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A complete amino acid mixture inhibited the degradation of long-lived and 
[14C]valine-labelled short-lived protein in isolated rat hepatocytes, but 
paradoxically stimulated the degradation of [35S]methionine-labelled short- 
lived protein. The stimulation persisted in the presence of autophagic- 
lysosamal pathway inhibitors like 3-rnethyladenine and propylamine, indica- 
ting the existence of an hitherto unrecognized non-lysosarrral degradation 
machanimn with selectivity towards methionine-rich proteins or peptide 
regions. 

Cellular proteins are degraded by lysom1 as well as non-lysosomal 

mechanisms, the former showing preference for long-lived and the latter for 

short-lived proteins (l-3). Previous studies of isolated rat hepatocytes, 

using [14C]valine as a protein labelling agent, indicated that about 75 % 

of the long-lived (24-h labelled) and about 50 % of the short-lived (l-h 

labelled) proteins could be degraded lysosomally (3,4). The degradation of 

long-lived protein was inhibited to almost the sane extent by autophagy 

inhibitors like amino acids and 3-methyladenine as by lysosone inhibitors 

like propylamine and leupeptin (5,6), whereas amino acids had much less 

effect than propylamine on the degradation of short-lived protein (5), 

indicating a greater heterogeneity in degradation mechanisms for this 

protein class. 

In the present study wa have, by using [ 35 Slmethionine to label cellular 

protein, obtained evidence for the existence of a non-lysosomal machanism 

of degradation of short-lived proteins which is stimulated rather than 

inhibited by amino acids. 
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~hokLI%oM and incuba-thn ad ce&. Hepatocytes wre isolated from the liver 
of 16-h starved male Wistar rats (250-300 q) by the tm-step collaqenase 
perfusion technique (7). !Ihe cells were i&cubated as shaking suspensions 
in suspension buffer (7) fortified with pyruvate (20 rM) and MgC12 (2 mM). 
The mixture of amino acids used in the experinents was the sane as in 
Seglen's hepatocyte madium SM-1 (8), except for the concentrations of 
asparagine and glutamine which were lowered to 0.3 m@l. 

Mean~~emmeti 06 pmteh degmdation. Protein degradation was nxaasured as 
the release of acid-soluble [I?]valine from prelabelled protein or as the 
loss of radioactivit 
[35S]msthionine or Y 

from acid-precipitable material preiabelled with 
[ 4C]valine. For the labelling of predominantly short- 

lived protein, hepatocytes were incubated for I h at 37oC in fortified 
suspension buffer in the presence of 0.025 pCi/ml [14C]valine or 5 uCi/ml 
[35S]methionine. After extraction of as much acid-soluble radioactivity as 
possible (3x incubation for IO min at 37oC), and washing of the cells, 
protein degradation was measured at 37'C in the presence of unlabelled amino 
acid (IO mM valine or I2 r@l methionine, to prevent reincorporation). Incuba- 
tions (0.4 ml cells at a concentration of 70-80 mg wet wt./ml) were termina- 
ted by the addition of 100 ~1 IO % (w/v) cold perchloric acid (for rrteasure- 
n-rant of acid-soluble radioactivity) or 4 ml 2 % (w/v) cold perchloric acid 
(for measurement of acid-insoluble radioactivity). The precipitates were 
solubilized in 0.5 ml 0.1 N NaOH/O.4 % deoxycholate. 8 ml scintillation fluid 
was added, and the sample radioactivity measured by liquid scintillation 
counting. For the labelling of predominantly long-lived protein, rats were 
in'ected intravenously with I ml [35S]methionine (IO.5 mCi/ml) or I ml 
[ la Clvaline (50 @/ml) 25 h before the isolation of the cells. Degradation 
was then measured as above. 

Attempts were also made to measure protein degradation as the release of 
acid-soluble radioactivity after [35Slrtethionine prelabelling (data not 
shown). For the degradation of long-lived protein, this math&i gave the 
same result as the measurement of acid-insoluble radioactivity. However, 
the results obtained with short-lived protein were too variable to be 
meaningful, because the intracellular pool of [35S1msthionine, an actively 
transported amino acid (9), could not (in contrast to [14C)valine) be 
sufficiently depleted by serial extraction to provide an acceptably low 
background level. 

