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Control of the translational repressor, PHAS-I, was investigated by expressing proteins with Ser/Thr — Ala
mutations in the five (S/T)P phosphorylation sites. Results of experiments with HEK293 cells reveal at least
three levels of control. At one extreme is nonregulated phosphorylation, exemplified by constitutive phosphor-
ylation of Ser82. At an intermediate level, amino acids and insulin stimulate the phosphorylation of Thr36,
Thr45, and Thr69 via mTOR-dependent processes that function independently of other sites in PHAS-I. At the
third level, the extent of phosphorylation of one site modulates the phosphorylation of another. This control is
represented by Ser64 phosphorylation, which depends on the phosphorylation of all three TP sites. The five sites
have different influences on the electrophoretic properties of PHAS-I and on the affinity of PHAS-I for eukary-
otic initiation factor 4E (eIF4E). Phosphorylation of Thr45 or Ser64 results in the most dramatic decreases in
eIF4E binding in vitro. However, each of the sites influences mRNA translation, either directly by modulating
the binding affinity of PHAS-I and eIF4E or indirectly by affecting the phosphorylation of other sites.

PHAS-I, also known as 4E-BP1, is a 117-amino-acid (M, ~
12,400) member of a family of eukaryotic initiation factor 4E
(eIF4E)-binding proteins that are involved in the control of
mRNA translation (19, 29, 36). In eukaryotic cells, the 5" end
of almost all mMRNA is capped with m’GpppN (where N is any
nucleotide) (35). The availability of eIF4E, the mRNA cap-
binding protein, limits the rate of translation initiation (31, 36).
To facilitate translation, eIF4E must bind eIF4G, a scaffolding
protein that also binds eIF4A, an ATP-dependent helicase that
allows more efficient translation of mRNAs with structured 5’
untranslated regions. The complex of eIF4E, eIF4G, and
elF4A increases translation by increasing the efficiency of
binding and/or scanning by the 40S ribosomal subunit, which is
linked to eIF4G by elF3. Nonphosphorylated PHAS-I binds
eIF4E and prevents eIF4E from binding to eIF4G (13).
Thus, when overexpressed in cells, PHAS-I inhibits the trans-
lation of capped mRNA but does not inhibit cap-independent
translation initiated from a viral internal ribosomal entry site
(IRES) (27). When PHAS-I is phosphorylated in the appro-
priate site(s), the PHAS-I-eIFAE complex dissociates (20, 27),
freeing eIF4E to bind eIF4G and thereby increasing transla-
tion initiation.

Five phosphorylation sites conforming to a (S/T)P motif
have been identified in PHAS-I (8). The sites surround the
residues (Arg50 to Met59) that have been implicated in eIF4E
binding (23) and are conserved in the two other PHAS family
members (28). Another site, Ser111, found only in PHAS-I, is
phosphorylated in vitro by casein kinase II (9, 15). Phosphor-
ylation decreases the electrophoretic mobility of PHAS-I, and
three electrophoretic forms, designated «, 3, and vy in order of
decreasing mobility, are typically resolved by polyacrylamide
gel electrophoresis (PAGE) in the presence of sodium dodecyl
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sulfate (SDS) (20). The sites that are most important in con-
trolling electrophoretic mobility, eIF4E binding, and mRNA
translation in cells have not been determined.

PHAS-I is controlled by the mammalian target of rapamycin
(mTOR) signaling pathway. The effects of amino acids (14, 17,
39) and/or insulin (3, 21) on increasing the phosphorylation of
PHAS-I are attenuated by rapamycin, which inhibits the func-
tion of TOR proteins (1). Expressing mTOR in cells increases
the phosphorylation of PHAS-I, and mTOR is able to phos-
phorylate PHAS-I in vitro (4-6, 10, 14). It was recently pro-
posed that the phosphorylation of PHAS-I in cells occurs by an
ordered mechanism in which the phosphorylation of Thr36 and
Thr45 by mTOR must occur before the other sites in PHAS-I
can be phosphorylated (10).

In the present study, PHAS-I proteins having mutations in
the five (S/T)P sites were overexpressed in HEK293 cells to
investigate the role of the different phosphorylation sites. The
results allow the identification of sites that are responsible for
the gel shift and that are important in regulating eIF4E binding
and mRNA translation. In addition, we demonstrate defini-
tively that Thr36 and Thr45 do not need to be phosphorylated
in cells for phosphorylation of Thr69 and Ser82 to occur.

MATERIALS AND METHODS

PHAS-I expression vectors. Ser64 was mutated to Cys, Asp, Glu, Asn, and Thr
in wild-type (WT) PHAS-I ¢cDNA, and Ala64 in SA PHAS-I cDNA was mutated
to Glu and Asp, by oligonucleotide-directed mutagenesis as described previously
for the preparation of cDNA encoding PHAS-I proteins with Ser/Thr to Ala
mutations in the five (S/T)P sites (40). To disrupt eIF4E binding, Ala mutations
of Leu and Met at positions 58 and 59 were created (23). The coding region of
each plasmid was sequenced and found to be free of undesired mutations. For
expression in cells, PHAS-I ¢cDNA was excised from pBluescript SK(—) with
HindIII and Xbal and inserted between the HindIIl and Xbal sites of pCMV4
2).

Cell culture and transfections. Human embryonic kidney 293 (HEK293) cells
(ATTC CRL 1573) were seeded at 2 X 10* cells/cm? and cultured for 24 h in
growth medium composed of 10% (vol/vol) horse serum in Dulbecco’s modified
Eagle’s medium (DMEM). Transfections were performed using a method in-
volving calcium phosphate precipitation (7). To obtain equal levels of expression,
it was necessary to use different amounts of the respective pCMV4 constructs
(0.3 pg/em? for WT and A64 PHAS-I, and 0.1 pg/cm? for all others). The
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WT PHAS-I  Thr36/ Thr45/ Ser64 / Thr69 / Ser82
A36 PHAS-I| Ala36 / Thr45 / Ser64 / Thr69 / Ser82
A45 PHAS-I  Thr36/ Ala45 / Ser64 / Thr69 / Ser82
AB4 PHAS-I  Thr36/ Thrd5 / Ala64 / Thr69 / Ser82
C64 PHAS-I  Thr36/ Thr45/ Cys64 / Thr69 / Ser82
D64 PHAS-1  Thr36/ Thr45 / Asp64 / Thr69 / Ser82
E64 PHAS-l  Thr36/ Thrd5/ Glu64 / Thr69 / Ser82
N64 PHAS-1  Thr36/ Thrd5/ Asn64 / Thr69 / Ser82
T64 PHAS-I  Thr36/ Thrd5/ Thré4 / Thr69 / Ser82
AB9 PHAS-I  Thr36/ Thr45 / Ser64 / Ala69 / Ser82
A82 PHAS-I  Thr36/ Thr45/ Ser64 / Thr69 / Ala82

