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It has been known for several years that protein 
synthesis in reticulocyte lysates is but briefly 
ma in t a ined in t h e absence of added hemin (1) . 
G r o s s and Rabinovi tz (2) showed that hemin 
p reven t s the formation of an inhibi tor of chain 
init iat ion from a pro inhib i to r of s imilar mole­
cular weight . As seen in F igure 1, the synthesis 
of protein in a lysate of rabbit reticulocytes 
comes to a s h a r p decline in about 10 minutes 
if hemin is not added to the incubation mix ture . 
Addi t ion of inhibi tor , in the presence of hemin , 
h a s the same effect as omission of hemin (F igure 
1). 

T h e pro inh ib i to r is present in the pos t r ibo-
somal supe rna t an t of reticulocyte lysates . It 
can be converted to inhibi tor by incubat ion for 
several h o u r s at 34°-37° or by incubat ion with 
N-e thy lma le imide ( N E M ) for a few minutes 
at 30° (2) . U p o n ch roma tog raphy on a Biogel 
P - 1 5 0 column, the pro inh ib i to r is eluted in the 
void co lumn region (F igure 2, left pane l ) . T h e 
molecular weight of both pro inhib i to r and 
inhibi tor (F igure 2, r ight panel ) was found to 
be about 300 ,000 as determined by Sephadex 
G - 2 0 0 filtration (2). T h e conversion of p r o -
inhibi tor elicited by incubation of pos t r ibo-
somal supe rna t an t s for 4 hour s at 34° was m a r ­
kedly re ta rded by hemin (2). 

Translational Inhibitor of Reticulocyte Lysates 

Recently, it has been shown that the inhibi tor 
is a cyclic A M P - i n d e p e n d e n t prote in k inase 
that catalyzes the phosphory la t ion of t he small 
(38 .000 dal ton) subuni t of the ini t iat ion 
factor e IF-2 (3-6) . T h i s factor forms a t e rnary 
complex with M e t - t R N A i and G T P which, 

Fig. 1. Protein synthesis in the reticulocyte lysate in the 
absence of added hemin or in the presence of added inhibitor 
Samples (100 / i l ) were incubated at 30° in the presence 
or absence of hemin (30 j»M) and inhibitor protein (25 
Mg of a partially purified preparation). Aliquots were 
removed at the times indicate for assay of | 1 4 C ] leucine 
incorporation into protein ( X ) minus hemin; ( • ) plus he­
min; ( ° ) plus hemin and inhibitor. From Clement et at. 
(I)-
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on interaction with a 40S r ibosome, gives rise to 
a 40S ini t iat ion complex (7-9). Phosphory la ­
tion of e IF -2 renders the factor inactive in chain 
ini t ia t ion. In Figure 3, e IF -2 ( IF) was incu­
bated wi th var ious protein fractions from rabbi t 
reticulocyte pos t r ibosomal supe rna t an t , in 
the presence of [ 7 ~ 3 2 P ] A T P , and the 

Fig. 2. Top panel. Chromatography of proinhibitor on 
Biogel P-150. Fresh supernatant was applied to a Biogel 
P-150 column equilibrated with a buffer containing 3.7 
m.M N-2-hydroxyethylpiperazine-N'-2-etha-nesulfonic acid 
(Hepes) in 27.5 m M KC1 and the column was develo­
ped with the same buffer. T h e inhibitory activity of 
the fractions on protein synthesis in hemin-containig 
reticulocyte lysates was assayed before (A A) and 
after (00 0) incubation for 4 hrs at 34°. Bottom: panel 
Molecular weight determination of proinhibitor and 
inhibitor on a Sephadex G-200 column. From Gross and 
Rabinovitz (2). 

components of the reaction mix tures were 
separa ted by sodium dodecyl sulfate-polyacry-
lamide gel e lectrophoresis . T h e gels were dr ied, 
s ta ined, and au to rad iograms were p repa red . 
T h e four t racks to the left cor respond to s ta ined 
gels; the four t racks to the r ight to their au to ra ­
d iograms . T h e fraction labelled DS2 was a 
DEAE-ce l lu lose fraction having both cyclic 
A M P (cAMP)-dependen t prote in kinase (as 
assayed with h is tone as subs t ra te) and t r ans l a -
t ional inhibi tor activity. O n further fractiona-

2 
• 

- 3 8 K - m 
- 3 I K -

DS2 DSI PCI PC2 

+ IF 
DS2 DSI PC! P C 2 

+ IF 
Fig. 3. Phosphorylation of small (38K) subunit of ini-
tation factor eIF-2 by cAMP-independent protein 
kinase activity in preparations of translational inhibitor 
from the postribosomal supernatant of rabbit reticulocyte 
lysates. For explanations see text. From Levin et al. (4). 
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t ion by c h r o m a t o g r a p h y on phosphocel lu lose it 
yielded fractions P C I and P C 2 . P C I h a d the 
c A M P - d e p e n d e n t prote in k inase activity. 
It did not phosphory la t e e IF -2 (F igure 3) a n d 
did not have t rans la t ional inhibi tor activity. 
PC 2 h a d vir tual ly n o activity t oward typical 
protein kinase subsra tes (e.g., h is tone , casein) 
but , as seen in F igure 3, it phosphory la ted the 
38 .000 dal ton subuni t of e IF -2 . T h i s activi­
ty was c A M P - i n d e p e n d e n t . P C 2 also h a d 
high inhibi tor activity. Essent ia l ly identical, 
independent da ta by ano ther g roup are shown 
in F igure 4. H igh ly purified e IF-2 and two p re ­
pa ra t ions of t rans la t iona l inhib i tor of different 
degrees of pur i ty were used. T h e A t racks co-

A B 

tha t phosphory la ted h is tone besides e IF-2 
( t racks e and f)> t n e more highly purified one 
phosphory la ted e IF -2 but had only weak 
activity with h is tone ( t racks b and c). Case in 
w a s not phosphory la ted by ei ther p r epa ra t i on . 

