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ABSTRACT

In most instances, translation is regulated at the initiation phase, when a ribosome is recruited to
the 5° end of an mRNA. The elF4E-binding proteins (4E-BPs) interdict cap-dependent
translation initiation by binding to the translation factor eIF4E, and preventing recruitment of the
translation machinery to mRNA. The 4E-BPs do not inhibit cap-independent translation, such as
that driven by picomavirus [RESes. The 4E-BPs inhibit translation in a reversible manner.
Hypophosphorylated 4E-BPs interact avidly with e[F4E, whereas 4E-BP hyperphosphorylation,
elicited by stimulation of cells with hormones, cytokines, or growth factors, results in an
abrogation of eIF4E binding activity. Here I show that upon infection of cells with
encephalomyocarditis virus (EMCYV) or poliovirus, 4E-BP1 becomes dephosphorylated, and
binds more strongly to e[F4E. This dephosphorylation could play a role in the shutoff induced
by EMCV. Conversely, infection with adenovirus results in hyperphosphorylation of 4E-BP1
and 4E-BP2 early in infection, at a time when viral protein synthesis proceeds via a cap-
dependent mechanism. [ also showed that the pathway leading to 4E-BP1 phosphorylation is
dependent upon the activity of PI3 kinase, Akt/PKB and FRAP/mTOR. [ then analyzed the
phosphorylation of individual phosphorylation sites. Thr37 and Thr46 are phosphorylated by
FRAP/mTOR immunoprecipitates. In vivo, a high stoichiometry of phosphorylation on these
sites is observed in conditions of serum deprivation, or following treatment of cells with PI3K or
FRAP/mTOR inhibitors. Phosphorylation on these sites is, however, required for the subsequent
phosphorylation of the serum-sensitive sites, which I identified as Ser65 and Thr70.
Phosphorylation of 4E-BP1 can be further ordered: phosphorylation of Thr37 and Thr46
precedes that of Thr70, which occurs prior to Ser65 phosphorylation. Phosphorylation of a
combination of sites is required to mediate release from e[F4E, as phosphorylation of either
Thr37 and Thr46 in combination, or phosphorylation of Ser65 and Thr70 together, is insufficient
to mediate release. Taken together, these results have uncovered a complex mechanism for the

regulation of 4E-BP1 binding to eIF4E by phosphorylation.
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RESUME

Dans la plupart des situations, la traduction est régulée i la phase d'initiation, qui consiste 2
recruter un ribosome a I'extrémité 5' (ou extrémité en coiffe) d'un ARNm. Des protéines
(appelées 4E-BPs), qui interagissent avec le facteur d'initition de la traduction eIF4E, inhibent la
traduction dépendante de la coiffe, mais non la traduction indépendante de la coiffe, comme celle
des ARNms des picomavirus. L'inhibition de la traduction par les 4E-BPs est réversible. Dans
leur état hypophosphorylé, les 4E-BPs lient fortement eIF4E, alors que les formes
hyperphosphorylées sont incapables d'interagir avec eIF4E. J'ai démontré qu'a la suite
d'infections avec des picomavirus (poliovirus et encephalomyocarditis virus), 4E-BP1 est
déphosphorylé et lie avidement e[F4E. Dans le cas d'infections par EMCV, cette
déphosphorylation corréle temporellement avec I'inhibition de la synthése protéique de ['hote
causée par le virus. La déphosphorylation de 4E-BPI n'est pas observée suite a I'infection par
adénovirus: au contraire, 4E-BP1 et 4E-BP2 deviennent hyperphosphorylés tot lors de I'infection.
Il a été reporté que la phosphorylation de 4E-BP1 est augmentée suite 2 une stimulation des
cellules avec des hormones, des cytokines, ou des facteurs de croissance. J'ai démontré que la
phosphorylation de 4E-BP1 dépend de l'activité des kinases PI3K, Akt/PKB et FRAP/mTOR.
L'analyse de la phosphorylation de 4E-BP1 sur différent sites m'a permis de révéler une
régulation complexe de la phosphorylation de cette protéine. Deux sites, Thr37 and Thr46, sont
phosphorylés par une protéine FRAP/mTOR immunoprécipitée. Ces sites sont phosphoryiés
dans les cellules a de trés hauts niveaux, méme en l'absence de facteurs de croissance. De plus,
la phosphorylation de ces sites n'est que peu affectée par le traitement avec des inhibiteurs de
PI3K ou de FRAP/mTOR. La phosphorylation de Thr37 et Thr46 est toutefois cruciale pour la
régulation de I'activité de 4E-BP1, puisqu'elle est requise pour la phospliorylation d'un autre
groupe de sites (Ser6S et Thr70), qui, eux, sont sensibles a la présence de facteurs de croissance
et dépendent de l'activité de PI3K et de FRAP/mTOR. En fait, la phosphorylation de 4E-BP1 est
trés hiérarchique: la phosphoryiation de Thr37 et de Thr46 précéde celle de Thr70 qui, elle-
méme, est prérequise pour la phosphorylation de Ser6S. Des études in vitro nous ont aussi
permis de conclure que plusieurs de ces sites doivent étre phosphorylés afin de permettre la
dérépression de elF4E.
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1.1  Overview of translational control

Regulation of protein synthesis in eukaryotes plays a critical role in development,
differentiation, cell cycle progression, cell growth, and apoptosis (1). Translational
control allows for a more rapid response than transcriptional modulation because no
mRNA synthesis, processing or transport is required, and can be used to coordinate gene
expression in systems that lack transcriptional regulation, such as reticulocytes or
platelets (1, 2). Translational control plays a particularly important role in early
developmental processes, when localized translation is utilized to establish polarity (3),
and localized translation in neurons may be critical for learming and memory (e.g. 4).
Following transcription, processing and nucleocytoplasmic export, mMRNAs are
competent for translation. However, two transcripts present in identical quantities may
be translated at very different rates. This phenomenon is due, in part, to the fact that the
ribosome does not bind to mRNA directly, but must be recruited to mRNA by the
concerted action of a large number of eukaryotic translation initiation factors (elFs). This
recruitment step, also referred to as the initiation phase, is a complex process that
culminates in the positioning of a charged ribosome (that is, an 80S ribosome loaded with
an initiator tRNA in its P site) at an initiation codon (5). As discussed further below, the
ribosome recruitment process is rate-limiting for translation in many cases, and is subject

to exquisite regulation.

In this introduction, [ will first briefly review the mRNA structural elements and the
general process of translation initiation. A description of the structure-function
relationships of the initiation factors involved in ribosome recruitment is also provided,
followed by a comparison of several models of ribosomal recruitment in eukaryotes.
Examples of translational control at the level of ribosome binding will be provided,
followed by a discussion on the regulation of the activity of the translation factors

involved in this process. Importantly, the structure, function and regulation of a family of
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inhibitory proteins regulating this translation step will be reviewed in detail. Regulation
by phosphorylation of one of these proteins, 4E-BP1, is the topic of this thesis.

1.2  Anatomy of an mRNA
In addition to the coding sequence, eukaryotic mRNAs possess noncoding sequences in
the 5" and 3’ untranslated regions that determine translational efficiency.

1.2.1 Cap Structure

The structure m’GpppN (or the “cap”, where m is a methyl group and N any nucleotide)
is present at the 5° end of all nuclear transcribed mRNAs (6). The cap facilitates
translation of most cellular mRNAs, through specific interaction with the initiation factor
e[F4E (see section 1.4). Uncapped mRNAs generally direct protein synthesis at lower
efficiency than their capped counterparts in in vitro translation systems (7, 8). In addition
to its role in translation, the cap is also important for other cellular processes, including
pre-mRNA splicing, nucleocytoplasmic transport of small nuclear RNAs (and possibly
mRNA), and mRNA stability (reviewed in 9). Certain viral RNAs, including those of
picomaviruses, caliciviruses, and some plant viruses, lack a cap, and are translated by

alternative mechanisms (see section 1.5).

1.2.2 Poly(A) Tail

The majority of eukaryotic mRNAs possess a 3’ poly(A) tail, which ranges from 50 bases
in length in yeast to more than 200 bases in length in higher eukaryotes (10). The
poly(A) tail plays an important role in determining both mRNA stability (11) and
translational efficiency. The translational role of the poly(A) tail is mediated through the
poly(A) binding protein PABP. mRNAs that do not possess a poly(A) tail include most
histone mRNAs and some viral RNAs (reovirus, rotavirus, and others; 12). The poly(A)

tail synergizes with the cap in translation (reviewed in 13).
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1.2.3 cis-Acting Elements

Various cis-acting elements in the untranslated regions (UTRs) of an mRNA can
modulate translational efficiency, including (a) the sequence flanking the initiation codon
(start site “context”™; 14), (b) secondary structure in the 5° UTR (185, 16, 17; see section
1.6), (c) upstream open reading frames (18), (d) binding sites for specific regulatory
proteins (19, 20), (e) oligopyrimidine tracts at the extreme S’ terminus (so-called 5’ TOP
mRNAs; see section 1.6 and 21), and (f) [RESes (see section 1.5.2 and 22, 23, 24).

1.3  General mechanism of translation initiation

Initiation commences with the dissociation of a preexisting 80S ribosome, possibly
promoted by elF6 (see, however, evidence to the contrary; 25) , which binds to the 608
ribosomal subunit, and elF3 and elF1 A, which bind to the 40S ribosomal subunit (Fig.
1.1, step 1). Joining of an e[F2-GTP-Met-tRNAi temary complex to the 40S subunit
forms a 43S preinitiaticn complex (step 2). The 43S complex is competent to bind to
mRNA, but it requires a set of factors termed the eIF4 group, as well as the hydrolysis of
ATP, to assemble on the mRNA 5’ end (step 3). The mechanism of action and regulation
of the e[F4 polypeptides will be discussed in detail in section 1.4. The 40S subunit, with
its associated cohort of initiation factors, is thought to traverse the mRNA 5 UTR ina
linear and processive fashion in a 5°-t0-3’ direction (in a process termed scanning; see
section 1.5.1.1), until it encounters an initiation codon in a favorable sequence context
(14, 23). A 48S initiation complex is then formed at the start codon (step 4). Scanning
from the 5° end is not the only mechanism by which a ribosome can access mRNA and
proceed to an initiation codon; alternative initiation mechanisms will be discussed in
section 1.5. Once an initiation complex reaches a start codon, and a codon/anticodon
interaction established, the associated initiation factors are released in a process mediated

by a GTPase-activating protein (GAP), eIF5, which promotes GTP hydrolysis by elF2
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(step 5). Dissociation of the initiation factors allows for joining of the 60S subunit (a step
catalyzed by eIF5B) and the beginning of polypeptide clongation (step 6).

The rate-limiting step in translation initiation under most circumstances is binding of the
43S preinitiation complex to mRNA (Figure 1.1, step 3; for details see 1, 26). This step
is a primary target for transiational control.

1.4  elF4 initiation factors: structure and function

The elF4 initiation factors (eIF4F, elF4A, and elFF4B) are responsible for recruiting a
rnibosome to the mRNA. elF4F is a complex of three polypeptides: (a) eIF4A, an RNA-
dependent ATPase and RNA helicase; (b) eIF4E, a 24-kDa cap-binding protein; and (c)
elF4G, a large polypeptide containing binding sites for e[F4E, e[F4A, elF3, PABP, and
the kinase Mnkl. elF4F interacts with both the cap (through eIF4E) and the ribosome-
associated eIF3 (through elF4G). Thus, elF4F executes the pivotal function of bridging
the mRNA and the ribosome. The other molecular interactions mediated through elF4G
are critical in translation and/or serve in translational regulation. The role of the various
elF4 factors in mediating ribosome recruitment is depicted in Fig. 1.2, and is summarized

below.
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Figure 1.1 Mechanism of translation initiation. Adapted from Gingras et al.
Annu Rev. Biochem. (1999). See text for details.



page 7

elF4F

complex g
ol AUG

Figure 1.2.  Ribosome recruitment. Through elF4E, eIF4F binds to the mRNA 5’ cap
structure. elF4A, along with the co-factor eIF4B, unwinds cap-proximal mRNA secondary
structure in an ATP-dependent manner. The 40S ribosomal subunit bound to elF3 (and to
the terary complex consisting of elF2, GTP and Met-tRNAI) is recruited to the single-
stranded mRNA, through eIF4G.
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1.4.1 elF4E

eIF4E was identified by its ability to cross-link to the cap (27) and was subsequently
purified by affinity chromatography on a cap-containing matrix (28). eIF4E mediates cap
recognition in initiation and is essential for cap-dependent translation. Depletion of
eIF4E (and associated proteins) from cell-free extracts drastically reduces translation of
capped mRNA; full activity is restored by addition of bacterially expressed or purified
native e[F4E (29). eIF4E is conserved across species: e[F4E proteins from plants,
Drosophila, and Aplysia, among others, share striking homology to mammalian eIF4E.
Saccharomyces cerevisae and human elF4E are 32% identical, and mammalian e[F4E
can rescue the lethality caused by disruption of the yeast e[F4E gene (30).

The three-dimensional structure of mouse e[F4E was solved by X-ray crystallography,
and that of yeast eI[F4E by NMR (Fig. 1.3A and B; 31, 32). Both proteins possess the
same overall organization, resembling a cupped hand (or basebali glove) and consisting
of a single o/ domain composed of an eight-stranded, antiparallel curved 8-sheet.
backed on its convex surface by three long a-helices. The modes of cap binding utilized
by yeast and mouse elF4E are almost identical, and all of the residues involved in cap-
binding are conserved from yeast to mammals. m’GDP occupies a narrow slot on the
concave surface of e[F4E, where m’G binding is provided by n—=t stacking interactions
between the base and the indole side chains of two tryptophans (Trp56 and Trp102 in
mouse, Trp58 and Trpl04 in yeast eIF4E) (31, 32; Fig. 1.3C). For simplicity, subsequent
numbering will be given only for mammalian (human/mouse) e[F4E. This binding is
coordinated by hydrogen bonds involving Glul103 (the carboxylate oxygen atoms act as
acceptors for N-1 and N-2 hydrogens of the guanine ring) and the backbone amide of
Trpl02 (which is a hydrogen bond donor for O-6 of the guanine ring). A van der Waals
contact between the N-7 methyl group of the guanine ring and Trp 166 further coordinates

these interactions. Several direct and water-mediated hydrogen bonds between amino
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acids and phosphate groups of the cap also contribute to the binding. Positively charged
residues in the cap-binding slot (Argl 12, Argl57, and Argl62) coordinate the negatively
charged oxygen atoms of the phosphate moieties in m’GDP.

