEIN SYNTHESIS
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TABLE III

The influence of pyridine nudeotides on protein synthesis from aceldte-1-C in the presence of
GTPin rat liver homogenates *

Acetate-i-C14 converted to protein (cpm)

Additional substrate and/or cofactors Exp. 1 Exp. 2 Exp. 3 Exp. 4

None 41 57 52 0
G-6-P + CrPO4 157 161 114
G-6-P + CrPO4 + GTP 181 202 119 665
G-6-P + CrPO4 + GTP+ TPN 302 576 159 733
G-6-P + CrPO + GTP+ DPN 226 579 171 561
GY6-P + CrPO4 + GTP+ TPN + DPN 263 559 184 657

* Rats in Experiments 1 and 2 fed Purina Laboratory Chow; rats in Experiments 3 and 4 fed 25 per cent protein
diet. For details see text.

Concentration of additions: creatine phosphate, 73 X 10-3 M; TPN and DPN, 0.61 X 10-3 M; GTP, 0.12 X
10-a M; G-6-P, 15.2 X 10-' M; ATP, 2.4 X 10-3 M; potassium acetate, 3.0 X 10-3 M+ 2 ,uc, acetate-1-C1 to make
a final volume of 1.65 ml.

Effect of pyridine nucleotides on protein synthesis
from valine

Because of the possibility that the effects of the
pyridine nucleotides on acetate-i-C"4 incorporation
into protein might not necessarily represent en-

hanced protein synthesis per se but rather reflect an

increased incorporation of the labeled acetate into
four carbon amino acid precursors, it was neces-

sary to study the effects of TPN and DPNon the
incorporation of an essential amino acid into pro-

tein. In Table IV are given the results of five ex-

periments in which the effects of TPN and DPN
on the incorporation of DL-valine-1-Cl4 into pro-

tein were studied. As in the case of acetate, cre-

atine phosphate and glucose-6-phosphate produced
a definite increase in protein synthesis when added
to the liver system. Once again, DPNand TPN
produced a further increase in protein synthesis.
In two instances TPN had a greater effect than

DPN; in the remaining three experiments there
was no apparent difference between the stimula-
tory effects of the two pyridine nucleotides.

Site of label in synthesized protein
Since evidence has recently been presented that

incorporation of labeled amino acids into protein
may under some circumstances represent acylation
by the amino acids rather than their actual in-
corporation into the peptide chain itself (19), the
site of the label in proteins synthesized by the sys-

tem employed here was examined.
Regenerating livers from partially hepatecto-

mized rats were studied in order to obtain a highly
active preparation. Homogenates of these livers
were incubated with valine-1-C"4 and with the
various combinations of cofactors described above.
The isolated proteins incorporated the C14 labeled
valine as shown in the second column of Table V.

ILE IV

Influence of pyridine nucleotides on protein synthesis from DL-valine-1-C04 in rat liver homogenates *

DL-valine-1-C1 converted to protein (cPm)
Additional substrate and/or cofactors Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

None 68 16 140 9 0
G-6-P + CrPO4 249 282 364 112 20
G-6-P + CrPO4 + TPN 269 386 390 202 170
G-6-P + CrPO4 + DPN 298 331 377 223 111
G-6-P + CrPO4+ TPN + DPN 127 292 399 171 164

* Rats in Experiments 1 and 2 fed 25 per cent protein diets; rats in Experiments 3 through 5 fed protein-free diets.
For details see text.

Concentration of additions:
Experiment 1: G-6-P, 16 X 10-3 M; DPNand TPN, 0.6 X 10-3 M; creatine phosphate, 112 X 10-8 M; DL-valine,

3.1 X 10-t M; ATP, 2.2 X 10-3 M+ 2 uc. DL-valine-1-C1 to make a final volume of 1.6 ml.
Experiments 2 through 5: G-6-P, 8 X 10-8 M; DPNand TPN, 0.6 X 10-i M; creatine phosphate, 112 X 10-i M;

DL-valine, 3.1 X 10-- M; ATP, 2.2 X 10-8 M+ 2 pc. DL-valine-1-C4 to make a final volume of 1.6 ml.
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TABLE V

Distribution of C14 in protein synthesized from DL-valine-1-C04 in rat liver homogenates *

Per cent recovered counts in:

Fluorodinitro-
DL-valine-1-C4 benzene

converted to reacting Protein
Additional substrate and/or cofactors protein (cpm) amino acids residue

None 161 3 97
G-6-P + CrPO4 1,756 1 99
G-6-P + CrPO4 + TPN 1,925 1 99
G-6-P + CrPO + DPN 2,197 0 100
G-6-P + CrPO4 + TPN + DPN 1,955 1 99

* Partial hepatectomy performed four days prior to death. Rats fed Purina Laboratory Chow.
Concentration of additions: ATP, 2.7 X 10-3 M; G-6-P, 8.3 X 10-3 M; creatine phosphate, 53 X 10- M; DPN

and TPN, 0.66 X 10-3 M+ 2 jC. DL-valine-1-C" to make a final volume of 1.5 ml.

The dinitrophenyl derivatives of the N-terminal
amino acids were formed and isolated. The radio-
activity in this fraction was in each case negligible
compared to that of the intact protein, a finding
which strongly suggests that under the conditions
of synthesis and isolation employed in this study
the valine-C14 was in fact incorporated into the
peptide linkages of the protein.

DISCUSSION

Evidence has recently been presented that the
oxidation of glucose exerts a controlling influence
on both fatty acid and cholesterol synthesis, not
so much by producing substrate but rather by gen-
erating the reduced pyridine nucleotides, particu-
larly triphosphopyridine nucleotide, required for
these synthetic reactions (6-8). It seemed pos-
sible, therefore, that the interrelation of carbohy-
drate and protein metabolism might be disclosed
by an examination of the relationship between pro-
tein synthesis and the cofactors generated during
glucose breakdown.

