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Abstract-Using the reticulocyte cell-free system, we have investigated the mechanism by which ethanol 
inhibits the initiation of protein synthesis. Ethanol inhibited the formation of 40Sinitiation complexes, 
and this effect correlated well with the inhibition by ethanol of overall peptide-chain initiation. Ethanol 
was a more potent inhibitor of translation at 37” than at 30”. The inhibition of peptide-chain initiation 
and 40Sinitiation complex formation in reticulocyte lysates under other conditions is associated with 
increased phosphorylation of the a-subunit of protein synthesis initiation factor-2 (eIF-2oc)t and the 
inhibition of recycling of this factor. Recycling of eIF-2 is mediated by another protein factor GEF 
(= guanine nucleotide-exchange factor). The addition of ethanol to reticulocyte lysates led to increased 
phosphorylation of eIF-2cu and to a decrease in the rate of exchange of guanine nucleotides bound to 
eIF-2. This second finding indicated that recycling of eIF-2 was impaired probably due to decreased 
availability of GEF. Using purified components it was found that ethanol inhibited the ability of GEF 
to stimulate eIF-2 and that this inhibition showed a similar temperature dependence to the effect of 
ethanol on overall protein synthesis. Taken together, these results suggest that ethanol leads to inhibition 
of peptide-chain initiation both through increased phosphorylation of eIF-2cu and by directly inhibiting 
the productive interaction of eIF-2 and GEF. 

Ethanol inhibits protein synthesis in a variety of 
types of cells. In rodents ethanol ingestion inhibits 
brain protein synthesis [l]. Ethanol also inhibits 
protein synthesis in perfused liver, liver slices and 
hepatocytes [2-41. Physiologically-achievable con- 
centrations of ethanol inhibit protein synthesis in 
human bone-marrow and reticulocytes [5]. 

Several workers have studied the effect of ethanol 
on protein synthesis at the molecular level. In re- 
ticulocytes [6] and in isolated hepatocytes [7] ethanol 
caused disaggregation of polysomes indicating selec- 
tive impairment of peptide-chain initiation. Wu [8] 
demonstrated that the ethanol-induced inhibition of 
translation in the reticulocyte cell-free system could 
be overcome by the addition of purified initiation 
factor-2 (eIF-2).? Changes in the activity of eIF-2 
are involved in the regulation of protein synthesis 
under a variety of conditions in reticulocytes 
(reviewed in Refs 9-11). 

The function of eIF-2 is to mediate the binding of 
the initiator tRNA, Met-tRNAi, to the 40S-ribo- 
somal subunit as a ternary complex which also con- 
tains GTP (i.e. [eIF-2.GTP.Met-tRNAi]). The 
overall activity of eIF-2 can be regulated by changes 
in the phosphorylation state of its smallest subunit 
(eIF-2Lu [9-111). For example, absence of haem in 
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t Abbreviations used: eIF-2, eukaryotic initiation factor- 
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specific for eIF-2cu; TEA, triethanolamine. 

this system leads to the activation of a protein kinase 
specific for eIF-2a and hence to an increase in its 
level of phosphorylation. Phosphorylated eIF-2 
binds tightly to the recycling factor GEF (= guanine 
nucleotide-exchange factor) and renders it unavail- 
able for the recycling process. Since GEF is required 
to regenerate active [eIF-2. GTP] complexes after 
each round of initiation, the overall consequence of 
increased phosphorylation of eIF-2 is inhibition of 
peptide-chain initiation, and in particular of the 
recycling of eIF-2 and the binding of Met-tRNAi 
to 40S-subunits [12-1.51. The effects of ethanol on 
protein synthesis in reticulocyte lysates have been 
re-investigated in the light of these recent advances 
in our understanding of the regulation of protein 
synthesis. 