A human structural e[F4E homolog of unknown function, termed 4EHP (30% identity to
e[F4E at the amino acid level) also interacts with the cap, despite the fact that one of the
tryptophans (Trp56) involved in cap binding in mouse eIF4E is replaced by a tyrosine in
4EHP (33). 4EHP thus binds to the cap via sandwiching of the m’G ring between a
tyrosine (Tyr78) and a tryptophan (Trp124), indicating that aromatic residues other than
tryptophan can participate in cap binding (34). This mode of cap binding (n—t electron
stacking between aromatic side chains) is also found in a structurally unrelated protein,
VP39 methyltransferase, a bifunctional protein from vaccinia virus that methylates the 2’
hydroxyl of the ribose in the cap and also acts as a processivity factor for the viral
poly(A) polymerase (35, 36). In this case, the side chains that sandwich the m’G ring are
a tyrosine and a phenylalanine; Fig. 1.3D (37). Thus, the mechanism of cap binding
appears to be highiy conserved amongst proteins of different origins and functions (34)
and could be utilized, for example, for recognition of the cap by nuclear cap-binding

proteins (38) and/or by the decapping enzyme (39).
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Figure 1.3.  Structure of eIF4E and cap recognition. (A-C) Three-dimensional structure of
eIF4E (blue) bound to m7GDP cap analog (yellow). (A) Ribbon diagram of the mouse eIF4E
structure determined by X-ray crystallography; (B) ribbon diagram of the yeast eIF4E structure
determined by NMR; (C) magnified view of the cap-binding area of mouse eIF4E. The amino
acid side chains involved in the interaction are highlighted. (D) Comparison of the cap
recognition by VP39, eIF4E and 4E-HP.



1.4.2 elF4G

The physical “bridging™ of ribosomes to mRNA in mammalian cells is coordinated
primarily by the large molecular scaffolding proteins, e[F4GI and elF4GII, which are
46% identical and possess predicted molecular masses of 171 kDa and 176 kDa,

respectively (40).

The use of viral proteases, which cleave the mammalian eIF4GI protein into three
fragments (amino-terminal, middle, and carboxy-terminal: 41), together with biochemical
and functional analyses of these segments, has been helpful in clarifying the roles that
each of the domains of the e[F4GI protein plays in the formation of a functional
translation initiation complex. The amino-terminal fragment interacts directly with
elF4E (41. 42; see below). This region also interacts with the poly(A) binding protein
(43), an interaction which facilitates mRNA translation, in systems which are poly(A)
dependent (reviewed in 13). Thus eIF4G is responsible for binding to proteins that
interact with the 5’ and the 3’ UTRs (13). The middle domain contains binding sites for
elF3 and elF4A (41, 44), and possesses RNA-binding activity, due to an RRM (RNA-
recognition-motif)-like domain (45). The carboxy-terminal fragment of e[F4GI contains
a second, independent binding site for e[F4A (41, 44), and interacts with an e[F4E-kinase
termed Mnk1 (MAP-kinase-interacting kinase-|; also called MAP kinase signal-
integrating kinase 1). The C-terminal domain of elFF4G does not appear to be strictly
required for translation, as the middle domain of eIF4G plus the eIF4E binding site alone

are sufficient to mediate ribosome binding and translation of capped mRNAs (46).

eIF4GII is a functional homologue of elF4GI such that all of the features described above
for eIF4GI are conserved in e[F4GII (43, 47, 48). In mammals, a more distant structural
homolog of eIF4G with a predicted molecular mass of 102 kDa was recently cloned, and

referred to as p97, DAP-5 (death-gssociated protein-3), or NATI (novel apolipoprotein B
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mRNA editing enzyme target no. ]). p97 is homologous only to the carboxy-terminal
two-thirds of eIF4GI, and does not contain a region corresponding to the amino-terminal
one third of elF4G, which includes the e[F4E- and PABP-binding sites. As expected,
p97 binds both elF3 and elF4A, but not e[F4E or PABP (43, 44, 49, 50). p97 binds to
¢IF4A, but only through the domain homologous to the middle domain of elF4GI (49).
Rather than acting as a true translation factor, p97 inhibits translation of both capped
mRNAs, and of mRNA translating via an IRES (43, 44, 49, 50), although it cannot be
excluded that p97 stimulates the translation of some specific mMRNAs.

The best characterized polypeptide-binding site on e[F4G is that for e[F4E. It maps
within the N-terminal portion of the protein, at position 572-578 in human elF4GI (42,
43). Deletion and site-directed mutagenesis studies demonstrated that the consensus
eIF4E binding site is YXXXXL®, where ® is usually L, but may also be M or F (42, 51).
This motif is present in eIF4G proteins from yeast to human (42, 52, 53). Itis also found
in a family of translational repressors, the 4E-binding proteins (4E-BPs), which compete
with e[F4G for binding to eIF4E (see section 1.7.5). The structure of a cocrystal of
elF4E and an elF4GII peptide encompassing the e[F4E-binding domain has been solved
(54). The eIF4G fragment binds to the dorsal, convex surface of e[F4E, directly behind
the cap-binding slot by interacting with several evolutionarily conserved residues through
hydrogen bonds, salt bridges, and van der Waals contacts (Fig. 1.6C; 54). The cocrystal
structure shows that Trp73 in elF4E interacts with the eIF4G peptide. Mutation of this
tryptophan to alanine abolishes the ability of human (48, 54) and yeast (55) e[F4E to
interact with e[F4G. Consistent with an important role in mediating the interaction with

elF4G, Trp73 in elF4E is essential for growth in yeast (55).



1.4.3 elF4A

elF4A is a 46kDa polypeptide (in mammals) exhibiting RNA-dependent ATPase and
bidirectional RNA helicase activities (56-60). e[F4A is member the DEAD-box protein
family, named after one of the motifs shared by all family members (61). There are two
functional mammalian isoforms: e[F4AI and elF4All, which are highly homologous and
functionally equivalent (62-64). The helicase activity of e[F4Al in isolation is relatively
weak (in in vitro assays), but is strongly stimulated by e[F4B (see below; 58). Although
elF4A and elF4B interact biochemically (i.e. e[F4B stimulates e[F4A ATPase and
helicase activities; 65) and genetically (i.e. a multicopy suppressor of elF4B
complements an e[F4A mutation in yeast; 66), no stable physical interaction between the
two proteins has been detected. The helicase activity of e[F4A is further stimulated upon
association with the other subunits of the elF4F complex: The eIF4F complex, in
combination with e[F4B, is approximately 20-fold more active in an in vitro helicase
assay than elF4A in combination with e[F4B (58). Based on this observation, and
considering the targeting of e[F4F to the mRNA 5’ end through the interaction of e[F4G
with elF4E, it was proposed that the eIF4F complex is the physiological RNA helicase
(58). Also, because elF4A bound to elF4G can be readily exchanged with free elF4A, it
has been suggested that €e[F4A can be recycled through the eIF4F complex to effect RNA
unwinding (64, 67). This recycling could explain (a) the requirement for free e[F4A in
addition to e[F4F for efficient ribosome binding (2); (b) the presence in cells of excess
(three- to sixfold) e[F4A relative to other initiation factors (68) and (c) the dramatic
inhibitory effect on translation of dominant-negative e[F4A mutants (67), best explained

as an inability of the mutant protein to recycle in and out of e[F4F.

An unresolved question, however, is how the helicase activity of e[F4A facilitates
ribosome binding. The most accepted model regarding 43S preinitiation complex

binding is that eIF4F assists in delivering e[F4A to the 5’ end of the mRNA, which is
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then appropriately positioned to unwind secondary structure in the mRNA to provide a
single-stranded RNA region as a landing pad for the ribosome (5, 23). This hypothesis is
consistent with the observations that the translation of mRNA with an extensive 5’
secondary structure is generally poor (15, 69) and that the requirement for the 5’ cap in
translation and ribosome binding is directly proportional to the degree of secondary
structure in the mRNA 5° UTR (70-72). Although this model is attractive because it is
consistent with most available data, there is no direct evidence that elF4A serves to
unwind the mRNA secondary structure in vitro or in the cell. Possible alternative roles
for e[F4A could be in rearranging secondary structure in the rRNA, or in dissociating

other proteins from the mRNA (59, 60).

144 elF4B

The function of eIF4B (a 69 kDa polypeptide in mammals; 73) in translation initiation is
not well understood. elF4B stimulates the helicase activity of elF4A and facilitates the
binding of the ribosome to the mRNA in a reconstituted ribosome-binding assay (74, 75).
However, in contrast to e[F4A, which is an essential factor, e[F4B appears to play only a
facilitating role because 48S ribosomal initiation complexes can be formed in its absence
(76) and a yeast strain disrupted in the e[F4B gene, TIF3, is viable (65, 66). Mammalian
elF4B homodimerizes and also interacts with the p170 subunit of eIF3 (77, 78). In
addition, e[F4B is an avid RNA-binding protein (77, 79, 80), that contains two separate
RNA-binding domains (80, 81). An elF4B-related protein (termed elF4H) was
discovered based on its stimulatory activity in a reconstituted in vitro translation assay
(82). elF4H exhibits 39% identity to mammalian eIF4B, and purified elF4H can
substitute for e[F4B to some extent in a reconstituted translation assay (82). The exact

function of elF4B and eIF4H in translation initiation remains unclear.
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1.5  Mechanisms of ribosome binding

Prokaryotic ribosome binding and selection of the proper initiation site is mediated via
the Shine-Dalgamo sequence, GGAGG, present in the mRNA and responsible for a base-
pairing interaction with the sequence CCUCC, located in the 3" end of the 16S rRNA.
Eukaryotes mRNAs do not possess the Shine-Dalgamo recognition sequence. Instead,
ribosome binding and selection of the proper initiation codon in eukaryotes is effected by
one or more of the mechanisms discussed below, and involves protein-protein and
protein-RNA interactions, rather than the typical prokaryotic RNA-RNA interaction. The
first distinction between the following eukaryotes models is whether translation requires
the presence of the cap structure (cap-dependent versus cap-independent), and/or elF4E
(Fig. 1.4). The second distinction is whether other eIF4 translation initiation factors, such
as elF4A, elF4B and e[F4G (and in particular, the middle domain of e[F4G, responsible
for the binding of eIF4A and elF3) are necessary.

1.5.1 Cap-dependent translation initiation

1.5.1.1 Scanning Model

The scanning model postulates that the ribosome must first be targeted to the mRNA via
the interaction of e[F4E with the cap structure (see section 1.4.1). Once the 43S
preinitiation complex is bound to mRNA, it must reach the initiation codon. The
mechanism by which the ribosome traverses the 5’ UTR is ill-defined, but it is thought
that in most cases the 43S complex migrates processively along the mRNA, inspecting
each base, until it encounters an initiation codon flanked by a favorable sequence context
(14). Whether the 43S ribosome complex migrates in a 5°-to-3’ direction by an active
process requiring energy (ATP hydrolysis) or by some other mechanism, such as
diffusion, is not known. Although ATP hydrolysis has been implicated in scanning (71),
this energy could be hamessed directly for the active movement of the ribosome, or

indirectly for disruption of the secondary structure to facilitate ribosome diffusion along
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the mRNA. Notwithstanding these uncertainties, the scanning model is consistent with a
large body of genetic (e.g. 17, 83) and biochemical (e.g. 84) data. (For a comprehensive
review see 23). A key tenet of the scanning model is that the interaction of the 40S
ribosomes with mRNA requires a free 5° end on the transcript, which is threaded through
the nbosome akin to threading the eye of a needle (14). A pivotal experiment on which
scanning is predicated demonstrated that, although prokaryotic ribosomes could bind to
circular RNA, eukaryotic ribosomes could not (reviewed in 14), pointing to the inability
of eukaryotic ribosomes to bind mRNA internally.

1.5.1.2 Ribosome shunting

A deviation from the linear scanning model is a phenomenon that has been variably
referred to as ribosome shunting, jumping, discontinuous scanning, or repositioning.
Ribosomes utilizing this mechanism bind in a cap-mediated fashion, commence scanning,
but then bypass a stretch of the 5' UTR to resume scanning at a downstream position.
This mechanism was first described for the 35S mRNA of the cauliflower mosaic virus
(85) and then extended to other viral transcripts, including the adenovirus major late
mRNAs (86) and Sendai virus mRNAs (87). The nature of the signals that effect the

jumping and the trans-acting factors involved in the shunt mechanism are unknown.

1.5.2 Cap-independent translation

1.5.2.1 Internal ribosome entry — the picornavirus model

A second alternative mechanism for the recruitment of eukaryotic ribosomes to mRNAs
is via direct binding of the 40S subunit to an intemal RNA structure, bypassing the cap
and the 5’ end altogether. This mode of translation initiation was reported first for two
picornaviruses, poliovirus and encephalomyocarditis virus (EMCV; 88, 89). Picornavirus
mRNAs do not possess a 5’ cap and thus translate by a cap-independent mechanism. In

addition, they possess long 5’ UTRs of approximately 600 to 1200 nucleotides, which



page 17

exhibit significant secondary structure and contain numerous unused AUGs (22, 90, 91),
two features that are generally inhibitory for translation. Translation of most
picomnavirus RNAs is, however, very efficient, even when cap-dependent protein
synthesis is blocked in the host cell (22, 91). An intemal sequence from the picomavirus
RNA was characterized that could recruit ribosomes in a 5° end-independent manner and
could confer cap-independent translation to a reporter transcript. This structure was
termed the IRES (for Internal Ribosome Entry Site) or RLP (for Ribosome Landing Pad);
the former acronym is generally used today (reviewed in 22, 91). Internal ribosome
binding is not restricted to uncapped viral RNA: Much attention has been given recently
to the identification, characterization and regulation of putative IRESes found in capped
mRNAs of cellular origin (reviewed in 24). Ribosome binding to picornavirus IRESes
(and probably to the cellular IRESes) requires the complete set of initiation factors
necessary for 5’ end cap-dependent translation, except e[F4E (and the N-terminal region
of elF4G).

1.5.2.2 Internal Ribosome Binding - the hepatitis C virus model

There is a precedent for a much simpler and prokaryote-like mode of ribosome binding
which is used by the hepatitis C virus (HCV) and related pestivirus mRNAs (92, 93).
HCV IRES (about 300 nucleotides in length) exhibits the surprising property of direct
binding to salt-washed ribosomes in the absence of any translation initiation factors.
Furthermore, a functional initiation complex can be assembled at the start site in the
absence of e[F4E, el[F4G, e[F4A and elF4B, and without the requirement for ATP
hydrolysis (e[F2 and eIF3 are required, however, for precise selection of the initiation
codon and subunit joining; reviewed in 23). How the HCV IRES recognizes and bind
specifically to ribosomes has not been completely elucidated: RNA-RNA interactions as

well as RNA-protein interactions could be involved (23).
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A) cap-dependent translation

elF4E, as part of the elF4F complex, interacts with the cap structure
to direct ribosome binding

elF4E is required
full-length eIF4G is required 7
m GpppG AUG

A

B) IRES-mediated translation (picornaviruses)
Ribosome binding occurs internally, to a specific structure
known as the Internal Ribosome Entry Site

elF4E is dispensable
e[F4G N-terminus is dispensable CQIL’}, 21 w j

AUG

Figure 1.4  Comparison of the cap-dependent and IRES-driven mechanisms
of initiation. See text for details.
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1.6  Global control of protein synthesis versus regulation of transiation of
individual mRNAs

Treatment of cells with mitogens, hormones or growth factors generally leads to an
increase in translation. Conversely, nutrient deprivation or environmental stresses such
as heat shock, osmotic shock or UV irradiation generally reduce protein synthetic rates
(reviewed in 1, 40, 94, 95). These changes in protein synthetic rates are often correlated
with changes in the level or activity elF4F, resulting in differences in the rate of
ribosomal recruitment to mRNA (see section 1.7). That is, growing or stimulated cells
contain high levels of e[F4F, whereas in quiescent or stressed cells low elF4F levels are

detected.