Thr36 / Thr45 / Ala64 / Thr69 / Ala82
Thr36 / Thr45 / Ala64 / Alag9 / Ala82

AB4A82 PHAS-I
T36T45 PHAS-I

T36 PHAS-| Thr36/ Alad5 / Ala64 / Ala69 / Ala82
T45 PHAS-|  Ala36 / Thr45 / Ala64 / Ala69 | Ala82
S64 PHAS-I  Ala36 / Alad5 / Serb4 / Ala69 / Ala82
T69 PHAS-|  Ala36 / Alad5 / Alaé4 / Thré9 / Ala82
S82 PHAS-I  Ala36 / Alad5 / Ala64 / Ala69 / Ser82
5A PHAS-I  Ala36 / Alad5 / Ala64 | Ala69 / Alag2
4AD64 PHAS-|  Ala36 / Alad5 / Asp64 | Ala69 | Ala82
NBPHAS-I  Thr36 / Thrd5 / Ser64 / Thr69 / Ser82

S64 NBPHAS-1  Ala36 / Alad5 / Ser64 / Ala69 | Ala82

FIG. 1. Mutant PHAS-I proteins. Ser/Thr — Ala or other mutations in the
five (S/T)P phosphorylation sites in PHAS-I are indicated by bold type.

precipitated DNA was removed after 16 h, and the cells were incubated in
growth medium for 5 h and then used in experiments as described below.

32P.labeling experiments. Two protocols were used to label cells with 32P.
Protocol 1 was used to assess the acute regulation of phosphorylation. To induce
a quiescent state, transfected cells (in 35- or 60-mm-diameter dishes) were
incubated without serum in DMEM supplemented with 0.2% bovine serum
albumin (BSA). After 15 h, the cells were rinsed once and incubated in low-
phosphate (P;) buffer (0.2 ml/cm?) supplemented with 0.5 mCi of *?P; (ICN
Pharmaceuticals) per ml. Low-P; buffer contained 145 mM NaCl, 5.4 mM KCl,
1.4 mM CaCl,, 1.4 mM MgSO,, 0.1 mM sodium phosphate, 10 mM sodium
HEPES, 25 mM NaHCO3;, 5 mM glucose, and 0.5% BSA (pH 7.4). The incu-
bations were terminated after 3 h. Where indicated, rapamycin (final concentra-
tion, 50 nM) (Calbiochem) was added after 90 min and recombinant human
insulin (final concentration, 700 nM) and/or amino acids (25-fold dilution of 50X
minimal essential medium amino acids plus L-glutamine) (GIBCO BRL) were
added after 150 min. To terminate the incubation, cells were rinsed with buffer
A (150 mM NaCl, 10 mM EDTA, 10 mM sodium pyrophosphate, 2 mM sodium
orthovanadate, 100 mM NaF, 50 mM sodium HEPES [pH 7.5]) and then lysed
at 0°C in buffer A (30 pl/cm?) supplemented with 1% NP-40, 200 nM micro-
cystin-LR, 10 pg of leupeptin per ml, 10 pg of aprotinin per ml, and 1 mM phe-
nylmethylsulfonyl fluoride.

Protocol 2 was used to assess the phosphorylation of PHAS-I proteins under
the conditions used to investigate mRNA translation. The transfected cells were
incubated for 15 h in DMEM supplemented with 0.2% BSA and 700 nM insulin.
This relatively high concentration of insulin, at which the receptors for both
insulin and insulinlike growth factor type 1 are activated, was used to attempt to
maximally stimulate the phosphorylation of PHAS-I. The medium was then
replaced with phosphate-free DMEM that was supplemented with BSA, insulin,
and 0.1 mM Na*?P,. After 3 h, the incubations were terminated as described for
protocol 1.

Immunoprecipitation of PHAS-I and affinity purification of PHAS-I-eIF4E
complexes. PHAS-I-eIF4E complexes were partially purified by using m’GTP-
Sepharose beads, and PHAS-I was immunoprecipitated as described previously
(20). Samples were subjected to SDS-PAGE (18). PHAS-I and e¢IF4E were
identified by immunoblotting (22). Binding of PHAS-I proteins to eIF4E in vitro
was assessed by far Western analyses using a 3?P-labeled FLAG-eIF4E fusion
protein (27). 3*P-labeled proteins were detected by autoradiography or phos-
phorimaging.

Phosphopeptide mapping of PHAS-I. PHAS-I immune complexes were sus-
pended in 50 pl of 20 mM EDTA-0.1% 2-mercaptoethanol-50 mM Tris-HCI
(pH 6.8) and incubated at 100°C for 15 min. PHAS-I proteins, which are rela-
tively heat stable, were recovered in the supernatants after centrifuging the
samples at 16,000 X g for 10 min. Samples were incubated at 37°C with lysyl
endopeptidase (20 pg/ml) for 15 h, and the resulting phosphopeptides were
resolved by high-pressure liquid chromatography (HPLC) as described previ-
ously (8).
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Preparation and phosphorylation of recombinant PHAS-I proteins. PHAS-I
proteins were expressed in bacteria and purified (40). The PHAS-I proteins (20
pg/ml) were incubated with recombinant mitogen-activated protein (MAP) ki-
nase (7 pg/ml), activated as described previously (8), in 1 mM dithiothreitol-7.5
mM MgCl,-40 mM sodium HEPES (pH 7.4) with either 0.5 mM ATP (for
FLAG-eIF4E-binding experiments) or 0.5 mM [y->’P]ATP (to measure phos-
phorylation).

Measurements of cap-dependent and -independent mRNA translation. A bi-
cistronic reporter, designated pRLIRESFL, encoding Renilla luciferase and fire-
fly luciferase was used to investigate cap-dependent mRNA translation. To make
pRLIRESFL, a cDNA fragment including the Renilla luciferase coding region
and stop codon was generated using PCR with pRL-CMV (Promega) as tem-
plate and primers that introduced EcoRI sites in both ends. After digestion with
EcoRI, the fragment was inserted into the EcoRI cloning site of p2332 (provided
by John Majors, Washington University). The p2332 plasmid contains the pro-
moter from cytomegalovirus upstream of the EcoRI site and contains sequences
encoding the IRES from encephalomyocarditis virus followed by firefly luciferase
and the simian virus 40 t-intron and polyadenylation signal downstream of the
EcoRI site. pRLIRESFL directs the synthesis of an mRNA from which Renilla
luciferase is translated in a manner dependent on the 5’ cap and firefly luciferase
is translated in a cap-independent manner through the IRES.