Mat&&. [35S]~thionine (1300 Ci/ml; 12.5 pCi/ml; SJ 204) and [14C1- 
valine (275 Ci/rrol; 50 vCi/ml; CFB 75) were purchased from the Radiochemical 
Centre, Amersham, Bucks, England. 3-Pkthyladenine (6-amino-3-rsathyl-purine) 
was from Fluka AC, Buchs, Switzerland, and propylamine from Koch-Light Labo- 
ratories, Colnbrook, England. AL1 other biochemicals ware from Sigma Chemi- 
cal Co., St.Iouis, Mo., USA. 

RESULTS 

Deghadtian 06 Lang-Lived pho,k&. previous studies have shown that the 

degradation of long-lived protein in isolated rat hepatocytes, measured as 

the release of [14C]valine from 24-h labelled protein, takes place at a 

rate of 4-5 %/h in an amino acid-free nedium (3-6). A corresponding value 

was found when degradation was neasured as the net loss of protein radio- 

activity (Fig. IB). [35S]Methionine-labelled cells (Fig. IA) lost protein- 

510 



Vol. 117, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

h x I I , . 
20 40 60 80 100 120 20 40 60 60 100 120 

INCUBATION TIME (mini 

Fig. 1. Degradation of long-lived protein: inhibition by 
amino acids and propylamine. Hepatoc tes, 

Y 
labelled for 24 h 

in vivo with [35Slmethionine (A) or [ 4C]valine (B) were 
Gcubated at 37OC in the presence of non-radioactive methionine 

(12 mM) or valine (10 mM), respectively. Protein degradation 
was measured as the loss of acid-precipitable radioactivity from 
the system (cells + medium), expressed in per cent of the initial 
value. o, unsupplemented medium; l , amino acid mixture (Ix); 
A, propylamine (10 my). Each point is the mean of 3-5 cell 
samples from one experiment (A) or the mean of 3 experiments 
(B) : standard errors were within the range + 0.5 9 (absolute 
value). 

radioactivity at a similar rate, indicating that methionine and valine are 

equally valid as labelling agents for long-lived protein. 

The degradation of [35S]nethionine-labelled and ['4Clvaline-labelled 

long-lived protein was similarly inhibited, both by the lysosoms inhibitor 

propylamine and by a complete amino acid mixture (Fig. 1). The effect of 

the amino acids was not as strong as in previous epriments (4-61, probably 

reflecting the fact that tm of the msst active inhibitors, asparaqine and 

qlutamine, were present at reduced concentrations (0.3 nN as compared to 

5 r&l in the mixture given in ref. 8), a tiification introduced to prevent 

the recently described suppression of DNA synthesis by these amino acids 

(11). 

DegtLadtion 06 dlwti-Lived protein. A short (e.g. 1 h) isotope pulse 

selectively labels the short-lived protein of the cells, a protein class 

which constitutes only a very small part of the total cellular protein, 

but which may contribute significantly to over-all protein turnover (12). 

As shown in Fig. 2, [35S,3~thionine-labelled (Fig. 2A) and [14C]valine- 

labelled (Fig. 2B) short-lived protein was degraded at the same high rate, 
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Fig. 2. Degradation of short-lived protein: effect of amino 
acids and propylamine. Hepatocytes, labelled for 1 h in vitro 
with [35S]methionine (A) or [ 

-- 
14~lvaline (B) were extracted 3 x 

10 min. at 37OC and then incubated at 37OC for measurement of 
protein degradation as described in the legend to Fig. 1. 
Symbols as in Fig. 1; each point is the mean + S.E. of 3 experi- 
ments (some of the S.E. 's are hidden by the symbols). 

the degradation being 50-60 % inhibited by propylamine. However, the amino 

acid mixture, which inhibited the degradation of long-lived protein strongly, 

had little or no effect on the degradation of [14C]valine-labelled short- 

lived protein, and in fact stimlated the degradation of [35S]mthionine- 

labelled short-lived protein slightly (but significantly). The results 

confim the notion that part of the lysoscmal degradation of short-lived 

protein occurs by a distinct, amim acid-resistant mechanism (5). Much of 

the amino acid inhibition of short-lived protein degradation previously 

observed could probably be ascribed to the high concentrations of aspara- 

gine and glutamine then used, possibly reflecting a post-sequestrational 

effect of those two amino acids (5,13). 

