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branch distances to M33 and M31 will be measured, and main-
sequence fitting undertaken for LMC clusters, allowing further
checks on the zero point of the Cepheid P-L relation. These
data will provide a direct means of assessing the systematic errors
in the current extragalactic distance scale at each stage of its

application, and allow a determination of the Hubble constant
to unprecedented accuracy. The results of this paper suggest that
a Hubble constant, accurate to 10%, and measured through
secondary techniques out to scales of hundreds of Mpc, is now
a realizable goal. O
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The cloning is described of two related human complementary DNAs encoding polypeptides
that interact specifically with the translation initiation factor elF-4E, which binds to the
messenger RNA 5’-cap structure. Interaction of these proteins with elF-4E inhibits translation
but treatment of cells with insulin causes one of them to become hyperphosphorylated and
dissociate from elF-4E, thereby relieving the translational inhibition. The action of this new
regulator of protein synthesis is therefore modulated by insulin, which acts to stimulate the
overall rate of translation and promote cell growth.

ArL eukaryotic mRNAs (except organellar) bear a ‘cap’ struc-
ture (m’GpppN, where N is any nucleotide and m is a methyl
group) at their 5’ terminus', which is recognized by a cap-binding
protein, eIF-4E (ref. 2). This polypeptide exists as a subunit of
a complex, termed elF-4F, which consists of eIF-4E, eIF-4A (a
bidirectional RNA helicase) and p220 (for review, see ref. 3).
Interaction of the cap-binding complex with the mRNA, fol-
lowed by unwinding of the mRNA 5 secondary structure, is

t Present address: CBMB, NICHD, NIH, Bethesda, Maryland 20892, USA
|| To whom correspondence should be addressed.
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thought to facilitate attachment of the smaller 40S ribosomal
subunit to mRNA (see ref. 4 for review). The process of initia-
tion of protein synthesis is the rate-limiting step in translation
and the point of extensive regulation. Phosphorylation of initia-
tion factors is important in the regulation of translation initia-
tion (reviewed in ref. 5). Addition of the peptide hormone insulin
to adipocytes or muscle cells stimulates protein synthesis at the
initiation level®®, and concomitantly increases eIF-4E
phosphorylation®'°. This modification enhances the activity of
elF-4E (ref. 11) and partly explains the increased translation
rates after treatment of cells with insulin. eIF-4E plays a central
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FIG. 1 Predicted amino-acid sequence and alignment of 4E-binding
proteins. a, Sequence alignment of 4E-BP1 and 4E-BP2. b, Sequence
alignment between human 4E-BP1 and rat PHAS-I.

METHODS. A fusion protein of heart muscle kinase (HMK) phosphoryla-
tion site with elF-4E was expressed in E. coli BL 21 cells and purified
using a m’GDP affinity column as described”®. The fusion protein was
phosphorylated using [y-*’PJATP and bovine HMK (Sigma) to a specific
activity of 1 x10%c.p.m. pg *, and used to screen a human placenta
Agtl11 cDNA library as described’®. The cDNA inserts of positive A pla-
ques were released with Sall, subcloned into pBluescript KS (Strata-
gene), and sequenced in both orientations?®,

role in control of cell growth, and its inappropriate expression
causes major changes in cellular metabolism, as overexpression
of eIF-4E results in cell transformation'”. Here we report on the
isolation and characterization of a protein whose binding to
elF-4E is regulated by phosphorylation. This protein has been
identified as a target for insulin-stimulated phosphorylation in
adipose tissue' '® and is a substrate for MAP kinase both in vivo
and in vitro'’. A cDNA encoding this protein, termed PHAS-I,
was recently cloned and sequenced'®.