For expression studies, HEK293 cells in 22-mm-diameter dishes were cotrans-
fected with pRLIRESFL (0.05 pg/dish) and the pCMV4-PHAS-I constructs.
DNA precipitates were removed after 16 h, and the cells were incubated in
growth medium for 5 h. The medium was then replaced with DMEM supple-
mented with 0.2% BSA, and the cells were incubated for 15 h with 700 nM
insulin. To terminate the incubation, the cells were rinsed with phosphate-
buffered saline and incubated at 0°C for 15 min in 250 pl of passive lysis buffer
(Promega) supplemented with 10 pg of leupeptin per ml, 10 g of aprotinin per
ml, 1 mM PMSF, and 200 nM microcystin-LR. Lysates were centrifuged at
16,000 X g for 15 min at 4°C. The activities of the two luciferases were measured
in triplicate samples of the supernatants by using the dual-luciferase reporter
assay system (Promega).

RESULTS

Influence of phosphorylation site mutations on electropho-
retic mobility and phosphorylation. To investigate the roles of
different phosphorylation sites in controlling PHAS-I, Ser/
Thr—Ala mutations were introduced into the five (S/T)P sites
(Fig. 1). HEK293 cells expressing PHAS-I proteins were incu-
bated with *?P; and a maximally effective concentration of in-
sulin. The proteins were immunoprecipitated and subjected to
SDS-PAGE. After transfer to a membrane, an autoradiogram
(Fig. 2A) and PHAS-I immunoblot (Fig. 2B) were prepared.
No PHAS-I was detected in extracts from cells that had been
transfected with the pCM V4 vector alone (Fig. 2B). Therefore,
we were able to use PHAS-I antibody to identify the over-
expressed proteins, obviating the need for an epitope tag, which
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FIG. 2. Effect of mutations on phosphorylation and electrophoretic mobility.
PHAS-I proteins were expressed in HEK293 cells, which were incubated with
32p; and insulin (see protocol 2 in Materials and Methods). The proteins were
immunoprecipitated, subjected to SDS-PAGE, and transferred to an Immo-
bilon membrane. (A) Phosphorimage showing 3*P-labeled PHAS-I proteins. (B)
PHAS-I immunoblot of the membrane. (C) Coomassie blue stain of recombinant
PHAS-I proteins purified from bacteria.
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could affect the properties of the relatively small PHAS-I pro-
tein. In both the autoradiogram and immunoblot, WT PHAS-I
appeared as two bands, corresponding to the B and vy forms.
No *?P was incorporated into SA PHAS-I (Fig. 2A), and 5A
PHAS-I migrated as a single band corresponding to the o form
(Fig. 2B), as did all of the nonphosphorylated mutant proteins
purified from bacteria (Fig. 2C).

The mobilities of the mutant proteins from HEK293 cells
differed markedly, due to differences in the sites of phosphor-
ylation. The **P content in A36 PHAS-I (Fig. 2A) and the rel-
ative amount of the protein found in the y form (Fig. 2B) were
lower than in WT PHAS-I. The mobility of A36 PHAS-IB was
slightly higher than the mobility of WT PHAS-IB (Fig. 2A). As
might be expected, phosphorylation of T36 PHAS-I slightly
decreased its mobility (Fig. 2A). However, phosphorylation of
T36 did not result in the appearance of B or y forms, indicating
that phosphorylation of sites other than Thr36 are needed to
generate these forms. The effects of mutating Thr45 were sim-
ilar to those of mutating Thr36. However, the mobility of A45
PHAS-IB was indistinguishable from that of WT PHAS-IB.
T45 PHAS-I was phosphorylated in cells, but the protein
remained in the o form. Thus, phosphorylation of Thr45
appears insufficient to affect the mobility of PHAS-I. A64
PHAS-I was phosphorylated when expressed in HEK293 cells.
Interestingly, almost all of the protein was found in the B form,
although a small amount of y form was detected. These find-
ings suggest that Ser64 phosphorylation is needed for the op-
timum generation of the fully retarded electrophoretic form of
PHAS-I. Mutating Thr69 had the most pronounced influence
on the electrophoretic mobility of PHAS-I. A69 PHAS-I was
phosphorylated in HEK293 cells, but almost all of it remained
in the a form. T69 PHAS-I not only was phosphorylated but
also accumulated in the B form, indicating that the a-to-f shift
is due to phosphorylation of T69. The fact that the mobility of
nearly all of T69 PHAS-I was retarded indicates that Thr69
was almost completely phosphorylated. Thus, it is clear that
phosphorylation of Thr69 is not dependent on the phosphor-
ylation of Thr36 and/or Thr45. The 3?P content and electro-
phoretic pattern of A82 PHAS-I were very similar to those of
WT PHAS-I. Thus, Ser82 does not appear to be phosphory-
lated as highly as the other sites. As might be expected, the
phosphorylation of S82 PHAS-I was also relatively low in
HEK293 cells. The phosphorylated form of S82 PHAS-I ex-
hibited reduced electrophoretic mobility resembling that of
recombinant S82 PHAS-I phosphorylated by MAP kinase in
vitro (40). However, the influence of Ser82 phosphorylation on
mobility was less than that of Thr69 phosphorylation.

Effect of mutations on the phosphorylation of Ser64 and
Thr69. S64 PHAS-I was not appreciably phosphorylated (Fig.
2A). To determine whether HEK293 cells lacked the kinase to
phosphorylate Ser64 or whether the phosphorylation of Ser64
was dependent on the phosphorylation of other sites, WT
PHAS-I was immunoprecipitated from **P-labeled cells and
digested with lysyl endopeptidase. Three major peaks, labeled
LE-P1, LE-P2, and LE-P3, were observed after fractionating
the digest by reverse-phase HPLC (Fig. 3A). The phosphopep-
tides found in these peaks were previously identified by amino
acid sequencing (8). LE-P1 contains the Thr69 peptide, LE-P2
contains the Ser64 peptide, and LE-P3 contains a mixture of
peptides including one with Ser82 and another with both Thr36
and Thr45. The presence of *?P in LE-P2 indicated that Ser64
was phosphorylated in wild-type PHAS-I.

Experiments with single Ala mutants of PHAS-I were per-
formed to determine which of the other sites contribute to
the control of Ser64 phosphorylation. The initial fractions in
LE-P3 contain the Ser82 peptide and the doubly phosphory-

MoL. CELL. BIOL.

