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Quarter rat diaphragms were incubated for 150 min. with or without stimu- 
lators of protein synthesis and/or inhibitors of protein glyeosylation. Tyro- 
sine incorporation into protein was measured during the last 120 min. Branched 
chain amino acids stimulated protein synthesis by 40-60~. Tunicamycin or 2- 
deoxy-D-glncose did not affect baseline protein synthesis, but inhibited or 
abolished stimulation of protein synthesis by branched chain amino acids. 
Tunicamycin did not prevent stimulation of protein synthesis by insulin or 
affect amino acid transport under these conditions. The data suggest that a) 
glycoprotein(s) may he involved in the post-transcriptional stimulation of 
protein synthesis by leucine, b) leucine and insulin may stimulate peptide 
chain initiation in muscle through different mechanisms. © 1984 Acad~icPress, lnc. 

The special role of branched chain amino acids, particularly leucine, in 

stimulating muscle protein synthesis, has been demonstrated in incubated 

isolated muscles (1-5), perfused hindquarters (6,7) and isolated hearts 

(5,7,8) of the rat. The effect is best demonstrated in muscles of fasted 

animals (2), in young rather than mature rats (6). In vivo, the effect may be 

limited to the catabolic state (9,10), and there appears to be differential 

susceptibility between muscle types (II). The mechanism by which the three 

branched chain amino acids together or leucine alone stimulate protein synthe- 

sis is poorly understood; it appears to entail stimulation of translation at 

the level of peptide chain initiation (6,12), and does not require mRNA syn- 

thesis (2,6). The rate Of protein synthesis correlates with the intracellular 

concentration of leucine, and does not reflect the saturation of leucyl-tRNA, 

the km of which is very low (5,7). The branched chain amino acids are meta- 

bolized by skeletal and heart muscle (reviewed in 13). Leucine participates 

in the regulation of numerous processes, it inhibits protein degradation in 
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muscle (1,2,5-7), heart (5,7,8) and liver (14), stimulates the production of 

glutamate and glutamine by these tissues (13,15,16), inhibits hepatic urea 

genesis (16), and inhibits the oxidation of pyruvate and glucose (17). 

~-Hydroxy-~-methylglutaryl-CoA (HMG-CoA) is a product of leucine catabolism 

and a precursor in the pathway of Cholesterol and doiichol synthesis (18). 

Leucine is a substrate for cholesterol synthesis in skeletal muscle (19). 

Dolichols function in their phosphorylated state as carbohydrate carriers and 

donors in the biosynthesis of cellular glycoproteins. The concentration of 

dol.icho!phosphate may be limiting protein glycosylation (20,21). 

Glycoproteins participate in numerous metbolic processes (21-28), al- 

though there is no report of their involvement in peptide chain initiation. 

We postulated that if stimulation of muscle protein synthesis by branched 

chain amino acids is linked in some way to glycoprotein synthesis, inhibitors 

of protein glycosylation may block their effect. Two inhibitors were tested. 

Tunicamycin is an antibiotic which inhibits the transfer of N-acetylglucosamine- 

1-phosphate from UDP-N-acetylglucosamine to dolichol monophosphate and thereby 

blocks the formation of N-linked glycoproteins (22-28). 2-deoxy-D-glucose 2 

(2DG) is a glucose analogue, which is phosphorylated by cells to 2-DG-6P but 

not further metabolized. It is converted however into both the UDP and GDP 

derivative and competes with UDP-N-acetylglucosamine for binding to dolichol- 

phosphate. Like tunicamycin, 2-DG inhibits core glycosylation of proteins, 

but unlike tunicamycin, 2-DG also inhibits elongation of protein linked carbo- 

hydrate chains (25,29,30). 

MATERIAL AND METHODS 
Material. Two lots of tunicamycin were tested, one was purchased from 

Calbiochem-Behring, the other was a gift of the Natural Products Branch of 
NIH. The racemic b (i.e. ± amino-endo) isomer of 2-aminobicyelo[2,2,1]heptane- 
2-carboxylic acid (BCH), a non-utilizable analogue of leucine, was a gi~h of 
Dr. Halvor N. ~ristensen, University of Michigan. C~rboxyl labelled [ C]BCH 
as w~ll as L-[ C-l]~-aminoisobutyric acid (AIB), D-[JH]mannitol and L-[ring- 
2-6-~H]tyrosine were from New England Nuclear. 2-DG, unlabelled amino acids 
and crystalline sodium pyruvate were from Sigma; all reagents used were of the 

Abbreviations used: 2-DG = 2-deoxy-D-glucose; 
BCH = DL-b-2-aminobicyclo[2-2-1]heptane-2-carboxylic acid; 
AIB = ~-aminoisobutyric acid; PCA = perchloric acid. 