In Figure 4 are shown the cofactors produced
by the oxidation of glucose to pyruvate and oxa-
lacetate. As glucose enters the cell it may be me-
tabolized by one of two pathways. If it goes down
the Embden-Meyerhof route, reduced diphospho-
pyridine nucleotide (DPNH) is generated,
whereas oxidation by the hexosemonophosphate
shunt yields reduced triphosphopyridine nucleo-
tide (TPNH). Furthermore, glycolysis can also
produce adenosine triphosphate (ATP), and if
oxalacetate is formed the synthesis of guanosine
triphosphate (GTP) results.

The studies reported here clearly indicate that

each of the cofactors involved in glycolysis and
oxalacetate formation, GTP, ATP, DPN and
TPN, can exert a stimulatory effect on protein
synthesis, as judged by their influence on the in-
corporation of acetate and valine into the protein
of rat liver homogenates.

ATP and GTP have previously been shown to
enhance protein synthesis in liver homogenates
(11, 18). The most significant finding of the
present study, however, was the observation that
the pyridine nucleotides, DPN and TPN, prob-
ably in their reduced forms, consistently produce a
stimulation of protein synthesis. This effect was
particularly apparent in the case of TPN. Fur-
thermore, the demonstration that the influence of
TPN and DPN on protein synthesis is very
marked even in the presence of stimulation by
ATP and GTP indicates that the effects of the
pyridine nucleotides on protein synthesis are in-
dependent of the role they may play in increasing
ATP or GTP generation via glycolysis or the
Krebs cycle.

In order to examine the mechanisms by which
the various cofactors produced during glycolysis
may exert their influence on protein synthesis,
the known biochemical steps from the Krebs cycle
intermediate, a-ketoglutarate, to the synthesis of
proteins are summarized in Figure 5. The first of
these reactions consists of the fixation of ammonia
with a-ketoglutaric acid to form glutamic acid.
The enzyme responsible for this reaction, glutamic
dehydrogenase, is known to require either DPNH
or TPNH as cofactor (20). Second, glutamate
can yield other nonessential amino acids by trans-

amination reactions. Third, glutamic acid or its
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transamination products are activated in the
presence of ATP to form the adenylate derivatives
of the amino acids (21). Finally, these activated
amino acids are incorporated into the peptide
chains of protein in a series of steps requiring
ribonucleic acid and GTP (18).

It is apparent, therefore, that of the four co-
factors produced during glycolysis-TPNH,
DPNH, ATP and GTP-each is in fact known
to be involved in the conversion of a-ketoglutarate
to proteins. That each of these cofactors may be
rate-limiting for the synthesis of proteins in liver
homogenates has been demonstrated by the data
presented here. It is of particular interest that
reduced pyridine nucleotides can exert a control-
ling influence upon protein synthesis since, as
shown above, these cofactors are required for am-
monia fixation with a-ketoglutaric acid, the only
reaction in mammalian tissues by which a net
synthesis of amino acids can take place. TPNH
is also involved in the fixation of CO2 to form the
precursors of a-ketoglutarate. These findings
would imply that the rate of formation of amino
acids themselves may be rate-limiting in the syn-
thesis of protein.

Furthermore, it should be noted that while both
TPN and DPNexerted a direct stimulatory effect
on protein synthesis, TPN frequently was the more
effective cofactor in this regard. This finding
suggests that TPN (in the form of TPNH) may
play a greater role in the regulation of protein syn-
thesis than does DPNH. Further evidence to sup-
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port this view is provided by the fact that while
glutamic dehydrogenase can utilize either TPNH
or DPNH in glutamic acid synthesis (20), the
level of DPNHin the mitochondria of the liver
cell is probably too low to enable this cofactor to
be an important source of hydrogen ions in the
synthesis of glutamic acid (22).

The demonstration that the pyridine nucleotides
can be a limiting factor in the synthesis of proteins
in the system described here raises the question
of the relationship between this in vitro effect and
the protein-sparing effect of glucose observed in
intact animals. While the obvious limitations of
using the results of in vitro experiments to explain
in trivo phenomena clearly apply to this problem,
there is evidence that in the intact liver an in-
crease in protein synthesis does accompany the
administration of glucose (23). It seems justifi-
able, therefore, to hypothesize from the findings re-
ported here that the protein-sparing effect of glu-
cose is partially due to an increase in synthesis
mediated by the cofactors generated during gly-
colysis and especially by the pyridine nucleotides.3
Furthermore, the fact that TPNH is more fre-
quently the limiting factor in protein synthesis in
cell-free systems suggests that the generation of
this cofactor and hence the glucose oxidized via the
hexosemonophosphate pathway may be of particu-
lar importance in the sparing of protein by glucose.

3 It should be pointed out in this connection that the
phenomena observed here are not limited to hepatic tissue
in that the pyridine nucleotides have also been found to
be rate-limiting in the synthesis of proteins in the re-
generating dog kidney (24).
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SUMMARYAND CONCLUSIONS

The relationship between glycolysis and protein
synthesis has been examined utilizing a cell-free
system of rat liver. It was found that each of the
cofactors produced by glucose oxidation can exert

a stimulatory effect on the synthesis of protein, as

measured by the rates of incorporation of acetate-

1-C'4 or valine-1-C14. Of particular note was the
finding that the pyridine nucleotides, and especially
triphosphopyridine nucleotide, will consistently en-

hance protein synthesis; furthermore, this effect
appears to be independent of the influence of these
coenzymes on the generation of adenosine tri-
phosphate or guanosine triphosphate. The re-

lationship between these observations and the pro-

tein-sparing effect of glucose is discussed.
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