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ABSTRACT Earlier, we isolated eukaryotic initiation factor
2 (eIF-2)-stimulating protein (SP) as a homogeneous complex with
eIF-2 (eIF-2-SP) and showed that, in the presence of Mg2+, eIF-
2-SP promotes formation of a ternary complex with GTP and eu-
karyotic initiator methionyl tRNA (Met-tRNA,.) (eIF-2-GTP-Met-
tRN,.) catalytically. We now show that SP-bound eIF-2 exchanges
with eIF-2 (eIF-2 exchange). Furthermore, in the presence of
Mg2+, eIF-2-SP catalyzes the exchange of eIF-2-bound [3H]GDP
with unlabeled GDP or GTP (GDP exchange) and the release of
[3H]GDP when the ternary complex is formed from eIF-
2-[3H]GDP, GTP, and [35S]Met-tRNA1. All these reactions are
blocked by a-subunit, but not by 13-subunit, phosphorylation of
eIF-2. The eIF-2 and GDP exchanges are compatible with the
reaction eIF-2-GDP + SPF EIF-2-SP + GDP reminiscent of
the exchange between the Tu and Ts components of prokaryotic
elongation factor 1 (EF-Tu and EF-Ts, respectively) EF-Tu-GDP
+ EF-Ts = EF-Tu-EF-Ts + GDP. Due to the high affinity of
GDP (4100 times greater than that of GTP) for eIF-2, 40S (eIF-
2-GTP-Met-tRNA4-40S) to 80S (Met-tRNA,4-mRNA-80S) initia-
tion complex conversion, which is accompanied by GTP hydroly-
sis, probably releases eIF-2 as eIF-2-GDP. Our results suggest
that, in the presence ofMg2+, GDP binding restricts the availabil-
ity of eIF-2 for chain initiation and that SP relieves this restriction
in a catalytic fashion, provided that the a subunit of eIF-2 is not
phosphorylated.

Polypeptide chain initiation in eukaryotes begins with the for-
mation ofa ternary complex between eukaryotic initiation factor
2 (eIF-2), GTP, and eukaryotic initiation methionyl tRNAj (Met-
tRNA,) (eIF-2-GTP-Met-tRNAi), which binds to a 40S ribo-
some, giving rise to a 40S initiation complex (for review, see ref.
1). At low concentrations of Met-tRNA, and eIF-2, little or no
ternary complex is formed unless an additional factor is present.
This factor, termed eIF-2-stimulating protein, (ESP), was dis-
covered while searching for the mechanism of translational in-
hibition associated with phosphorylation ofthe a subunit ofeIF-
2 (2, 3). It turned out that ESP was active with intact or (3-sub-
unit-phosphorylated but not with a-subunit-phosphorylated
eIF-2 (2-4). Factors similar to ESP were later reported to re-
lieve inhibition ofternary complex formation by Mg2+ (5, 6) and
we confirmed this observation (7). Recently, we isolated in vir-
tually homogeneous condition a complex of eIF-2 with ESP
from the postribosomal supernatant of rabbit reticulocyte ly-
sates (7, 8). We shall refer to this complex as eIF-2-SP, where
SP stands for stimulating protein.t On electrophoresis in non-
denaturing gels, the complex migrates essentially as a broad
single band, In denaturing gels, it displays the a, (3, and 'y sub-
units of eIF-2 (38, 52, and 54 kilodaltons, respectively) and five

SP bands ("'32, 40, 57, 65, and 80 kilodaltons) in approximately
equimolar amounts. The apparent Mr ofthe complex is 450,000.
The homogeneous factor promotes ternary complex formation
catalytically in the presence of Mg2' (8). Further study of the
catalytic function ofeIF-2-SP and its control by a-subunit phos-
phorylation of eIF-2 is described in this paper. Our results in-
dicate that the mechanisms of the initial steps of eukaryotic
chain initiation and both prokaryotic (9, 10) and eukaryotic (11)
chain elongation are similar.