Pamdotical e6dect 06 amino aoiclh. The paradoxical stimulation of the 

degradation of short-lived [35S]n&hionine-labelled protein by the amino 

acidmixturewas further examined, including the combination of amino acids 

withother inhibitors. 3-Methyladenine (3MA), a specific suppressor of 

autophagic sequestration (6), inhibited the degradation of [ 35 S]methionine- 

labelled, short-lived protein 50 % (Fig. 3), indicating the partial invclve- 

rent of an autophagic rrechanisn in the degradation of this protein class. 

A mjxture of leucine and histidine (IO Ml of each), likewise found to 
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Fig. 3. Effect of 3-methyladenine on the degradation of short- 
Hepatocytes were labelled for 1 h in vitro -- 

and protein degradation measured between 
30 and 90 min of inc:bation (in the presence of various concen- 
trations of 3MA) as described in the legend to fig. 1. Each 
point is the mean t S.E. of 3 experiments. 

suppress autophagic sequestration specifically (P.O. Seglen and P.B.Gordon, 

unpublished expertits), inhibited sbrt-lived protein degradation some 

30 % (Tables I and II). 

Table I. Effects of different ccqounds on the degradation of [35S]methionine-labelled, 
&ox-t-lived protein. 

Effect on protein degradation (% change relative to inhibitor-free control) 

Additions Control + Amino acids + Qcloheximide + Amir~ acids 
(Ix) (I nw + QclohexinLide 

None 0 + 15.5 f 3.5 ( 

Fropylamine - 68.6 k 6.2 ( 6) - 25.0 + 10.4 ( 
(20 m 

3-Methyladenine - 49.0 ? 3.8 (12) - 12.4 + 5.5 (I 
(20 ml 

3j** - 12.7 + 4.5 (12) - 16.3 f 7.7 (12) 

5)* - 65.5 i 10.0 ( 5) - 47.3 f 16.3 ( 51 

2j** - 40.9 r 7.2 ( 4) - 17.0 t 11.6 ( 5) 

Histidine - 29.4 f 4.2 (13) - 8.5 ? 9.1 ( 8) - 27.2 + 4.0 ( 5) - 27.1 + 16.6 ( 5) 
+ Id3.Icine 
(IO n-&l + 10 nt"l) 

Hepatocytes were labelled with [35S]mathionine for 1 h in vitro. After extraction 
(3 x 10 min at 3pC) of as m.zh intracellular acid-soluble (3SS)radioactivity as 

possible, the cells ware incubated in isotope-free nksdium at 37oC in the presace of 
the ccqounds indicated, and protein degradation was measured as the loss of acid- 
precipitable [35S]radioactivity from cellular protein between 30 and 90 min of in- 
cubation. The oontrol rate of degradation (% isotope released) averaged 7.9 + 0.2 
$/h (maan of 13 q&s.); the effect of inhibitor amkG.nations are expressed as % 
difference fram control (each value is the mean + S.E. of the number of expts. given 
in parentheses). Significance of amino acid effect vs. the respective control accord- 
ing to the t-test: - 
*P < 0.01; **p < 0.001. 
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Table II. Effects of different cxmpunds on the degradation of [14C]- 
labelled, short-lived protein. 