While global changes in protein synthesis following hormone or growth factor
stimulation are relatively small (up to two-fold), a disproportionate and dramatic increase
in the translation rates of a relatively small number of mRNAs is observed. How might
different mRNA populations be regulated to different extents in response to a given
stimuli or stress? As adumbrated more than 25 years ago by Lodish (96), this is most
likely due, in part, to the discriminatory activity of the general translation apparatus. One
possible mechanism for this “translational discrimination”, or *“mRNA competition™, is a
significant disparity in the requirement of individual mRNAs for eIF4F helicase activity.
Since 40S ribosomal subunit binding appears to require a region of single-stranded
mRNA, cap-proximal 5° UTR secondary structure may be expected to reduce
translational efficiency by rendering the mRNA less accessible to a ribosome, and/or by
impeding the scanning process. When eIF4F helicase activity is low, translation of
mRNAs which do not possess significant 5’UTR secondary structure would be expected
to be affected to a lesser degree than mRNAs possessing more extensive 5’UTR
secondary structure. Indeed, eIF4E overexpression preferentially enhances the

translation of mRNAs with structured 5’ UTRs (97), dominant-negative elF4A mutant
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proteins preferentially inhibit translation of these poorly translated mRNAs in vivo (98),
and elF4B inactivation in yeast preferentially inhibits translation of reporter mRNAs
possessing long and structured 5’UTRs (99).

Many specific examples of mRNAs which are regulated in this fashion have been
identified. For instance, while insulin stimulation increases global translation rates by
approximately two-fold, the increase in the translation rate of the omithine decarboxylase
(ODC) mRNA, which possesses a relatively long, and highiy structured 5'UTR, is ~20-
30 fold (100). The ODC mRNA translational block can be relieved by removing 5'UTR
structured elements, or by overexpression of e[F4E (100, 101). Many mRNAs coding for
oncogenes or other proteins important for growth or proliferation control possess large,
putatively highly structured 5"UTRs (102), and are thus predicted to be targets for
translational discrimination. Consistent with this prediction, overexpression of eIF4E or
elF4G in rodent cells induces cellular transformation (see chapter 6; also reviewed in
103), and overexpression of e[F4E, e[F4G and eIF4A has been noted in several different

tumor types (104; chapter 6).

Not all regulated mRNAs are controlled by the discriminatory activity of the general
translation apparatus, however. Several different specific 5°- or 3'UTR sequence
elements have also been demonstrated to modulate translational efficiency (reviewed in
105). For instance, the 5’ terminal oligopyrimidine tract (5'TOP) is a cap-proximal
structural element (consisting of an uninterrupted stretch of 4- 14 pyrimidines) that
confers very stringent translation reguiation. In conditions of nutrient deprivation, lack of
growth factors, contact inhibition, or after initiation of a differentiation program, the
translation of 5’ TOP-containing mRNAs is potently repressed (21, 106). Stimulation of
the cells (with hormones, cytokines, or growth factors, for example) overcomes the

translational repression.
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The advent of cDNA array and DNA chip technologies has allowed for the determination
of the number and nature of translationally regulated mRNAs in different cell types, and
in response to distinct kinds of stimuli or stress (reviewed in 24). When applied to a
sucrose density gradient, mMRNAs which are actively translated sediment with heavy
polysomes (mRNAs associated with several ribosomes), whereas mRNAs which are
poorly translated (or not translated at all) are found in lighter fractions. By comparing
these two mRNA populations in cells subjected to a stress or stimulus, those transcripts
which are translationally activated (or inhibited) can be identified. For example, ~1% of
mRNAs (of the 1200 genes screened) in fibroblasts were found to shift to polysomes in
response to serum-stimulation (107), while nearly 10% of the trancripts (472 genes
screened) were observed to be under translational control following activation of resting
T cells (108). Following poliovirus infection (a condition in which little or no intact
elF4F is present) less than 3% of mRNAs (200 out of 7000) remain associated with

heavy polysomes (109).

Taken together, these data reinforce the view that in response to many types of stimuli or
stress, global changes in protein synthesis are relatively modest, but the translation rates
of a small population of mRNAs is dramatically modulated. This phenomenon likely
involves several mechanisms, two of which are: 1) translational discrimination, due to
differences in the requirement for eIF4F helicase activity, and 2) specific sequence
elements, such as the 5’TOP, which confer potent translational inhibition in starved or

resting conditions.

1.7  Regulation of ribosomal recruitment in mammalian cells
elF4F complex formation and activity are regulated via several different modes in

mammalian cells. Interaction with repressor peptides, phosphorylation of its constituent
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proteins, proteolysis of the e[F4G subunit, and transcriptional regulation (see Chapter 2;
reviewed in 22, 40) may all participate in the modulation of c[F4F activity in different
situations. In this way, a complex network of signal transduction pathways cooperatively
regulate translation initiation rates. Here, I will briefly discuss the phosphorylation of the
¢lF4 factors (elF4E, eIF4G and elF4B; eIF4A being unphosphorylated in mammalian
cells). I will then describe in more detail the mechanism of regulation of ribosomal
recruitment via the interaction with a family of repressor proteins, the 4E-BPs.

1.7.1 Phosphorylation of elF4E

The phosphorylation of mammalian e[F4E in response to all stimuli so far examined
occurs primarily on a single residue, Ser209 (numbering for the murine protein), with
minor phosphorylation detected in certain cases on threonine residues (most likely
Thr210; 110, 111, 112). The phosphorylation state of eIF4E, in general, correlates with
translation rates and the growth status of the cell (reviewed in 94, 113). elF4E
phosphorylation is modulated in response to a variety of extracellular stimuli: treatment
of cells in culture with hormones, growth factors, cytokines or mitogens results in a net
increase in elF4E phosphorylation (see Table I and 40, 53, 94). eIF4E is
hypophosphorylated during mitosis (114, 115), a cell cycle phase during which
translation rates of most (but not all) mRNAs are low (116-118). Also, e[F4E becomes
dephosphorylated after heat-shock (119), concomitant with a decrease in global
translation rates. Infection with adenovirus (115), influenza virus (120), or
encephalomyocarditis virus (121) are accompanied by a decrease in e[F4E
phosphorylation (see below for cases where there is a lack of correlation between elF4E

phosphorylation and translational rates).
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Table 1. Effect of various stimuli on the phosphorylation of eIF4E and 4E-BP1

stimulus cell type IF4E 4E-BPI references
Actinomycin D R (12)
Adenovirus infection (carty) Hela. 293 2 + (123, 124)
Amino acid addition sumerous ceil Lines / animal models + (reviewed in 125)
Angiotensin [T vascular smooth muscie + + (126, 12Dy
Anisomycin Swiss 3T3. 293 + (128)
Ant-CD3 matwe CD4" or CDS" thymocyes + (129)
Arsenite 293: CHO K1 + - (130)
Cholecystokinin ral pancreas - + (131. 132)
Concanavalin A peripheral bicod moaoaacicar cells . (133)
DAMGO® CHO overexpressing p-receptor - (134)
Epidermal growth factor mammary cpithelial cells . (13%)
P19 + (136)
Swiss 373, 3T3-L1. PC12 * (137-139)
Gastrin AR4-2) tumor cefls + (1400
GMCSF + SLF hemasopoictic MOTe . + (4
Heat shock reuber bepatoma + (142)
Hepatocyte growth factor cpithelial human MKN74 + (143)
High glucose isolated rat pancreatic islets + (144)
Insulin NIH3T3 . (100, 145, 146)
IT-LI + + (137. 138, 147, 148)
CHO . (149. 1500
skeletal muscle * (151, 152)
Swiss 3T3; 32D. 293. CHO-IR + (123, 128, 153, I54)
epithelial cells; cardiac myocytes - (155, 156)
Insulin-like growth factor | rat 20rtic smooth muscle + (157
Insulin-like growth factor {1 Swiss 3T3-L1 + (137, 148)
Intericukin 1 CHOK! + (130)
intericukin 3 mycloid progenitor + (153)
Leucine addition numerous ceil lines / animal models + (reviewed in 125)
Lipopolysaccharide B lympbocytes + (158)
peritoncal macrophages: Raw264.7 + (159
L-pyrroline-S-carboxylic acid rabbit reticulocyte lysate . (160)
Nerve growth factor PCI2 + + (139, 161)
Platelet-denved growth factor NIH 3T3 - (100, 145, 146)
lung fibroblasts . (162)
Swiss 3T3-L1; aortic SM * (137, 152. 15T
PHA + phorbol ester human T ceils + (163)
Phenylephrine Rat}a expressing a1 A adrenergic rec. + (164)
Phorbol ester NIH 3T3, CHO, PBL. B cells + (100, 133, 145, 146, 149, 150. 158)
3T3-L1. leukaemic T cells, retic. lysate + (133, 147, 160)
Swiss 3T3 (128)
Prostaglandin F2a vascular smooth muscle + (165)
Serum NIH IT3 + (100, (4S5, 146, 166)
Swiss 3T3 + (167
CHO * (150)
3T3-L1 + (137. 152)
Tumofnecmsxs factor & U937, HelLa, ME180, BAEC. FS. HUVEC + (130, 168)

()nochangemphosphotylanon

(+)|mmpbospborylanon.bhnkwmdmtsnotdcumn:d
© Abbreviations used: DAMGO. [D-Ala* N-Me-Phe* Gly*-ol]-enkephalin: GMCSF, granulocyte-macrophage coloay stimalating
factor: SLF, Steel factor; PHA. phytohemagglutinin.



page 24

1.7.1.1 Signaling pathway to e[F4E phosphorylation

A putative role for the ras/raf/ERK MAPK pathway (reviewed in 169, 170) in e[F4E
phosphorylation was suggested by the observation that eIF4E phosphorylation is
increased in ras- or src-transformed cells (146, 171). The ERK signaling cascade is
activated by extracellular stimuli, and is specifically inhibited by PD98059 (reviewed in
169, 170, 172). Phosphorylation of e[F4E is induced by serum or insulin, and is
prevented to a large extent by PD98059 treatment (145, 149). However, the ERKs
cannot directly phosphorylate eIF4E in vitro, arguing against a direct role for the MAPKs
in e[F4E phosphorylation in vivo (149).

Certain stresses, such as anisomycin or arsenite treatment, increase e[F4E
phosphorylation, even though translation rates actually decrease in response to these
drugs (145). The p38 subfamily of MAPKSs, like the JNK family, is activated in response
to many types of environmental stress, including hyperosmolarity, heat shock, UV
irradiation, and exposure to LPS, arsenite, or anisomycin (169, 170). p38 MAPK activity
(but not JNK activity) is specifically prevented by the pharmacological compound
SB203580 (173). In agreement with a role for p38 MAPK in mediating e[F4E
phosphorylation induced by stress, induction of e[F4E phosphorylation by anisomycin is

prevented in cells pre-incubated with SB203580 (130, 145).

The mitogen-stimulated pathway acting through the ERKSs and the stress-activated
pathway acting through the p38 MAPKSs converge at a common eIF4E kinase termed
Mnk]1 (174, 175; MAP kinase interacting kinase | or MAP kinase signal integrating
kinase 1). Mnkl was isolated via interaction screening as a substrate for both ERKI1 and
p38 MAPK, and activation of either the ERK or p38 MAPKs (but not the JNK kinases)
stimulates Mnk]1 kinase activity (174, 175). Mnk1 efficiently phosphorylates eIF4E
Ser209 in vitro (175) and in vivo, following stimulation of either the ERK or p38 MAPK
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Figure 1.5.  eIF4E phosphorylation. (A) Signaling pathway to e[F4E phosphorylation.
Growth factors, mitogens, cytokines or other extracellular stimuli activate the ERK pathway.
Stress activates the p38 MAPK pathway. Both of these pathways can activate Mnk1, an eIF4G-
associated kinase. Mnk1 phosphorylates e[F4E on Ser209. (B) A GRASP surface model of
mouse e[F4E. The surface of eIF4E is color-coded based on the charge of the amino acids
(blue = basic; red = acidic). The cap is bound in a narrow slot between TrpS6 and Trp102.

The position of Ser209 and Lys 159 is shown. A possible path for the mRNA is indicated by

the yellow arrow.
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Figure 1.5.  (C) eIF4E clamping cycle model. Step 1: e[F4E and Mnk1 interact with
the eIF4G proteins. Capped mRNA is bound by unphosphorylated eIF4E. Step 2: e[F4E
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bound to mRNA is phosphorylated by Mnk1. Phosphoserine 209 and a nearby lysine residue
(Lys159) form a salt bridge to cover and “clamp” the mRNA in place. Translation ensues.
Step 3: elF4E is dephosphorylated by an unknown phosphatase, effecting mRNA release.

Unphosphorylated e[F4E is competent to bind to another mRNA.
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cascades (48, 176). Mnk1 does not interact directly with e[F4E. Rather, Mnk! binds to
¢[F4G family proteins (48, 176). Thus, the eIF4Gs recruit Mnk| to its substrate (Fig.
1.5). The interaction between elF4E and elF4G is required for e[F4E phosphoryiation in
vivo, because a mutant e[F4E protein which cannot interact with elF4G is not efficiently

phosphorylated in mammalian cells (48).

1.7.1.2 Function of eIF4E phosphorylation

The function of eIF4E phosphorylation is not well understood. Unphosphorylated
recombinant ¢eIF4E can stimulate translation in vitro (e.g. 29), and can bind to mRNA or
mRNA cap analogs (e.g. 177, 178). Thus, phosphorylation is not strictly required for
elF4E function. However, the crystal structure of e[F4E (31) suggests that the
phosphorylated form of e[F4E could have a stronger affinity for capped mRNA. Ser209
is located below the cap-binding slot and lies on the proposed trajectory of the mRNA
chain (Fig. 1.5: 31). Facing Ser209 on the opposite side of the putative mRNA path is
Lys159. which could potentially form a retractable salt bridge over the mRNA with a
phosphorylated Ser209. This bridge could act as a retractable clamp to stabilize the
mRNA in the cap-binding slot. Thus, phosphoryiation may enhance the binding of elF4E
to capped mRNAs and longer cap analogs (dinucleotides or more); however, it is not
obvious from the structure that binding to shorter cap analogs (¢.g. m’GDP) should be
enhanced. Consistent with this model, phosphorylation of elF4E has been described to
enhance its affinity for mRNA (179).

The fact that eIF4E is phosphorylated by an e[F4G-bound kinase raises the interesting
possibility of an elF4E phosphorylation - mRNA binding cycle. It may be envisioned
that upon formation of the eIF4F - mRNA complex, eIF4E is phosphorylated by Mnk!1 to
“clamp” the bound mRNA in place. Itis also conceivable that the mRNA must then be

“unclamped” to catalyze subsequent rounds of initiation, a task presumably accomplished
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by an eIF4E phosphatase (Fig. 1.5c). Indeed, it was proposed, based on comparisons
between [*P] incorporation and ratio of isoforms detected by isoelectric focusing, that
agents which increase the phosphorylation of eIF4E also lead to an increase in the
tumover rate of phosphate (e.g. 158). eIF4E phosphorylation may thus provide an
additional level of control in translation initiation. It could also function to strengthen the

elF4F-mRNA interaction, or enable more efficient re-initiation (13).