A 1200 e rreerree 100
—— WT PHAS-|  LE-P3
oao L A36 PHAS.|  (Thr36, Thrds, Serg2)
175
E 800 H LE-P1 (:?
3 | (Thre9) g
o 600 {50 =
@ )
400 H 3
125 =~
200
ok il o
0 10 20 30 40 50 60 70 80

Minutes

oy
A-éo

7 300

Ser64 Thr69

:HHW ﬁA

WT A36 A45 A4 A69

N
a
o
N
34
o

= N
o o
o o
Y - N
o o o
o o o

o
o
3]
o

% *2P Content of Site in WT PHAS
I
o

% *P Content of Site in WT PHAS

WT A36 A45 A64 A69

o

D Blot 32p
B*P —— — o —
o
s Z 9 B < zZ o0
T 5522 5 3% 33
Zz pd
w W

FIG. 3. Evidence of interactions among phosphorylation sites. HEK293 cells
expressing WT PHAS-I, A36 PHAS-I, A45 PHAS-I, or A69 PHAS-I were incu-
bated with 3P; and insulin (protocol 2). PHAS-I proteins were immunoprecipi-
tated and digested with lysyl endopeptidase. The digests were fractionated by
HPLC. (A) Elution profile of 3*P-labeled peptides derived from WT PHAS-I and
A36 PHAS-I. The three major peaks of *P are designated LE-P1, LE-P2, and
LE-P3. The phosphorylation sites previously identified (8) in these peaks are
shown in parentheses. (B) Decreased phosphorylation of Ser64 in mutants lack-
ing any one of the three TP sites. The amounts of 3?P in the Ser64 peaks from
the mutant proteins are expressed as percentages of the 3°P content of the Ser64
peak from WT PHAS-I. The results are mean values plus half the range from two
experiments. (C) Enhanced phosphorylation of Thr69 in mutants lacking Thr36
and Thr45. The 2P contents of the Thr69 peaks from the mutant proteins were
determined and are expressed relative to that from WT PHAS-I. (D) Effect of
disrupting the eIF4E-binding domain on PHAS-I phosphorylation. Cells were
transfected with pCMV4 alone (Vec) or with constructs encoding WT PHAS-I,
NBPHAS-I, S64 PHAS-I, or S64 NBPHAS-I and incubated with 3?P and insulin,
and the PHAS-I proteins were immunoprecipitated. A PHAS-I blot (Blot) and
phosphorimage (**P) are presented.

lated Thr36 and Thr45 peptide. Mutation of either Thr36
(Fig. 3A) or Thr45 (results not shown) allows the resolution
of two peaks in LE-P3: the phosphorylated Ser82 peptide,
which elutes at 50 min, and the singly phosphorylated Thr36
or Thr45 peptide, which elutes 5 min later. The phosphor-
ylation of Ser64 in A36 PHAS-I was much lower than in WT
PHAS-I (Fig. 3A). However, mutation of either Thr45 or
Thr69 also decreased Ser64 phosphorylation (Fig. 3B), in-
dicating that phosphorylation of all three TP sites is needed
for optimal phosphorylation of Ser64. Interestingly, Thr69
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FIG. 4. Stimulation of PHAS-I phosphorylation by amino acids and insulin. Cells expressing WT PHAS-I, T36 PHAS-I, T45 PHAS-I, T69 PHAS-I, or S82 PHAS-I
were incubated with *?P; (see protocol 1 in Materials and Methods) for 3 h before extracts were prepared. Prior to terminating the incubations, the cells were treated
as follows: no additions, amino acids [AA] and/or insulin [INS] for 30 min, rapamycin [RAP] for 90 min, and rapamycin for 60 min followed by rapamycin plus insulin
and amino acids for 30 min. PHAS-I proteins were immunoprecipitated from extracts, subjected to SDS-PAGE, and transferred to Immobilon membranes. (A)
Immunoblot depicting the «, B, and y forms of WT PHAS-I (Blot) and a phosphorimage showing the *?P-labeled protein (*?P). (B) Relative proportions of «, 8, and
v of WT PHAS-I. The optical density of each of the forms was determined by scanning laser densitometry and is expressed as a percentage of the total. Means and
standard errors from three experiments are presented. (C) Immunoblots showing T36 PHAS-I, T45 PHAS-I, T69 PHAS-I, and S82 PHAS-I. (D) Phosphorimages

showing the 3?P-labeled mutant proteins.

in A36 PHAS-I contained over twice as much **P as the site
in WT PHAS-I does (Fig. 3A and C). Thr69 phosphorylation
was also increased after Thr45 was mutated, although the
effect was smaller than that of mutating Thr36 (Fig. 3C). An
implication is that phosphorylation of Thr36 and/or Thr45
enhances the phosphorylation of Thr69.

In vitro MAP kinase rapidly phosphorylates Ser64 in free
PHAS-I (8); however, binding to eIF4E dramatically inhibits
phosphorylation by MAP kinase (21). Thus, when PHAS-I is
complexed with eIF4E, the Ser64 site appears to be less acces-
sible, at least to certain kinases. To investigate the possibility
that phosphorylation of Ser64 in cells occurred secondarily to
dissociation of the PHAS-I-eIF4E complex, we performed ex-
periments with a S64 NBPHAS-I. This protein has Leu58 —
Ala and Met59 — Ala mutations, which have been shown to
abolish high-affinity binding of WT PHAS-I to eIF4E (24).
Control experiments confirmed that the mutations inhibited
the binding of S64 PHAS-I to eIF4E (I. Mothe-Satney and
J. C. Lawrence, Jr., unpublished data). Disrupting eIF4E
binding per se did not prevent phosphorylation of PHAS-I,
since the nonbinding form of the protein having the five (S/T)P
sites was phosphorylated as well as WT PHAS-I (Fig. 3D).
The nonbinding form of S64 PHAS-I was not phosphorylated,
and its electrophoretic mobility was identical to that of S64
PHAS-I (Fig. 3D).

Control of PHAS-I phosphorylation by amino acids, insulin,
and rapamycin. To investigate hormonal control of PHAS-I,
HEK293 cells were incubated without amino acids or serum to
induce quiescence. Under these conditions, most of the WT
PHAS-I was found in the o and 8 forms (Fig. 4A). Supplying
amino acids or insulin decreased the amount of the « form and
increased that of the y form. The combination of amino acids
plus insulin almost abolished the a form, and more than 60%
of PHAS-I was present in the y form (Fig. 4B). Rapamycin
decreased the levels of the B and y forms and markedly in-
creased that of the o form. The mobility changes are consistent
with the established effects of insulin and amino acids on in-
creasing the phosphorylation of PHAS-I and of rapamycin on
decreasing the phosphorylation of the protein (19). The results
of experiments in which the *?P content of PHAS-I was deter-
mined were also consistent (Fig. 4A and 5A). However, the
effects of insulin and rapamycin, as well as those of amino
acids, on *?P labeling of PHAS-I (Fig. 5A) were smaller than
suggested by the dramatic changes in the electrophoretic mo-
bility of the protein (Fig. 4A). These findings indicated that the
sites having the most pronounced influence on electrophoretic
mobility were affected to a greater extent than the sites that do
not affect mobility. To investigate this hypothesis, >*P-label-
ing experiments were conducted with cells expressing T36
PHAS-I, T45 PHAS-I, T69 PHAS-I, or S82 PHAS-I. The phos-
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FIG. 5. Regulated phosphorylation of Thr36, Thr45, and Thr69 does not require phosphorylation of other sites. Experiments were performed as described in the
legend to Fig. 4. In addition, WT PHAS-I was immunoprecipitated and incubated with lysyl endopeptidase. The digests were fractionated by reverse-phase HPLC as
described in the legend to Fig. 3, and the amounts of *?P in the peak fractions containing the Ser64 phosphopeptide were determined. The relative amounts of 32P
associated with WT PHAS-I (A), T36 PHAS-I (B), T45 PHAS-I (C), Ser64 in WT PHAS-I (D), T69 PHAS-I (E), and S82 PHAS-I (F) were determined after correcting
for the amounts of the proteins estimated by immunoblotting. The results are expressed as a percentages of the respective maximum values and are mean values and

standard errors from three experiments.