Inhibition of protein degradation (8) 

+ Amino acids 
Additions Control + Amirm acids + Cy~l~kxhide + Cy~l~heximide 

None 0 - 11.5 k 1.3 - 20.3 + 2.6 - 35.0 2 1.3 

Propylamine - 57.6 + 2.2 - 54.0 +_ 2.2 - 60.2 + 1.4 - 60.1 k 2.5 
(20 nw 

3-&thyla&njne - 37.0 + 2.0 - 31.4 f 6.3 - 44.6 + 2.7 - 54.5 f 2.3 
(20 n-w 

Histidine - 33.0 ? 5.6 - 31.8 t 6.6 - 38.3 + 6.7 - 49.5 i 5.7 
+ Leucine 
(IO Id4 + 10 n-M) 

Hepatocytes ware lahelled with [14C]valine for 1 h in vitro. After 
extraction (3 x 10 min at 37OC) of intracellular acid-soluble [14C)radio- 
activity, the cells mre incubated in isotope-free n-radium at 3PC in the 
presence of the ccrqmunds indica?@, and protein degradation wasmeasured 
as tk release of acid-soluble [ C]radioactivity from the cells between 
30 and 90 rain of incubation. The control rate of degradation (% isotope 
released) averaged 9.4 f 0.2 %/h (mean of 5 expts.); the effects of 
inhibitor combinations are expressed.as % inhibition relative to control 
(each value is the maan ?1 S.E. of 5 eqerinrants). 

A significant stimulation by the amino acid mixture of the degradation 

of [35S]methionine-labelled short-lived protein was observed in the 

presence of propylamine as well as with 3MA, the results with His+Leu 

being more variable (Table I). With [14C]valine-labelled protein, the 

amino acid effects were, if anything, slightly inhibitory (Table II). 

Cycloheximide, which markedly inhibits the degradation of long-lived 

protein (14,15), inhibited the degradation of short-lived protein rmderately 

(Tables I and II), but in the presence of amino acids or other inhibitors 

the results becane too variable to be meaningful (Table I). 

DISCUSSION 

Paradoxical protein degradation-stimulatory effects of amino acid 

mixtures have previously been observed both in the perfused liver (leucine 

antagonism, ref. 16) and in isolated hepatccytes (glutamine antagonism, 

our unpubliskd experiments), but they are not necessarily related to the 

present stimulation which is confined to [ 35 Slmethionine-labelled short- 
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lived protein. One candidate process capable of accounting for such 

selectivity may be the proteolytic processing of N-terminal psptide regions, 

which would be expected to be enriched in methionine both by virtue of the 

initiator function of Met-tRNA (17) and due to the relative abundance of 

rrethionine in the signal peptide region of secretory protein precursors 

(18). Fmcessed regions would be included in the short-lived protein 

category; N-terminal mathionine has in fact been demonstrated to turn over 

more rapidly than the bulk of protein in L cells (19). Since proteolytic 

processing is involved in the formation of both secretory and mitochondrial 

protein (20), each of which accounts for 25-30 % of the protein synthesized 

by hepatocytes (21, 22 and our unpublished experiments), the contribution 

of signal peptide degradation (the ultimate site of which is unknown) to 

the degradation of [35S]msthionine-labslled short-lived protein could be 

considerable. 

The ability of amino acids to stimulate degradation of this particular 

protein class even in the presence of autophagic-lysosomal inhibitors like 

3MA and propylamine clearly indicates that the proteolytic process affected 

is non-lysosomal. Non-lysoml nrachanisms amount for 40-50 % of the 

degradation of short-lived protein in hepatmytes (3-5, and e.g. mito- 

chondria are wall equipped with proteolytic enzyrrrss which might conceivably 

participate in the degradation of signal peptides or other short-lived 

protein material (23-25). Although the well-established stimulation of 

pptide chain initiation by amino acids (26,27) would not affect the present 

rreasuremants because pre-labelled protein was used, my effect of amino 

acids on chain elongation, attachment of signal peptide regions to 

nembranes (28, transmmbrane paptide transfer or other uptake processes, 

or proteolysis itself, might be detected as a paradoxical stimulation 

of the degradation of [35S]n-ethionine-labelled short-lived protein. 

We wish to thank Indrejit Dybsjord for excellent technical assistance, 

and The Norwegian Cancer Society for generous support. 
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