Conversion of Proinhibitor to Inhibitor 

T h e mechan i sm of conversion of p ro inh ib i to r 
(inactive e IF-2 kinase) to inhibi tor (active 
e I F - 2 kinase) was u n k n o w n . W e have shown 
(10) that the conversion of p ro inh ib i to r to in­
h ib i tor can be promoted by c A M P - d e p e n d e n t 
prote in kinase or its catalytic subuni t . T h i s 
observat ion in consistent wi th the view tha t , as 
in the case of phosphory lase k inase ( 1 1 , 12), 
inactive e IF-2 kinase is activated by phos ­
phoryla t ion catalyzed by c A M P - d e p e n d e n t 
protein kinase . T h i s is i l lustrated d iagramat ic -
ally in F igure 5. W e have further shown (13) 
tha t hemin blocks the b inding of c A M P to the 
regula tory subuni t of c A M P - d e p e n d e n t protein 
kinase and , in this way, interferes wi th t he 

4 P * 

t 
a b c d e f a b c d e f 

Fig. 4. Further evidence of phosphorylation of small sub-
unit of initiation factor eIF-2 by translational inhibitor. 
The less pure inhibitor preparation (tracks e and f) con­
tained a cAM P-dependent protein kinase, that catalyzed 
the phosphorylation of eIF-2 and had translational in­
hibitor activity. The purer preparation (tracks b and c) 
was almost free of cAMP-dependent protein kinase. See 
text for other details. From Kramer el al. (5). 

r r e spond to the s ta ined gels, the B tracks to their 
a u t o r a d i o g r a m s . T h e . a r row m a r k s the position 
on the gel of g lyce ra ldehyde-phospha te de­
hydrogenase used as molecular weight m a r k e r 
(subuni t mol . wt. , 37 .000) . T h e less p u r e p re ­
para t ion of inhibi tor contained a kinase(s) 

REGULATION OF POLYPEPTIDE CHAIN INITIATION 
BY CYCLIC AMP 

3':5'-CYCLIC AMP 

•HEMIN t 
PROTEIN KINASE 

INACTIVE eIF-2 
KINASE 

("PROINHIBITOR") 
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ATP 

ACTIVE eIF-2 
KINASE 
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Fig. 5. Regulation of polypeptide chain initiation by 
cAMP. c A M P releases protein kinase catalytic subunits 
(see Table 1) which catalyze the phosphorylation of pro-
inhibitor (inactive eIF-2 kinase) to inhibitor (active 
eIF-2 kinase) by ATP. The cAMP-independet active 
eIF-2 kinase catalyzes the phosphorulation of the 38K 
subunit of the initiation factor eIF-2 by A T P , an event 
which is eventually responsible for inactivation of the 
factor and inhibition of initiation. Hemin blocks the 
dissociation of the kinase by c A M P and prevents the release 
of the catalytic subunits. 
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c A M P - p r o m o t e d activation of e IF -2 kinase, 
i.e., with the conversion of pro inhib i tor to in­
hibi tor . T h e exper imenta l evidence reviewed 
in this pape r is consistent wi th this model . 

As seen in T a b l e 1, phosphory lase kinase 
and the e IF-2 kinase belong to t he s ame g roup 
of c A M P-independent protein Kinases. As 
regards the c A M P - d e p e n d e n t enzymes note 

T A B L E 1: P R O T E I N K I N A S E S 

the i r subuni t s t ruc ture R2C2 and the 
mode of action of c A M P . c A M P binds to 
the regula tory subuni t (R) re leasing the active 
catalytic subuni t (C) . Phosphory lase kinase 
w a s known to exist in an inactive, n o n p h o s -
phory la ted form and to be converted to an active 
form by phosphory la t ion cata lyzed by c A M P -
dependent prote in kinase (11-12) . 