Cloning of cDNAs

The interaction cloning technique was used to identify proteins
that interact with elF-4E. The eIF-4E cDNA clone was modified
at the amino terminus by inserting the phosphorylation site for
the heart muscle kinase (HMK)'®. The recombinant protein was
expressed in Escherichia coli and purified on a m’GDP-affinity
column to homogeneity”. HMK-eIF-4E was labelled to high
specific activity and used in a ‘far-western’ assay'’, against a
Agtll cDNA expression library from human placenta. About

FIG. 2 Far-western analysis of the interaction between elF-4E and 4E-
binding proteins or PHAS-I. Purified samples of GST (400 ng), GST-4E-
BP1 (600 ng), GST-4E-BP2 (600 ng) and His-tag-PHAS-I (200 ng) were
analysed for binding to *?P-labelled HMK—elF-4E. Proteins were separ-
ated on an SDS-15%-polyacrylamide gel and transferred to nitrocellu-
lose membrane, then incubated with *’P-labelled HMK-elF-4E probe
(2.5 x10° c.p.m. ml ) in 20 ml overnight at 4 °C as described™® and
autoradiographed.

METHODS. GST and GST-fusion proteins were expressed in E. coli BL21
and purified as described®®. Plasmids were pGEX-2T-(containing GST-
cDNA), pGEX-2T-4E-BP1, or pGEX-2T[128/129]-4E-BP2. His-tag-PHAS-I
was expressed in E. coli BL21 (DE3) and purified on a HisBind resin
(Novagen). For plasmid pGEX-2T-4E-BP1, 4E-BP1 cDNA was released
by restriction-enzyme digestion of pKS-4E-BP1 with Pvull and EcoRI
(this results in the deletion of three N-terminal amino-acids) and sub-
cloned into pGEX-2T restricted with Smal and EcoRI. For ptasmid pGEX-
2T-AEBP2, 4E-BP2 cDNA was released from A phage DNA by restriction
with EcoRI and subcloned into plasmid pGEX-2T[128/129], which had
been restricted with EcoRI (this plasmid contains an HMK flag®).
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one million plaques were screened and nine plaques that inter-
acted with the elF-4E probe were isolated. The cDNA inserts
in the phage were sequenced. Three of the positive plaques
contained clones corresponding to the p220-subunit of the cap-
binding complex (elF-4F), as expected. The other positive
isolates contained two distinct but related sequences named 4E-
BP1 and 4E-BP2 (for 4E-binding proteins 1 and 2; accession
numbers for the DNA sequences are L36055 and L.36056, respec-
tively). Two phage isolates contained the 4E-BP1 sequence and
one isolation of 4E-BP2 was obtained. The cDNAs for 4E-BP1
and 4E-BP2 encode proteins of 118 and 120 amino acids, respec-
tively (Fig. 1). Northern analysis showed, however, that the
mRNAs encoding the two proteins are quite different in size:
the mRNA encoding 4E-BP1 is about 850 nucleotides long,
whereas that of 4E-BP2 is about 2,800 nucleotides (data not
shown; the complete sequence of 4E-BP2 mRNA has not yet
been determined). The homology between the predicted amino-
acid sequences of the two proteins is shown in Fig. la; the two
protein sequences are 56% identical.
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elF-4E-binding proteins

A DNA database search revealed a high degree of identity (93
and 97% similarity) between the protein sequence of human 4E-
BP1 and a ¢cDNA encoding a rat protein termed PHAS-I (ref.
18; Fig. 1b), indicating that 4E-BP1 is the human homologue
of PHAS-I. The PHAS-I protein is unusual in that it is soluble
after boiling and in 2% trichloroacetic acid'? '>?'. It was initially
identified as a protein phosphorylated in response to insulin in
rat adipose tissue and in murine 3T3-L1 adipocytes'® '**'. Also,
it is phosphorylated in response to growth factors and phorbol
esters??,

To confirm that 4E-BP1 and 4E-BP2, as well as rat PHAS-
I, interact with elF-4E, recombinant glutathione S-transferase
fusion proteins (GST-4E-BP1, GST-4E-BP2) and His-tagged
PHAS-I were analysed for interaction with elF-4E by far-
western blotting. After SDS-PAGE, purified proteins were
transferred to nitrocellulose and probed with **P-labelled HMK-
elF-4E. The HMK-eIF-4E probe did not interact with GST
alone (Fig. 2, lane 1), but reacted equally with GST-4E-BP1
and GST-4E-BP2 (lanes 2 and 3; GST-4E-BP2 migrates more
slowly than GST-4E-BP1 because it contains the HMK
sequence). elF-4E also bound to rat PHAS-I (lane 4, PHAS-I,
indicated by a triangle; the slower polypeptide, presumably an
aggregate, appears after storage). PHAS-I migrated at a position
corresponding to M, 22,000 (22K ) on SDS-PAGE, although the
size of the protein calculated from its sequence is only ~12K.
This also happens with 4E-BPs synthesized in vitro (Fig. 3), in
agreement with earlier results'®,