150 



Vol. 125, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

highest purity obtainable. Monocomponent, crystalline porcine insulin (26.5 
U/mg) was a gift from Dr. Ronald Chance, Eli Lilly Company. 

Muscle preparation. Male, Wistar rats (90-110 g) were purchased from 
Charles River Breeding Laboratories and fasted 18 hrs before experiments. 
Rats were decapitated with a guillotine, the two hemidiaphragms were rapidly 
removed, bissected and weighed; quarter diaphragms were incubated with shaking 
at 37°C in 2 ml of Gey and Gey's balanced salt solution (bicarbonate buffer), 

o + o pH 7.4, gas phase 95~ 02 5~o CO_ as described (3,31) Glucose was added to 
the media as an energy source inZall studies, except in experiments using 2-DO 
were pyruvate was substituted to avoid competition of glucose with 2-DG for 
transport. 

Protein synthesis. Quarter diaphragms were preincubated in media sup- 
plemented with II mM glucose or II mM pyruvate and 0.35 mM L-tyrosine with or 
without additions e.g. branched chain amino acids (I mM each), insulin (I 
mU/ml), tunicamycin (I Ng/ml) or 2-DG (3 mg/ml). One quarter diaphragm of 
each rat was placed into control medium and the others distributed between 
media containing a stimulator of protein synthesis, an inhibitor of protein 
glycosylation and a combination of inhibitor and stimulator. Following 30 min 
preincubation, theAtissues were transferred to identical media supplemented 
with 0.5 oCi/ml L[3H]tyrosine and incubated for 2 hrs. They were then homo- 
genized in 2 ml ice-cold 6% perchloric acid (PCA) with a Polytron tissue 
homogenizer. Following centrifugation the pellet was solubilized in 1 N Na0H 
and prepared for scintillation counting as described previously (3,31). 
Aliquots of deproteinized media and of the PCA soluble fraction of musc]e 
homogenates were used for fluorometric analysis of tyrosine (32) and for 
liquid scintillation counting. The spec. act. of intracellular tyrosine in 
muscle was calculated as described (3,31). Incorporation of tyrosine into 
protein (nmole/mg tissue/2 hrs) was determined by dividing protein spec. act. 
(dpm/mg tissue) by the intracellular spec. act. of free tyrosine (dpm/nmole) 
(I). Protein synthesis proceeds linearly with time under these conditions for 
2 hrs (1,31). 

Amino acid transport. Weighed, quarter rat diaphragms were preincubated 
for 2 hrs in media containing 5.5 mM glucose, 0.I mM mannitol and a non- 
utilizable amino acid, AIB (0.I mM) or BCH (2 mM) with or without tunicamycin 
(~ og/ml). They were then transferred to identical media supplemented with 
[l~]mannitol ~.5 0Ci/ml, as an extracellular marker) and 0.2 0Ci/ml of either 
[ C]AIB or [~C]BCH and incubated for 10-30 min. After incubation, the 
muscles were solubilized in boiling 1 N Na0H. Aliquots of media and muscle 
extracts were counted in a Beckman LS-7000 ~-scintillation counter with a 
double isotope program. In calculations of the intracellular concentration of 
AIB or BCH it was assumed that the medium was at equilibrium with the extra- 
cellular space in which mannitol and extracellular AIB or BCH were distributed 
identically. 

Statistical analyses. Means + SEM are shown. Differences between means 
were analyzed by paired, two tailed Student's t-test. 