A T P + P R O T E I N A D P + P H O S P H O P R O T E I N 

C A M P - I N D E P E N D E N T 

T Y P E A 

P D O N O R : A T P O R G T P 

S U B S T R A T E S : 

A C I D I C P R O T E I N S ( C A S E I N , P H O S V I T I N ) 

C E R T A I N S U B U N I T S O F S O M E I N I T I A T I O N 

F A C T O R S , 

C A M P - D E P E N D E N T 

R 2 C 2 + 2cAMP R 2 cAMP 2 + 2 C 

T Y P E B 

P D O N O R : A T P 

S U B S T R A T E S : 

P H O S P H O R Y L A S E ( P H O S P H O R Y L A S E 

KINASE) 

3 8 K S U B U N I T O F INITIATION 

FACTOR EIF-2 (EIF-2 K I N A S E ; 

P D O N O R " A T P 

S U B S T R A T E S : 

B A S I C P R O T E I N S ( P R O T A M I N E S , H I S T O N E S , R I B O S O M A L P R O T E I N S ) , E N Z Y M E S 

( G L Y C O G E N S Y N T H E T A S E , H O R M O N E - S E N S I T I V E L I P A S E , P H O S P H O R Y L A S E KINASE) 

W e found tha t protein synthesis in hemin -
conta in ing reticulocyte lysates is inhibited not 
only by the t rans la t iona l inhibi tor , i.e., by 
c A M P - i n d e p e n d e n t e IF-2 kinase , but also 
by c A M P-depehdent prote in k inase , in the 
presence of c A M P , o r by its catalytic subuni t . 
Typ ica l results are shown in F igure 6. Panel 
A compares the effect of inhibi tor (solid circles) 
a n d bovine hear t protein k inase ( squares ) . 
Panel B shows the effects of the catalytic subuni t . 
T h e effect of kinase and catalytic subuni t as a 
function of their concentrat ion is shown on 
Panels C and D . Both are s t rong inhibi tors but , 
per unit weight , the catalytic subuni t is much 

more effective. F igure 7 shows s t imula t ion by 
c A M P of the inhibitory effect of both bovine 
hear t and rabbit reticulocyte protein kinases . 

T h e above resul ts ra ised t he quest ion whe the r 
e IF-2 could be phosphory la ted by both c A M P -
independent e I F - 2 kinase a n d c A M P - d e p e n d e n t 
protein kinase or whe ther t he effect of the lat ter 
enzyme was indirect . T o answer this ques t ion, 
we used a te rnary complex formation assay. W e 
found tha t formation of the t e rnary complex 
e I F - 2 • G T P • M e t - t R N A i (F igure 8, reac­
tion 1) is inhibited if e IF -2 is briefly p re -
incubated with e IF-2 k inase and A T P . T h i s is 
t r u e only when part ial ly but not highly purified 
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INHIBITION OF PROTEIN SYNTHESIS IN RETICULOCYTE 
LYSATES BY cAMP-DEPENDENT BOVINE HEART PROTEIN 

KINASE (BHK) AND ITS CATALYTIC SUBUNIT (C) 

TIME (minutes) CATALYTIC SUBUNIT (pg) 

Fig. 6. Inhibition of protein synthesis in reticulocyte lysates by cAMP-dependent bovine heart protein kinase 
(BHK) and its catalytic subunit (C) Protein synthesis was assayed through the incorporation of ( C] lysine 
into acid-insoluble material under standard conditions. The concentration of hemin (when present) was 34 jiM, 
that of cAMP. 10 j iM. The concentration of (partially purified) inhibitor in the lower curve of pane] A was 
10 Mg/50 itl; that of catalytic subunit in the corresponding curves of panel B, 0.15 and 0.3 Mg/50 iA. From Datta et at. 
(10). 

e IF -2 is used. W e in terpre t this to mean that 
e IF -2 is not inactivated by simple phosphory la ­
tion of its 38 .000 dal ton subuni t (F igure 8, 
reaction 2) but by interact ion of t he phosphory -
lated factor with another protein (factor X ) 
present as a con taminan t of eIF-2 p repa ra t ions 
(F igure 8, reaction 3). As seen in F igure 9 , 
the inactivation is fast (Panel A) and , wi th short 
incubat ion t imes , p ropor t iona l to the e IF-2 
kinase ( inhibi tor) concentrat ion within a 
l imited concentrat ion r a n g e (Panel B). T h e 
inactivation of eIF-2 is clearly a consequence of 
the phosphory la t ion of the factor for, as seen in 
Panel A. , there is no inhibit ion when A T P is 

omit ted. As further shown in Panel A., c A M P -
dependent protein kinase, whe the r from bovine 
hear t or rabbit reticulocytes, or the catalytic sub-
uni t , are inactive in this assay. It is clear from 
these resul ts that the inhibition of t rans la t ion in 
reticulocyte lysates by c A M P - d e p e n d e n t p ro ­
tein kinases is direct. 

T h e most likely explana t ion for the inhibi­
tion of t rans la t ion in lysates by c A M P - d e p e n d e n t 
protein kinase is that it acts as a k inase kinase to 
catalyze the conversion of proinhibi tor to in­
hibi tor by transfer of phospha te from A T P . 
T h i s would be in strict analogy to the activation 
of phosphory lase kinase by c A M P - d e p e n d e n t 
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I N H I B I T I O N OF P R O T E I N S Y N T H E S I S I N 
H E M I N - C O N T A I N I N G R E T I C U L O C Y T E L Y S A T E S 

BY c A M P - D E P E N D E N T P R O T E I N K I N A S E 

0 
1. BHK (0.2 jig) 

2. cAMP (10 jiM) 

3. BHK (0.2 jig), cAMP (10 jiM) 

4. BHK (0.5 jig) 

5. BHK (0.5 jig), cAMP (10 jiM) 

Retic PK (2 jig) 