MATERIALS AND METHODS 

Materiafs. [35S]Methionine (1000 Ci mmol-I), [L- 
[4,5]-3H]leucine (150 Ci mmol-‘) [8-3H]GDP 
(1.5 Ci mmol-‘) and [Y-~~P]ATP (5000 Ci mmol-‘) 
were from Amersham International (U.K.). Calf 
liver tRNA was from Boehringer (Lewes, U.K.). All 
other chemicals and biochemicals were obtained as 
described in [16]. [35S]Met-tRNAi and reticulocyte 
lysates were prepared as described by Clemens et al. 
[ 171. Rat liver eIF-2 (>90% pure as judged by SDS- 
polyacrylamide gel electrophoresis) was isolated 
essentially as in [18]. The isolation procedure for rat 
liver GEF is described in [ 191. The haem-controlled 
repressor (HCR, an eIF-2a kinase) was generously 
provided by Richard Jackson (Department of Bio- 
chemistry, University of Cambridge, U.K.). 
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Methods. Protein synthesis in the reticulocyte 
lysate cell-free system was assayed as described pre- 
via&y 120f but using 100 ,ul incubation volumes and 
taking 15 yl samples at the time-points indicated. 
The polyribosome profiles of reticulocyte lysate incu- 
bations were analysed on 15-30% (W/Y, linear) 
sucrose gradients (in 20mM TEA-HCl, pH7.8; 
5 mM MgCl,; 0.25 M KCI) which were centrifuged 
at 150,OOOg for 75 min in a Beckman SW50.1 rotor. 
Formation of [~~S]Met-tRNA~-containing 40S-initia- 
tion complexes was assayed as follows. The incu- 
bations were identical to those for protein synthesis 
[20] but labelled leucine was omitted. After 15 min 
10 pl(10” dpm) of [““SjMet-tRNAi was added. Thirty 
seconds later the reactions were stopped by dilution 
with three volumes of ice-cold 20 mM TEA-HCI, 
pH 7.5 containing 2% (v/v) formaldehyde. Samples 
were applied to Z&50% (w/v> linear sucrose density 
gradients (in 0.1 mM sodium cacodylate pH 6.6; 
5 mM MgCl,; 0.1 M KC1 1211) and centrifuged in a 
Beckman SW50.1 rotor at 150,000 g for 4 hr. Frac- 
tions were collected and counted as described [20]. 
Post-ribosomal supernatants were prepared from 
reticulocyte lvsates as described in [20]. 

The formation of ternary ((eIF-2. GTP . [“?j]Met- 
tRNA,}) complexes was measured by their retention 
on nitrocellulose filters [20]. Exchange of 13H]GDP 
for unlabelled GDP was followed by the method of 
Matts and London [22]. The phosphorylation of eIF- 
2 in reticulocyte lysates in situ was examined as 
described in 1231 with the modi~cations given in the 
figure legend. 

RESULTS AND DISCUSSION 

In all the reticulocyte lysate preparations tested, 
0.84M ethanol completely inhibited the incor- 
poration of amino acids under standard conditions 
(i.e. at 31”), after an initial lag period of 5-10min 
during which protein synthesis proceeded at the con- 
trol rate. These findings are in agreement with the 
data of Wu [8]. Half-maximal inhibition (at 30 min 
of incubation) was obtained with 0.42 M ethanol at 
this temperature, although at 37” ethanol inhibited 
more potently and 50% inhibition was obtained with 
0.21 M ethanol. This concentration of ethanol 
inhibited only weakly at 31” (not shown). 

The kinetics of the inhibition induced by ethanol 
(i.e. the initial lag period) suggested that peptide- 
chain initiation rather than elongation or termination 
was being inhibited. This interpretation was sup- 
ported by the finding that in lysates incubated with 
ethanol polysomes were disaggregated relative to 
control samples (not shown). Disaggregation of poly- 
somes was prevented by the addition of an inhibitor 
of elongation (cycloheximide) showing that it was 
not occurring as a result of activating a nuclease. 
~isaggregation of polysomes is also observed after 
ethanol treatment of intact reticulocytes (61, liver [2] 
or isolated hepatocytes [7]. 