phorylation of T36 PHAS-I was increased approximately 2.5-
fold by incubating cells with either insulin or amino acids (Fig.
4D). The effect of the combination was approximately equal to
the additive effects of the two treatments (Fig. 5B). Rapamycin
attenuated the effects of insulin plus amino acids on increasing
the phosphorylation of T36 PHAS-I but had no effect on the
basal level of phosphorylation. The effects of insulin, amino
acids, and rapamycin on the phosphorylation of T45 PHAS-I
closely resembled the effects of these agents on T36 PHAS-I
(Fig. 5B and C).

Both insulin and amino acids increased the phosphorylation
of T69 PHAS-I, although the effect of insulin was about twice
that of amino acids (Fig. 4D and 5E). As expected, the in-
creases in T69 phosphorylation were associated with increases
in the amount of the protein found in the B form (Fig. 4C).
Rapamycin markedly decreased the basal phosphorylation of
T69 PHAS-I and essentially abolished the effect of insulin plus
amino acids on increasing the phosphorylation of PHAS-I (Fig.
4D and SE). These effects of rapamycin were associated with a
total loss of the B form and a corresponding increase in the
level of the a form (Fig. 4C). Thus, the phosphorylation of T69
was particularly sensitive to rapamycin.

The phosphorylation of Ser82 was distinctly different from
that of the other sites (Fig. 4C). Neither insulin nor amino
acids changed the *?P content of Ser82 PHAS-I or the elec-
trophoretic mobility of the protein (Fig. 4D). The phosphory-
lation of S82 was also insensitive to rapamycin (Fig. 5F).

Because the phosphorylation of Ser64 was markedly reduced
by mutation of the three TP sites, S64 PHAS-I could not be
used to investigate the control of Ser64 phosphorylation. The
effects of amino acids and insulin on this site were investigated

by peptide mapping of WT PHAS-I (Fig. 5D). Lysyl endopep-
tidase C digests of protein that had been immunoprecipitat-
ed from ?P-labeled cells were subjected to HPLC, and the
amounts of *?P in the peak fractions containing the Ser64
peptide were determined. Insulin and amino acids increased
the *?P content of Ser64 3- and 3.5-fold, respectively, and the
combination increased phosphorylation of the site 5-fold (Fig.
5D). Rapamycin alone had little, if any, effect on the **P con-
tent of Ser64. However, rapamycin markedly inhibited the
phosphorylation of this site in response to insulin and amino
acids.

Effect of phosphorylation site mutations on eIF4E binding.
To investigate the role of the five (S/T)P sites in controlling
elF4E binding, mutant PHAS-I proteins were phosphorylated
in vitro with purified MAP kinase. Samples of the phosphory-
lated proteins were subjected to SDS-PAGE, transferred to
Immobilon membranes, and probed with a **P-labeled FLAG-
elF4E fusion protein. Phosphorylation of WT PHAS-I almost
abolished binding to FLAG-eIF4E (Fig. 6A). None of the
individual site mutations prevented the loss of FLAG-eIF4E
binding, indicating that phosphorylation of no single site is
essential for the loss of eIF4E binding. The effects of phos-
phorylating T36 PHAS-I, T45 PHAS-I, and S82 PHAS-I on
FLAG-eIF4E binding were recently described (40). To in-
vestigate the effect of Ser64 phosphorylation, S64 PHAS-I
was incubated for increasing times with MAP kinase. FLAG-
elF4E binding decreased with a time course essentially iden-
tical to that of phosphate incorporation (Fig. 6B).

Far Western blotting was also used to investigate the role of
phosphorylation sites in controlling eIF4E binding of PHAS-I
derived from cells. WT PHAS-I and mutant proteins were
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FIG. 6. Effect of phosphorylating mutant PHAS-I proteins in vitro on eIF4E
binding. (A) Proteins were incubated with ATP in the absence (—) or presence
(+) of MAP kinase (MAPK) for 5 h. Samples were subjected to SDS-PAGE
before the proteins were transferred to an Immobilon membrane. A far Western
blot (FW) prepared using 3?P-labeled FLAG-eIF4E and a PHAS-T immunoblot
are shown. (B) S64 PHAS-I was incubated for increasing times with recombinant
MAP kinase and either [y->?P]JATP or unlabeled ATP before samples were
subjected to SDS-PAGE. Gels containing 3?P-labeled samples were stained with
Coomassie blue. The S64 PHAS-I bands were excised, and the 3?P contents were
determined by scintillation counting. The results are expressed as moles of
phosphate incorporated per mole of S64 PHAS-I. S64 PHAS-I that had been
phosphorylated with unlabeled ATP was transferred to an Immobilon mem-
brane, which was probed with 3?P-labeled FLAG-eIF4E. The results represent
the inhibition of binding due to MAP kinase. The results for phosphorylation (@)
and FLAG-eIF4E binding (O) are mean values and standard errors from three
experiments.

expressed in HEK293 cells, which were incubated with amino
acids and a maximally effective concentration of insulin before
32P-labeled FLAG-eIF4E binding was measured. Little, if any,
of the probe bound to WT PHAS-I (Fig. 7A), although a small
amount of binding to WT PHAS-I was detected in some ex-
periments. These differences among experiments are presum-
ably related to differences in the extent of insulin-stimulat-
ed phosphorylation of PHAS-I. An immunoblot of the same
membrane used for the far Western blot revealed that essen-
tially all of the WT PHAS-I was present in the phosphorylated
B and vy forms (Fig. 7B). The immunoblot also confirmed that
the levels of expression of WT PHAS-I and the mutant pro-
teins were similar.

Mutating either Thr36 or Thr45 to Ala markedly increased
32P-labeled FLAG-eIF4E binding, suggesting that these sites
contribute to the control of the association state of PHAS-I
and eIF4E (Fig. 7A). Mutating Thr69 also increased binding
but to a lesser extent than that caused by mutations in the
other two TP sites. In contrast, mutating Ser64 to Ala had
little, if any, effect on increasing FLAG-eIF4E binding. Mu-
tating Ser82 only slightly increased binding. FLAG-eIF4E
binding to the mutant lacking both SP sites was similar to that
observed with A82 PHAS-I. FLAG-eIF4E binding was mark-
edly increased by mutating all five S/TP sites. This finding was
not surprising, since SA PHAS-I is not phosphorylated in cells.
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None of the proteins having mutations in four of the five
available sites exhibited lower binding to eIF4E than did SA
PHAS-I, except for Thr69 PHAS-I, whose binding was approx-
imately equal to that of A36 PHAS-I and A45 PHAS-I
(Mothe-Satney and Lawrence, unpublished).

