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Phosphoprotein phosphatase 2A dephosphorylates eIF-4E and does not
alter binding to the mRNA cap
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The phosphorylation und dephosphorylation of the 25 kDa mRNA cap binding protein cukaryotic initiation fuctor-4E (elF-4E) is regulated during
difTerent physiologic and pathophysiologic states that include cell growth and ihe late phase of adenovirus infection. We have found that okaduic
acid is much m<re effective in increasing the phosphorylated (raction ol el F-4E thun phorbol 12-myristate 13-acetate in Hep G2 cells, Phospho-
protein phosphatuse 2A dephosphorylaied ¢iF-4E isolated from both phorbol 12-myristute |3-acclate- or okaduic ucids-treated cells, whereas
alkaline and acid phosphaiase were relutively ineflective, The ability of purified [¥S]elF-4E isolated from okadaie acid-treated cells 1o bind mRNA
cups was compared to phosphoprotein piiosphatise 2A-ireated [*Slel F-4E and lound 1o be no different. This suggests that alternative explanations
for the previously observed effects ol elF-4E phosphorylation on protein synthesis must be considered. In addition, our results indicate that the
in vivo phosphorylation of eIF-4E is nol catulyzed solely by protein kinase C,

mRNA cap binding protein: el F-4E: Phosphoprotein phosphitase 2A; Okudaic acid: Hep G2 Translation

1. INTRODUCTION

The 25 kDa mRNA cap binding protein eukaryotic
initiation factor-4E (elF-4E) exists in both an isolated
state and as a multisubunit complex (eIF-4F) that ap-
pears to be required for efficient binding of most eukar-
yotic mMRNA 1o 48 S ribosomal complexes [1-6]. Both
elF-4E and elF-4F appear to be present in less than 4
1:1 molar ratio with cellular mRNA [7.8]. Increases in
the phosphorylation state of el F-4E have been found to
occur after the addition of pyrroline-5-curboxylale to
reticulocyte lysates and following the treatment of cul-
tured cells with phorbol 12-myristate 13-acetate (TPA)
of the regulatory peptides, epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), insulin
and tumor necrosis factor & (TNF-a) [9--17}. In addi-
tion, dephosphorylation of elF-4E occurs during mito-
sis, heat shock, and the late phase of adenovirus infec-
tion which are all associated with decreases in protein
synthesis [7.18,19]. Protein kinase C, casein Kinase | and
at least one other partially characterized protein kinase
are capable of pliosphorylating el F-4E in vitro [20-23].
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IEF, isoclectric focusing,

Corresponclence address: X, By, C-2104 Medical Center North, Van-

derbilt Universily School of Medicine, Nashville, TN 37232, USA.
Fux: (1) (615} 343-6229,

Published by Elsevier Science Pubtistiers B.V.

Although tryptic phosphopeptide map studies indicate
that only protein kinase C phosphorylates an in vivo
site, the phosphorylation sites of ¢IF-4E have been
characterized under limited physiologic conditions
[16,22]. At the present time it remains unclear if protein
kinase C is the sole enzyme catalyzing el F-4E phospho-
rylation following the activation of EGF, PDGF, in-
sulin and TNF-a signal transduction pathways [11-14].

The in vivo effects of okadaic acid on elF-4E phos-
phorylation support an involvement of either phospho-
protein phosphates 1 and/or 2A [12,24]. However. the
phosphatases responsible for the rapid turnover of
[**PlelF-4E intact cells have not been identified and
studied with regard to elF-4E [24]. In addition, there
has been no direct evidence determining if dephos-
phorylation of native eI F-4E affects its interaction with
IMRNA caps.

2. MATERIALS AND METHODS

2.1, Muaterialy

7-Methylguanosine triphosphate (m’GTP) Sephurose und ampho-
lytes were from Phurmaicia LKB Biotechnology Inc. (Piscataway, NJ),
[**Plorthophosphate (1,201 Ci/mmol) and [**S]methione/cysteine
(1,134 Ci/mmol were from ICN Biomedicals Inc. (Irvine, CA). Oka-
daic acid was from Mouna BioProducts Inc. (Honolulu, Hawaii).
Prolein phosphatase 2A, bovine cardiac calalytic subunit. was kindly
provided by Marc Mumby of the University of Texas, Southwestern
Heulth Sciences Center (Dallus, TX)[25]. All other reagents were from
Sigma Chemical Co. (St. Louis, MO).