The absence of haem is another condition which 
leads to impairment of initiation in reticulocyte 
lysates, and this system has been studied in detail 
(see Refs 9-11). The formation of 4OS-initiation 
complexes containing Met-tRNAi, which is mediated 
by initiation factor efF-2, is an early stage in the 

initiation process and is inhibited in the absence of 
haem. The effect of ethanol on the formation of 
these complexes was therefore examined. Ethanol 
at 0.42 M inhibited the formation of 40S-initiation 
complexes by 60% and overall protein synthesis by 
50% (Fig. I). An ethanol concentraiion which 
inhibited protein synthesis maximally also gave 
almost complete inhibition of 40S-initiation complex 
formation. The inhibition by ethanol of40S-initiation 
complex formation therefore correlated well with its 
overall effects on translation. Ethanol has also been 
fc- md to inhibit the formation of 4OS-initiation 
complexes in isolated hepatocytes [7]. 

The effect of haem-deprivation on peptide-chain 
initiation is exerted through increased phospho- 
rylation of an a-subunit of eIF-2 due to activation of 
the haem-controlled eIF-2cu kinase. HCR. Phos- 
phorylation of eIF-2 results in an impairment of its 
recycling, i.e. of the exchange of bound GDP for 
GTP which regenerates active eIF-2 and for which 
GEF is required at physiological Mg’+-concen- 
trations [11-K?. 24-271. The degree of inhibition of 
eIF-2 activity is greater at higher Mg*+-concen- 
trations 113,241. As previously reported [20], haem- 
deficiency causes a fall in the rate and final extent 
of formation of ternary [eIF-2.GTP*Met-tRNA,] 
complexes measured in dialysed post-ribosomal 
supernatants from pre-treated lysates. This effect is 
more marked when assays are performed at higher 
Mg’+-concentrations (2.5 vs 0.25 mM, Fig. 2). To 
test whether ethanol had a similar effect on eIF-2 
activity, formation of ternary complexes was assayed 
at two Mg~+-concentrations in dialysed post-ribo- 
somal supernatants from control or ethanol-treated 
lysates. The results obtained were similar to those 
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Fig. 1. Formati~~n of 4~S-initiation complexes containing 
f”S]Met-tRNA, in reticulocyte lysates. Incubations were 
for 15 min and were pulsed with [%]Met-tRNA, 
(1 x 106 dpm) for 30 set immediately prior to fixing with 
formaldehyde and density gradient analysis. Incubati~~ns 
contained 2O~M hacmin and the following additions- 
panel A: no further addition; panel B: 2 U of HCR; panel 
C: 0.84 M ethanol; panel D: 0.42 M ethanol. Figures in 
parentheses show the relative rate of protein synthesis 
in parallel incubations containing [jH]leucine (controf- 
+ haemin = 100). The arrow indicates the position of the 
40S-subunit peak in each gradient. (One U of HCR is 
defined as inhibiting a sta&dard reticulocyte lysate incu- 

bation of 100 pl by 75% after 30 min.) 
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Fig. 2. Formation of ternary complexes containing [“S]Met-tRNAi in post-ribosomal supernatants 
derived from reticulocyte lysates subjected to differing treatments. All lysates were incubated at 31” for 
15 min. Panel A: samples from control (+ 20 PM haemin) (0,O) or haem-deprived (Cl, W) lysates were 
assayed for their ability to form ternary complexes in incubation mixtures containing 0.25 mM (open 
symbols) or 2.5 mM MgClz (closed symbols). Panel B: as panel A but samples were derived from control 

(0.0) or ethanol-treated (0.73 M) (0, W) lysate incubations. 