Relic PK (2 jig), cAMP (12.5 jiM) 

Retic PK (4 jig) 

Relic PK (4 jig), cAMP (12.5 jiM) 

Fig. 7. Inhibition of protein synthesis in reticulocyte 
lysates by cAMP-depehdent protein kinases. Protein 
synthesis assay in the presence of added hemin (34 jiM) 
as in Fig. 6 with various additions as indicated BHK, bovine 
heart protein kinase. Retic PK, partially purified cAMP-
dependent protein kinase from postribosomal supernatant 
of rabbit reticulocyte lysate. From Datta et al. (10). 

protein kinase. T o test this hypothes is , c rude 
pro inhib i tor p r epa red from fresh lysate by 
c h r o m a t o g r a p h y on C M - S e p h a d e x G-50 , 
according to Gross and Rabinovi tz (2) , was 
incubated with or wi thout catalytic subuni t or 
c A M P - d e p e n d e n t prote in kinase and A T P , and 
the reaction mix tu res were assayed for inhi­
bitor formation with the t e rna ry complex or 
protein synthesis assay. 

As seen in Figure 10, the re was little or no 
inhibition of te rnary complex formation with 
proinhibi tor and A T P but the re was significant 
inhibition when pro inhib i to r was incubated 
with catalytic subuni t and A T P . T h e poor p ro ­
port ional i ty of the assay ( inhibi t ion in the last 
s ample should have been 2 6 % ra the r t h a n 18%) 
may have been caused by the presence of protein 
p h o s p h a t a s e in the c rude pro inhib i to r p r e p a r a ­
t ions . F igure 11 shows that conversion of p ro -
inhibi tor to inhibi tor requi red catalytic sub-
unit and A T P and provides convincing evidence 
for the involvement of phosphory la t ion in this 
react ion. In the exper iments of F igu re 12, the 
conversion of proinhibi tor to inhibi tor was 
assayed by protein synthesis in t he hemin-con-
ta in ing reticulocyte lysate. T h e exper iment to 

T E R N A R Y COMPLEX FORMATION 

E I F - 2 + GTP + M E T - T R N A J E I F - 2 » G T P « M E T - T R N A . 

E I F - 2 K I N A S E ( I N H I B I T O R ) R E A C T I O N 

A T P + E I F - 2 ADP + E I F - 2 ( P ) 

I N A C T I V A T I O N OF E I F - 2 ( P ) 

E I F - 2 ( P ) + X [ E l F - 2 ( P ) i X 

Fig. 8. Hypothetical inactivation of eIF-2 for ternary complex formation by phosphorylation and interaction 
with another protein factor (see text). Met-tRNAj, initiator species of methionyl transfer RNA. 
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Fig. 9. Assay of inhibitor through its effect on ternary complex formation. (A) Kinetics of inhibition. Partially 
purified eIF-2 was incubated for various times at 30° with the indicated supplements, before G T P and | 3 ' S | Met-
tRNAj were added. The samples were then incubated for a further 5 min and assayed for ternary complex formation 
by the Millipore filtration procedure. ( • ) Inhibitor, 1.5 pg of protein, ATP , 0.4 m M ; (0) inhibitor, 0.75 /ig 
of protein, ATP , 0.4 m M ; (f) BHK, 0.38 M g , cAMP, 5 ^ M , ATP , 0.4 mM; ( • ) inhibitor, 1.5. M g of 
protein (no ATP) ; (A) either BHK catalytic subunit, 0.3 j»g> ATP , 0.4 mM; , or cAMP-dependent rabbit 
reticulocyte protein kinase (partially purified), 2 jig of protein, cAMP, 5 jiM, A T P 0.4 m M. "(B) Inhibition 
of ternary complex "formation as a function of the inhibitor concentration. eIF-2 was incubated with A T P , 0.4 
m M , and with or without the indicated amounts of inhibitor for 1 min at 25° before assay. BHK, bovine heart 
protein kinase. From Datta et at. (10). 

the left (bars 1-4) shows the effect of the addi t ion 
of c A M P - d e p e n d e n t protein kinase from rabbi t 
reticulocytes with and wi thout cyclic A M P and 
A T P . T h e exper iment to the r ight (bars 6,7) 
compares the effect of c A M P - d e p e n d e n t ret i ­
culocyte protein kinase + c A M P and bovine 
hear t catalytic subuni t . 

Mode of Action of Hemin 

H e m i n was repor ted to inhibit t he activity of 
c A M P - d e p e n d e n t protein kinase from rabbi t 
reticulocytes (14) . W e confirmed this observa­
tion but found that hemin had no effect on t he 
activity of the catalytic subuni t . T h e s e results 
together with our finding that inactive e IF -2 
kinase (pro inhibi tor) is converted to active 
e IF -2 kinase ( inhibi tor) by phosphory la t ion 
catalized by c A M P - d e p e n d e n t prote in kinase, 
m a d e in likely that hemin blocks the pro inhib i -
tor - inhib i tor conversion by prevent ing the 
dissociation of c A M P - d e p e n d e t protein kinase 
by c A M P : 

C 2 R 2 + 2 c A M P ; > R 2 c A M P 2 + 2 C 

hemin 

T h i s hypothes is could be demons t ra ted directly 
us ing c rude pro inhib i tor p r epa red by C M - S e -
phadex ch roma tog raphy of fresh pos t r ibosomal 
supe rna t an t from reticulocyte lysate (13) . W e 
establ ished that this p repara t ion , assayed with 
h is tone as subs t ra te , also conta ined a very active 
protein k inase highly dependent on c A M P . 