We confirmed that 4E-BP1 interacts with eIF-4E by co-
immunoprecipitation (using only 4E-BP1{PHAS-I} as no anti-
body is available against 4E-BP2). RNA transcripts generated
in vitro were translated together with eIF-4E mRNA in a wheat-

germ translation extract (wheat-germ rather than reticulocyte
lysate was used as the latter contained endogenous 4E-BP1 (4E-
BP1:elF-4E ~1:20), whereas 4E-BP1 did not bind to endo-
genous wheat-germ eIF-4E; data not shown) and the translation
products immunoprecipitated with anti-PHAS-I antiserum. This
antiserum was specific for 4E-BP1 because it did not precipitate
elF-4E synthesized in vitro (Fig. 3a; compare lanes 4 and 1).
Translation of 4E-BP1 in the wheat-germ extract yielded a poly-
peptide of ~20K on SDS-PAGE (lane 3), as shown for the rat
recombinant protein. This translation product was immunopre-
cipitated by anti-PHAS-I antiserum (compare lanes 6 and 3).
PHAS-I antibody immunoprecipitated elF-4E and 4E-BP1
together following co-translation of their mRNAs (compare
lanes 5 and 2). Similar results were obtained using anti-eIF-4E
antiserum; neither protein was immunoprecipitated by preim-
mune serum (data not shown).

We also demonstrated an interaction between 4E-BP1 and
elF-4E by synthesizing them in wheat-germ translation extract
and then incubating them with a m’GDP-coupled agarose
resin®: eIF-4E, which recognizes the cap structure, bound to
the resin, as expected (Fig. 3b, lane 1), but 4E-BP1 did not (lane
2). However, 4E-BP1 was retained by the resin in the presence
of elF-4E (lane 3). This shows that the interaction of 4E-BP1
with eIF-4E does not preclude the binding of eIF-4E to the cap
structure.

Insulin and affinity of 4E-BP1 for elF-4E

As insulin triggers the phosphorylation of PHAS-I (4E-BP1),
we tested whether this phosphorylation could modulate the
interaction of 4E-BP1 with eIF-4E. Rat adipose tissue was incu-
bated with or without insulin and extracts were heat-treated to
enrich for the heat-stable 4E-BP1 protein'®. Soluble proteins

b I~
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FIG. 3 Complex formation in vitro between elF-4E-BP1. In vitro transla-
tion products of elF-4E and 4E-BP1 were analysed by immunoprecipita-
tion with anti-PHAS-| antiserum (a) or by binding to a m’GDP (cap)
affinity resin (b).

METHODS. Plasmids pKS-elF-4E and pKS-4E-BP1 were linearized with
Sall and BamHI respectively, transcribed with T7 and T3 RNA polymer-
ase, respectively, in the presence of m’GpppG to yield capped
transcripts as described®'. For a, mRNAs (10 pg mi™") encoding elF-4E,
4E-BP1 or both were translated using wheat-germ extract (Promega)
with 3°S-methionine for 1 h at 25 °C. Samples were then analysed
directly or incubated with rabbit anti-PHAS-| antiserum (2 pl) and 300 pl

