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SUMMARY : Protein synthesis was measured in incubated hepatocytes. While hemin 
b%i@-about a slight stimulation, ally1 isopropyl acetamide (a compound that 
destroys the heme bound to cytochrome P450) inhibits protein synthesis by a 
mechanism that appears to result exclusively from depletion of cytoplasmic 
heme. Indications that in hepatocytes, as in reticulocytes, protein synthesis 
may be in part regulated by heme at the level of initiation are : i) that in- 
hibition is accompanied by polysome breakdown ; ii) that the protein synthesis 
inhibitor already isolated from rat liver, is hemin reversible iii) that hepa- 
tocyte extracts contain a Mr 38,000 phosphoprotein which comigrates with the 
Mr 38,000 subunit of rabbit initiation factor 2 and iv) that the phosphoryla- 
tionof bothof these subunits is inhibited by hemin. 

In reticulocytes and reticulocyte lysates protein synthesis is regulated 

by heme (1). In the absence of heme, synthesis proceeds for several minutes, 

then stops abruptly. Activation of a heme regulated inhibitor (HRI) during 

heme deficiency has been demonstrated(2,3). It appears to cause inhibition of 

protein synthesis by specific phosphorylation of the c1 subunit of eukaryotic 

initiation factor 2 (eIF-2a) (1,4-7, 10,ll). However, in cells other than reti- 

culocytes, regulation of protein synthesis by heme has not beenclearly demons- 

trated. In Ehrlich ascites cells, inhibition of protein synthesis occured du- 

ring nutrient deprivation (12). In rat liver, an inhibitor of protein synthesis 

has been isolated (13). We investigated the effect of hemin on protein synthesis 

in rat hepatocytes both directly by adding it to the incubation medium of cell 

suspensions, and indirectly by adding ally1 isopropyl acetamide, a compound that 

destroys heme bound to cytochrome P450 and consequently depletes the cytoplasmic 

heme pool (14,15.20). 
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MATERIALS AND METHODS 

Preparation and incubation of hepatocytes : Hepatocytes were freshly isolated 
from male rats (150-200 g) (Uistar) by perfusion of the liver with a collage- 
nase solution according to Seglen (16). Cell viability was determined by the 
measurement of trypan blue exclu ion, albumin secretion and lacticodehydroge- 
nase release. Hepatocytes(4 x 10 8 ) were incubated (17) in : glucose : 1 mg/ml 

,""%I 
; amino-acids cocktail (except leucine) 2 mM ; leucine 

i sH~l!~~~~e (40 Ci/mmole NEN) : 400 PCi per incubation ; dialysed 
Fetal calf serum : 5 %. Incubatiins (2 ml) were placed in a shaker at room 
temperature [shown to give optimal cell survival]. Aliquots (0.5 ml) were ta- 
ken at intervals and processed as described in the legends. 

Preparation and incubation of rabbit reticulocytes and rabbit reticuloc te 
: Zysatfs Reticulocytes were prepared and incubated as descrl 'b d&Pre- e 

paration and incubation of reticulocyte lysates was performed as previously 
described (18,19). 

Phosphorylation assays and potyacrykmide gel e2ectrophoresi.s : Incubations 
(20 ul) contained [JLPyl-ATP (5000 Ci/mmole, Amersham) 30 PCi ; tris-HCl 20 mM 
pH 7..6'; KC1 80 mM ; Mg(OAc) 2 mM 2 ; high speed supernatant (containing L.1) 
(2 i-19) and ribosomal salt was (containing eIF-2) (1 pg). Incubations were per- 
formed at 30" for 5 minutes and stopped by the addition of an equal amount of 
sample buffer (5), after 5 minutes at 95" the samples were separated on SDS 
acrylamide slab gels (10 % acrylamide) as previously described (5). After stai- 
ning and destaining autoradiograms of the dried gels were obtained on XOMAT-AR 
films (Kodak). 

Measurement of tryptophane pyrroZase actiuit . The method of Badawy and Morgan 
(21) was used. Hepatocyte homoqenates (3 ml)Yfrom 40 x 106 cells were supplemen- 
ted'with tryptophane 25 mM in 50 mM phosphate pH 7 to a final volume of I2 ml 
and placed at 37" under 02 in a shaker. At time intervals the incubations were 
stopped by the addition of 0.66 ml TCA 14 %, centrifuged and 1 ml of the super- 
natant supplemented with 0.6 ml of 0.06 N NaOH. The formation of kinurenin due 
to the activity of the enzyme was detected by measuring the optical density at 
365 nm in a Zeiss spectrophotometer. Since this determination was comparative 
arbitrary units were used. 