Typica l exper iments , pa t t e rned after those 
of Figure 10, a re shown in F igure 13 (left panel ) . 
It will be seen that the conversion of pro inhib i tor 
to inhibi tor , as gauged by inhibi t ion of t e rnary 
complex formation, requi red ei ther c A M P or 
catalytic subuni t (C) besides A T P and tha t , 
whereas the conversion promoted by c A M P 
was markedly inhibited by hemin , that elicited 
by the catalytic subuni t was not significantly 
affected by the po rphyr in . 

It can in fact be shown that hemin blocks t he 
binding of c A M P to the regula tory subuni t of 
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CONVERSION OF PROINHIBITOR TO 
INHIBITOR BY ATP + PROTEIN KINASE 

CATALYTIC SUBUNIT (C). 

TERNARY COMPLEX FORMATION ASSAY 

Fig. 10. Conversion of proinhibitor to inhibitor by bovine 
heart kinase catalytic subunit. Samples (25 ^1) con­
taining Hepes buffer, pH 7.6, 20 mM; KC1, 50 m M ; M g * \ 
2 m M ; and A T P , 0.4 mM; with or without crude proinhibi­
tor from postribosomal supernatant of rabbit reticulocyte 
lysate and/or catalytic subunit as indicated, were incuba­
ted for 8 min at 30°. Aliquots were then assayed for inhi­
bition of ternary complex formation. From Data etal. (10). 

c A M P - d e p e n d e n t prote in kinase . In F igure 
13 (right panel ) the binding of [ 3 H j c A M P to 
bovine hear t kinase (open circles), bovine 
hea r t k inase regula tory subuni t ( squares ) and 
c A M P - d e p e n d e n t prote in kinase from rabbi t 
reticulocytes (solid circles), was measured in 
the absence a n d in t h e presence of increas ing 
concentra t ions of hemin . It may be seen tha t , 
at concentra t ions at which it affords comple te 
protect ion of t rans la t ion in reticulocyte lysates, 
the b inding of c A M P to reticulocyte protein 
k inase is severely cur ta i led by hemin . Recently 
we have shown (paper in p repa ra t ion ) tha t 
a H - l a b e l l e d hemin binds specifically to the 
regula tory subuni t of bovine hear t prote in 

k inase wi th an affinity which is only two orders 
of magn i tude lower t h a n that of c A M P . Moreover , 
whereas unlabel led hemin can displace bound 
labelled hemin as well as labelled c A M P . u n ­
labelled c A M P can displace bound labelled 
c A M P but not hemin . T h i s shows that hemin 
prevents the b inding of c A M P to t h e regula tory 
subuni t of c A M P - d e p e n d e n t prote in k inase 
in a non-compet i t ive fashion. H e m i n b inds to a 
site different from the c A M P binding site a n d 
affects t he b inding of c A M P in an allosteric 
m a n n e r . T h e s e observat ions explain why 
hemin , unl ike c A M P , does not activate, i.e., does 
not dissociate c A M P - d e p e n d e n t prote in kinase . 

Proinkibitor-Inhibitor Pair in Other Cells 

T h e presence of t rans la t iona l inhibi tor in ascites 
t u m o r cells (15) , liver (16), and F r i end leukemia 
cells (17) has been repor ted . W e have evidence 
for the occurrence of this t rans la t iona l control 
system in o rgan i sms evolut ionari ly far removed 
from m a m m a l s (18) . T h u s Artemia salina 
embryo cells have a p ro inh ib i to r - inh ib i to r 
system which, like its ret iculocyte coun te rpar t , 
is activated by a c A M P - d e p e n d e n t prote in 
k inase . T h e r e is a s imi lar sys tem in wheat ge rm 
a l though it does not seem to be c A M P - d e p e n d e n t . 

As shown in F igure 14, bovine hear t protein 
k inase catalytic subuni t is a potent inhibi tor of 
t rans la t ion in the A. salina cell-free system 
(solid circles). In view of our da t a wi th the 
reticulocyte system these resul ts can only mean 
tha t in A. salina the protein k inase catalytic 
subuni t is also media t ing the t ransfer of 
p h o s p h a t e from A T P to a p ro inh ib i to r to form an 
inhibi tor of polypept ide chain ini t ia t ion. T h i s 
conclusion is s t rengthened by the fact tha t , as 
shown in F igure 14 (righ panel) the catalytic 
subuni t does not inhibit chain elongat ion (open 
circles) or po ly (U) t rans la t ion ( squares ) 
which, at relatively high M g 2 + concent ra t ions , 
does not involve init iation factors. Inhibi t ion of 
t r ans la t ion by the catalytic subuni t was also 
observed in whea t germ systems (F igure 15). 