RESULTS 

Protein synthesis (Table 1). Addition of the 3 branched chain 

amino acids to the incubation medium increased protein synthesis 40-60% over 

baseline (Studies I, 2 and 4). Tunicamycin (I Og/ml) did not affect the rate 

of protein synthesis in unsupplemented media (Studies 1-3), but decreased 

(Study I) or abolished (Study 2) the stimulatory effect of branched chain 

amino acids on protein synthesis. Studies 1 and 2 differ in that different 

preparations of tunicamycin were tested. When protein synthesis was 
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Table I. Tunicamycin or 2-deoxyglucose-D-glucose prevent stimulation of 
protein synthesis by branched chain amino acids in muscles 

Additions to medium Protein synthesis (% of P 
no addition control) 

Study 1 
BCAA 160.3 ± 12.0 (28) 
Tunicamycin a 99.4 ± 6.4 (26) 
BCAA + Tunicamycin a 136.2 ± 11.2 (28) 

Study 2 
BCAA b 140.7 ± 16.3 (9) 
Tunicamycin b 97.9 ± 11.2 (9) 
BCAA + Tunicamycin 106.5 ± 7.4 (9) 

Study 3 
Insulin b 127 ± 8.I (11) 
Tnnicamycin b 102.7 ± 10.7 (II) 
Insulin + Tunicamycin 145.7 ± 13.2 (11) 

Study 4 

BCAA 138.7 ± 14.6 (6) 
2-deoxy-D-glucose 93.8 ± 9-9 (6) 
BCAA + 2DG 92•8 ± 9.1 (5) 

<0.001 vs control 

<0.02 vs. BCAA 

<0.001 vs control 

<0.05 vs. BCAA 

<0.01 vs. control 

<0.01 vs. control 
NS vs. insulin 

<0.05 vs. control 

<0.02 vs. BCAA 

Quarter rat diaphragms were preincubated for 30 min. and incubated for 2 hrs. 
as described in Methods in media containing Ii mH glucose (Studies I-3) or 11 
mM p~ruvate (Study 4), 350 ~M tyrosine and the additions indicated. L-[ring- 
2,6-~M]tyrosine (0.5 ~Ci/ml) was included during incubation. Protein syn- 
thesis was measured as tyrosine incorporation into proteins (nmol/g tissue/2 
hrs), which in no addition controls was 242 ± 13 (n = 48, Study I-3) and 130 ± 
6 (n = 6, Study 4). All data are normalized to % of no addition control muscle 
from the same rat; means ± SEH are shown, with the number of observations in 
parentheses. BCAA = branched chaim amino acids, leucine, isoleucine, valine, 

• a D I mM each. Tunlcamycin was from Calbiochem-Boehring, Tnnicamycin from 
Natural Products Branch, NIH, 1 ~g/ml; 2-deoxy-D-glncose was 3 mg/ml; crys- 
talline pork insulin I mU/ml. P values were calculated by Student's paired t 
test. 

stimulated by the addition of insulin, without branched chain amino acids, 

tunicamycin did not affect the rate of either baseline or insulin stimulated 

protein synthesis (Study 3). 

In media supplemented with pyruvate (Study 4), baseline protein synthesis 

was slower than in glucose containing media, but, as in glucose containing 

media, branched chain amino acids stimulated the rate of protein synthesis, 

confirming earlier observations (31). 2DG had the same effect as tunicamycin, 

baseline protein synthesis was unaffected, but stimulation by branched chain 

amino acids was abolished (Study 4). 

Amino acid transport• In chick embryo fibroblasts, tunicamycin treatment 

for 24 hrs decreases amino acid transport, suggesting that glycosylation of 

the carrier proteins is required for their effective function, or for their 
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insertion into the plasma membrane, or for protection from intracellular 