MATERIALS AND METHODS

Assays. (i) Ternary complex formation was measured as de-
scribed (4). Samples (50 ,ul) of20 mM Tris-HCl, pH 7.5/100mM
KC1/0.5mM Mg(OAc)2/2mM 2-mercaptoethanol/22 /iM GTP
(GDP free) containing 5 ,ug of bovine serum albumin, eIF-2
(or eIF-2-[3H]GDP) with or without eIF-2-SP as specified in
the figures, and 3H-labeled or 35S-labeled Met-tRNA as spec-
ified in the figures were incubated for 6 min at 30°C. (ii) Binary
complex formation between eIF-2 and GDP was used as a model
for the physiologically relevant reaction with GTP, since reas-
sessment of the original assay (12) showed, in agreement with
a recent report (13), that only GDP forms a stable complex with
eIF-2. Samples (50 ,u) of 20 mM Tris HCl, pH 7.5/100 mM
KCI/2 mM 2-mercaptoethanol/2 ,LM [3H]GDP (10,000 cpm/
pmol) containing the indicated amounts of Mg(OAc)2, eIF-2,
and eIF-2-SP were incubated as in (i). (iii) For measurement
of the exchange of GDP or GTP with eIF-2-bound [3H]GDP,
samples (as in ii) of 1-2 pmol of eIF-2-[3H]GDP, the indicated
amounts ofeIF-2-SP, Mg(OAc)2, and either GDP or GTP were
incubated for 1 min at 30°C. Bound radioactivity was assayed
by Millipore filtration. Samples were chilled in ice, immedi-
ately diluted with 1 ml ofwash buffer (20mM Tris-HCl, pH 7.5/
100 mM KCl/1.0 mM Mg(OAc)2/2.0 mM 2-mercaptoethanol),
and filtered on nitrocellulose membranes. Filters were washed
once with 10 ml of wash buffer. The filters were transferred to
glass scintillation vials and 1 ml ofmethylcellosolve (Fisher) was
added. The filters were dissolved with mechanical shaking and,
after adding 10 ml of Hydrofluor (National Diagnostics), were
assayed in a Beckman LS 100 scintillation counter. The counting

Abbreviations: eIF-2, eukaryotic initiation factor 2; SP, eIF-2-stimu-
lating protein; Met-tRNAi, eukaryotic initiator methionyl tRNA; HCI,
heme-controlled translational inhibitor (an eIF-2 a-kinase); EF-Tu and
EF-Ts, components of prokaryotic elongation factor 1; EF-la and EF-
lpy, components of eukaryotic elongation factor 1; aa-tRNA, amino-
acyl-tRNA; eIF-2(aP) and eIF-2(/P), a-subunit- and f-subunit-phos-
phorylated eIF-2, respectively.
t Previously (8), we referred to the supernatant factor as RF-eIF-2 or
simply RF (for translation restoring factor). The ribosomal salt wash
factor, earlier termed ESP, was referred to as ESP-eIF-2. Both factors
are in all probability one and the same protein (i.e., eIF-2-SP).
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efficiency for 3H alone was 30% and that for 3H in the presence
of35S was 23%. (iv) For exchange offree 32P-labeled eIF-2 with
SP-bound eIF-2, samples (250 sul) of 20 mM Tris-HCl, pH 7.5/
100 mM KCV0.8 mM Mg(OAc)2 containing 25 jig of bovine
serum albumin, 25 pug of creatine kinase, and the indicated
amounts of eIF-2(/3-32P) at 2,800 cpm/pmol or eIF-2(a-32P) at
3,700 cpm/pmol and eIF-2-SP were incubated for 5 or 2 min
as indicated at 30'C in plastic tubes. Creatine kinase was added
to prevent losses of eIF-2 thraugh adsorption to the-tube walls
(14). After cooling in ice, 200-,ul aliquots were layered onto a
4-ml 10-30% linear sucrose gradient in 20 mM Tris HCl, pH
7.5/100 mM KC1/0.8 mM Mg(OAc)2/l mM dithiothreitol and
centrifuged for 5 hr at 54,000 rpm in a Beckman SW 56 rotor.
Gradients were fractionated in an Isco model 640 density gra-
dient fractionator. Each fraction (0.2 ml) was mixed with an
equal volume of water and assayed in 10 ml of Ready-Solv HP
(Beckman).