1.7.2  Phosphorylation of elF4GI

The elF4Gs have been known to be phosphoproteins for some time (110, 120, 135, 147,
180-183), however, the intracellular signaling pathways regulating their phosphorylation,
the location of the phosphorylation sites within the proteins, and the functional
consequences of e[F4G phosphorylation have only just begun to be understood.
Recently, two distinct sets of phosphorylation sites have been identified in the e[F4GI
protein. One set is located in the carboxy-terminus, with the majority of the sites
contained in a poorly conserved putative “hinge” region (aa 1035-1190) residing between
the middle and carboxy-terminal e[F4A binding domains (184). The second, less
characterized set resides in the amino-terminus (with phosphorylation on at least one
serine, Ser274). The phosphorylation status of the carboxy-terminal phosphorylated
region changes in response to serum or mitogen treatment, with phosphorylation on
serines 1108, 1148 and 1192 increasing drastically (184). PI3K and FRAP/mTOR
signaling (see section 1.8) modulates the phosphorylation of these residues (184).
However, these serines are not phosphorylated directly by FRAP/mTOR, S6K!1 or S6K2
in an in vitro kinase assay (184). Instead, e[F4GI amino-terminal sequences appear to
confer serum- and mitogen-responsiveness (as well as kinase inhibitor sensitivity) to the
carboxy-terminal region; truncation mutant proteins lacking the amino-terminus are
constitutively phosphorylated in the “serum-stimulated™ state, even in serum-starved

cells, and acquire resistance to kinase inhibitor treatment. Thus, the PI3K - FRAP/mTOR
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pathway(s) appears to regulate the accessibility of the carboxy-terminal region to other
(rapamycin- and wortmannin-insensitive) kinases (184). A similar phenomenon has been
noted for S6K, in that autoinhibition and rapamycin-sensitivity are conferred by specific
amino-terminal sequences (185, 186). Removal of this region results in a rapamycin-

insensitive kinase (185, 186).

How then might phosphorylation modulate e[F4GI activity? The C-terminal
phosphorylated region does not overlap with the binding site of any known elF4G
binding partners, and the interactions between elF4GI and several known binding
partners (elF3, elF4A and Mnk1) do not appear to be altered by phosphorylation (B.
Raught, A.-C. Gingras, S. Morino and S. Pyronnet, unpubl.). Secondary structure
predictions suggest that the phosphorylated region is relatively unstructured (B. Raught
and A.-C. Gingras, unpubl.). This region also contains a caspase cleavage site (187),
suggesting that it is solvent exposed. Thus, the phosphorylated region may act as a
flexible “hinge™ between the middle and C-terminal domains. In the absence of evidence
for changes in protein-protein interactions, it was suggested that phosphorylation alters
intramolecular interactions to cause short- or long-range changes in e[F4GlI structure

(184).

1.7.3 Phosphorylation of elF4GlI and p97

eIF4Gll is also a phosphoprotein, but it does not appear to be phosphorylated to a
significant extent in the domain corresponding to the e[F4GI C-terminal phosphorylated
region (184). The elF4GI C-terminal phosphorylated region shares a very low degree of
homology with the corresponding region of elF4GIl. Further, e[F4GIlI phosphorylation
does not appear to be responsive to serum or mitogen treatment in 293 cells, suggesting
that the two eIF4G proteins may have evolved to respond differently to distinct

intracellular signaling pathways. p97 is also a phosphoprotein in 293 celis. Like
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eIF4GIl. the region of p97 corresponding to the elF4GI C-terminal phosphorylated region
is not phosphorylated, and the phosphorylation status of p97 does not appear to be
modulated by serum or mitogen treatment (184).

1.7.4 elF4B phosphorylation

Mammalian eIF4B is a phosphoprotein (188-190) and treatment of cells with serum,
insulin, or phorbol esters results in e[F4B hyperphosphorylation (147, 191, 192).
However, the biological significance of eIF4B phosphorylation is unknown. In fact,
recombinant e[F4B expressed in E. coli is active both in an in vitro helicase assay (58)
and in a ibosome toe-printing assay (46, 76). eIF4B can be phosphorylated in vitro with
several different kinases, including S6K1 (147, 192, 193). Intriguingly, two-dimensional
tryptic phosphopeptide mapping has revealed that e[F4B possesses at least cne serum-
stimulated phosphorylation site (serine 422) which is sensitive to rapamycin, wortmannin
and LY294002 (193). Ser422 is also the site phosphorylated by S6KI1 in vitro.
Furthermore, overexpression of rapamycin-resistant S6K1 proteins confers rapamycin
resistance to Ser422 phosphorylation in vivo (106). eIF4B is only the second substrate to
be ascribed to S6K1 (the other being the ribosomal S6 protein; 106) Thus, PI3K and
FRAP/mTOR (section 1.8) also appear to signal to el[F4B. The phosphorylation site is
located at the beginning of an arginine-rich region, involved in RNA binding, but the
effect of the phosphorylation of the activity of e[F4B has not been assessed.

1.7.5 4E-BP discovery, structure and function

A paramount mechanism of regulation of eIF4E activity is through its interaction with a
family of repressor proteins termed the e[F4E-binding proteins (4E-BPs). A Far-Westemn
assay was initially used to identify 4E-BP1 and 4E-BP2 (also known as PHAS-I and II;
reviewed in 194) as binding partners for e[F4E (195). 4E-BP3 was subsequently cloned
based on its homology to the other 4E-BPs (196). The 4E-BPs are small (approximately
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10 to 12 kDa), heat-stable proteins. 4E-BP1 and 4E-BP2 share 56% identity, and 4E-BP1
and 4E-BP3 share 40% identity. Conservation is greatest (at least 74% identity) in the
middle region of these molecules (residues 35-85 in 4E-BP1), which contains the eIF4E-
binding site. Apparent 4E-BP orthologs have been found i» numerous organisms,
including several vertebrates (Homo sapiens, Bos taurus, Sus scrofa, Rattus norvegicus,
Mus musculus, Gallus gallus, Xenopus laevis, OryZias latipes, Danio rerio, Cyprinus
carpio, etc.), tunicates (Halocynthia roretzi), flatworms (Schistosoma mansoni,
Echinococcus granulosus), insects (Drosophila melanogaster, Bombyx mori), and
cellular slime mold (Dictyostelium discoideum). In S. cerevisiae, a likely 4E-BP
functional analog has been cloned. However, this translational inhibitor, known as
Caf20p or p20, does not share homology with the 4E-BPs from other species (197), apart
from the presence of a conserved sequence motif conferring elF4E binding (Fig. 1.6E).
To date, no plant EST related in sequences to yeast Caf20 or to mammalian 4E-BPs has
been identified.

4E-BPs inhibit cap-dependent translation, both in cell-free translation assays and when
overexpressed in cells (195, 196), whereas cap-independent translation is not affected
(195, 196). Binding of the 4E-BPs to eIF4E does not appear to alter the affinity of e[F4E
for the cap, because an e[F4E/4E-BP1 complex readily binds to a matrix-bound cap
(195). Furthermore, in an electrophoretic mobility shift assay with capped RNA as a
probe, the eIF4E-RNA complex is supershifted upon addition of 4E-BP1 (A.-C.G.).
Instead, 4E-BPs appear to inhibit the activity of e[F4E by preventing its association with
eIF4G, thus suppressing the formation of the elF4F complex (198). 4E-BPs and e[F4G
compete for binding to eIF4E because both e[F4G and the 4E-BPs possess a conserved
amino acid motif (containing the “core” sequence YXXXXL®, in which X is any amino
acid and @ is an aliphatic residue, most often L, but sometimes M or F), necessary for

interaction with eIF4E as described in section 1.4 (42). Deletion of this sequence in the
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4E-BPs or mutation of cither the tyrosine or the leucine to alanine abrogates elF4E
binding (42, 196) and relieves translational inhibition (196). In addition, a 20aa peptide
derived from the eIF4E binding site of the mammalian 4E-BPs or e[F4Gs significantly
inhibits cap-dependent translation in an in vitro translation assay (54, 199).

NMR and crystallographic data have provided the structural basis for the importance of
this motif in mediating binding to e[F4E (Fig. 1.6). An area of the convex surface of
eIF4E exhibits a remarkable evolutionary conservation amongst all e[F4E proteins (31).
An NMR study in which eIF4E was titrated with 4E-BP protein indicated that this
conserved area is the 4E-BP binding site (32). This was later demonstrated directly by
crystallographic analysis of e[F4E bound to peptides derived from either 4E-BP1 (amino
acids 51-66 of human 4E-BP1) or e[F4GII (54). When bound to e[F4E, both peptides
exhibit an L-shaped extended-chain/alpha-helical conformation, and bind to the convex
dorsal surface of elF4E, opposite to the cap-binding slot (Fig. 1.6B; 54). An alignment of
the sequences encompassing the e[F4E-binding sites of the mammalian 4E-BP and eI[F4G
proteins is shown in Fig. 1.6E (the invariant tyrosine is assigned position 0). Consistent
with the high degree of conservation of the eIF4E-binding site between mammalian 4E-
BPs and eIF4Gs, the cocrystal structure of an e[F4GII peptide with e[F4E shows a mode
of binding similar to the 4E-BP peptide (Fig. 1.6C). Binding of 4E-BP1 to elF4E
involves residues previously demonstrated by mutagenesis studies to be critical for
interaction (Tyr54 and LeuS9 in human 4E-BP1; positions 0 and +5 in Fig. 1.6E), as well
as other conserved residues that establish additional hydrogen bonds, van der Waals
contacts, or salt bridges with e[F4E (54). Fig. 1.6D is a magnified view of the 4E-BPI
peptide bound to e[F4E. Residues involved in intermolecular contacts are highlighted.
The conserved residues at positions -3 (Arg/Lys), 0 (Tyr), +2 (Arg), and +5 (Leu)
establish contacts with eIF4E. The aliphatic portions of the side chains of -2 (Ile in 4E-

BPs, Lys in e[F4G), +6 (Met in 4E-BP1, Leu in the other 4E-BPs and eIF4G), and the
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nonconsensus positions +8 and +9 (all the substitutions observed among mammalian
e[F4G/4E-BPs could support these interactions) also contact e[F4E. Nonconserved
amino acids at positions -1, +1, +3, +7, and +10 make no close intermolecular contacts.
Intramolecular interactions within the 4E-BP1 peptide stabilize the L-shaped structure
(54). The cocrystal structure (Fig. 1.6) demonstrates that the amino acids in murine
eIF4E involved in intermolecular contacts with 4E-BP1 include His37, Val69, Trp73,
Leul3l, Leul35, Glul32, lle138, Glul40, and Asp147 (54). NMR spectroscopy
demonstrated that residues 32-50 and 62-79 in yeast e[F4E were the most affected by 4E-
BP2 addition (54), indicating that they are involved in 4E-BP binding. Thus, NMR and
crystallographic studies identified an overlapping set of residues on eIF4E that constitute
the binding site for 4E-BPs. Consistent with this information, mutation of Trp73 to
alanine in mouse elF4E abolishes 4E-BP1 and e[F4G binding (48; A.-C.G, unpublished
data).

In the absence of elF4E, the 4E-BPs are largely unstructured in solution, as determined
by NMR and circular-dichroism studies (54, 199, 200). How then might this peptide
recognize and bind to e[F4E? Specificity appears to be conferred via an “induced fit”
mechanism, whereby eIF4E binding fixes a small region of the 4E-BP into the
energetically favorable alpha-helical conformation (54). These results are consistent with
the NMR studies which demonstrated that only a very small portion of 4E-BP1 becomes
ordered in the presence of mouse or yeast e[F4E, whereas most of the protein remains
disordered (199). A similar induced-fit is observed with the e[F4GII peptide, which is
also unstructured in solution, and acquires an alpha-helical conformation upon elF4E

binding (54).
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position -2 0 2 4 6 8 10
heIF4GI KKRYDREFLLGFQF
heIF4GII KKQYDREFLLDFQF
h4E-BP1 RIIYDRKFLMECRN
h4E-BP2 RIIYDRKPFLLDRRN
hQE-BP3 RIIYDRFFLLECKN
delF4G KKQYDREQLLQLRE
d4E-BP KLIYERAFMKNLRG
Tif4631p KYTYGPTFLLQFKD
Tif4632p KYTYGPTPFLLQFKD
Caf20p MIKYTIDELPFQLIKP
consensus Y L ¢

Figure 1.6.  The cocrystal structure of the 4E-BP1 and eIF4GII peptides bound to eIF4E.
(A) The human 4E-BP1 peptide (orange) and the m7GDP cap analog (green) bind to
opposing regions of e[F4E (blue); (B) The 4E-BP1 peptide binds to the dorsal convex
surface of e[F4E and adopts an extended L-shaped conformation; (C) The e[F4GII

peptide (red) also adopts an extended L-shaped conformation when bound to the same
region of e[F4E; (D) A magnified view of the residues involved in mediating 4E-BP1
(orange) binding to eIF4E (blue); (E) Sequence alignment of the e[F4E-binding sites of
several 4E-BPs, eIF4Gs, and yeast Caf20; h = human, d = drosophila.
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Structural changes in the elF4G proteins induced by e[F4E binding may not be limited to
the small region cocrystallized with eIF4E: a study performed with yeast eIF4G revealed
that following e[F4E binding, a 100 amino acid peptide acquires secondary structure and
becomes resistant to proteolytic cleavage (201). This could explain the finding that upon
binding to e[F4E, eIF4G becomes hypersensitive to cleavage by picornavirus proteases
(202, 203). In sum, a highly efficient mechanism for the regulation of eIF4F formation
has evolved in mammals, whereby the inhibitory 4E-BPs act as molecular mimics of the
eIF4E binding motif present in the eIF4G proteins.

1.7.6 Regulation of 4E-BP1 Phosphorylation

Phosphorylation of specific serine and threonine residues modulates the affinity of the
4E-BPs for elF4E (e.g. 195, 204, 205). While hypophosphorylated 4E-BPs bind
efficiently to e[F4E, phosphorylation of a critical set of residues abrogates this interaction
(e.g. 195, 204, 205). 4E-BP phosphorylation levels are modulated by many types of
extracellular stimuli (Table I). In this regard, 4E-BP1 was first described ~20 years
before its cDNA was cloned as a protein which is highly phosphorylated after insulin
stimulation of rat adipocytes (137, 206-208). This protein was later biochemically
purified and cloned, and termed PHAS-I (Phosphorylated Heat and Acid Stable protein-
Insulin responsive; 209). The function of PHAS-I was ascertained when it was found to
be the rat ortholog of human 4E-BP1 (195, 204). Hormones (insulin, angiotensin I, etc.),
growth factors (EGF, PDGF, NGF, IGFI, IGFII, etc.), cytokines (IL-3, GMCSF in
combination with steel factor, etc.), mitogens (TPA), G-protein coupled receptor ligands
(gastrin, DAMGO), and adenovirus infection (210; chapter 2) induce
hyperphosphorylation of 4E-BP1 (see Table I), accompanied (when assessed) by a
resultant decrease in its interaction with eIF4E and an increase in cap-dependent

translation rates (reviewed in; 40).
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Figure 1.7  The binding of the 4E-BPs to eIF4E is regulated by phosphorylation. (A)
The 4E-BPs and elF4Gs compete for a common binding site on e[F4E. Various stimuli
increase the phosphorylation state of the 4E-BPs. Hyperphosphorylated 4E-BPs have a
relatively low affinity for e[F4E. Conversely, a decrease in 4E-BP phosphorylation increases
the affinity of the 4E-BPs for eIF4E. Free eIF4E interacts with eIF4G to form the translationally
active e[F4F complex. GPCR: G protein coupled receptor. (B) Alignment of the mammalian
4E-BPs through the eIF4E binding site. The conserved eIF4E binding motif is boxed in
blue. Phosphorylated residues in 4E-BP1 are highlighted in yellow, and indicated with a
star.
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Conversely, serum starvation (e.g. 128), amino acid deprivation (chapter 6; also see 125),
picomavirus infection (211; chapter 2), and certain environmental stresses such as heat
shock (in certain cell types; 212) or osmotic shock (213) lead to a decrease in 4E-BP1
phosphorylation, an increase in its affinity for e[F4E, and an inhibition of cap-dependent

translation.