764

m’GDP resin

3% protein A-Sepharose (Pharmacia) suspension in Tris-buffered saline
for 1 h at 4 °C, the resin was washed (3 x 1 ml) with 50 mM Tris-HClI,
pH 7.5, 150 mM KCl, 1% NP-40, 1 mM EDTA, and eluted proteins
were separated on a SDS-15%-polyacrylamide gel, fixed and treated
with EN*Hance (DuPont), and exposed to X-ray film. For b, mRNAs
(4 pg ml™" encoding elF-4E (lane 1), 4E-BP1 (lane 2) or both (lane 3)
were translated as in a. Translation products were incubated with
m’GDP affinity resin in buffer A (20 mM Tris-HCI, pH 7.5, 100 mM KCI,
2 mM DTT, 2 mM EDTA), the resin was washed (3 x 1 ml) in buffer A,
and bound proteins were eluted in SDS sample buffer and analysed
asina.
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FIG. 4 Insulin treatment of adipose tissue reduces the ability of 4E-
BP1 to interact with elF-4E, which is reversed by dephosphorylation. a,
Far-western analysis. Extracts prepared from insulin-treated or control
cells were analysed for interaction of elF-4E with 4E-BPs by probing
with *’P-labelled HMK—elF-4E as described for Fig. 2. The binding of
the *?P-labelled HMK—elF-4E was quantified using a phosphorimager
(expressed in arbitrary units). The relative reduction in binding by insulin
treatment of the tissue is indicated for each pair of samples. b, Effect
of potato acid phosphatase (PAPase) treatment of extracts from insulin-
treated cells on the interaction between elF-4E and 4E-BPs as deter-
mined by far-western analysis. ¢, m’GDP affinity chromatography of
adipose tissue extracts from insulin-treated tissue reveals diminished
association between endogenous elF-4E and 4E-BP1. Lanes 1 and 2
correspond to adipose tissue samples isolated from pool 1; lane 3, 4
and 5, 6 correspond to samples taken from pools 1 and 2, respectively,
incubated in the presence or absence of insulin.

METHODS. a and b, Epididymal fat pads from six male Sprague-Dawley
rats (about 150g) were incubated pairwise, in three separate pools, in
DMEM for 30 min, and for a further 30 min in fresh medium in the
absence or presence of 80 nM insulin. The tissue was flash-frozen in
liquid nitrogen and extracted in 3 mi cold buffer containing 0.25 M suc-
rose, 10 mM Tris-HCI, pH 7.5, 5 mM EDTA, 2 mM EGTA, using a Brink-
man PT-10 polytron. The homogenate was centrifuged at 8,000 r.p.m.
for 5 min, and the infranatant collected. Aliquots were treated at 100 °C
for 7 min, the precipitated protein removed by centrifugation, and the
remaining protein precipitated with trichloroacetic acid (15%). Samples
were analysed by SDS-PAGE, transferred to nitroceiiulose and pro-
cessed for far-western analysis as for Fig. 2. For b, extracts were ana-
lysed directly or following incubation with potato acid phosphatase (6U)
in 100 mM MES, pH 6.0, for 30 min at 37 °C, and repetition of the heat
treatment. ¢, Rat adipose tissue was incubated in the absence or

were separated by SDS-PAGE, transferred to nitrocellulose
membrane and probed with **P-labelled HMK-eIF-4E. Two
polypeptides migrating at ~20K interact with elF-4E in extracts
from adipose tissue in the absence of insulin. The slower-migrat-
ing polypeptide probably corresponds to 4E-BP1, whereas the
faster species (indicated by an arrow) may be 4E-BP2, as the
protein synthesized in vitro in a reticulocyte lysate migrates faster
than 4E-BP1 (data not shown; an additional unknown polypep-
tide of M,~85K also interacted with elF-4E). Treatment with
insulin led to a marked reduction (about 3-4-fold in three separ-
ate pools of adipose tissue) in the interaction of the two ~20K
polypeptides with eIF-4E (Fig. 4a; compare lanes 2 and 4, 6 and
1, 3 and 5). Analysis of the same extracts using an antiserum
raised against the C terminus of PHAS-I showed that treatment
with insulin did not alter the total amount of 4E-BP1 (data not
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presence of insulin (80 nM) for 30 min and flash-frozen. Tissue extracts
were prepared and the infranatant was incubated with m’GDP-coupled
agarose (cap column) (lanes 3-6) or unmodified agarose (lanes 1 and
2), washed (3 x 1 mi) with buffer A (Fig. 3 legend), and bound proteins
eluted with SDS sample buffer and analysed by SDS-PAGE. The proteins
were transferred to nitroceliuiose, incubated in TBS/5% milk/0.1%
Tween-20 and then simultaneously with rabbit anti-elF-4E (1:2,000)
and rabbit anti-PHAS-I antibody (2 pg ml %), followed by horseradish-
peroxidase-conjugated anti-rabbit IgG and detected using an ECL kit
(Amersham).

shown). These results demonstrate that the interaction between
exogenous elF-4E and 4E-BP1 is decreased in response to
insulin.