P repa ra t ions derived from pos t r ibosomal 
s u p e r n a t a n t from d o r m a n t or developing A. 
salina embryos by C M - S e p h a d e x c h r o m a t o ­
g raphy were found, with use of the t e rnary 
complex formation assay, to contain p ro inh ib i ­
tor . As assayed with h is tone as subs t r a t e they 
were also found to contain c A M P - dependent 
prote in k inase ( s ) . F igure 16 shows that the A. 
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CONVERSION OF PROINHIBITOR BY ATP + PROTEIN 
KINASE CATALYTIC SUBUNIT. 
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Fig. 11. Conversion of proinhibitor to inhibitor by bovine heart kinase catalytic subunit: requirement for ca­
talytic subunit and ATP. The experimental plan was similar to that of Fig. 10 but the pr.oinhibitor, along with 
any formed inhibitor, was reisolated by CM-Sephadex chromatography prior to ternarv complex 
formation assay. In the last bar the proinhibitor content of the preparation was assayed with N-ethylmaleimide 
(NME) which causes the quantitative conversion of proinhibitor to inhibitor (2). Comparison of the last two 
bars shows that the enzymatic conversion was complete. From Datta et at. (10). 

salina p ro inh ib i to r , l ike t he reticulocyte p r o -
inhibi tor , is converted to inhibi tor by incubat ion 
wi th A T P and ei ther bovine hear t k inase catalytic 
subuni t or c A M P but not by incubat ion wi th 
A T P alone. Moreove r , as with t he reticulocyte 
p ro inh ib i to r , hemin inhibits t he conversion 
p romoted by c A M P . It m a y be noted tha t he ­
moglobin is t he oxygen-car ry ing pigment in 
A. salina (19) . 

C M - S e p h a d e x c h r o m a t o g r a p h y of whea t 
g e r m pos t r ibosomal s u p e r n a t a n t (18) a p ­

pea r s to yield a mix tu re of p ro inh ib i to r and 
inhibi tor . T h i s is deduced from the observat ion 
tha t the re is subs tan t ia l inhibi t ion of t e rnary 
complex formation on addit ion of A T P to the 
wheat ge rm enzyme fraction, a l though more 
inhibit ion is observed upon the further addi t ion 
of bovine hear t k inase catalytic subun i t . H e r e , 
however , c A M P did not have an effect c o m p a r a ­
ble to t h a t of t he catalytic subun i t ; in fact; it h a d 
little if any effect. O n examinat ion of t he wheat 
ge rm prepa ra t ion for prote in k inase activity, 
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C O N V E R S I O N OF P R O I N H I B I T O R TO INHIBITOR 
BY cAMP-DEPENDENT PROTEIN K I N A S E A N D 

ITS CATALYTIC SUBUNIT 

100 

m 20 — 

Relic PK, 2 jig 

c A M P , 6 JIM 

Retic PK + c A M P 

Relic PK + c A M P 

+ A T P - M g 2 + , 0 .5 m M 

5. N E M (5 m M ) 

6. Retic PK, 0.8 jig + c A M P , 12.5 j iM 

+ A T P - M g 2 + , 0.5 m M 

7. BH.K co la ly t ic subunit, 0.09 

+ A T P - M g 2 + , 0.5 m M 
M9 

Fig. 12. Conversion of proinhibitor to inhibitor by cAMP 
-dependent protein kinases and catalytic subunit. Crude 
proinhibitor from postribosomal supernatant of rabbit 

reticulocyte lysates was incubated (8 min at 30°) with 
additions as indicated. Formation of inhibitor was assayed 
in the reticulocyte lysate translation system in the presence 
of hemin. The proinhibitor content of the preparations was 
determined by treatment of an aliquot with N E M (bar 5), 
the inhibition of translation produced by N E M (100% pro-
inhibitor-inhibitor conversion) being taken as 100%. 
From Data etal. (10). 

with h is tone as subs t ra te , only a c A M P - i n d e -

pendent (and c G M P - i n d e p e n d e t ) activity 

w a s found. Evidently, further work is r equ i red 

to clarify the mechan i sm control l ing the p ro -

inhib i tor - inhib i tor conversion in this system 

Nature offactor X 

P u r s u i n g the idea tha t phosphory la ted e IF -2 , 

which is active in t e rna ry and 40S ini t iat ion 

complex formation, is inactivated by interact ion 

wi th ano ther factor ( X in F igure 8, reaction 3) , 

we isolated a protein from r ibosomal salt washes 

requ i red for inhibit ion of t e rna ry complex 

formation with purified e IF -2 upon incubat ion 

MECHANISM OF TRANSLATIONAL CONTROL BY HEMIN 

O 
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O 

0 20 40 60 80 100 

HEMIN (pM) 

Fig. 13. Left panel. Effect of hemin on the conversion of proinhibitor to inhibitor. Conversion was promoted either 
by endogenous cAMP-dependent protein kinase, upon the addition of cAMP, or by bovine heart protein kinase 
catalytic subunit, and was measured by the ternary complex formation assay. All samples contained proinhibi­
tor (0.5 >»g of protein) and A T P (0.67mM). Bars from left to right: no further additions, cAMP (15 JIM ) , cAMP 
(15 itM) and hemin (45 jiM), catalytic subunit (0.4 <ig), and catalytic subunit (0.04 itg) 
and hemin (45 j iM). Right panel. Blocking by hemin of cAMP binding to the regulatory subunit of cAMP-
dependent protein kinase. Binding of [ 3 H] cAMP to cAMP-binding protein (kinase holoenzyme or regulatory 
subunit) as a function of the hemin concentration. (0) Homogeneous bovine heart protein kinase, 1.0 >ig; 
(•) Bovine heart protein kinase regulatory subunit, 0.4 jig; (•) cAMP-dependent rabbit reticulocyte protein 
kinase (partially purified), 4.8 ne. From Datta el al. (13). 