degradation (25)_ Stimulation of protein synthesis by branched chain amino 

acids may have been prevented by tunicamycin if it inhibited the intracellular 

accumulation of the branched chain amino acids and/or labelling of the intra- 

cellular tyrosine pool. To test this hypothesis, we incubated quarter dia- 

phragms with or without tunicamycin at the same dose and for the same length 

of time as in the experiments shown in Table I; transport of non-utilizable 

amino acids was measured during the last 10-30 min. AIB is preferentially 

transported on the "A"-system, and BCH on the "L"-system, the latter trans- 

ports the branched chain and aromatic amino acids (33). Neither system ap- 

peared to be affected by tunicamycin (Fig. la and Ib). In additional experi- 

ments (carried out as in Table I), the intracellular spec. act. of tyrosine 

was constant between 30 and 120 min (31), and was not affected by either 

tunicamycin or branched chain amino acids, separately or together (Fig. ]c). 
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Two-hour incubation with tunicamycin does not affect amino acid transport 
in isolated muscles. In Figs. A and B quarter diaphragms were preincubated 
for 2 hrs in media containing 5.5 mM glucose, 0.I mM mannitol and 0.1 mM AIB, 
(Fig. IA) or 2 mM BCH (Fig. IB) with ~---~or without (~----~I pg/ml tunica- 
mycin. ~uscles were then transferred to identical media supplemented with 1.5 
pCi/ml [OH]mann~ol (extracellular marker) and 0.2 pCi/ml [~C]AIB (Fig. IA) 
or 0.2 pCi/ml [~C]BCH (Fig. 1B) and incubated for the times indicated. The 
penetration of labelled, non-utilizable amino acids into the intracellular 
water was measured as described in Methods. In Fig_ IC quarter diaphragms 
were preincubated for 30 min_ and incubated for 30 or 120 min. as described in 
Table I; the spec. act. of tyrosine in the medium and in the intracellular 
water was measured as described in Methods. 0 = No addition control, A = BCAA, 
• = tunicamycin, A = BCAA + tunicamycin. Means ± SEM are shown, except 
where the SEM are too small for illustration. The number of observations/per 
point are indicated in parentheses. The horizontal lines in Fig. IC indicate 
group means_ 
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DISCUSSION 

The data suggest that protein glycosylation is required for 

branched chain amino acid induced stimulation of protein synthesis in muscle, 

the effect could be permissive or the branched chain amino acids may stimulate 

overall protein synthesis (4) by increasing synthesis or glycosylation of a 

critical glycoprotein. In either case, this would implicate glycoprotein(s) 

in the post-transcriptional regulation of peptide chain initiation. It is 

possible however that both tunicamycin and 2-DG inhibited protein synthesis by 

unspecified mechanisms, unrelated to protein glycosylation. The dose of 

tunicamycin used here (I ~g/ml) inhibits protein glycosylation by 953 during 

relatively short incubations in organ culture or in cell culture, causing only 

mild inhibition of protein synthesis (22-24); I0-20X lower concentrations are 

effective inhibitors of protein glycosylation in cell-culture systems, where 

prolonged exposure e.g. 24 hrs, is feasible (25-28). Since baseline protein 

synthesis was unaffected in our experiments by tunicamycin or by 2-DG, and 

tunicamycin did not inhibit stimulation of protein synthesis by insulin, the 

effects observed may be specific. 

The insulin receptor (24) and amino acid carrier proteins (25) are glyco- 

proteins; the lack of impairment of either amino acid transport or of the 

insulin response after relatively short exposure to tunicamycin (120-150 min) 

suggests that the turnover of these structures in muscle is relatively slow. 

The half-life of the insulin receptor in 3T3-LI mouse adipocytes is 7.5 hrs 

(24)~ - it has not been determined in skeletal muscle; in incubated diaphragms 

puromycin induced inhibition of AIB transport requires 3-4 hrs exposure to the 

drug (34). 

The branched chain amino acid responsible for stimulation of protein 

synthesis and inhibition of protein degradation in muscle, in vitro, appears 

to be leucine (2,3,5,7,8). Our data is consistent with hypotheses that leu- 

cine may stimulate the synthesis or the glycosylation of a relatively short- 

lived glycoprotein, which participates in the post-transcriptional regulation 

of protein synthesis, or glycosylation may protect such a protein from intra- 
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cellular proteolysis (26-28) or inactivation, or prevent the activation of a 

translational inhibitor (2). Glycosylation has been shown to protect proteins 

from intracellular degradation (26-28). The data also suggest that while both 

insulin (35) and leucine (6,12) are thought to stimulate peptide chain initia- 

tion the molecular mechanisms may be different. 

Acknowledgements. We thank Dr. Halvor N. Christensen for the generous 

gift of BCH, Dr. Ronald E. Chance for monocomponent insulin, and Ms. Barbara 

Whitlock for secretarial assistance. This work was supported in part by a 

research grant AM02001 from NIADDK to M.G.B.; J.C.P. was supported by medical 

student summer research fellowships from NIADDK (AM07431) and institutional 

funds for research. 

REFERENCES 

I. Fulks, R.M., Li, J.B. and Goldberg, A.L. (1975) J. Biol. Chem. 250, 
290-298. 

2. Buse, M.G. and Reid, S.S. (1975) J. Clin. Invest. 56, 1250-1261. 
3. Buse, M.G. and Weigand, D.A. (1977) Biochim. Biophys. Acta 475, 81-89. 
4. Hedden, M.P. and Buse, M.6. (1979) Proc. Soc. Exper. Biol. 160, 410-415. 
5. Tischler, M.E., Desautels, M. and Goldberg, A.L. (1982) J. Biol. Chem. 