Six (serine/threonine) phosphorylation sites have been identified in the mammalian 4E-
BP! protein (Fig. 1.7; 205, 214). Five of the six sites are followed by a proline residue,
and one is followed by a glutamine. Two phosphorylated residues, Thr37 and Thr46, lie
on the amino terminal side of the eIF4E binding motif (located at aa 54-60), and four
phosphorylated residues have been identified on the carboxy-terminal side of the e[F4E
binding motif, Ser65, Thr70, Ser83 and Ser! 12. Phosphorylated residues may vary
somewhat according to cell type and/or species. For example, phosphorylated threonines
37 and 46, Ser65, Thr70 and Ser83 account for all of the major phosphopeptides observed
by two-dimensional phosphopeptide mapping of 4E-BP1 from human embryonic kidney
293 cells (213, 216; see chapters 3-5), although some minor phosphopeptides remain
unidentified. However, in rat epididymal adipocytes Seri12 (Ser 111 in the rat protein)
was reported to be a major insulin-stimulated residue (214). In other studies, Serl12
phosphorylation of rat 4E-BP1 was not detected (205, 217). The significance of cell type
and/or species-specific differences in 4E-BP1 phosphorylation is not understood.
Differences in the sensitivity of the different phosphorylation sites to stimuli, or

inhibition by pharmacological inhibitors will be discussed in chapters 3, 4 and 5.

1.7.7 Phosphorylation of the other 4E-BPs

Alignment of the human 4E-BPs reveals that all of the phosphorylated residues in 4E-
BP1 are conserved in 4E-BP2 and 4E-BP3, except for Serl12 (Fig. 1.7). However, the
phosphorylation pattern of 4E-BP2 is less complex than that for 4E-BP1: while 4E-BP1
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isolated from 293 cells migrates as six species in the two-dimensional gel electrophoresis
system (216; chapter 5), 4E-BP2 isolated from 293 cells migrates as only 4 isoforms
(218). This difference in the number of phosphorylated residues may affect the binding
properties of 4E-BP2: While 4E-BP1 is rapidly released from eIF4E in response to
adenovirus infection, 4E-BP2 is released much more slowly (219). Thus, the kinetics of
e[F4E liberation after the application of a given stimulus could vary significantly in
different tissues containing dissimilar 4E-BP1/4E-BP2 ratios (e.g. 220). Two-
dimensional gel analysis and tryptic phosphopeptide mapping indicates that 4E-BP2 is
phosphorylated on both Thr37 and Thr46 (218). These data suggest that at least one 4E-
BP2 phosphorylation site (or other post-translational modification) remains to be
identified. 4E-BP3 is also a phosphoprotein (196), but the identities of the
phosphorylated residues in this 4E-BP have not been established.

1.8  Signal Transduction Pathway Mediating 4E-BP1 Phosphorylation

1.8.1 Role of the ERK pathway

Early reports indicated that the ERKs were responsible for the phosphorylation of 4E-
BP1, based on in vitro phosphorylation, using either fractionated cell extract from
activated cells, or purified ERK (e.g. 204, 221; chapters 4-5). Indeed, recombinant ERK2
readily phosphorylates Ser6S, and prolonged incubation with ERK?2 leads to
phosphorylation of several additional sites (e.g. 205, 222). However, in most cell types,
there is no relation between ERK activation and 4E-BP1 phosphorylation. ERK is not
necessary for 4E-BP1 phosphorylation, as complete 4E-BP1 phosphorylation can be
observed in conditions where ERK activation is not detected, for example, in human
embryonic kidney (HEK) 293 cells and in the mouse fibroblast Swiss 3T3 cell line
stimulated with insulin (128). Similarly, inhibition of ERK activation by PD98059, a
pharmacological inhibitor of MEK (the kinase activating ERK) is without effect on 4E-
BP1 phosphorylation (e.g. chapter 5 and ref. 127). Not only is ERK not required for
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mediating 4E-BP1 phosphorylation, but it is also insufficient. Mutants in the PDGF
(platelet-derived growth factor) receptor, which are fully functional in signaling to the
ERKSs, but defective in activation of the PI3 kinase pathway, are completely unable to
relay a signal to 4E-BP1 phosphorylation following treatment of cells with PDGF (128).
Similarly, treatment of cells with the pharmalogical inhibitors SQ20006, rapamycin,
LY294002 and wortmannin (see below), which are without effect on the activation of
ERKSs, prevent (to a large extent) the hyperphosphorylation of 4E-BP1 (128, 138;
chapters 4-5, 166). Taken together, these data indicated that the signaling pathway
leading to 4E-BP1 phosphorylation is, in most cell types, different from that leading to
the activation of the ERKs. Furthermore, the sensitivity to the drugs SQ20006,
rapamycin, LY294002 and wortmannin, as well as the dependence upon PI3 kinase
signaling suggested to us that the signaling pathway is similar to that leading to the
activation of the ribosomal S6 protein kinase | (S6K!; see below). Indeed, the time
course of activation of S6K | closely parallels that of the phosphorylation of 4E-BP1
following serum-stimulation of HEK 293 cells (128).

1.8.2 S6KI.

The S6Ks (S6K 1 and the recently cloned S6K?2) are serine/threonine kinases, members of
the AGC superfamily of kinases (homology to the kinase A, G and C families). S6KI is
itself regulated by phosphorylation on several serine and threonine residues, in a mult-
step manner (reviewed in 106). Phosphorylation of S6K1 results in the activation of the
enzyme, and acidic substitutions of the phosphorylated residues results in constitutive
activation (the protein acquires resistance to rapamycin and wortmannin, two drugs

which normally prevent S6K1 activation).

Because the activation pattern of S6K1 closely parallels that of 4E-BP1 phosphorylation,
it was postulated that S6K1 could be upstream of 4E-BP1 (128). However, subsequent
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studies have shown that S6K1 lies on a pathway that is parallel to, rather than upstream
of, 4E-BP1, and both proteins apparently share a common upstream activator (223). This
conclusion is based on the demonstration that a rapamycin-resistant form of S6K1 (all the
phosphorylation sites are mutated to acidic residues) is unable to confer rapamycin
resistance to 4E-BP1 (223). Instead, overexpression of the rapamycin-resistant S6K1, or
any other S6K 1 protein, decreased the phosphorylation of 4E-BP! in the presence or
absence of rapamycin (223). These data suggest that overexpression of S6K1 titrates out
an upstream kinase regulating 4E-BP1 phosphorylation.

1.8.3 Components of the signaling pathway to 4E-BP1

The results with the pharmacological inhibitors wortmannin and LY294002, as well as
the data obtained with the mutants of the PDGF receptor, pointed to a role for
phosphoinositide-3 kinase (PI3K) in mediating 4E-BP1 phosphorylation. Furthermore,
the sensitivity of 4E-BP1 to rapamycin indicated that the activity of the kinase
FRAP/mTOR is necessary to relay signals to 4E-BP1. (The role of different members of
this pathway in mediating 4E-BP1 phosphorylation will be presented in chapters 3-5).
The function of these proteins is described below, with more emphasis on FRAP/mTOR,
the most proximal kinase to 4E-BP1.

1.8.4 PI3K, and phosphatase and tensin homolog deleted from chromosome 10 (PTEN)
While phosphoinositides (or phosphatidylinositols; PtdIns) represent a small percentage
of the total phospholipids, they play a crucial role in signaling, and act as second
messengers for several cell processes. The PI3Ks constitute a large family of lipid
kinases that phosphorylate inositides on the third position of the inositol ring. PI3Ks
have been assigned to several families based on their primary structural features, mode of
regulation, and lipid specificity (this discussion applies to class I PI3KSs; for a thorough

review, refer to 224). The prototype of the class [ PI3Ks is a dimer consisting of a
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catalytic subunit of 110kDa (p! 10a), and a regulatory subunit of 85kDa (p85a). The N-
terminal region of the catalytic pl 10 interacts with p8S, and the C-terminal portion of the
protein contains the catalytic domain. Between these domains are located a region which
binds to Ras, and a "PIK domain” found in other phosphoinositide kinases. The
regulatory p85 protein does not exhibit known enzymatic activity, and is composed of
several protein-binding modules, such as a src-homology 3 (SH3) domain, two proline-
rich fragments, two src-homology 2 (SH2) domains, and a binding site for the p110
subunit. The activity of PI3K is regulated by Ras proteins, at least for certain cellular
responses (reviewed in 224). Furthermore, p85 regulates the activity and subcellular
localization of PI3K through binding of its SH2 domains to phosphotyrosyl (pTyr)
residues found, for example, in activated tyrosine-kinase receptors. Additional
interactions between the proline-rich motifs of p85 and the SH3 meotifs of src, Ick, lyn,
fyn, and abl were also reported (224). The interplay between membrane localization,
binding to the several signaling molecules, and activation by Ras remains to be fully

characterized.

PI3Ks have been implicated in the regulation of a variety of cellular processes, including
cell survival, cell motility, proliferation, and differentiation. In response to extracellular
stimuli, the regulatory PI3K subunit is recruited to the membrane, bringing the catalytic
subunit close to its lipid substrates. Phosphorylated lipids act as second messengers to
recruit and activate downstream targets, including the serine/threonine kinase AkUPKB
(protein kinase B; section 1.8.5). PTEN (phosphatase and tensin homolog deleted from
chromosome 10; a.k.a. MMAC, mutated in multiple advanced cancers; or TEP, TGFp-
regulated and epithelial cell enriched phosphatase) is a lipid phosphatase that
dephosphorylates PI3K lipid products and thus negatively regulates PI3K signaling

(reviewed in 225, 226).
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In addition to their well-characterized lipid kinase activity, PI3Ks exhibit some protein
kinase activity. For example, p110a can phosphorylate its regulatory subunit, as well as
the insulin receptor substrate-1 (IRS-1), at least in vitro, and possibly in vivo (reviewed in
224). The physiological consequences of these phosphorylation events remain, however,
poorly understood.

Stimulus-induced 4E-BP1 phosphorylation is blocked by the inhibitors wortmannin (100
nM) or LY294002 (5 uM; e.g. chapters 3-S5 and refs 128, 132). Wortmannin irreversibly
inhibits the lipid and protein kinase activity of class I PI3Ks (IC50 in the range of 1-10nm
in vitro) by covalently binding to a residue required for catalytic activity, Lys802 (227).
LY294002 is a reversible inhibitor of class [ PI3Ks (IC50 of ~1uM: 228). These two
unrelated inhibitors were originally thought to be specific for PI3Ks (229). However,
certain PI4Ks and members of a related kinase family, the phosphoinositide-kinases
related kinases (PIKKSs: see below), are also inhibited by these drugs, albeit at higher
concentrations (230-234). Therefore, care should be taken regarding the interpretation of

data generated using these pharmacological inhibitors (see chapter 3).

Additional evidence for a role for PI3K in 4E-BP1 phosphorylation came from studies
with mutants in the platelet-derived growth factor (PDGF) receptor and in insulin
receptor substrate-1 (IRS-1). Activation of PDGF receptor mutants that are unable to
recruit PI3K fail to induce 4E-BP1 phosphorylation (128). Conversely, [RS-1 mutants
lacking all tyrosine residues except those that activate PI3K retain the ability to induce
4E-BP1 phosphorylation (153). In chapter 3, the role of PI3K in signaling to 4E-BP1 is
further addressed.
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1.8.5 Ak/PKB

The serine/threonine kinase c-Akt proteins (a family of three proteins in mammals, also
known as protein kinase B; PKB) are downstream effectors of PI3K (235). c-Akv/PKB
was initially identified as the cellular counterpart of v-Akt, the transforming oncoprotein
of the AKT8 retrovirus (236). v-akt results from a recombination event in which the viral
gag protein is fused to the Akt/PKB sequences, inducing constitutive membrane
localization of the protein. Regulated membrane localization is critical for the activity of
c-AkvPKB: these proteins possess at their N-terminus a pleckstrin homology (PH)
domain that specifically binds PI3K-generated lipid products (reviewed in 237). After
lipid binding, AkU/PKB is targeted to membranes, where it is phosphorylated (at Thr308
and Ser473) and activated by the phosphoinositide-dependent kinase 1 (PDK1, thought to
be constitutively membrane localized) and a kinase activity termed PDK2 (237, 238)

The importance of both membrane localization and phosphorylation for AkVPKB activity
is emphasized by expression of mutant proteins: Artificial membrane targeting of
AkUPKB (accomplished, for example, by the fusion of an N-terminal myristylation
signal, or by the fusion with the gag protein) results in constitutive kinase activation (and
an acquired resistance to PI3K inhibition; 239, 240, 241). More recently, acidic
substitutions of the two phosphorylated residues (mimicking phosphorylation) was also
shown to result in Akt/PKB activation (242). Furthermore, Akt/PKB proteins bearing
alanine replacement of these two phosphorylated residues (non phosphorylatable
AkUPKB) exhibits dominant-negative activity (243, 244).

AkUPKB has been implicated in a variety of cellular processes, including cell growth and
proliferation, protection from apoptosis, and regulation of gene expression, including
translational control (reviewed in 40, 237, 238). The best-studied function of Akt/PKB is

protection from apoptosis. Expression of constitutively active Akt/PKB (in several cell
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types) prevents the induction of apoptosis induced by a wide array of pro-apoptotic
stimuli (including growth factor withdrawal, DNA damage, matrix detachment, etc.;
reviewed in 237, 238). Endogenous c-Akt/PKB is thought to mediate (at least in part) the
anti-apoptotic function of growth factors. The identification of protein targets which
could mediate the anti-apoptotic functions of Akt/PKB has been facilitated by the
identification of an AkUPKB consensus phosphorylation motif, (RXRXXS/T®, where ¢
is a bulky hydrophobic residue). This motif is present in several members of the
apoptotic machinery (e.g. Bcl2 family members, caspases and caspase inhibitors), as well
as in transcription factors regulating the expression of genes involved in death (e.g.

Forkhead family members; reviewed in 238).