The conditions used to assess binding by far Western anal-
ysis differ from those used for intact cells. Moreover, it is pos-
sible that phosphorylation of certain sites might be sufficient to
inhibit the association of PHAS-I and eIF4E, but insufficient to
promote dissociation of eIF4E once the PHAS-I-eIF4E com-
plex has formed. To address these issues, the amounts of the
mutant proteins bound to eIF4E in cells were determined by
isolating PHAS-I-eIF4E complexes with m’GTP-Sepharose.
The results are expressed relative to the amount of SA PHAS-I
that copurified with eIF4E (Fig. 7C). Binding of WT PHAS-I
to endogenous eIF4E was only 8% of that of SA PHAS-I,
consistent with the relatively high level of phosphorylation of
WT PHAS-I. The Thr36 and Thr45 mutations had the largest
impact of any of the single-site mutations, increasing binding
by approximately eightfold. Mutating Thr69 increased binding
by sixfold. The recovery of A64 PHAS-I and A82 PHAS-I with
elF4E was approximately twice that of WT PHAS-I, although
the differences were within the range of experimental variabil-
ity. Thus, the effects of mutating individual SP sites on binding
were smaller than the effects of mutating the TP sites. The
binding of the double mutant lacking both Ser64 and Ser82 was
approximately four times that of the wild-type protein.

The lack of effect of mutating Ser64 on eIF4E binding was
surprising, in view of the striking effect of phosphorylating
Ser64 on eIF4E binding (Fig. 6). Therefore, we investigated
the effect of expressing proteins having other substitutions in
position 64 (Fig. 7D). The binding of C64 PHAS-I and N64
PHAS-I (Fig. 1), which cannot be phosphorylated at this po-
sition, to endogenous eIF4E was not significantly different
from that of A64 PHAS-I (Fig. 7D). T64 PHAS-I also exhib-
ited very low binding to eIF4E. To investigate the effect of
introducing a negative charge at position 64, we expressed
mutant proteins having Glu or Asp substitutions. The effects of
D64 PHAS-I and E64 PHAS-I on binding were no different
from those of A64 PHAS-I. However, because Ser64 was high-
ly phosphorylated under these conditions, it would have been
difficult to detect an effect of the acidic substitutions. For this
reason, we also introduced Asp into position 64 in the SA mu-
tant. SA PHAS-I and 4AD64 exhibited almost the same bind-
ing to endogenous eIF4E.

Effect of phosphorylation site mutations on cap-dependent
mRNA translation. nRNA translation was investigated using a
dual luciferase reporter, which allowed assessment of the ef-
fects of the PHAS-I proteins on cap-dependent and cap-inde-
pendent translation. Measuring cap-independent translation
driven by the IRES element should allow the detection of
nonspecific inhibitory effects of the PHAS-I proteins on the
translation machinery (27). None of the constructs used inhib-
ited cap-independent translation (results not presented). Thus,
the inhibitory effects of expressing the PHAS-I proteins on
cap-dependent translation were presumably related to inhibi-
tion of the function of eIF4E. In these experiments, SA
PHAS-I inhibited translation of the reporter by approximately
60% and WT PHAS-I inhibited translation by only 20%. Nev-
ertheless, we were concerned that the effects of some of the
mutations might have been limited by the availability of eIF4E.
If this were the case, it would not have been possible to detect
differences in translation among the mutants that bound more
tightly to eIF4E. This did not appear to be a problem, since the
same relationships among the mutants with respect to transla-
tion inhibition were observed when cells were transfected with
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FIG. 7. Effect of mutations on eIF-4E binding. HEK293 cells were trans-
fected and incubated as described in Materials and Methods (protocol 2).
PHAS-I proteins were immunoprecipitated from extracts and subjected to SDS-
PAGE. (A) Far Western blot showing binding to 3?P-labeled FLAG-eIF4E. (B)
PHAS-I immunoblot of the membrane used for the far Western blot. (C) Co-
purification of mutant proteins with endogenous elF-4E. PHAS-I-eIF4E com-
plexes were isolated from extracts by using m’GTP-Sepharose, and the relative
levels of PHAS-I and eIF4E were determined by immunoblotting. The results
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25-fold less cDNA (Mothe-Satney and Lawrence, unpub-
lished). A64 PHAS-I did not inhibit cap-dependent translation
(Fig. 8A); however, all of the other single mutations generated
proteins that had greater inhibitory effects on translation than
that of WT PHAS-I. Mutating Thr36 or Thr45 had the most
dramatic effects, approaching the inhibition produced by 5SA
PHAS-I. The Thr69 — Ala mutation had the next largest
effect, followed by the Ser82 — Ala mutation.

As shown in Fig. 8B, there was a direct correlation between
translation inhibition and eIF4E binding, assessed by either far
Western analysis or copurification of PHAS-I proteins. This
relationship provides additional evidence that the inhibition of
translation by the mutant proteins is due to specific inhibition
of the function of eIF4E. As indicated by the y intercept on the
plot in Fig. 8B, significant inhibition of translation can occur
in the absence of detectable binding. Presumably, this inhi-
bition is due to lower-affinity interactions that are not de-
tected by the available methods to assess the binding of
PHAS-I to eIF4E in cells.

DISCUSSION

The role of the five (S/T)P sites in controlling PHAS-I was
investigated by expressing mutant PHAS-I proteins in HEK293
cells. As with all overexpression studies, there is the issue of
whether the effects observed are representative of events that
occur with the endogenous proteins. The present finding that
phosphorylation was confined to the same five (S/T)P sites
previously identified in endogenous PHAS-I in rat adipocytes
indicates that ectopic phosphorylation of the proteins ex-
pressed in HEK293 cells did not occur (8). Furthermore, in-
sulin stimulated the phosphorylation of PHAS-I expressed in
HEK?293 cells in the same four sites that were phosphorylated
in response to the hormone in adipocytes (8), and phosphor-
ylation occurred via a rapamycin-sensitive pathway, as with the
endogenous PHAS-I proteins in other cell types (3, 12). These
findings argue that regulation of the phosphorylation of the
expressed PHAS-I proteins occurs by normal signaling mech-
anisms. The results obtained with these proteins have impor-
tant implications with respect to the mechanisms involved in
the regulation of phosphorylation and the roles of the different
sites in controlling the function of the PHAS-I protein.