257, 1613-1621. 
6. Li, J.B. and Jefferson, L.S. (1978) Biochim. Biophys. Acta 544, 351-359. 
7. Morgan, H.E., Chua, B.H., Boyd, T.A. and Jefferson, L.S. (1981) in 

Metabolism and Clinical Implications of Branched Chain Amino and 
Ketoacids, eds. Walser M. and Williamson, J.R., pp. 217-225, 
Elsevier/North Holland, New York. 

8. Chua, B., Siehl, D.L. and Morgan, H.E. (1979) J. Biol. Chem. 254, 
8358-8362. 

9. Freund, H.R., Gimmon, Z. and Fischer, J.E. (1983) in New Aspects of 
Clinical Nutrition, eds. Kleinberger, G. and Deutsch, E. pp. 346-360, 
Karger, Basel. 

I0. McNurlan, M.A., Fern, E.B. and Garlick, P.J. (1982) Biochem. J. 204, 
831-838. 

II. Buse, M.G. (1982) Horm. Metab. Res. 13, 502-505. 
12. Buse, M.G., Atwell, R. and Mancusi, V. (1979) Horm. Metab. Res. 11, 

289-292. 
13. Harper, A.E., Miller, R.H. and Block, K.P. (1984) Ann. Rev. Nutr. 4, 

409-454. 
14. PSs@, A.R., Wert, J.J. and Mortimore, G.E. (1982) J. Biol. Chem. 257, 

12114-12120. 
15. Chang, T.W. and Goldberg, A.L. (1978) J. Biol. Chem. 3685-3695. 
16. Mendes-Mourao, J., McGivan, J.D. and Chapell, J.B. (1975) Biochem. J. 

146, 457-464. 
17. Chang, T.W. and Goldberg, A.L. (1978) J. Biol. Chem. 253, 3696-3701. 
18. Waechter, C.J. and Lennarz, W.J. (1976) Annu. Rev. Biochem_ 45, 95-112. 
19. Rosenthal, J., Angel, A. and Farkas, J. (1974) Am. J. Physiol. 226, 

411-418. 
20. Mills, J.T. and Adamany, A.M. (1978) J. Biol. Chem. 253, 5270-5273. 
21. Carson, D.D. and Lennarz, W.J. (1979) Proc. Natl. Acad. Sci. USA 16, 

5709-5713. 

155 



Vol. 125, No. 1, 1 9 8 4  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

22. Lennarz, W.J. (1980) The Biochemistry of glycoproteins and proteoglycans. 
Plenum Press, New York. 

23. Struck, D.K. and Lennarz, W.J. (1977) J. Biol. Chem. 252, 1007-1013. 
24. Reed, B.C., Ronnett, G.V. and Lane, M.D. (1981) Proc. Natl. Acad. Sci. 

USA 78, 2908-2912. 
25. Olden, K., Pratt, R.M., Jaworski, C. and Yamada, K.M. (1979) Proc. Natl. 

Acad. Sci. USA 76, 791-795. 
26. Olden, K., Law, J., Hunter, V.A., Romain, R. and Parent, J.B. (1981) J. 

Cell Biol. 88, 199-204. 
27. Bar-Sagi, D. and Prives, J. (1983) J. Cell Physiol. 114, 77-81. 
28. Prives, J. and Bar-Sagi, D. (1983) J. Biol. Chem. 258, 1775-1780. 
29. Datema, R. and Schwarz, R.T. (1979) Biochem. J. 184, I13-123. 
30. Datema, R. and Schwarz, R.T. (1980) Trends Biochem. Sci. 6, 65-67. 
31. Hedden, M.P. and Buse, M.G. (1982) Am. J. Physiol. 242, E184-EI92. 
32. Waalkes, T.P. and S. Udenfriend (1957) J. Lab. Clin. Med. 50, 733-736. 
33. Christensen, H.N. (1982) Physiol. Rev. 62, 1193-1233. 
34. Elsas, L.J., Albrecht, I. and Rosenberg, L.E. (1968) J. Biol. Chem. 243, 

1846-1853. 
35. Jefferson, L.S. (1980) Diabetes 29, 487-496. 

156 