REGULATION OF TRANSLATION 

T R A N S L A T I O N IN A. SALINA S Y S T E M 
305 

M I N U T E S B H K CATALYTIC SUBUNIT 
(M9/50 jil) 

Fig. 14. Inhibition of translation in A. salma extracts by Dovine heart protein kinase catalytic subunit. The amounts 
of components prcsent/50 jd sample were: poly (A)-containing A. salma polysomal mRNA, 3 jig; catalytic 
subunit (C), 0.3 jig; poly (U), 0.8 A26O units. Chain elongation (edeine resistant) was assayed with po­
lysomes from developed A. salina embryos. Incubation at 25°: right panel (D.'O), 45 min; (•) 60 min. From Sierra 
et at. (18). 

T R A N S L A T I O N IN W H E A T G E R M S Y S T E M 

M I N U T E S 

Fig. 15. Inhibition of translation in wheat germ S30 extracts 
Conditions as in Fig. 14. From Sierra etal. (18). 

1 I I I J 
0 0 . 0 6 0.12 0.18 0 . 2 4 

B H K C A T A L Y T I C S U B U N I T 
(pg/50 p\) 

by bovine heart protein kinase catalytic subunit (C). 
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Fig. 16. Conversion of proinhibitor to inhibitor in A. sa-

Lina extracts and the effect of hemin. Crude proinhibitor 

was prepared from postribosomal supernatant of deve­

loping A. salina embryos by chromatography on C M -

Sephadex as described for reticulocyte lysate super-

natants (10). The experiments were patterned after those 

of Fig. 13 (left panel). All samples except the one at 

the extreme left contained proinhibitor (0.5 ptg of pro­

tein) and A T P (0.67 mM). Bars from the second from the 

left to right: no further additions, catalytic subunit (0.04 

US), c A M P (15 /iM), and c A M P (15 M M ) and hemin 

(45 nM). From Sierra et at. (18). 

with e IF -2 kinase a n d A T P (20) . Surpr is ingly 

the new factor proved to enhance the ability of 

unphosphory la t ed , but not that of phosphory -

lated e IF -2 to form ini t iat ion complexes , 

whe the r t e rna ry or 4 0 S . W e refer to this factor as 

E S P for e IF-2 s t imula t ing prote in . At low 

concent ra t ions , such as occur in reticulocyte 

lysates, e IF-2 is vir tually unable to form an 

init iation complex unless activated by E S P . 

It is therefore unde r s t andab le tha t , t h rough 

blocking of t he E S P activation, phosphory la ­

t ion of e IF -2 by e IF -2 k inase will cause p ro ­

nounced inhibit ion of t rans la t ion in reticulocyte 

lysates. 

Conclusions and Summary 

O n e impor tan t fact a r i s ing from our studies is 

tha t protein synthesis can be, a n d probably is , 

regulated by c A M P . It h a d a l ready been obser­

ved as far back as 1960 that glucagon and c A M P 

inhibit prote in synthesis in liver slices (21) 

but the significance of this finding could not be 

assessed at that t ime. M o r e recently (22) c A M P 

has been shown to inhibit prote in synthesis in 

cellfree p repa ra t ions of rat liver in an A T P - d e -

pendent react ion. T h e s e observat ions s t ron­

gly suggest the involvement of c A M P - d e p e n d e n t 

protein kinase in t rans la t iona l control . T h e 

inverse re la t ionsh ip between cell g rowth and 

c A M P levels disclosed by the work of Pas tan 

a n d o thers (23) can now be expla ined in view 

of the identical re la t ionsh ip between protein 

synthesis and c A M P levels suggested by ou r 

work . T o m k i n s and col laborators (24) showed 

that c A M P and pros tag landin Ei (which 

ra ises the in t racel lu lar level of c A M P ) inhibi ted 

the g rowth of cul tured mouse l y m p h o m a S49 

cells but were much less effective on a var ian t 

tha t h a d low levels of c A M P - d e p e n d e t prote in 

k inase . T h u s , t h e inhibi t ion by c A M P of both 

prote in synthesis and cell g rowth is media ted 

by c A M P - d e p e n d e n t prote in k inase . P robab ly 

inhibit ion of cell g rowth is a consequence of 

prote in synthesis inhibi t ion. 

In s u m m a r y , a system of t rans la t iona l control 

in eukaryotes consists of (a) a p ro inh ib i to r a n d 

(b) an inhibi tor of polypept ide chain ini t ia t ion. 

T h e inhibi tor (active e IF-2 kinase) is a c A M P -

independent prote in k inase . It catalyzes t h e 

phosphory la t ion of t he small subuni t of t he 

init iat ion factor e I F - 2 . Phosphory la ted 

e IF -2 cannot interact with e I F - 2 s t imula t ing 

protein a n d become inactive in chain ini t ia t ion. 