Preparation of rat liver extracts : After perfusion with buffer 1 (50 mM tris- 
HCl pH 7.5 ; 50 mM KC1 5 mM Mg(OAc)2 ; 5 ml\1 GSH ; 250 mM Sucrose) livers 
were removed and placed'in the same medium at O", sliced and homogenized. The 
post mitochondrial supernatant was obtained and centrifuged for 120 mn at 
150,OOOg at 4" in a Beckman centrifuge. Crude liver inhibitor (L.1) was obtained 
as follows : the post-microsomal supernatant was slowly adjusted to pH 5.1 at 
O", after centrifugation the pellet was resuspended in buffer 2 (50 mM tris- 
HCI pH 7.6 ; 50 mM KC1 ; 5 mM Mg (OAc)2 ; 10 % glycerol) and dialysed against 
the same buffer. Ammonium sulfate was then added to 25 %, the pellet discarded 
and the supernatant slowly adjusted to 42 %. The pellet was resuspended and 
dialysed against buffer 2. Small.aliquots of this preparation called crude L.I. 
were kept in liquid nitrogen and contained 2 ug/ul protein. RibosomaT salt 
wash (RSW) was obtained by resuspension of the microsomal pellet in buffer 2 
and slow addition of 0.55 M KC1 at 0" with gentle stirring for 20 minutes. 
After centrifugation the supernatant was dialysed against buffer 2 and adjusted 
to 45 % ammonium sulfate ; the pellet was resuspended in buffer 2 dialysed and 
kept in liquid nitrogen. 

Polysome profiles : The method described by Dickson and Pogson (23) was used 
with minor modifications. 

Partial proteolysis mapp 
was used with minor mod1 
0.2 mM CaC12. 

The method described by Cleveland et al. (22) 
substilisin (Sigma) (0.5 pg) was used with 

Ally1 Isopropyl Acetamide was a generous gift from Hoffmann-Laroche (Basel). 
Rabbit eIF-2 was a generous gift of Dr Hans Trachsel (Basel). 
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RESULTS AND DISCUSSION 

Effects of hemin and allyt isopropyl acetamids on hepatocyte protein synthesis: 

After hemin was added to the incubation medium containing freshly isolated he- 

patocytes, a slight stimulation of protein synthesis was detectable (figure 1). 

In contrast, when ally1 isopropyl acetamide (AIA) was added to the incubation 

medium, concentration dependent inhibition of protein synthesis was observed 

as shown in figure 1. To see if inhibition of protein synthesis by AIA was the 

result of heme depletion, an excess of heminvias added to the AIA (400 ug/ml) supplemen- 

ted incubation. One hour after the addition of 200 ul'! ofhmnin, the recovery of protein 

synthesis ranged from 50 to100 %. Lcnercorcentrations of hemin (25to50 uM) failed to 

reverse AIA inhibition. The intracellular pool offree hemewas measured by determining 

tryptophane pyrrolase (TP) activity ; this enzyme uses heme as cofactor and its activity 

reflects the size of the free heme pool (14,21). It has been shown previously that 

a- 

6- 

HOURS 

Figure 1. Effect of hemin and of AIA on protein synthesis in hepatocytes. 
Incubations (1.8 ml) containing 4 x 100 freshly prepared hepatocytes were at 
room temperature in a shaker. Aliquots (0.5 ml) were taken at intervals and 
washed in phosphate 0.1 M pH 7.4, NaF 50 mM, EDTA 8 mM. The pelleted cells 
were frozen and thawed, lysates were washed in hot and cold TCA 5 %, after 
resuspension in formic acid protein pellets were counted in a scintillation 
counter. No additions (0) ; AIA (ZOO ug/ml) (v ) ; AIA (400 ug/ml) (A) ; 
hemin (50 uM) (w). 
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Figure 2. Tryptophane pyrrolase activity in lysates of hepatocytes incubated 
with. TheThe 
-sates of control and treated cells were incubated at room 
temperature with constant shaking under oxygen. Since this experiment was in- 
tended to compare normal to AIA treated cells results are expressed in arbi- 
trary units of kinurenin formed in the absence or in the presence of 2 pM 
hemin. Cells were treated with 400 pg/ml AIA or saline (control) for 1 hour. 

TP activity is maximally depleted 30 minutes after administration of AIA to 

rats (21). We studied TP activity in rat hepatocytes after one hour of incuba- 

tion. The basal activity of TP was 25 units. When hemin was added, the activi- 

ty increased to 40 units. Lysates from AIA treated hepatocytes showed a strong 

decrease in TP activity (5 units). However, the same experiment carried out in 

the presence of hemin, yielded TP activity that was identical with the control 

(figure 2). These results indicate that AIA treated hepatocytes have a depleted 

heme pool. Therefore, the inhibition of protein synthesis observed with AIA 

appears to result from depletion of the free heme pool and not from other possi- 

ble mechanisms such as the accumulation of green pigments (14,151. Neither mi- 

croscope examination of the cells, nor measurement of LDH release showed a dif- 

ference between treated and control cells suggesting that no cell lysis occured. 

In addition, albumin secretion was identical (results not shown). However, the 

possibility remained that AIA could specifically block the polysomal machinery. 