2.2, Cell culture
Human hepatoblastomu cells (Hep G2) were obtained from the
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Fig. 1. Dephosphorylation of in vivo phosphorylaled el F-4E by the catalylic subunii of phosphoprotein phosphalase 2A. [“Plel F-4E was isolated
from Hep G2 cells treated with 100 ng/ml of TPA lor 3 h as described in Muterials und Methods. (A) Time-dependent dephosphorylation of el F-4E
by phosphaprotein phosphatase 2A. (B) Densitometric quantitation of [*PlelF-4E following incubution with difTerent quanlities of phosphoprotiein
phosphutise 2A, The quantity of phosphatase 2A catalytic subunit in incubations were 1 ug () and 2 ¢g (@). At the indicated times samples were
removed. unalyzed by SDS-PAGE und autoradiography and [“PlelF-4E quantilated by densilometry, The insert in B shows an autorudiogram
of sumples anulyzed at different incubations limes in the presence of | xg (A) and 2 ug (B) of phosphoproicin phosphatase 2A. (C) The relative
rate of ¢IF-4E dephosphorylution by acid phosphitase, alkaline phosphutuse und phosphatase 2A. [“Ple1F-4E isolated from TPA-1reated Hep G2
cells was used as a substiute to assay relulive rates of phosphaluse activily, Incubations were al 30°C in 50 mM Tris/HCI (pH 8.0) lor alkaline
phosphitase, 50 mM sodium citrate (pH 5.5) for acid phosphatase and 20 mM HEPES (pH 7.5) for phosphoprotein phosphatuase 2A., Incubations
were 150 gl by volume und contained 2 ug of alkaline phosphatase, 2 gg of acid phosphatuse und 2 yg of phosphatase 2A, Sumples were removed
at the indicuted time and analyzed by SDS-PAGE, uutoradiography and densitometry. The quantity of [*PlelF-4E given as percent of control (0
miny for cach incubation is shown where (0) represents alkaline phosphatase, (@) represents acid phosphatase and (@) represents phosphalase 2A,
The insert shows an autoradiogram of [*Plel F-4E removed from incubations at the indicated times.

American Type Culture Collection (Rockville, MD). Cells were grown
io confluent monolayers in Eagle’s minimum essential medium
(MEM) with t~glutamine, non-essential amino acids, sodium pyruvate
and antibiotics supplementec with 10% heul-inactivated fetal calf
serum (Hyclone Laboratory Ine.) as described elsewhere [11], Cells
were washed with Dulbeceo's modified Eagle's medium (minus phos-
phate or methionine) and incubated in this medium at 37°C for 2 h,

m’GTP Sephurose us described in detail elsewhere [11]. SDS-PAGE
and equilibrium isoclectric focusing (IEF) analysis of elF-4E was
performed as described elsewhere [23]. Phosphoumino acid analysis
was performed as described clsewhere [23].

2.4, Phosphatase incubations
[*PlelF-4E isoluted from intact Hep G2 cells was incubited with or

Medium was removed lotlowing this pre-incubation und replaced with
medium contuining [“*Plorthophosphate or [¥S]methionine/cysieine
(0.5 mCi/ml). Cells were then incubated al 37°C without other addi-
tions or with 100 ng/m! of TPA or 100 nM okadaic acid for the times
indicuted in the figure legends,

2.3, bsolution of ¢fF-4E

Labeled cells were washed with ice-cold phosphale buffered suline
and lysed on ice by gently rocking with | ml of lysis buffer (20 mM
HEPES, pH 7.5, 100 mM KCl, 50 mM F-glycerolphosphate, 10%
glycerol, 0.2 mM EDTA, 0.2 mM sodium vanadate, 0.5% Trilon
X-100, 7 mM g-mercuptoeihanol, 1 mM PMSF, 10 ug/ml leupeptin,
10 ug/ml aprotinin) for 30 min, cIF-4E was isolated from lysates using
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without protein phosphatase 2A at 30°C for the limes indicaled in the
figure legends, Incubations were 150 g1 und contained 20 mM HEPES,
pH 7.5, | mM dithiothreilol and 10% glycerol. Equal volume aliquots
of cach incubation were laken al the indicated times and added to
sumple buffer. [*Plel F-4E was sepuraled by 10% SDS-PAGE, autora-
diograms prepared and [“PlelF-4E quanlitated by densitomelry.