1.8.6 FRAP/mTOR

1.8.6.1 Rapamycin

Rapamycin, a lipophilic macrolide, was isolated from a strain of Streptomyces
hygroscopicus found in a soil sample from Easter Island (known by the inhabitants as
Rapa Nui; 245). This compound potently inhibits yeast cell growth, as well as the
proliferation of several types of mammalian cells, including B and T lymphocytes.
Rapamycin treatment results in a G1 arrest in a variety of cell types and species
(reviewed in 246, 247). Due to its inhibitory effects on lymphocyte proliferation,
rapamycin is a potent immunosuppressant, and effectively prevents allograft rejection

(247, 248, and references therein).

1.86.1.1 Effects of rapamycin on translation rates in yeast

In yeast, rapamycin treatment leads to a precipitous translational arrest, accompanied by
polysome disaggregation (249). The translational arrest occurs prior to, and is presumed
to be the cause of, cell cycie arrest in G1 (249), which could be due to inhibition of cyclin

3 (CLN3) mRNA translation. Cln3p activates the transcription of late G1-specific genes,
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including CLNI and CLN2, and is subject to translational control (250). CLN3 mRNA
translation is rapidly repressed following rapamycin treatment or nitrogen deprivation
(251). The cycle arrest (but not the general decrease in translation initiation) can be
overcome if the CLN3 coding sequence is fused to the promoter and 5’UTR of the
polyubiquitin-encoding gene UBI4, which renders CLN3 translation less dependent on
elF4F. Consistent with this, in S. cerevisiae mutants defective in eIF4E (which also
arrest in G1), expression of CLN3 is sufficient to restore the Gl to S phase transition

(252).

1.8.6.1.2 Effects of rapamycin on translation rates in mammalian cells

In mammalian cells, rapamycin treatment does not result in complete polysome
dissociation; however, the translation of certain mRNAs is strongly affected by
rapamycin. Many of the same mRNAs that respond to hormone and growth factor
stimulation are extremely sensitive to rapamycin treatment (e.g. 253). The best studied
example of rapamycin-sensitive mRNAs is the class possessing a 5'TOP (254, 255).
Most 5’TOP-containing mRNAs code for components of the transiational machinery,
such as ribosomal proteins, elongation factors, and the poly(A) binding protein (reviewed
in 21, 256, 257). Translation of these mRNAs is modulated through S6K1, as
overexpression of a rapamycin-resistant form of S6K1 protects eEFla (eukaryotic
¢longation factor 1a, a STOP-containing mRNA) from the effects of rapamycin (258).
Conversely, overexpression of a kinase dead (dominant-negative) S6K1 prevents
translational up-regulation after mitogen treatment (258). How S6K1 modulates 5'TOP
translation is not understood. For many years the ribosomal S6 protein was the only
known S6K1 target. It was therefore postulated that 5’TOP translation was regulated
through S6 phosphorylation. However, a direct proof for the involvement of S6 in 5S'TOP
mRNA translation control is lacking. It is noteworthy that 5°TOP translation during early

Xenopus embryogenesis is regulated by S6K, but not by the ribosomal S6 protein. In this
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system, 5’"TOP mRNAs are rapamycin-sensitive, but S6 phosphorylation is unaffected by
rapamycin (259). Whether this is an isolated case remains to be established.

A few examples of rapamycin-sensitive non-5TOP mRNAs have also been identified.
Rapamycin-sensitivity of the translation of some mRNAs could be mediated by the
binding of specific mRNA binding proteins to cis-acting elements. For example, the
mRNA coding for IGF-II leader 3 is found in inactive mRNPs (messenger
ribonucleoproteins) in resting cells, but translation is induced in growing cells in a
rapamycin-sensitive manner (260). This regulation is conferred by the 5’UTR, since
translation of IGF-II leader 4, which differs only in the S’UTR, is consututive (260). One
possible mechanism for this regulation is via the binding of a family of inhibitory

proteins in the 5’UTR of the IGF-II leader 3 (and not to the leader 4; 261).

A third category of rapamycin-sensitive mRNAs are those presumed to require high
amounts of elF4F helicase activity, due to the presence of long, structured 5’'UTRs (as
described above). Indeed, the translation of two such mRNAs, those coding for ODC and
c-myc, is strongly inhibited by rapamycin treatment (e.g. 140, 262, 263). Several other
mRNAs whose translation is specifically affected by rapamycin (including Bcl3, GLUTI,
and Cyclin D1) have also been identified (e.g. 2, 264, 265), but the mechanism mediating
the rapamycin-sensitivity of these transcripts remains to be established. As previously
discussed, a genomic-based approach will be necessary to obtain a clearer picture of the
prevalence and identity of rapamycin-sensitive mRNAs.

1.8.6.2 FK506 binding proteins
FKBP12 (FK506-binding protein, MW of 12 kDa), an abundant, ubiquitously expressed
protein of 108 amino acids (in humans), is the primary intracellular rapamycin receptor

(266-268). FKBPs are peptidyl-proly! cis/trans isomerases, catalyzing the
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interconversion of peptidyl-prolyl bonds, and are thus presumed to play a role in protein
foiding (reviewed in 269). While rapamycin binding inhibits the isomerase activity of
FKBPI12 in vitro (270-272), inhibition does not appear to be the cause of rapamycin
sensitivity. In fact, deletion of the four yeast FKBP genes (termed FPR1 - 4, FPR1 being
the FKBP12 homolog; reviewed in 273) is not lethal, and does not significantly affect
growth. Rather, deletion of FPR1 confers recessive rapamycin-resistance, indicating that
the presence of Fprlp (but not its catalytic activity) is required for rapamycin action -
(270-272).

1.8.6.3 Identification of the yeast Target Of Rapamycin (TOR) proteins

A subsequent genetic screen in S. cerevisiae for rapamycin-resistant mutants identified
two genes, TOR! and 2 (Target Of Rapamycin | and 2; a.k.a. DRRI and 2, for Dominant
Rapamycin Resistant), coding for two large proteins (>280kDa) sharing 67% identity at
the amino acid level. Unlike the FKBPs, TOR mutants (which are point mutants, see
below) act in 2 dominant manner (274-278). The curious results of the FPR! deletion
experiments were explained when Torlp and Tor2p were demonstrated to interact with
an Fprlp-rapamycin gain-of-function complex (but not with Fprlp or rapamycin alone).
Disruption of the TOR! gene is not lethal, but leads to a slight decrease in cell growth
rate (276), whereas disruption of TOR2 is lethal and is accompanied by random arrest
throughout the cell cycle (277). Strains disrupted for both TOR! and TOR?2 recapitulate
the phenotype observed with rapamycin treatment, in which cells arrest in G1 within one
generation (276, 277). Taken together, these data indicate that Tor function (provided by
either Torlp or Tor2p) is necessary for G1 progression. The lethality of the TOR2
deletion is not restored by overexpression of wild type or rapamycin-resistant TOR/
proteins (279), indicating that Tor2p, in addition to a rapamycin-inhibitable actuvity, also

possesses a rapamycin-resistant activity which is essential and not shared with Torlp
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(277, 279). The Tor2p-specific function appears to be linked to cell cycle-dependent

organization of the actin cytoskeleton, which is disrupted in a tor2 mutant (280, 281).

1.8.6.4 Cloning of a mammalian homolog of the TOR proteins

A mammalian homolog of the Tor proteins was purified and cloned from various species,
and alternatively termed FRAP, mTOR, RAFT (rapamycin gnd FKBP12 target), SEP
(sirolimus effector protein) and RAPT (rapamycin target; 282, 283-286). Here we refer
to the mammalian protein as FRAP/mTOR. FRAP/mTOR is 289 kDa and shares 45%
identity with the yeast Tor proteins (282, 285, 286). Only one homolog has been found
in mammals, and the human, rat and mouse FRAP/mTOR proteins share > 95% identity

at the amino acid level (reviewed in 247).

1.8.6.5 Modular structure of the Tors and FRAP/mTOR

The Tor and FRAP/mTOR proteins possess a C-terminal region (Fig. 1.8) sharing
significant homology with lipid kinases (especially with PI3 kinases, and with weaker
homology to PI4 kinases). Based on this homology, the Tors and FRAP/mTOR have
been assigned to a larger protein family termed the PIKKs (Phospholnositide Kinase-
related Kinases). In mammalian cells, the PIKK family is comprised of FRAP/mTOR,
ATM (Ataxia Telangiectasia Mutated), ATR/FRP (Ataxia Telangiectasia and Rad3
related; also known as FRP, FRAP Related Protein), and DNA-PKc (DNA-activated
Protein Kinase, catalytic subunit). TRRAP (Transformation/Transcription domain-
Associated Protein) also exhibits significant homology to the PIKKs, although it lacks
conserved residues in its catalytic domain, and is therefore not expected to possess kinase
activity. Most PIKKs are conserved from yeast to mammals, with the exception of the
DNA-PKc protein, which appears to be restricted to vertebrates. PIKK family members
are very large proteins, all of which have been posited to be involved in cell cycle

checkpoint control.
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In addition to the lipid kinase homology domain, all PIKKs also possess a short domain
at their extreme C-terminus not present in PI3 and PI4 kinases, termed FATC (for ERAP,
ATM and TRRAP, C-terminal homology domain), and a region of weaker homology
termed the FAT domain (between amino acids 1382-1982 in the human FRAP/mTOR;
287, 288). Since the FAT domain is always found in combination with the FATC region,
intramolecular interactions between FAT and FATC have been postulated to modulate
kinase activity. The Tor FAT domain was also described independently as a "toxic
effector domain”, which inhibits yeast growth when overexpressed. How this portion of
Tor confers a toxic effect in yeast is unknown, although it is presumed to interfere with

the activity of the endogenous Tor by titrating out an effector or activator (287).

Immediately N-terminal to the kinase domain (and downstream of the FAT domain), lies
the FKBP12-rapamycin binding (FRB) domain (274, 276, 277, 289). The structure of the
FRB domain complexed with FKBP12 and rapamycin has been determined by X-ray
crystallography, and reveals that rapamycin simultaneously occupies two hydrophobic
pockets, one in FKBP12 and the other in FRAP/mTOR (290). While limited interactions
occur between the two proteins, rapamycin establishes several contacts with both
polypeptides, and is thus able to induce an FKBP12-FRAP/mTOR interaction (290). The
yeast Tor mutants selected in the original genetic screens for rapamycin resistance
possess mutations at Ser1972 or Ser1975 (in Torlp and Tor2p, respectively,
corresponding to Ser2035 in FRAP/mTOR). Mutation of this serine to bulkier residues
(isoleucine, threonine, or glutamic acid) engenders rapamycin-resistance, while mutation
of this serine to alanine, a smaller amino acid, does not affect rapamycin binding. The
structure of the FRB domain complexed with FKBP12 and rapamycin explains the
requirement for a small residue at this position, as a bulkier residue would be expected to

prevent rapamycin binding in the hydrophobic pocket (290).
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The first 1200 amino acids of the Tor and FRAP/mTOR proteins comprise a “HEAT”
domain (named for Huntingtin, Elongation factor 3, the regulatory A subunit of PP2A
and Torlp, the first proteins found to possess such a motif; 291, 292, 293). This motif
consists of stretches of ~40 amino acids in at least three repeats, and displays a consensus
pattern of hydrophobic, proline, aspartic acid and arginine residues. HEAT repeats have
also been described in several other proteins (including eIF4G; 294), many of which
function as adapters or scaffolds. HEAT domains form curved rods consisting of a-loop-
o repeats, providing a large hydrophobic surface area for protein-protein interactions
(293-297).

A protein termed gephyrin interacts with a region of the FRAP/mTOR HEAT domain (aa
1017 - 1046; 298). Gephyrin is a tubulin-binding protein involved in postsynaptic
clustering of neuronal glycine receptors, and is presumed to modulate the intracellular
localization of FRAP/mTOR. Mutations that abrogate gephyrin binding also prevent
FRAP/mTOR signaling to two downstream translational targets, the ribosomal S6 kinase
1 (S6K1) and 4E-BP1 (298). In yeast, the HEAT repeats are responsible for localization
of Tor2p to the plasma membrane, most likely through protein-protein interactions with

membrane-associated proteins (299).

1.9  Objectives of the studies

At the time I joined the laboratory, in 1994, the e[F4E-binding proteins 1 and 2 (4E-BP1
and 2) had just been cloned by Amim Pause, through interaction with e[F4E (195).
Computer searches had revealed that 4E-BP1 was the human homolog of the rat protein
called PHAS-I, which had been cloned in the laboratory of Dr. John C. Lawrence a few
months earlier. Interestingly, PHAS-I was cloned by Lawrence's group because it was
one of the major phosphorylation substrates detected after insulin stimulation in rat

adipocytes. Dr. Graham Belsham, then a visiting scientist in our laboratory, had been one



page 52

of the first to describe the phosphorylation of 4E-BP1 in the early 1980’s, and he was able
to demonstrate that sumulation of freshly isolated rat adipocytes with insulin resulted in a
drastic decrease in the ability of 4E-BP1 to bind to eIlF4E. Drs Pause and Belsham also
demonstrated that expression of 4E-BP1 and 4E-BP2 decreased cap-dependent, but not
cap-independent, translation, both in vitro and in vivo (195). We were thus immediately
interested in assessing whether the 4E-BPs could take part in the shutoff of cellular
protein synthesis induced following infection with viruses that translate in a cap-
independent manner, or with a reduced requirement for e[F4E. In particular, we were
interested in monitoring the phosphorylation state and the abundance of these
translational inhibitors following infection. These experiments are presented in chapter
2. As discussed in section 1.8, the initial data from Dr. Lawrence’s group had suggested
that the MAP kinases (ERKs) were responsible for phosphorylation of 4E-BP1, and that
phosphorylation occurred on a single residue, Ser65 (204). However, in 1996, the
involvement of MAP kinases in 4E-BP1 phosphorylation was ruled out. Instead, we and
others described that phosphorylation of 4E-BP1 occurred through a rapamycin- and
wortmannin-sensitive pathway (128, 138, 166). We were thus interested in delineating
the components of the signaling pathway to 4E-BP1 phosphorylation (chapter 3). In
addition, it had also became clear that phosphorylation of 4E-BP1 occurred on multiple
residues in vivo, we wished to study these residues, and the functional consequences of
phosphorylation on the different sites. These experiments are presented in chapters 4 and

5.
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CHAPTER 2

EFFECT OF VIRAL INFECTIONS ON THE TRANSLATIONAL
INHIBITORS 4E-BP1 AND 4E-BP2
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21 Introduction and perspectives

Several classes of viruses have evolved strategies to usurp their host translational
machinery for the translation of viral proteins. This phenomenon, referred to as the
"shutoff™ of host protein synthesis, results in the selective production of viral proteins.
The basis for this selective up-regulation lies in differences in the structure and/or
sequence of the viral RNA versus cellular mRNAs, and in the factors required for their
translation. Because 4E-BP1 can repress cap-dependent, but not cap-independent,
translation, it is a likely target for those viruses that translate by a cap-independent

mechanism or via a shunt mechanism, requiring less e[F4E.