It has become common practice to use a gel shift assay to
evaluate the phosphorylation of PHAS-I. A caveat in using this
assay to evaluate functional control of PHAS-I is that sites
having the largest influence on electrophoretic mobility do not
necessarily have the largest effects on eIF4E binding. Phos-
phorylation of either Thr45 (40) or Ser64 alone did not affect
mobility, although phosphorylation of either of these two sites
abolished eIF4E binding in vitro. PHAS-1B is generated by
phosphorylation of Thr69 or Ser82. PHAS-Iy results from the
phosphorylation of Thr69 and either Ser64 or Ser82. Phos-
phorylated Thr36 and Thr45 may appear in the «, B, and vy
forms, since these two sites do not significantly influence elec-
trophoretic mobility.

With multisite phosphorylation, the potential exists for in-
teractions among phosphorylation sites. It was recently pro-
posed that PHAS-I phosphorylation involves a two-step mech-
anism in which phosphorylation of Thr36 and Thr45, occurring

represent the amounts of the different PHAS-I proteins that were isolated with
the cap affinity resin expressed as a percentage of the SA PHAS-I that was
recovered and are mean values and standard errors from three experiments. (D)
Copurification with eIFAE of PHAS-I proteins with different substitutions at
position 64. Mean values plus half the range from two experiments are presented.
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when PHAS-I is bound to eIF4E, is required for the phosphor-
ylation of the other sites (10). We have confirmed that mutat-
ing Thr36 or Thr45 decreases the phosphorylation of Ser64 in
HEK?293 cells. However, other findings are clearly incompati-
ble with certain aspects of the two-step model (10). For exam-
ple, mutating Thr69 also markedly decreased the phosphory-
lation of Ser64, indicating that Ser64 phosphorylation depends
on the phosphorylation of all three TP sites. Also, PHAS-I
proteins lacking Thr36 and Thr45 could be phosphorylated in
both Thr69 and Ser82. Indeed, the absence of Thr36 or Thr45
actually enhanced the phosphorylation of Thr69, and the phos-
phorylation of Thr69 was regulated in a rapamycin-sensitive
manner by amino acids and insulin in the mutant lacking the
four other sites. The finding that the three PHAS-I proteins
having an individual TP site with mutations in the four remain-
ing sites were phosphorylated implies that there is not an
obligate order in the phosphorylation of Thr36, Thr45, and
Thr69. S64 NBPHAS-I was not phosphorylated, indicating that
dissociation of the PHAS-I-eIF4E complex, which occurs in
response to phosphorylation of the TP sites, is not sufficient for
Ser64 phosphorylation. Moreover, since phosphorylation of
Ser64 still required the TP sites when PHAS-I was rendered
incapable of high-affinity binding to eIF4E, the ordered phos-
phorylation of Ser64 does not have to occur when PHAS-I is
bound to eIF4E as proposed in the two-step model (10).

Hierarchal phosphorylation, a mechanism in which phos-
phorylation of one site creates a consensus site for phosphor-
ylation of a second site (32), might explain the dependence of
Ser64 on prior phosphorylation of the TP sites. Phosphorylated
Ser or Thr residues ([S/T]") are found in the consensus motifs,
[S/T]XXX[S/T]" and [S/T] " XX[S/T], for phosphorylation by
glycogen synthase kinase 3 and casein kinase I, respectively
(32). If such a mechanism is involved in the control of Ser64
phosphorylation, the consensus motif is likely to be complex,
since three sites were required for the phosphorylation of
Ser64. As suggested previously (10), phosphorylation might
create a recognition motif that recruits the Ser64 kinase and/or
other regulatory factors to PHAS-I. However, the ordered-
phosphorylation model is based on studies in intact cells, and
there are other potential explanations of the data. For exam-
ple, phosphorylation could appear to be ordered if phosphor-
ylation of the TP sites protected the Ser64 site from dephos-
phorylation. Interestingly, evidence for such a mechanism was
recently obtained for the control of nPKCS8, another down-
stream protein in the mTOR signaling pathway (26). In this
case, phosphorylation of Thr505 in the activation loop of the
kinase appears to markedly decrease the rate of Ser662 de-
phosphorylation.

In view of the complexities in the control of PHAS-I, the
simple hypothesis that the five (S/T)P sites in PHAS-I are reg-
ulated by a common mechanism can be eliminated. Ser82 was
not phosphorylated in response to insulin or amino acids, in-
dicating that Ser82 is not subject to the same control as the
other sites whose phosphorylation was increased by these agents.
Insulin and amino acids increased the phosphorylation of T36
PHAS-I, T45 PHAS-I, and T69 PHAS-I, indicating that the
stimulatory effects of these agents on the phosphorylation of
Thr36, Thr45, and Thr69 occurred independently of other
sites. Although the accumulation of phosphate in Ser64 is
complicated by the dependence on prior phosphorylation of
the TP sites, the finding that amino acids and insulin increased
the phosphorylation of the same four sites is consistent with
the hypothesis that these agents act via a common upstream
effector. The effect of insulin on increasing the phosphoryla-
tion of PHAS-I is mediated by the protein kinase B (PKB)
signaling pathway (11, 33, 37); however, PKB is not activated
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FIG. 8. Effect of mutations on cap-dependent mRNA translation. HEK293
cells were cotransfected with pRLIRESFL and the PHAS-I expression vectors.
The cells were incubated as described in the legend to Fig. 7 before the activities
of the two luciferases were measured. None of the PHAS-I proteins decreased
firefly luciferase activity, which was used to correct for small differences in the
transfection efficiency of the reporter construct among samples. Approximately
equal amounts of the different PHAS-I proteins were expressed (see Fig. 7B, for
example). (A) Inhibition of cap-dependent translation resulting from PHAS-I
proteins, expressed relative to that produced by SA PHAS-I (mean values and
standard errors from three experiments). (B) Relationship between eIF4E bind-
ing and inhibition of cap-dependent mRNA translation. The relative amounts of
PHAS-I proteins copurifying with eIF-4E (@) or the relative amounts of FLAG-
eIFAE binding (O) from Fig. 7 are plotted against the inhibition of cap-depen-
dent mRNA translation. The line and correlation coefficient (r) were generated
by linear regression analysis of translation inhibition versus PHAS-I protein
recovered with m’GTP-Sepharose.