Protein was determined by the Bradford (15) procedure with
bovine serum albumin as the standard.

Preparations. The preparation of rabbit reticulocyte lysates
and eIF-2 has been described (8). If not otherwise stated, eIF-
2a [eIF-2 CM-350 (4)], -25% pure, and eIF-2c (16), 90% pure
or greater, were used throughout. Amounts are given as pure
eIF-2. The homogeneous eIF-2 used in Fig. 1 was purified by
V. Manne through the last step of the procedure of Benne et
al. (16). The preparation of homogeneous eIF-2-SP from the
reticulocyte lysate postribosomal supernatant has also been de-
scribed (8). eIF-2-SP has now been prepared four times with
uniform results. Consistently, 800 ml of supernatant has given
0.5-0.7 mg of eIF-2-SP of specific activity (ternary complex
formation assay) 40,000-60,000. The subunittstructure. of our
most recent preparation is shown in Fig. 1. N-Ethylmaleimide-
treated eIF-2-SP was prepared by incubating eIF-2-SP with
5-mM N-ethylmaleimide for 15 min at 25°C followed by neu-
tralization of the unreacted reagent with 10 mM dithiothreitol.
For preparation of eIF-2-[3H]GDP, samples (3 ml) of 20 mM
Tris HCl, pH 7.5/100 mM K/CV2 mM 2-mercaptoethanol/20
mM [3H]GDP (Amersham; 3,300 cpm/pmol) containing 1.18
nmol ofeIF-2a were incubated for 10 min at 30°C, cooled in ice,
and made 1.0 mM in Mg(OAc)2. As determined by Millipore
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FIG. 2. (A) Inhibition of eIF-2-GDP binary complex formation by
Mg2e. Five picomoles of eIF-2a was used. (B) Relief of Mg2e inhibition
of binary (e) and ternary (o) complex formation by eIF-2-SP. Ternary
complex was assayed with 5 pmol of eIF-2a and 3 pmol of [3H]Met-
tRNAi (62,000 cpm/Pmol) at 0.5 mM Mg2e. Binary complex was as-
sayed at 0.1 mM Mge. +-, Ternary complex formation in the absence
of Mg2+ and eIF-2-SP.

filtration, the [3H]GDP/eIF-2 ratio (mol/mol) was 1.0. The
samples were applied to a 0.7 x 2.0 cm Sepharose 6B-heparin
column previously equilibrated with bufferA [20mM Tris HCl,
pH 7.5/1.0 mM Mg(OAc)2/2 mM 2-mercaptoethanoV5% (vol/
vol) glycerol]/200 mM KC1. The column was washed with this
buffer until all the noncomplexed [3H]GDP was eluted; eIF-
2-[3H]GDP was then eluted with buffer A/400 mM KC1. The
material (containing -80% pure eIF-2 asjudgedby NaDodSO4/
polyacrylamide gel electrophoresis) was stored in liquid nitro-
gen. For preparation of f-subunit-32P-phosphorylated eIF-2
[eIF-2(-32P)], reaction mixtures (2 ml) of 10 mM Tris HCl, pH
7.5/50 mM KCV4 mM Mg(OAc)2/1.0 mM dithiothreitoV0.1
mM [y-32P]ATP (4,000 cpm/pmol) containing 1.875 nmol of
eIF-2c and 200 ug of reticulocyte casein kinase (4) were. incu-
bated for 20 min at 30°C and the phosphorylated eIF-2 was
isolated by Sepharose-heparin chromatography (17) as de-
scribed for the eIF-2-[3H]GDP complex. a-Subunit-32P-phos-
phorylated eIF-2 [eIF-2(a-32P)] was similarly prepared, but in
the absence of KC1, with 2 nmol of eIF-2c and 124 ug of (par-
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1. NaDodSO4/polyacrylamide disc gel electrophoresis. of eIF-

2 (lane 1) and eIF-2-SP (lane' 2) (7.8 pg each). Electrophoresis [10%
polyacrylamide/0.26% NN'-methylenebis(acrylamide)] was for 2 hr
40 min at 6 mA per tube. Gels were stained with Coomassie blue.