observed for haem-deficiency, i.e. decreases in both sumably not a direct effect of ethanol but rather 
the rate and final plateau level of formation of ternary reflects a stable change in eIF-2. The effect of ethanol 
complexes with the differences being more accen- on the level of phosphorylation of eIF-2a was there- 
tuated at the higher Mg’+-concentration (Fig. 2). fore examined more directly. 
Since the samples had been dialysed, this is pre- Reticulocyte lysate samples were incubated with 
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Fig. 3. Phosphorylation of eIF-2 in reticulocyte lysates. Standard lysate incubations (volume 60 ~1. but 
containing only 20 nM added ATP) were carried out in the presence of 20 PM haemin plus 2 U HCR 
(tracks I-4). 20pM haemin plus 0.73 M ethanol (tracks 5-g), or 20pM haemin alone (tracks 9-12). 
After 15 min at 31”, [y-“P]ATP (IO&i) was added and the incubations were continued. Samples of 
18~1 were removed at 1.5 (tracks 1, 5,9), 3 (tracks 2.6, 10). 4.5 (tracks 3.7. 11) and 6 (tracks 4.8. 12) 
minutes after addition of the labelled ATP, and immediately denatured in SDS-sample buffer for 
5 min at 95”. Samples were analysed by SDS-polyacrylamide gel electrophoresis. The figure shows an 

autoradiograph of the dried gel. 
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or without ethanol, or with the addition of purified 
HCR, in the presence of [y-“‘PJATP and the 
phosphorylated proteins were analysed by SDS- 
polyacrylamide gel electrophoresis and autoradi- 
ography. Both in the HCR- and the ethanol-treated 
lysates the level of radioactivity associated with 
eIF-2a was increased relative to the control samples 
(Fig. 3). The apparent rate of phosphorylation was 
faster in the HCR-treated samples than in the pres- 
ence of ethanol, but the final level of labelling (at 
6 min) was similar. This finding implies that ethanol 
inhibits initiation, at least in part. by increasing the 
level of phosphorylation of eIF-2cu. This would be 
expected to have the effects on ternary complex 
formation and binding of Met-tRNA, to 4OS-subunits 
which were described above. This conclusion also 
explains the observation of Wu 191, that the effect of 
ethanol on peptide-chain initiation is overcome by 
addition of purified eIF-2-a similar result is 
obtained for haem-deficient lysates [28-321. 

Increased phosphorylation of eIF-2cu is also 
expected to inhibit the rate of exchange of guanine 
nucleotides bound to eIF-2 since phosphorylation of 
eIF-2adecreases the availability of GEF. To test this 
the method of Matts and London [22] was used. 
Here, preformed {eIF-2. [‘HIGDP} complexes are 
added to reticulocyte lysate incubations and the time- 
dependent displacement of bound [“H]GDP is fol- 
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Fig. 4. Exchange of bound [“H]GDP in reticulocyte lysates. 
(l?HlGDP.eIF-21 was areformed bv incubation for 10 min 
lt 3ij” of a react& mkture containing 20 mM Tris-HCI, 
pH 7.6, 100 mM KCI. lOOh<g ml ’ creatine kinase, 2rtM 
13HJGDP (7000 dpm pmol-‘) and eIF-2 (about 5 pmol). 
The mixture was then made 1 mM in M~(OAC)~ and stored 
on ice until required 1221. Lysate incubations were carried 
out under standard conditions. After 15 min they were 
diluted two-fold with huffer (40mM Tris-HCl, pH7.6. 
100 mM KCI, 50 mM NaF, 2 mM Mg(OAc),, 10% (v/v) 
glycerol, 40yM cold GDP) and 10 pl of ([.~H]GDP.eIF-21~ 
(approx. 2pmol) was then added immediately. Samples 
(30~1) were taken at the times indicated and filtered _ I; 

immediately through cellulose nitrate filters for assessment 
of bound I’HlGDP. The figure shows the results obtained . 1 

with lysates incubated under control conditions (i.e. plus 
20 yM haemin, 0) and with ethanol (0.84 M plus 20 ,uM 

haemin, 0). 

lowed. In the presence of 0.84 M ethanol, this pro- 
cess was completely blocked (Fig. 3) and a similar 
degree of inhibition of exchange was observed in 
lvsates pre-treated with amounts of purified HCR 
giving maximal inhibition of translation (Fig. 4 and 
Ref. 22). 