3. RESULTS AND DISCUSSION

The identification of a phosphoprotein phosphatase
that extensively dephosphorylates eIF-4E would be use-
ful in determining if the in vivo phosphorylation of
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Fig. 2, Effect of TPA and okadaic ucid on the recovery of phospho-
ryluted elF-4E Irom intuct cells, Hep G2 cells were labeled with
[**SImethionine/eysteine and treated with TRA or okudaie ucid for 3
h. elF-4E was isolated as described in Materials und Methods and

unalyzed by equilibrium IEF. This figure shows un autoradiogrum ol

an lEF gel of {¥SlelF-4E isolated from control (lune 1), TPA (lune 2)
and okadaie acid (lane 3)-treated cells, The major phosphoryluted
species is closest to the anode (+), Densitometry indicated that the
three isoeleciric species of' ¢lF-4E (values given from cathode 1o
unode) under each condition represented 83, 10 and 7% (control): 78,
8 and 14% (TPA) and 18, 8 and 74% (okadaic ucid) ol the total, The
anode (—) and cathode (+) reglons of the gel are indicated in the figure,

elF-4E affects its function. Hep G2 cells were metaboli-
cally labeled with *P, treated with TPA to stimulate
elF-4E phosphorylation, and elF-4E isolated using
m’GTP Sepharose as described. We found that purified
phosphoprotein phosphatase 2A dephosphorylated
[**PlelF-4E isolated from intact cells in a time- and
dose-dependent manner (Fig. 1). In addition, relative to
phosphoprotein phosphatase 2A, both alkaline and acid
phosphatase were ineffective in dephosphorylating
[**PlelF-4E isolated from intact cells (Fig. 1C).

Todetermine the optimal method of maximally phos-
phorylating elF-4E at in vivo siles we compared Lhe
ability of TPA and okadaic ucid to increase the phos-
phorylated fraction of e[F-4E. Hep G2 celis were in-
cubaled in the presence of [**S]methionine/cysleine for
3 h with either TPA, okadaic acid or no additions and
the phosphorylation state of elF-4E isolated from these
cells was quantitated by 1EF analysis, Treatment of cells
with okadaic acid proved to be effective in preparing
elF-4E that existed primarily (at least 74% in the phos-
phorylated state (Fig. 2). The observation that TPA
treatment of cells was relatively ineffective in preparing
in vivo paosphorylated elF-4E suggests that protein
kinase C is not the sole enzyme catalyzing physiologic
eiF-4E phosphorylation (Fig. 2).

We used the okadaic acid treatment of cells and in
vitro phosphoprotein phosphatase 2A treatment to pre-
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pare phosphorylated and dephosphorylated el F-4E and
directly determine if in vivo phosphorylation of el F4E
altered its ability to interact with the mRNA cap struc-
ture, No difference in the abiiity of phosphorylated or
dephosphorylated el F-4E to bind to m’GTP Sepharose
was detected (Fig. 3A). IEF analysis of the elF-4E
bound to m'GTP Sepharose verified that the control
(lane 1) was primarily phosphorylated (denoted by B)
and that the phosphatase 2A-treated elF-4E bound to
m’GTP Sepharose was predominantly dephosphorylat-
ed (denoted by A) (Fig. 3B).