FIG. 3. 'Exchange of unlabeled GDP (A) or GTP (B) with eIF-2-
bound [3H]GDP as a function of the GDP (GTP) concentration in the
presence of 1.0mM Mg2e and in the absence (o) or presence (s) of 0.66
pmol of eIF-2-SP (final concentration, 13 nM). (C) GDP exchange in
the absence of eIF-246P on removal of Mg2e by EDTA. (D) Release of
eIF-2-bound [3H]GDP (.) on ternary complex formation (o) at various
concentrations of eIF-2-SP. This experiment was carried out three
times with similar results. Ternary complex assay used 1.0 mM
Mg(OAc)2/22 ,uM GTP and 4 pmol of [3"S]Met-tRNAi (11,400 cpm/
pmol).
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tially purified) heme-controlled translational inhibitor (HCI)
prepared as described (8). The phosphorylated eIF-2 prepara-
tions contained ,1 mol of 32P/mol of eIF-2 (cf. ref. 4). GDP-
free GTP (used throughout) and Met-tRNAj were prepared as
described (4).

RESULTS
Mechanism of Initiation. As previously reported (5-8), ter-

nary complex formation is inhibited by Mg2+ and the inhibition
is catalytically relieved by eIF-2-SP (7, 8). Here we show that
binary complex formation between eIF-2 and GDP is similarly
inhibited (Fig. 2A) and similarly relieved (Fig. 2B) by eIF-2-SP
(cf. also ref. 12). The catalytic ratio (complex formed/eIF-2-SP,
mol/mol), estimated from the linear portion ofthe curves of Fig.
2B, was -80 for binary and 40 for ternary complex formation.
From the average specific activity of eIF-2-SP (50,000 pmol/
mg), the catalytic ratio (for Mr 450,000) would be 22.5. This is
probably a minimum value. At 1 mM Mg2e, eIF-2-bound
[3H]GDP exchanges with unlabeled GDP (Fig. 3A) and, less
readily, with GTP (Fig. 3B) in the presence, but not in the ab-
sence of eIF-2-SP unless the Mg2+ is chelated by EDTA (Fig.
3C). As previously shown (18), eIF-2 has much greater affinity
for GDP than for GTP. About 1,000-fold higher concentration
of GTP than GDP (at 1 mM Mg2+) was required for displace-
ment of [3H]GDP from eIF-2. Nevertheless, the ternary com-
plex is easily formed in the presence of Mg2+ from eIF-
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2-[3H]GDP, GTP, and [35S]Met-tRNA,, provided eIF-2-SP is
present (Fig. 3D). The functional similarity of the complex be-
tween eIF-2 and SP-i.e., eIF-2-SP-in eukaryotic chain ini-
tiation and the complexes between the two components ofchain
elongation factor 1-i.e., EF-Tu-EF-Ts (9, 10) and EF-la-EF-
1py (11)-in prokaryotic and eukaryotic chain elongation is ap-
parent. There is also an exchange of eIF-2(f3-32P) with eIF-2 in
the eIF-2-SP complex (Fig. 4A). The eIF-2 exchange may be
formally represented by eIF-2* + eIF-2-SP eIF-2 + eIF-
2*-SP. This exchange is very rapid (it appears to reach equilib-
rium in <1 min at 0°C) and occurs in the absence or presence
of Mg2+. Two observations suggest that the eIF-2 exchange is
related to catalysis of ternary complex formation by eIF-2-SP:
(i) the exchange is blocked by treatment of eIF-2-SP with N-
ethylmaleimide (Fig. 4B), which hinders its activity in ternary
complex formation (19), and (ii) it occurs at the optimum pH for
stimulation of ternary complex formation by eIF-2-SP (Fig. 4
C and D).