This chapter describes (section 2.2) the dephosphorylation of 4E-BP1 following
picornavirus (poliovirus and encephalomyocarditis virus, or EMCV) infection, and the
possible implication of 4E-BP1 in EMCV-induced host protein synthesis shutoff. As
described in section 1.5.2, picornavirus RNAs are naturally uncapped. and translate via
internal initiation. Infection with most picomaviruses results in the shutoff of host cell
protein synthesis (reviewed in 22, 91). The shutoff of host protein synthesis by
picornaviruses was known to be exerted at the level of translation, since cellular mRNAs
can be recovered from virus-infected cells in an intact and functionally active form (300-
304). The mechanism of the shutoff was partly understood for some picomaviruses
(enteroviruses, rhinoviruses and aphthoviruses). At the time when these studies were
undertaken, it had been described that e[F4GI was cleaved into two fragments following
poliovirus infection (22, 91, 30S). Infection with several other members, but not all, of
the picornavirus family, including other enteroviruses (coxsackie viruses), aphthoviruses
(foot-and-mouth disease virus), and rhinoviruses, also results in the cleavage of e[F4GI
(22). However, cleavage of elF4GlI alone cannot account for the virus-induced shutoff of
host protein synthesis, because it precedes the shutoff of host protein synthesis by at least

30 minutes (e.g. 305). Furthermore, in cells treated with inhibitors of poliovirus
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replication, such as guanidine hydrochloride, monensin, or nigericin, the shutoff of host
protein synthesis is incomplete, yet the kinetics of e[F4GI cleavage are unaffected (306-
308). EMCV, a cardiovirus, also causes a shutoff of host protein synthesis, but this
inhibition occurs late in infection as compared to poliovirus (309). Also, in contrast to
poliovirus, no cleavage of ¢[F4G occurs in EMCYV infected cells (310). In vitro
translation studies showed a general decrease in the ability of EMCV-infected cell
extracts to translate both viral and cellular exogenous mRNAs, rather than a specific
inhibition of cellular mRNA translation, such as is observed in extracts from poliovirus-
infected cells (309, 311-313). This is in contrast to the in vivo studies showing a selective

shutoff of host protein synthesis.

In the second part of this chapter (section 2.3), I investigated the phosphorylation of 4E-
BPI foilowing adenovirus infection. Transcription of the adenovirus genome is divided
into two phases: early and late expression. Early adenovirus gene expression can be
detected within one hour after infection. During this phase, transcripts encoding proteins
necessary for viral DNA replication, activation of late viral genes, and suppression of the
host immune response are produced. Early phase translation is cap-dependent (for a
thorough review, refer to 210). Late adenovirus gene expression (detected between 10
and 18 hours after infection of HeLa cells) is responsible for the production of large
quantitites of polypeptides required for the assembly of the viral capsid. Most late
adenovirus transcription is initiated from the major late promoter, which directs the
synthesis of a single RNA precursor. This RNA is then alternatively spliced,
polyadenylated and translated to generate the various late protein products. All of the
transcripts from the major late promoter possess a common 5’UTR of 212 nucleotides
called the tripartite leader (formed by the splicing of three small exons). Adenovirus
mRNAs, which are transcribed by host RNA polymerases, are naturally capped.

However, translation of the late viral mRNAs, which possess the tripartite leader, occurs
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via ribosome shunting, a mechanim that requires less eIF4F activity. The effects of
adenovirus infection on cellular protein synthesis is consistent with these differences
between translation of early and late gene products. Early in infection, translation of
cellular mRNAs is mildly increased in infected cells, consistent with a requirement for
the virus to translate its early proteins by a cap-dependent fashion. However, in the late
phase of adenovirus infection, a sharp decrease in host protein synthesis is observed.
This has been attributed partly to inhibition of cellular mRNA export by the virus (the
tripartite leader-containing mRNAs can be efficiently exported under these conditions).
In addition, viral mMRNAs are selectively translated; even those cellular mRNAs which
are transported into the cytoplasm are not efficiently transiated. Adenovirus late nRNAs
can translate in poliovirus-infected cells or in cells arrested in mitosis (115, 314, 315),
two conditions that interdict translation of cellular mRNAs. In the late phase of
adenovirus infection, e[F4E becomes dephosphorylated by an unknown mechanism,
coincident with the shutoff of host protein synthesis (115). When eIF4E is
dephosphorylated, ribosome jumping is more prominent (86), although the role of e[F4E
dephosphorylation per se in this effect is unknown. Several drugs that inhibit the shutoff
of protein synthesis by adenovirus also inhibit e[F4E dephosphorylation (316, 317).
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2.2  Activation of the transiational suppressor 4E-BP1 following infection with
encephalomyocarditis virus and poliovirus

2.2.1 Abstract

Infection of cells with picomaviruses, such as poliovirus and encephalomyocarditis virus
(EMCYV), causes a shutoff of host protein synthesis. The molecular mechanism of the
shutoff has been partly elucidated for poliovirus, but not for EMCV. Translation
initiation in eukaryotes is facilitated by the mRNA 5’ cap structure to which the
multisubunit translation initiation factor eIFF4F binds to promote ribosome binding.
Picornaviruses use a mechanism for the transiation of their RNA which is independent of
the cap structure. Poliovirus infection engenders the cleavage of the elF4G component of
¢lF4F and renders this complex inactive for cap-dependent translation. In contrast,
EMCY infection does not result in e[F4G cleavage. Here, we report that both EMCYV and
poliovirus activate a translational repressor, 4E-BP1, which inhibits cap-dependent
translation by binding to the cap-binding subunit eIF4E. Binding of eIF4E occurs only to
the underphosphorylated form of 4E-BP1 and this interaction is highly regulated in cells.
We show that 4E-BP1 becomes dephosphorylated upon infection with both EMCYV and
poliovirus. Dephosphorylation of 4E-BP! temporally coincides with the shutoff of
protein synthesis by EMCYV, but lags behind the shutoff and eIF4G cleavage in poliovirus
infected cells. Dephosphorylation of 4E-BP1 may participate in the shutoff phenomenon
in EMCYV infected cells, by specifically inhibiting cap-dependent translation.
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2.2.3 Results

2.2.3.1 4E-BPI phosphorylation is reduced in EMCYV infected cells.

Infection of Krebs II ascites cells with EMCV caused a reduction in host cell protein
synthesis (Fig. 2.1A). Shutoff of host protein synthesis was detectable 4 h after infection
and was almost complete at Sh post-infection (Fig. 2.1A, lanes 4 t0 9). Two different
strains of EMCYV varied in the kinetics of the shutoff. The shutoff was more pronounced
for the EMCYV K-2 than for the EMCYV R strain (Fig. 2.1A, compare lanes 5 and 6).
Therefore, the strain EMCV K-2 was chosen for subsequent studies. To determine
whether the 4E-BP1 phosphorylation state changes upon virus infection, a Western
analysis was performed with a polyclonal antibody against 4E-BP1. Two forms of 4E-
BP1 were present in mock-infected cells (Fig. 2.1B, indicated by the two upper
arrowheads; lane 1). Between 3 and 4h after infection, the intensity of the upper band
began to diminish and a faster migrating band appeared (Fig. 2.1B, indicated by an
arrow; lanes 10 and 11). According to previous studies in mouse cells, the new band is
probably the unphosphorylated form of 4E-BP1, which migrates faster than the
phosphorylated forms (138, 157, 166). In a recent report, Lin et al. resolved by two-
dimensional gel three forms of 4E-BP1. The faster migrating form did not contain any
phosphate (138). A Far-western analysis, using a heart muscle kinase-eIF4E probe, was
performed on the same samples to determine whether the modification of 4E-BP1
affected its binding to eIF4E. In mock-infected cells, e[F4E interacted only weakly with
the two forms of 4E-BP1 (Fig. 2.1C, lanes 1-6), again suggesting that these are the
phosphorylated forms, which have a low affinity for e[lF4E. The signal on the Far-
Western blot with mock-infected cells slightly increased with time (Fig. 2.1C, lanes 1-6),
probably as a consequence of serum deprivation (A.-C. G., unpublished data). In sharp
contrast, when cells were infected with EMCYV, a strong interaction of e[F4E with the
faster migrating form of 4E-BP1 was detected (Fig. 2.1C, lanes 11 and 12), further

supporting the notion that this infection-induced 4E-BP1 species is the
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Figure 2.1.  EMCYV infection leads to 4E-BP1 dephosphorylation. (A) Time course of the
shutoff. Krebs II mouse ascites were labeled with [**S] methionine at the indicated times after
infection (R and K-2 strains of EMCV) and cytoplasmic protein extracts were analyzed by
SDS-PAGE. The arrow indicates an arbitrarily chosen cellular protein (p90), which was used
to measure the inhibition of host protein synthesis, and the arrowheads indicate virus capsid
proteins. (B) Heat-treated total extracts were subjected to Western blotting and probed with
a polyclonal 4E-BP1 antibody. (C) Extracts prepared and blotted as in (B) were probed with
32p-labeled eIF4E. The analyses were performed as described in Materials and Methods.
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hypophosphorylated form. Taken together, these results show that the kinetics of
dephosphorylation of 4E-BP1 temporally coincides with that of the shutoff of the host
protein synthesis, and with the increased binding of 4E-BP1 to elF4E. Similar results
were also obtained with the EMCYV R strain, but with slower kinetics of
dephosphorylation of 4E-BP! (data not shown), in accordance with the finding that this

virus causes a slower shutoff.

2.2.3.2 Translation extracts prepared from EMCV-infected Krebs Il cells do not
reproduce the in vivo inhibition of cap-dependent translation and 4E-BP1
dephosphorylation.

Because elF4E is necessary for cap-dependent, but not for cap-independent translation,
its sequestration by 4E-BP1 would be expected to specifically inhibit cap-dependent
translation in an in vitro translation extract prepared from EMCV-infected cells.
However, numerous earlier studies reported that extracts prepared from EMCV-infected
cells did not exhibit any selectivity in cap-independent versus cap-dependent translation
(302, 309, 312, 313). These findings are in apparent contradiction with the in vivo data
that point to a role for 4E-BP1 in the mediation of the shutoff of host protein synthesis
exerted by EMCV. To address this apparent discrepancy, we analyzed the status of 4E-
BP1 phosphorylation in translation extracts prepared from EMCV-infected cells. Krebs
II ascites translation extracts were prepared either from mock- or 5h post-infected cells.
Globin RNA and CAT RNA (which are capped transcripts) and the EMC-CAT (which is
uncapped and translates in a cap-independent fashion, driven by the EMCV IRES) have
been used in this study. In accordance with previous studies (302, 309, 312, 313), all
mRNAs tested, regardless of their dependency on the cap for translation, were translated
less efficiently in extracts from EMCV-infected as compared to their translation in mock-
infected cells. The cap-dependent globin mRNA translation decreased 2.5 and 8 fold in

EMCYV R and K-2-infected Krebs II ascites translation extracts, respectively, as
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compared to translation in extracts from mock-infected cells (Fig. 2.2A, lanes 1 to 3).
Translation of CAT mRNA was also reduced 2.5 and 6 fold (lanes 4 to 6; the position of
the CAT protein is indicated by an arrowhead; the lower band is probably due to
initiation at a downstream AUG). Significantly, cap-independent translation of EMC-
CAT mRNA was also reduced to the same extent as globin and CAT translation (lanes 7
09).

The phosphorylation state of 4E-BPI in the translation extracts was monitored by
Western analysis. No difference in the migration pattern of the different forms of 4E-
BP1 between mock-infected and Sh post-infected cells was evident with the two different
strains of EMCV (Fig. 2.2A, inset). Cap-dependent translation thus occurred in
translation extracts prepared from EMCV-infected cells, probably because of the absence
of the dephosphorylated form of the repressor 4E-BP1. The difference between the
phosphorylation state of 4E-BP1 in cell lysates and in in vitro translation extracts can
therefore explain the discrepancy between the in vivo and in vitro patterns of protein
synthesis after EMCYV infection. A kinase activity which rephosphorylates 4E-BP1 could

therefore be active in translation extracts.

An altemative, but less likely, explanation is that cap-dependent translation in extracts
prepared from ascites cells are resistant to inhibition by 4E-BP1. To rule out this
possibility, the effects on transiation of the addition of GST-4E-BP1 to ascites extracts
were examined. Addition of GST-4E-BP1 reduced by 2.5 fold the translation of globin
mRNA and by twofold that of CAT mRNA (Fig. 2.2B, compare lane 2 and 4 to lanes 1
and 3). GST-4E-BPI had only a marginal effect on the translation of EMC-CAT
mRNA (Fig. 2.2B, lanes S and 6). Similar results were also obtained using a bicistronic
RNA, in which the expression of the CAT is cap-dependent, and the expression of the
luciferase (LUC) is cap-independent (data not shown). Furthermore, addition of GST-
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Figure 2.2.  EMCV-infected cell extracts do not show selective cap-independent translation.

(A) Extracts for translation were prepared from mock or EMCV-infected (R and K-2 strain)
Krebs II ascites cells and used to translate globin, CAT (cap-dependent) or EMC-CAT (cap-
independent) mRNAs. Extracts were heat-treated and analyzed by Western blotting with a
polyclonal 4E-BP1 antibody (inset). (B) Extracts prepared from mock-infected Krebs II ascites
cells were used to translate globin, CAT and EMC-CAT mRNAs in the presence or absence of
0.1ug GST4E-BP1. (C) Translation was performed as described for (B), except that extracts
were prepared from EMCV-K-2 infected cells.
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4E-BP1 to a translation extract prepared from EMCV-infected ascites cells also
selectively inhibited translation of cap-dependent mRNAs, although the extent of
inhibition was smaller. The translation of globin mRNA and that of the CAT mRNA
was decreased by approximately 1.5 fold (Fig. 2.2C, compare lanes 2 and 4 to lanes | and
3). In contrast, the translation of the EMC-CAT mRNA is not affected by the addition of
4E-BP1 (Fig. 2.2C, compare lane 6 to lane 5). Taken together, these results indicate that
4E-BP1 is inhibitory in in vitro translation extracts prepared from ascites cells, provided
it is dephosphorylated. Thus, the lack of inhibition of cap-dependent translation in vitro
could be explained by the absence of dephosphorylated 4E-BP1.

2.2.3.3 4E-BP1 is underphosphorylated upon infection of HelLa cells with poliovirus.