To show directly that phosphorylation of 4E-BP1 upon insulin
treatment is responsible for the dissociation of 4E-BP1 from elF-
4E, extracts were treated with acid phosphatase. Insulin treat-
ment resulted in decreased interaction between elF-4E and 4E-
BP1 (Fig. 4b; compare lanes 2 and 1). But when samples were
treated with phosphatase, the binding of eIF-4E to 4E-BP1 in
insulin-treated extracts was increased to a level comparable to
control extracts (compare lanes 4 and 3; the amount of protein
recovered after phosphatase treatment and re-boiling was
reduced relative to untreated extracts. which explains the weaker
signal in lane 3 compared to lane 1; number of experiments,
n=23).
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FIG. 5 a, Inhibition by 4E-BP1 and 4E-BP2 of elF-4E-dependent transla-
tion in rabbit reticulocyte lysate. Capped bicistronic RNA transcripts
encoding both chloramphenicol acetyltransferase (CAT) and luciferase
(LUC), were translated in rabbit reticulocyte lysate (Promega). The lysate
was preincubated for 10 min with purified GST (400 ng) (lanes 1, 2),
GST-4E-BP1 (600 ng) (lanes 3, 5, 7) or GST-4E-BP2 (600 ng) (lanes 4,
6, 8). Recombinant elF-4E (400 ng) was added where indicated, either
at the beginning of the preincubation (lanes 7, 8) or at the start of
translation (lanes 2, 5, 6). b, Inhibition of cap-dependent protein syn-
thesis in vivo by expression of 4E-binding proteins.

METHODS. a, RNA was produced using T7 RNA polymerase from Xho!-
linearized pGEMCAT/EMC/LUC (top). The IRES (internal ribosome entry
site) is derived from the 5’ untranslated region of encephalomyocarditis
virus (EMCV). The indicated restriction enzymes sites are as follows: H,
Hindlll; B, BamHl; E, EcoRl; S, Sacl, X, Xhol. Translation was carried out
according to the manufacturer's instructions with 7 ug mi~* mRNA in
15 upl for 30 °C before analysis by SDS-PAGE. Translation of CAT and
LUC was quantified using a phosphorimager, and expressed as arbitrary
units. Incorporation into CAT and LUC in the presence of GST alone
(lane 1) was set at 100%. b, Human TK™ 143B cells (ATCC CRL 8303)

To determine whether insulin affects the interaction of 4E-
BP1 with ¢eIF-4E in vivo, we used fat-cell extracts from untreated
and insulin-treated tissue to assay for the ability of 4E-BP1 to
bind through eIF-4E to a m’GDP affinity column. Bound pro-
teins were eluted with SDS-sample buffer, resolved by SDS-
PAGE, then immunoblotted with anti-PHAS-I and anti-elF-4E
antibodies. Neither elF-4E nor PHAS-I bound to the resin not
containing the cap (Fig. 4¢, lanes 1 and 2). Both elF-4E and
PHAS-1 bound to the m’GDP resin when extracts from
untreated control cells were used (two pools of tissue were ana-
lysed; lanes 3 and 5). But although the amount of PHAS-I from
insulin-treated cells that bound to the cap column was signifi-
cantly reduced, similar levels of e[F-4E were bound in each case
(lanes 3-6). Consistent with these results, in 3T3-L1 cells incuba-
ted with °P;, PHAS-I antiserum immunoprecipitated **P-
labelled PHAS-I and elF-4E. Insulin treatment enhanced the
phosphorylation of PHAS-I and reduced the amount of elF-
4E precipitating with PHAS-I (data not shown). We therefore
conclude that the phosphorylation of 4E-BPI1 in response to
insulin exposure results in 4E-BP1 dissociation from elF-4E,
indicating that this may account for the enhanced translation
activity in adipose tissue upon insulin treatment.