O u r observat ions are consistent with the view 

tha t the pro inhib i tor (inactive e IF-2 kinase) 

is converted to the inhibi tor by phosphory la t ion 

catalyzed by a c A M P - d e p e n d e n t prote in 

k inase . T h i s is in analogy to the conversion of 

inactive phosphory lase k inase to active p h o s p h o -

rylase kinase . H e m i n blocks t he c A M P - i n -

duced dissociation of the regula tory a n d ca­

talytic subun i t s of c A M P - d e p e n d e n t prote in 

k inase by prevent ing c A M P from binding to 

the regulatory subuni t . H e m i n , therefore, blocks 

the conversion of p ro inh ib i to r to inhibi tor by 

inhibi t ing the activity of t he c A M P - d e p e n d e n t 

prote in kinase . T h e mode in which t rans la t ion 

in reticulocyte lysates is inhibi ted in the absence 

of hemin and main ta ined in its presence is n o w 

unders tood . 



REGULATION OF TRANSLATION 307 

R E F E R E N C E S 

1. CLEMENS, M .J . , HENSHAW , E.C., RAHAMINOFF, H. , 

LONDON , l .M. Proc. Natl. Acad. Sci USA 7Z:2946-2950, 
1974. 

2. GROSS , M. , RABINOVITZ, M. Biochim. Biophys. Acta 
2*7:340-353, 1972. 

3. FARRELL, P .J. , BALKOW, K. , H U N T , T . , JACKSON, R .J. , 

TRACHSEL , H.Cell 7?; 187-200, 1977. 

4. LEVIN , D . H . , RANU , R.S., ERNST , V., LONDON , l .M. 

Proc. Natl. Acad. Sci USA 73/3112-3116, 1976. 
5. KRAMER, G., CIMADEVILLA, J . M . , HARDESTY , B. Proc. 

Natl. Acad. Sci. USA 73:3076-3082, 1976. 
6. GROSS , M. , MENDELEWSKI, J . Biochem. Biophys. Res. 

Commun. 74:559-569, 1977. 
7. STAEHELIN, T . , TRACHSEL , H., ERNI, B . , BOSCHETTI, A., 

SCHREIER, M . H . " T h e mechanism of initiation 
of mammalian protein synthesis", in Proceedings 
of the Tenth FEBS Meeting, eds. Chapeville, F. and 
Grunberg-Manago, M . (North Holland/American 
Elsevier), Vol. 39:309-323, 1975. 

8. WEISSBACH, H., OCHOA, S. Annu. Rev. Biochem. 45 : 

191-216, 1976. 
9. OCHOA, S. J . Biochem. (Tokyo) «7:1-14, 1977. 
10. DATTA , A., DE H A R O , C., SIERRA, J . M . , OCHOA , S. Proc 

Natl. Acad. Sci., USA 74: 1463-1467.1977. 
11. H A Y A K A W A , T . , PERKINS, J . P . , KREBS , E.G. Biochemistry 

27:574-580, 1973. 

12. COHEN , P. Eur. J . Biochem. 34:1-14, 1973. 
13. DATTA , A., DE H A R O , C. , SIERRA, J . M . , OCHOA , S. Proc. 

Natl. Acad. Sci. USA 74:3326-3329,1977. 
14. HIRSCH, J . D . , MARTELO, O . J . Biochem. Biophys. Res. 

Commun. 7 7 : 9 2 6 - 9 3 2 , 1976. 
15. CLEMENS, M . J . , PAIN, V . M . , HENSHAW , E.C., LONDON, 

l . M . Biochem. Biophys. Res. Commun. 72:768-775, 
1976. 

16. DELAUNAY, J . , RANU, R . S . , LEVIN, D . H . , ERNST, V . , 

LONDON , l . M . Proc. Natl. Acad. Sci USA 74:2264-2268, 
1977. 

17. PINPHANICHAKARN, P., KRAMER, G., HARDESTY , B. 

J . Biol. Chem. 252.2106-1212, 1977. 
18. SIERRA, J . M . , DE HARO , C , D A T T A , A., OCHOA , S. Proc. 

Natl. Acad. SCI.,USA 7 4 : 4 3 5 6 - 4 3 5 9 , 1 9 7 7 . 

19. MOENS, L . , KONDO, M . Eur. J . Biochem. 67:397-402, 

1976. 
20. DE H A R O , C , DATTA , A., OCHOA , S. Proc. Natl. Acad. 

Sci., USA 75: 2 4 3 - 2 4 7 , 1 9 7 8 . 

21. PRYOR, J . , BERTHET, J . Biochem. Biophys. Acta 43 : 

556-557, 1960. 
22. SELLERS, A., BLOXHAM, D . P . , MUNDAY, K .A . , AKHTAR, 

M . Biochem. J . 735:335-340, 1974. 

23. PASTAN, I . H . , JOHNSON , G.S., ANDERSON, W . B . Annu. 

Rev. Biochem. 44:491-522, 1975. 

2 4 . DANIEL, V . , LITWACK, G., TOMKINS, G . M . PTOC. Natl. 
Acad. Sci. USA 70:76-79, 1973. 