To check this point, various concentrations of AIA were added to rabbit reti- 

culocyte lysates. No inhibition of protein synthesis was observed with the con- 

centrations used (figure 3a). In addition, no inhibition of protein synthesis 

occured when AIA was added to rabbit reticulocytes,which do not contain cyto- 
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Fi ure 3a. Effect of AIA on protein synthesis in reticulocyte lysates. Incuba- 
bul) containing 50 % 1 ysate were supplemented with various concentra- 
tions of AIA and the incorporation of 
after 20 minutes of incubation at 30". 

14C-leucine measured on aliquots (5 ~1) 
The incorporation in the control incu- 

bation was 14 000 cpm. Inhibition by heme deficiency was 55 %. Results are 
expressed in % inhibition. 

Figure 3b. Effect of AIA on protein synthesis in incubated reticulocytes. 
Rabbit reticulocytes were incubated as described (17 18) Incubations (I.5 ml) 
were performed at 30" with gentle shaking and contaiAed:no additions (0) ; 
AIA (400 pg/ml) (H) ; hemin (100 PM) (o ). Aliquots (50 ~1) were removed, 
placed on paper filters and processed as described (18). 

chrome P450 (figure 3b), addition of hemin resulted in a slight stimulation of 

protein synthesis. These results confirm the hypothesis that AIA can only des- 

troy the heme on cytochrome P450 and causes rapid depletion of the free heme 

pool of the hepatocyte cytoplasm. 

Level of inhibition of protein synthesis : 

Depletion of cytoplasmic heme by AIA is correlated with the inhibition of pro- 

tein synthesis. The polysome profiles of AIA treated hepatocytes showed a 

breakdown of heavy polysomes (figure 4) and an increase of the 80 S peak. These 

results suggest that in isolated hepatocytes AIA induces polysome disaggrega- 

tion by inhibiting re-initiation. In reticulocytes, this phenomenon has been 

shown to result from the inhibition of protein synthesis (24). Polysome disag- 

gregation following AIA treatmentissolid evidence that protein synthesis is 

blocked. 
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Figure 4. Modification of the polysomal 
unitsfere se arated on 15-50 

profile by AIA. Polysomes (1.4 A260 

E 
% sucrose gradients : polysomes from hepato- 

cytes (40 x 10 per incubation) treated with AIA (400 pg/ml) for 1 hour (6). 
Polysomes from control hepatocytes (A). The 2 arrows indicate the position of 
the 40s and 60s subunits, determined by analysing. polysomes treated with 100 nEl 
EDTA. 

Delaunay et a1.(13) described an inhibitor of protein synthesis (LI) which they 

showed to be an eIF-2cr Kinase that inhibits protein synthesis in reticulocyte 

lysates. The experiment shown in figure 5 demonstrates that incubation of LI 

15 r 

MINUTES 

Figure 5. Hemin reversibility of L.I. as tested in a reticuiocyte lysate. 
IncubatTors(25 ~1) were as described in methods, allouots (5 ~1) were removed 
and the radioactivity measured. The liver inhibitor (L.I.) (4 ug) was added at 
the beginning of the incubation (A) ; L.I. (4 pg) was incubated for 1 minute 
at 30" with hemin (20 uH) before addition (A ). All incubations contained hemin 
(20 UK) except the minus hemin control (0). Hemin supplemented control (0). 
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Figure 6. Effect of hemin on the phosphorylation profile of liver preparations. 

rude L.I. (2 1-19) and R.S.W. (containing eIF-2) (1 pg) were incubated with 
PI ATP and hemin (20 uM) (slot 1) or no hemin (slot 2). The arrow indicates 

the migration of the Elr 38,000 subunit of rabbit eIF-2. The figure is an auto- 
radiogram. 

6 : Scan of a partial proteolysis mapping of phosphorylated rabbit eIF-2a (-) 
and the 35K phosphoprotein of rat R.S.W. (---). The phosphorylated bands were 
excised from SDS gels swollen and re-run on gel with 0.5 ug protease (subtili- 
sin), scans of the autoradiogram were obtained on a Gelman scanner. 

with hemin (20 PM) prior to the addition to the lysate resulted in a signifi- 

cant reversal of inhibition. Therefore, LI appears to be both an eIF-2a kinase 

and a hemin reversible inhibitor of protein synthesis and thus ressembles clo- 

sely the reticulocyte inhibitor (HRI) (2,3). The possibility that phosphoryla- 

ted eIF-2n was present in rat liver cells was also investigated. On SDS-acryla- 

mide gels, a phosphoprotein was detected whose phosphorylation was abolished 

by hemin (20 uM) (figure 6a). The following results indicate that this phospho- 

protein may be eIF-2a. It co-migrates with the c1 subunit of purified rabbit 

eIF-2 and the partial proteolysis mappings of the two polypeptides are very 

similar (figure 6b). 
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In conclusion, hemin slightly stimulates protein synthesis in hepatocytes. This 

may be due to the optimal concentration of heme present in these cells. The 

inhibition by AIA appears to result from the depletion of the endogenous free 

heme pool. Our data suggest that in hepatocytes as in reticulocytes, protein 

synthesis may be regulated by hemin. 
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