The degree of inhibition of lysate protein synthesis 
by ethanol was not affected by the addition of 4- 
methyl pyrazole at concentrations which completely 
inhibit alcohol dehydrogenase (i.e. 0.5 mM), 
suggesting that ethanol metabolism is not required 
for its effects, and that it presumably acts directly on 
components of the translational machinery. 

Using purified components, the direct effect of 
ethanol on eIF-2 and GEF was examined. Even at 
concentrations which completely inhibited protein 
synthesis. ethanol had little effect on eIF-2 activity 
as measured by forination of ternary complexes. In 
contrast, similar concentrations of ethanol strongly 
inhibited the stimulation of eIF-2 by added, purified 
GEF (Fig. 5). Ethanol therefore has a direct effect 
on these factors, and in particular on the eIF-2/GEF 
interaction which is important for recycling of elF- 
2, in addition to its effect in increasing the level of 
phosphorylation of eIF-2Lu. Separate experiments 
(not shown) demonstrated that ethanol does not 
irreversibly inactivate GEF. Theinhibition of ternary 
complex formation reported by Wu [9] using partially 
purified eIF-2 may reflect the presence of GEF in his 
eIF-2 preparation; these two proteins tend to co- 
purify [12, 13, 16,231. Ethanol inhibited the GEF- 
stimulation of eIF-2 more potently at 37” than at 31”. 
in line with its effects on overall protein synthesis 
(Fig. 6). Wu [S] has reported that ethanol activates 
an HCR-like translational inhibitor in reticulocyte 
lysates. In this work, ethanol did activate a transla- 
tional inhibitor present in post-ribosomal super- 
natants treated with phosphocellulose to remove eIF- 
2(wP) which would sequester GEF. However, incu- 
bation at 37” in tbe presence of ethanol did not 
induce further activation of HCR 
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Fig. 5. Formation of ternary complexes by purified eIF-2. 
Homogeneous rat liver eIF-2 was assayed for its ability to 
form ternary complexes (binding of [?S]Met-tRNA,) at a 
range of ethanol concentrations in the presence (0) or 
absence (0) of added, purified GEF (1.5 pg per 50 ~1 

incubation). Incubations were for IO min. 
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Fig. 6. Effect of ethanol on GEF-stimulated ternary com- 
plex formation. Formation of ternary complexes by purified 
eIF-2 (0.5 pg) in the presence of partially purified GEF 
(2.5 ,ug) was assayed over a range of ethanol concentrations 
at 31” (0) or 37” (0). Triangles show the activity of eIF-2 
in the absence of added GEF, at 31” (A) or at 37” (A). 

Assays were for 10 min in a final volume of 50 ~1. 

CONCLUSIONS 

The inhibition of ethanol of peptide-chain initia- 
tion in reticulocyte lysates appears to result from a 
combination of two effects: 

(i) increased phosphorylation of eIF-2m, similar to 
that observed in the absence of haem; 

(ii) a direct effect on the interaction of eIF-2 and 
GEF, and hence on recycling of eIF-2. 

Each of these effects could contribute to the inhi- 
bition by ethanol of guanine-nucleotide exchange 
and of the formation of ternary and 40S-initiation 
complexes. Indeed the two effects may be related 
since Crouch et al. [33] have shown that the inter- 
action of eIF-2 with GEF renders eIF-2a less sus- 
ceptible to phosphorylation by HCR. In particular, 
the increased sensitivity of the reticulocyte lysate 
system to ethanol at 37” compared to 31” would 
appear to be due to its effect on eIF-2/GEF rather 
than to activation of NCR. Gross and Redman [34] 
have recently shown that a specific antiserum against 
HCR only partially reverses the inhibition of protein 
synthesis induced by ethanol in reticulocyte lysates, 
although it completely blocks the inhibition due to 
haem-deficiency. This is in accord with the idea that 
only part of the effect of ethanol is mediated directly 
through activation of HCR. 
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