Bused on our results we conclude that the in vivo
phosphorylation of elF-4E does not dramatically alter
its ability to bind to the mRNA cap moiety in a purified
system. This direct evidence argues against phospho-
rylated elF-4E binding to mRNA caps with higher af-
finity (Fig. 4. model 1) as an explanation for the obser-
vation that in reticulocyte cell-free systems phos-
phorylated forms of el F-4E stimulate protein synthesis
and are preferentialiy incorporated into 48 S preinitia-
tion complexes [26,27]. One possible explanation for
this paradox is that phosphorylation of eIF-4E effects
the assembly of the elF-4E complex and/or the affinity
by which the complex binds to the m’GTP cap of
mRNAs (Fig. 4, model 2). The dephosphorylation of
elF-4E that occurs during the late phase of adenovirus
infection may provide a useful probe to address this
question in inlact cells [19]. An alternative approach to
testing this hypothesis will be to use functional elF-4E
components overexpressed in E. cofi and purified pro-
tein kinases that phosphorylate in vivo sites in recon-
stituted systems.
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Fig. 3. Ability of dephosphorylaled and phosphorylated [YS]eIF-4E 1o bind the mRNA cup structure, Hep G2 cells were incubated with
[“S]methionine/cysteine and okadaic acid for 3 h, ¢IF-4E was isolaied from cell lysates and equal quantities incubuted in either the presence or
absence of phosphoprolein phosphatase 2A as described in Fig. 1. Afler a | h incubation 400 gl of bovine serum albumin {1 mg/ml) was udded
and samples dialyzed against three exchanges (1 1 each) of 20 mM HEPES, pH 7.5, | mM DTT und 10% glycerol over 18-20 h (o remove the m’GDP
initiully used to elule elF-4E, Sumples were mixed with 25 ul (pucked volume) of m’GTP Sephurose for 10 min and then washed two times with
buffer. elF-4E thut remained bound to m’GTP Sepharose wus analyzed by SDS-PAGE and fluorography. (A) Control (lane 1) and dephospho-
ryluted elF-4E (lune 2) bound to m’GTP Sepharose. The arrow indicutes eiF-4E. (B) IEF anulysis of ¢IF-4E that bound to m’GTP Sepharose
following conirol and phosphutase treatment (shown in A), Lane | contained untreated- and lune 2 contained phosphatase 2A-treated clF-4E,
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Fig. 4. Two hypothelical models for the effects of el F-4E phosphoryl-
ation that have been reported previously [18,19,26,27). The resulls we
report here argue ugainst model | where phosphorylation of clF-4E
simply modifies its interaction with the mRNA cap. An allernalive
hypothesis is that eIF-4E phosphorylation maodifies protein-protein
interactions within the ¢lF-4F complex and that this cither promotes
assembly of an active cIF-4E complex, increases the catalytic activily
of the complex or increases the affinily with which the entire complex
interacts with the mRNA cup structure.

18

[13] Manzells, J.M., Rychlik, W., Rhoads, R.E.. Hershey, J.W.B. and
Bluckshear, P.J. (1991]) J. Biol. Chem, 266, 2383-2389,

{14] Marino, M. W,, Plelfer, L.M., Guidon, P.T, and Doner. D.B.
(1989) Proc. Natl. Acad, Sci. USA 86, 8417-8421.

[15] Morley, 8.J. und Traugh, J.A. (1989) J, Biol, Chem. 264, 2401~
2404,

[16) Rychlik, W., Russ, M A, und Rhouds, R.E, (1987)J. Biol. Chem,
262, 10434-10437,

[17] Hershey. J.W.1. (1989) J. Biol. Chem, 264, 20823-20826.

[18] Bonneau, A.M, and Sonnenberg, N, (1987) J. Biol. Chem. 262,
11134-11139,

(19] Huang, J. and Schaeider, R.J. (1991) Cell 65, 271-280,

[20] McMullin, E.L., Haas, D.W., Abramson, R.D.. Thuch, R.E.,
Merrick. W.C. and Hagedorm, C.H. (1988) Biochem. Res, Com-
mun. 153, 340-346,

[21] McMullin, E.L.. Hogancump, W.E., Abramson, R.D., Merrick,
W.C, and i-agedorn, C.H. (1988) Biochem. Biophys. Res. Com-
mun, 153, 925-932,

[22] Tuazon, P.T., Merrick, W.C. and Traugh, J.A. (1989) J. Biol.
Chem, 264, 2773-2777.

[23] Haas, D.W, und Hugedorn, C.H, (1991) Arch, Biochem. Biophys.
284, 284-299,

{24] Rychlik, W., Rush, ). S,, Rhoads, R.E. and Waechter, C.J. (1990)
J. Biol, Chem, 265, 19467-19471,

[25] Mumby, M.C.. Green, D.D. and Russell, K.L. (1985) J. Biol.
Chem. 260. 13763-13770.

[26] Morley, S.J.. Dever, T.E., Etchison, D. and Traugh, 1.A. (1991)
J. Biol. Chem. 266, 46694672,

[27] Joshi-Barv, S.. Rychlik, W, and Rhouads, R.E. (1990) J. Biol.
Chem. 265, 2979-2933,