by amino acids (14, 39). mTOR is a more likely common ef-
fector, since the effects of both insulin and amino acids are at-
tenuated by rapamycin. The PHAS-I kinase activity of mTOR
is increased in response to insulin (33, 34). Activation of
mTOR occurs by a PKB-dependent pathway, which leads to an
increase in phosphorylation of Ser2448 in the COOH-terminal
region of mTOR (25, 33). Amino acids appear to have a per-
missive effect on the phosphorylation of mTOR by PKB (25).
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The marked effects of rapamycin on decreasing the phos-
phorylation of Thr69 suggest that this site might be directly
phosphorylated in cells by mTOR, which is able to phosphor-
ylate Thr69 in vitro (4). Decreasing Thr69 phosphorylation by
rapamycin would be expected to reduce the phosphorylation of
Ser64. Nevertheless, it is paradoxical that phosphorylation of
Thr36 and Thr45, the sites preferred by mTOR in vitro (6, 10,
40), is less sensitive to rapamycin than is the phosphorylation
of Thr69 and Ser64. A kinase that associates with mTOR and
that can be released upon incubation with an mTOR antiserum
was recently described (16). This enzyme was reported to spe-
cifically phosphorylate Ser64 and to promote the dissociation
of the PHAS-I-eIF4E complex, but the kinase phosphorylated
PHAS-I only when it was bound to eIF4E, a finding that would
seem to exclude a role in phosphorylating Ser64 in the free
PHAS-I protein. It was recently concluded that MAP kinase
participates in the control of PHAS-I (30), as was proposed
several years ago (20). However, it has been argued that MAP
kinase activation is neither necessary nor sufficient for the
phosphorylation of PHAS-I (38). Additional work is needed to
identify the kinases that phosphorylate PHAS-I in cells.

Far Western analysis was used to investigate the effect of
phosphorylating PHAS-I in vitro on eIF4E binding. An advan-
tage of this method is that it allows a direct assessment of
elF4E binding to purified PHAS-I proteins phosphorylated in
defined sites. We recently demonstrated that phosphorylation
of Thr45 in T45 PHAS-I markedly decreased FLAG-eIF4E
binding whereas phosphorylating Thr36 in T36 PHAS-I or
Ser82 in S82 PHAS-I had less pronounced inhibitory effects on
binding (40). In the present study, phosphorylation of S64
PHAS-I by MAP kinase in vitro was found to abolish FLAG-
eIF4E binding. Interestingly, introducing Asp at position 64 in
5A PHAS-I did not decrease elF4E binding, indicating that
acidic substitutions do not mimic the effect of phosphorylating
the mutant protein in Ser64. The excellent correlation between
the loss of eIF4E binding and the stoichiometry of S64 PHAS-I
phosphorylation leaves little doubt that Ser64 phosphorylation
inhibits binding. In an earlier study in which WT PHAS-I was
phosphorylated by MAP kinase, the loss of binding did not
appear to correlate with the extent of phosphorylation of
Ser64, and it was concluded that phosphorylating Ser64 did not
inhibit eIF4E binding (8). Imprecision in measuring the stoi-
chiometry of phosphorylation of Ser64, which was complicated
by the presence of other sites in this previous study, is the likely
reason for the erroneous conclusion. We have been unable to
efficiently phosphorylate Thr69 in vitro; however, Thr69 in T69
PHAS-I may be almost completely phosphorylated in cells, as
evidenced by the accumulation of most of the protein in the 8
electrophoretic form. FLAG-eIF4E binding to this phosphor-
ylated form was attenuated (Mothe-Satney and Lawrence, un-
published), indicating that phosphorylation of Thr69 decreases
the affinity of PHAS-I for eIF4E. Taken together, the results of
far Western analyses of the phosphorylated forms of T36, T45,
S64, T69, and S82 PHAS-I indicate the following order for the
influence of phosphorylation on eIF4E binding in vitro:
Ser64 > Thr45 > Thr69 > Thr36 > Ser82. Thr45 and Ser64
flank the eIF4E-binding motif (23), which may explain their
greater influence relative to the other sites.

The effects of mutating the different sites on eIF4E binding
of PHAS-I proteins in cells were assessed by both far Western
analyses and copurification of mutant proteins with endoge-
nous elF4E. Presumably, the presence of other endogenous
proteins, such as eIF4G, that influence the binding of PHAS-I
to eIF4E in cells could lead to differences between binding
assessed by the two methods. It is reassuring that when ex-
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pressed relative to the binding of SA PHAS-I, there was rea-
sonably good agreement between binding results obtained by
far Western analysis and by copurification with eIF4E. In con-
trast, the relative influence of in vitro phosphorylation of the
different sites on eIF4E binding did not correlate with the
relative effects of mutating the sites on eIF4E binding of
PHAS-I proteins expressed in cells. For example, mutating
Ser64 had little, if any, effect on the amount of PHAS-I bound
to eIF4E in cells. To investigate the possibility that the Ala
mutation itself might have decreased binding, we expressed
proteins with Asn, Cys, and Thr substitutions at position 64.
Our choice of these substitutions was influenced by the recent
discussion of unpublished structural studies in which Ser64 was
placed in close proximity to Glu70 in eIF4E. If they are posi-
tioned appropriately, a hydrogen bond could form between
these two residues. If this were the case, introducing an Ala
mutation in place of Ser64 would reduce the binding affinity,
since Ala cannot participate in hydrogen bonding. The three
alternative substitutions have the potential to participate in
hydrogen bonding but (except for Thr) cannot be phosphory-
lated. The result that binding of C64 PHAS-I and N64 PHAS-I
to elF4E in cells was very similar to that of A64 PHAS-I
supports the conclusion that phosphorylation of Ser64 is not
necessary for the dissociation of the PHAS-I-eIF4E complex.
Whether Ser64 phosphorylation is sufficient to inhibit binding
in cells is still not clear.

We also found that mutating Ala36 increased eIF4E binding
much more than expected on the basis of the modest effect of
Thr36 phosphorylation on eIF4E binding in vitro observed
previously (40). The fact that the Ala36 mutation not only
ablates the Thr36 site but also decreases the phosphorylation
of Ser64 in cells is a potential explanation. The result that
binding of eIF4E to PHAS-Iy, which may be generated by the
phosphorylation of Ser64 in combination with Thr69, is never
observed supports the concept that phosphorylation of Ser64
may act in combination with the phosphorylation of other sites
to modulate the affinity of PHAS-I for eIF4E. While such
interactions also complicate the interpretation of the findings
with A45 PHAS-I and A69 PHAS-I, they provide an elegant
mechanism through which the phosphorylation of the TP sites
can control eIF4E binding by facilitating the accumulation of
phosphate in Ser64.

Mutating any individual site except Ser64 increased eIF4E
binding, and there was a very good correlation between the
amount of PHAS-I bound to eIF4E and the inhibition of cap-
dependent mRNA translation. Thus, each of the TP sites ap-
pears to be able to influence mRNA translation, either directly
by modulating the binding affinity of PHAS-I and eIF4E or
indirectly by affecting the phosphorylation of Ser64. The equiv-
alents of Thr36, Thr45, Ser64, and Thr69 are found in all
members of the PHAS family thus far discovered in species
ranging from slime mold to humans on the evolutionary scale.
Presumably, the functional importance explains why the sites
are so highly conserved.
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