Effect of a-Subunit Phosphorylation of eIF-2. Phosphory-
lation of the eIF-2 a subunit but not of the ,B subunit, blocks
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FIG. 4. Exchange of free with SP-bound eIF-2. eIF-2(/3-32P) was

incubated with eIF-2-SP for 5 min at 30°C and the distribution of ra-

dioactivity between free and bound eIF-2 was analyzed by sucrose den-
sity gradient centrifugation. (A) *, Control, eIF-2(p_32P) (6.6 pmol)
alone; a, eIF-2(,&32P) and eIF-2-SP (8.8 pmol); o, eIF-2(p_32P) and eIF-
2-SP (13.8 pmol). (B) *, Control, eIF-2(p_32P) (6.6 pmol) alone; o eIF-
2(,&32P) and eIF-2-SP (8.8 pmol); A, eIF-2(,&32P) and N-ethylmaleim-
ide-treated eIF-2-SP (8.8 pmol). (C) pH dependence of eIF-2-SP-cat-
alyzed ternary complex formation. Six picomoles of eIF-2a and 3 pmol
of [35S]Met-tRNAi (95,400 cpm/pmol) were used. o, No eIF-2-SP; *,
0.2 pmol of eIF-2-SP (final concentration, 4 nM). (D) Effect of pH on

exchange. e, Control, eIF-2(l3 32p) (6.6 pmol) at pH 7.5; o, eIF-2(3-32P)
and eIF-2-SP (8.8 pmol) at pH 7.5; A, eIF-2(,&3 P) and EIF-2-SP (8.8
pmol) at pH 6.5.
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FIG. 5. (A) Inhibition of eIF-2-SP-stimulated eIF-2{[3H]GDP bi-
nary complex formation by phosphorylation of the a subunit of eIF-2.
A two-stage assay was used. (i) Samples (38 ,ul) of 20 mM Tris-HCl,
pH 7.5/1.0 mM Mg(OAc)2/1.0 mM dithiothreitol/0.3 mM ATP con-

taining 5 pmol of eIF-2a and various amounts of HCI were incubated
for 5 min at 30°C. (ii) Samples (final vol, 50 ,l) were supplemented with
100 mM KCl/2 ,uM [3H]GDP (10,000 cpm/pmol) containing 0.3 pmol
of eIF-2-SP (final concentration, 6 nM), further incubated for 5 min
at 30°C, and assayed for binary complex. Control reactions: A, Without
HCI and eIF-2-SP; o, with 0.7 ug of HCI, without ATP. (B) Kinetics
of binary complex formation with eIF-2(aP) and eIF-2(3P). Either 5.8
pmol of eIF-2(aP) or 6.2 pmol of eIF-2(,BP) was used with or without
0.3 pmol of eIF-2-SP (final concentration, 6 nM). *, eIF-2(aP), Mg2+,
and eIF-2-SP; e, eIF-2(,8P), Mg2+, and eIF-2-SP; o, eIF-2(aP) without
Mg2e or eIF-2-SP; o, eIF-2(,3P) without Mg2e or eIF-2-SP. (C) Effect
of eIF-2-SP on ternary complex formation from eIF-2_43H]GDP [or
eIF-2(a-32P)_[3H]GDP], GTP, and [35S]Met-tRNAi. Release of [3H]GDP
and ternary complex formation with [35S]Met-tRNAi were assayed si-
multaneously as in Fig. 3D. Mg(OAc)2 was 1.0 mM, GTP was 65 MM,
and [35S]Met-tRNAi (8,400 cpm/pmol) was 4 pmol. eIF-2[3H]GDP was
a-subunit phosphorylated with [y32P]ATP and isolated by Sepharose-
heparin chromatography. * and ., eIF-2-[3H]GDP; o and o, eIF-2(a-
32P)-[3H]GDP. e and o, 3H radioactivity; * and o, 35S radioactivity.
(D) Failure of eIF-2(aP) to exchange with SP-bound eIF-2. Samples
(200 Ml) containing 14 pmol of eIF-2 phosphorylated with 32P in either
the a or , subunit and other additions were incubated for 2 min at 30°C
and analyzed by sucrose density gradient centrifugation. o, eIF-2(QP)
(control); e, eIF-2(aP). This experiment was carried out three times
with similar results.
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eIF-2*SP
GDP4GTP (eIF-2.GTP Met-tRNAi