Inhibition of cap-dependent translation

To investigate the possibility that interaction of the 4E-BPs with
elF-4E interferes with cap-dependent but not cap-independent
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were infected with the recombinant vaccina virus vTF7-3, which
expresses T7 RNA polymerase. Cells were transfected with plasmids
pGEMCAT/pol/LUC (top) (2 pg; lanes 1-3) or pGEMCAT/EMC/LUC (2 ng;
lanes 4-6), encoding bicistronic mRNAs (top). pGEM/pol/LUC contains
the poliovirus type-ll Lansing IRES. Restriction enzyme sites as in a; K,
Kpnl, and M, Mscl. Plasmids (5 pug) derived from pRc/CMV (Invitrogen)
and containing the coding sequence for 4E-BP1 (lanes 2, 5) or 4E-BP2
(lanes 3, 6) under control of the T7 promoter were cotransfected with
the reporter constructs using lipofectin (15 ug) (BRL). After 20 h, cell
extracts were prepared and analysed for CAT expression by enzyme-
linked immunosorbent assay (Boehringer) and LUC activity was
measured in millivolts in a luminometer (BIOORBIT) using a luciferase
assay system (Promega). Expression of each reporter protein assayed
from the reporter vector alone was set at 100% in each case. The
experiment was carried out twice, with <10% variation between the
experiments.

translation, we made use of artificial bicistronic mRNAs con-
taining the internal ribosome entry site (IRES) from encephalo-
myocarditis virus (EMCV) (ref. 23; Fig. 5a). The translation of
chloramphenicol acetyltransferase (CAT) is cap- and elF-4E-
dependent, but the translation of luciferase (LUC) directed by
the EMCV IRES is cap-independent™. Translation of this RNA
transcript in rabbit reticulocyte lysate produced both CAT and
luciferase efficiently (Fig. 5a). Preincubation of the lysate for
10 min before addition of RNA with purified GST-4E-BP1 or
GST-4E-BP2 specifically inhibited translation of CAT by ~5-
fold (lanes 3 and 4, respectively). This inhibition could be re-
lieved by addition of recombinant eIF-4E, regardless of whether
it was present during (lanes 5 and 6), or after (lanes 7 and 8)
the preincubation of 4E-BPs with reticulocyte lysate. This sug-
gests that the formation of the 4E-BP—eIF-4E complex does not
irreversibly inhibit the translational machinery. In contrast to
the deleterious effect of 4E-BPs on cap-dependent translation,
there was no significant effect (1.3-fold inhibition) on IRES-
directed luciferase translation following addition of GST-4E-
BPs (compare lanes 3 and 4 to lane 1).

To investigate whether 4E-BPs inhibit cap-dependent transla-
tion in vivo, the same bicistronic reporter system was analysed
using a transient expression assay in cells infected with the
recombinant vaccinia virus vTF7-3, which expresses T7 RNA
polymerase®**. Expression of CAT and luciferase was efficient
from pGEM-CAT/pol/LUC or pGEM-CAT/EMC/LUC
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FIG. 6 A model for the mechanism of stimulation of translation by insu-
lin. The model presumes that binding of 4E-BP1 to elF-4E prevents the
interaction of the latter with p220. Insulin-dependent phosphorylation
of 4E-BP1 by MAP kinase releases elfF-4E, and makes it available to
form an active cap-binding complex (elF-4F). Although not indicated in
the model, insulin stimulates the phosphorylation of eiF-4E, possibly
through a protein kinase C-dependent pathway®, which is also likely to
enhance translation initiation.

mRNAs when they were assayed alone. When plasmids encoding
4E-BP1 or 4E-BP2 were cotransfected with either of the reporter
plasmids, there was specific inhibition of CAT expression (4-5-
fold) but little effect on luciferase expression (Fig. 5b). Hence,
4E-BP1 and 4E-BP2 are specific inhibitors of cap-dependent
translation both in vivo and in vitro. These results also demon-
strate that the requirement for elF-4E differs for cap-dependent
and IRES-directed translation.

Discussion

We have isolated cDNA clones from a human placenta cDNA
library encoding two previously unknown elF-4E-binding pro-
teins. The sequence of human 4E-BP1 is almost identical to that
of PHAS-I from rat adipose tissue and skeletal muscle. In
adipose tissue stimulated by insulin, PHAS-I is one of the major
phosphorylation targets, together with ribosomal protein S6 and
ATP citrate lyase'®. We have shown that purified PHAS-I has
elF-4E-binding activity. The insulin-dependent increase in the
phosphorylation of 4E-BP1 (PHAS-I) in adipose tissue dramat-
ically diminishes the ability of the protein to interact with elF-
4E. Interaction of 4E-BP1 with ¢IF-4E inhibits cap-dependent
protein synthesis both in vitro and in vivo, but has only a small
effect on cap-independent protein synthesis. Thus, 4E-BP1 must
be specifically affecting the process of cap-dependent translation
initiation. The data support a model (Fig. 6), in which the phos-
phorylation of 4E-BP1 by MAP kinase, in response to insulin
treatment, results in its dissociation from eIF-4E. This presum-

ably allows eIF-4E to interact with the p220 subunit to form a
functional eIF-4F complex, which is required for translation
initiation' ™. The finding that PHAS-I (4E-BP1) is phosphoryla-
ted by MAP kinase both in vivo and in vitro'” is highly significant
as it directly links the insulin signal transduction pathway to
translation initiation. Insulin treatment of 3T3-L1 cells, or NIH
3T3 cells overexpressing the insulin receptor also leads to an
increase in the phosphorylation of eIF-4E (refs 9, 10), and phos-
phorylation of eIF-4E is thought to be required for its activity'".
The enhanced phosphorylation of eIF-4E in insulin-treated tis-
sue may therefore also contribute to the decreased interaction
between elF-4E and 4E-BPs. But phosphorylation of 4E-BP1
alone is sufficient to modulate the interaction, because the elF-
4E probe used to detect the interaction was made in E. coli and
was not phosphorylated at an authentic site.

Our model provides an explanation for data demonstrating
that insulin enhances translation initiation in adipocytes and in
muscle cells®® about 2-3-fold. Insulin specifically stimulates the
translation of capped, but not uncapped, mRNAs in 3T3-L1
cells®, paralleling the discriminatory inhibition of 4E-BPs on
cap-dependent translation: these experiments involved transfec-
tion of capped or uncapped luciferase mRNAs into 3T3-L1 cells
followed by insulin treatment, suggesting that insulin enhances
the function of the cap-binding complex®®. The changes in the
binding activity of 4E-BP1 described here would explain these
observations.

Because two closely related proteins, each capable of efficiently
binding eIF-4E, could be isolated from the placental cDNA lib-
rary, it is possible that there is a family of such related proteins
in different cell types or even within the same cell. Different
tissues gave only a weak northern blot signal with a PHAS-I
c¢DNA probe, except for muscle and adipose tissue, for which
the signal was strong'®. Inasmuch as this analysis would not be
expected to detect the related 4E-BP2 mRNA, it could be present
in other tissues, so the two (and possibly more) members of the
4E-BP family could be expressed differentially in a tissue-specific
manner.

Overexpression of eIF-4E results in cell transformation'?. It
has been proposed that overexpression of eIF-4E increases the
amount of eIF-4F complex and enhances translation initiation
of mRNAs encoding growth-promoting proteins. Indeed, trans-
lation of cyclin D1 (ref. 27) and ornithine decarboxylase is stimu-
lated in cells overexpressing eIF-4E (ref. 28). Also, insulin
preferentially stimulates translation of ornithine decarboxylase
transcripts in fibroblasts overexpressing the insulin receptor'®.
Our findings are consistent with this model. Hyperphosphoryla-
tion of 4E-BP1 (PHAS-I), which enhances eIF-4E activity, also
occurs in response to growth-promoting factors like EGF and
PDGF?', which activate the MAP kinase pathway. 4E-BP1, 4E-
BP2 and related proteins may therefore also play a key role
in regulating translation rates and cell growth in response to
treatment with growth-promoting factors.
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