eIF-2*GDP 4 eIF-2*GTPk) Met-tRNAi
SP

A

Tu Ts
GDP \/ GTP Tu - GTP- aa-tRNA

Tu * GDP Tu * GTP aa -tRNA
TS

B

FIG. 6. Schematic representation of the analogy between the ini-
tial steps of eukaryotic polypeptide chain initiation (A) proposed in this
paper and prokaryotic chain elongation (B).

eIF-2-SP catalysis of binary complex (Fig. 5 A and B) as well
as GDP-GTP exchange and ternary complex formation (Fig. 5C)
in the presence ofMg2e. In the absence ofMg2', these reactions
proceed equally well with eIF-2 or eIF-2(aP) with no require-
ment for eIF-2-SP. This is illustrated in Fig. 5B for binary com-
plex formation. eIF-2(aP), which does not form a complex in
the presence of Mg2e and eIF-2-SP, does so in their absence,
while eIF-2(f3P) is active in both cases. Phosphorylation of the
a subunit ofeIF-2 also blocks the eIF-2 exchange reaction (Fig.
5D). These experiments provide support for the view (2-4) that
phosphorylation of the a subunit prevents interaction between
eIF-2 and the eIF-2-stimulating protein.

DISCUSSION
The first step in eukaryotic polypeptide chain initiation, the
formation of the eIF-2-GTP-Met-tRNAj ternary complex,
bears a close resemblance to formation of the ternary complex
EF-Tu-GTP-aa-tRNA in prokaryotes (9, 10) or EF-la-GTP-aa-
tRNA in eukaryotes (11). Completion ofeach round of initiation
(elongation) is coupled to GTP hydrolysis and leads to release
of the initiation (elongation) factor from the ribosome. In the
presence of Mg2e, eIF-2 (18), like EF-Tu (9, 10), has at least
a 100-fold greater affinity for GDP than for GTP. EF-Tu is re-

leased as EF-Tu-GDP (9, 10) and we have indications that eIF-
2 is released as eIF-2-GDP. Our results are consistent with
occurrence of the reaction eIF-2-GDP + SP = eIF-2-SP +
GDP and this reaction is the counterpart of the reaction EF-
Tu-GDP + EF-Ts - EF-Tu-EF-Ts + GDP in chain elonga-
tion (9, 10). We therefore propose that SP, like EF-Ts (or EF-
18y) acts catalytically (Fig. 6) to permit recycling of eIF-2 in
chain initiation, much as EF-Ts (or EF-1py) permits recycling
of EF-Tu (or EF-1a) in chain elongation. When the a subunit
of eIF-2 is phosphorylated, the factor fails to interact with the
SP and inhibition ofchain initiation ensues. A similar model has
been considered before (see, for example, refs. 20 and 21) and

has recently been suggested by Clemens et aL (22) based on
GDP exchange experiments with partially purified eIF-2 +
HCI + ATP.
Thus far we had only small amounts of free SP (8) which,

unlike eIF-2-SP, appears to be unstable. Availability of SP in
sufficient amounts should make it possible to see whether, like
the displacement of EF-Tu- (or EF-la)-bound GDP by excess
EF-Ts (or EF-13y) (11, 23), an excess of SP can displace eIF-
2-bound GDP.
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