In poliovirus-infected cells, e[F4G is rapidly cleaved (22, 30S). This event precedes the
shutoff of host protein synthesis. However, this by itself is not sufficient for complete
inhibition of protein synthesis (306, 308). We were therefore interested to determine the
fate of 4E-BP1 phosphorylation in these cells. Cellular protein synthesis in poliovirus-
infected HeLa cells was dramatically reduced as early as 2.5 hours after infection (Fig.
2.3A). The cleavage of elF4G as assessed by Western blotting was first detected at 1.5h
post-infection and was complete at 3h (Fig. 2.3B, compare lanes 2 and 4 to lanes | and
3), confirming that the cleavage of e[F4G precedes the shutoff of host protein synthesis.
To analyze the status of 4E-BP! phosphorylation following poliovirus infection, a
Western blot analysis of 4E-BP1 was performed. In mock-infected cells (Fig. 2.3C, lane
1) three forms of 4E-BP1 were detected by the antibody (indicated by arrowheads:; note
that in human cells, three forms, as opposed to two species in mouse cells, are observed).
At 4.5h after infection (4 h in other experiments), the slower migrating band completely
disappeared, and the faster migrating bands became enhanced and shifted downwards on
the gel (Fig. 2.3C, lanes 4 and 6). To determine whether the binding of 4E-BP1 to e[F4E

was affected upon poliovirus infection, a Far Western analysis was performed. In mock-
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Figure 2.3.  Modification of 4E-BP1 following infection by poliovirus. (A) Time course
of the shutoff. HeLa cells infected with poliovirus and mock-infected cells were labeled for
30 min with [35S]methionine at the indicated times after infection. Aliquots were analyzed
by SDS-PAGE and autoradiography. (B) SDS-8% PAGE followed by Western blotting with
an antibody against e[F4G was conducted using 25ug total protein. (C) Western analysis
for 4E-BP1 was performed as described in Materials and Methods. (D) Far-Western analysis
on 25ug of protein, using a 32P-labeled eIF4E probe, was conducted as described in Materials
and Methods. (E) 32P-labeling of poliovirus-infected cells followed by immunoprecipitation
with a polyclonal 4E-BP1 antibody.
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infected HeLa cells, the e[F4E probe did not interact significantly with 4E-BP1 (Fig.
2.3D, lane 1). Binding of the eIF4E probe to 4E-BP1 was strongly enhanced 6 hours
post-infection (Fig. 2.3D, lane 2), and the binding occurred with the bands that were
shifted downwards on the Western blot shown in Fig. 2.3C. To further substantiate the
conclusion that the two novel bands, which are shifted downwards, are due to 4E-BP1
dephosphorylation, 4E-BP1 was immunoprecipitated from [**P] labeled cells. In mock-
infected cells, three bands (Fig. 2.3E, lane 1, indicated by arrows) were detected. At 3h
post-infection, these three bands were still present. However, the slower migrating band
disappeared Sh post-infection and there was a global decrease of ~70% in [*P]
incorporation (Fig. 2.3E, compare lane 3 to 1). Thus, poliovirus infection causes the
dephosphorylation of 4E-BP1. However, the dephosphorylation occurs aimost two hours

after the shutoff of host protein synthesis.

2.2.3.4 Guanidine prevents 4E-BP! dephosphorylation induced by poliovirus infection.
Guanidine hydrochloride inhibits poliovirus replication (311, 318). In its presence,
infection resuits in a partial shutoff of host mRNA translation (306). Strikingly,
guanidine hydrochloride does not prevent cleavage of e[F4G, suggesting that a second
additional event is required for the complete shutoff of host protein synthesis (306). At
5.5h after infection, in the presence of 1.5mM guanidine hydrochloride, approximately
60% of host cell protein synthesis was inhibited (Fig. 2.4A, compare lanes 2 and 4).
Under these conditions, all the e[F4G was cleaved (Fig. 2.4B). The kinetics of elF4G
cleavage was similar in guanidine-treated cells as compared to untreated cells (data not
shown). However, the dephosphorylation of 4E-BP1 did not occur in the presence of
guanidine (Fig. 2.4C, compare lanes 2 and 4), suggesting that replication of poliovirus
and subsequent translation are required for dephosphorylation of 4E-BP1.
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Figure 2.4.  Effect of guanidine hydrochloride on elF4G cleavage and 4E-BP1
dephosphorylation following poliovirus infection. HeLa cells were infected with poliovirus
for S hr in the presence or absence of guanidine hydrochloride (1.5mM). Guanidine
hydrochloride was added immediately following virus adsorption. (A) Shutoff of protein
synthesis was monitored by [35S] methionine labeling as described in Materials and Methods.
(B) Extracts from cells treated as in (A) were analyzed by SDS-6% PAGE followed by
Western blotting with an antibody directed against eIF4G. (C) Cell extracts as in (A) and
(B) were heat-treated and analyzed by SDS-15% PAGE, followed by Western blotting for
4E-BP1 as described in Materials and Methods.
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2.24 Discussion

The best characterized mechanism for the shutoff of host protein synthesis by viruses is
that used by poliovirus. Numerous studies showed that the poliovirus 2A protease is
responsible the inactivation of the cap-binding complex eIF4F by cleavage of its e[F4G
component (for review, see 22, 91). However, cleavage of e[F4G does not occur
following EMCYV infection. Here, we demonstrated that 4E-BP1, a suppressor of cap-
dependent initiation of translation, is activated by dephosphorylation following infection
by EMCV, thus providing an attractive explanation for the shutoff of host protein
synthesis by EMCV.

At the time of the publication of this report, the only initiation factor whose activity had
been reported to be modified by EMCV was elF2a. This protein is phosphorylated by
the double-stranded (ds)RNA-dependent kinase (PKR) as a result of infection with
several viruses (319). Phosphorylation of e[F2a would be expected to cause a general
inhibition of translation rather than a specific shutoff of host protein synthesis, since this
factor is required for the formation of the Met-tRNA ternary complex and ribosome
binding to all mRNAs, including viral RNAs. However, it has been postulated that
phosphorylation of elF2a resulits in a stronger competition between cellular and viral
RNA for the reduced amount of e[F2-GTP-Met-tRNA complex, and this competition was
suggested to explain in part the shutoff (303, 320, 321). Another hypothesis posited that
the changes in the intracellular ion concentrations upon EMCYV infection selectively
inhibit cellular mRNA translation (322). Our results provide a simple, alternative and
attractive explanation for the preferential translation of EMCV RNA in infected cells.
After the publication of this report, it was also reported that EMCYV infection induced a
dephosphorylation of eIF4E itself (121). Whether the dephosphorylation of 4E-BP! and
that of eIF4E both contribute to the shutoff is unclear. Itis also possibie that the two

events are linked, especially because eIF4E is phosphorylated by an eIF4G-associated
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kinase, Mnkl (section 1.7.1). Thus if e[F4E is sequestered by 4E-BP1 and has no access
to elF4G and Mnkl, its phosphorylation is expected to decrease, with kinetics depending
on the turmnover rate of phosphate.

A difficulty that has seriously hampered the studies on the mechanism of the shutoff of
host protein synthesis by EMCYV is that extracts prepared for in vitro translation do not
recapitulate the in vivo discrimination against capped cellular mRNAs (302, 313, 322).
As in previous studies, we did not observe a selective translation of viral RNA in vitro.
However, the in vitro translation extracts from EMCV-infected cells did not contain
underphosphorylated form of 4E-BP1. Addition of bacterially expressed 4E-BP1
(unphosphorylated) to Krebs extracts, infected or uninfected with EMCYV, was sufficient
to selectively inhibit cap-dependent translation, as was first observed in reticulocyte
lysate. Therefore, the lack of effect seen in the in vitro extracts is likely due to the
absence of the underphosphorylated 4E-BP1. Similarly, extracts prepared from
poliovirus-infected cells did not contain underphosphorylated 4E-BP1 (A.-C. G.,
unpublished results). Thus, it appears that the dephosphorylation of 4E-BP1 in infected
cells is a reversible phenomenon, and that 4E-BP1 is readily rephosphorylated upon
preparation of in vitro translation extracts. Indeed, translation extracts are traditionally
prepared in buffers lacking any kinase or phosphatase inhibitors (several of these
compounds are inhibitory to translation), as opposed to the extracts used for the Westemn

and Far-Westems assays.

4E-BP1 dephosphorylation following poliovirus infection lags behind the shutoff of host
protein synthesis, and therefore cannot explain it. It is possible, however, that in
poliovirus-infected cells, the dephosphorylation of 4E-BP1 accentuates the inhibition of
host mRNA translation late in infection. Alteratively, it is also conceivable that the

dephosphorylation of 4E-BP1 does not play a role in the shutoff of host protein synthesis
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by poliovirus, but is a relic of evolution. Dephosphorylation of 4E-BP1 might have been
used by all picomaviruses early in their evolution, but cleavage of e[F4G has evolved for
some picornaviridae family members as a more efficient means to inhibit host protein
synthesis. The two events, cleavage of elF4G and the dephosphorylation of 4E-BP1,

share a common target - the cap recognition process.

The dephosphorylation of 4E-BP1 is a late event in poliovirus infection that requires
RNA replication and extensive viral protein expression, because it is inhibited by
guanidine. This differs from elF4G cleavage, which occurs in the absence of virus
replication. It is not established that the lack of 4E-BP1 dephosphorylation in the
presence of guanidine can account for the residual cellular protein synthesis, since 4E-
BP1 dephosphorylation occurs after the shutoff of host protein synthesis in the absence of
guanidine. The dephosphorylation of 4E-BP1 is not likely to be the result of the
inhibition of protein synthesis, because inhibition of host protein synthesis by adenovirus
or vaccinia virus did not lead to dephosphorylation of 4E-BP1 (section 2.3; A.-C. G.,

unpublished observations).

Importantly, since the publication of this report, it was reported that e[F4Gll is also a
target for cleavage following poliovirus infection. Shutoff probably requires cleavage of
both eIF4GI and eIF4GII. Consistent with this idea, e[F4GII is cleaved after poliovirus
and human rhinovirus-14 infection, but more slowly than elF4GI (323, 324). In contrast
to elF4Gl, cleavage of e[F4GII coincides with the shutoff of host cell protein synthesis.
Furthermore, although the addition of guanidine hydrochloride and monensin had only a
marginal effect on elF4GI cleavage, these drugs significantly delay the cleavage of
elF4GII. Even late after infection, a large fraction of e[F4GII remains intact (324).
Thus, eIF4GII cleavage, in addition to e[F4GI cleavage, is probably necessary to shut off

host protein synthesis.
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The involvement of 4E-BP1 in EMCV-mediated shutoff of host protein synthesis
reinforces the idea that even related viruses such as EMCYV and poliovirus have evolved
different mechanisms to maximize their translation, and that the shutoff is a complex
event involving many factors. However, our data do not exclude the contribution of other
mechanisms, such as competition between RNAs, or cellular permeabilization and

differences in ionic conditions that favor the translation of viral mMRNAs.

Since the publication of this manuscript, and in light of the inhibition of 4E-BP1
phosphorylation by rapamycin, it was demonstrated that treatment of cells with
rapamycin mildly augments the rate of poliovirus and EMCYV replication and the shutoff
of host protein synthesis (325). The effects of rapamycin (and wortmannin) on viral
protein synthesis are more pronounced with an EMCYV replication mutant deficient in
inducing host cell protein synthesis shutoff (326). It is thus possible that 4E-BP1
dephosphory!lation after rapamycin or wortmannin treatment confers a transiational

advantage to the viral RNA due to the decrease in cap-dependent translation.
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2.2.6 Materials and Methods

2.2.6.1 Virus strains. EMCV strains K-2 (313) and Rueckert (R) (327; a kind gift from
Dr. Ann Palmemberg, Univ. Wisconsin, Madison) were grown in Krebs II cells and HeLa
R19 cells, respectively. Mahoney strain of poliovirus type | was propagated in HeLa
RI19 cells.

2.2.6.2 Antibodies. Antibody 11208 was raised in rabbit (Pocono Farm, Canadensis, PA)
against a glutathione S-transferase (GST)-4E-BP1 fusion protein. It does not cross-react
with 4E-BP2, a protein that is 56% identical to 4E-BP1 (A.-C.G., unpublished). The
antibody recognizes both human and mouse 4E-BP1. a-eIF4G rabbit polyclonal
antibody was kindly provided by Luis Carrasco and Isabel Novoa (Universitad
Autonoma de Madrid).

2.2.6.3 Cell culture, infections and treatments. Mouse Krebs Il ascites carcinoma cells
were grown in Balb/c mice for 7 days. Cells were washed twice with Earle’s solution
(Gibco) and mock-infected or infected with EMCYV at a multiplicity of infection of 30
plaque-forming units (pfu)/cell. After adsorption of the virus for 30 min at 25°C, mock-
infected or EMCYV infected cells (107cells/ml) were incubated in S-MEM (Gibco) at 4°C
for 14h. This incubation was performed to increase the efficiency of infection (328).
Cells were then transferred to 37°C and incubated with gentle agitation in suspension for
the times indicated in the figure legends. HeLa R19 cells were grown in DMEM
containing 10% FBS and infected in serum-free medium at a multiplicity of infection of

100 pfu/cel! with poliovirus.

2.2.6.4 Metabolic labeling. Cells were washed and incubated in 1mli of methionine-free
DMEM (Gibco) for 30 min with methionine (10uCi/ml; 1Ci = 37 GBq). Cells were
lysed in buffer containing 0.5% Nonidet P40, 140mM NaCl and 30mM Tris-HCI, pH
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7.5, and nuclei were removed by centrifugation. The supematants from equal numbers of
cells were analyzed on SDS/12.5% polyacrylamide gels. Radiolabeled proteins were
quantified using a Phosphorimager (model no. Bas 2000; Fuijt).

2.2.6.5 Western analysis. Cells grown in suspension were collected by centrifugation and
cells grown in monolayers were scraped in cold buffer A (20mM Tris pH 7.5, 100mM
KCI, 20mM B-glycerol phosphate. ImM DTT, 0.25mM Na3VOy4, 10mM NaF, ImM
EDTA, ImM EGTA, 10nM okadaic acid and 1mM phenyimethylisulfonyl fluoride).
Lysis was performed by 3 freeze-thaw cycles, cell debris was pelleted by centrifugation,
and the protein concentration in the supernatant was measured by the Biorad assay. To
analyze 4E-BP1, 1mg of protein in 500ul was boiled for 7 min and then incubated on ice
for 10 min. The precipitated material was removed by centrifugation and protein in the
supernatant was precipitated with 15% TCA for 1 h, followed by two washes with diethyl
ether. The pellet was dissolved in Laemmli sample buffer and aliquots (20%) were
loaded on a SDS/15% polyacrylamide gel. Proteins were transferred onto a 0.22-um
nitrocellulose membrane, which was then blocked in 2% milk for 1 h followed by
incubation for 2 h with rabbit polyclonal antiserum 11208 against 4E-BP1 (1:1000) in
Tris buffered saline including 0.5% Tween-20 (TBST). For the analysis of e[F4G, 50ug
of total protein extract lysed in cold buffer A (without heat-treatment) was loaded on a
SDS/8% (or 6%) polyacrylamide gel. Proteins were transferred (5 h at 40V, without
methanol in the transfer buffer) onto nitrocellulose and analyzed with rabbit anti-eIF4G
polyclonal antibody (1:2500 in TBST). Incubation with secondary antibody was
performed with peroxidase coupled donkey anti-rabbit Ig (1:5000 in TBST). Detection
of peroxidase coupled antibody was performed using chemiluminescence (ECL,
Amersham). In some experiments, 125I-protein A (Amersham) was used (1:1000) and
the signal was quantified using Phosphorimager analysis.
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2.2.6.6 Far Western analysis of 4E-BP1. Heat-treated extracts were processed on a
SDS/15% polyacrylamide gel as described for the Western analysis above, and proteins
were transferred onto nitrocellulose membranes. Membranes were blocked in 5% milk in
HBB (25mM Hepes-KOH, pH 7.7, 25mM NaCl, SmM MgCl,, ImM DTT, 0.1% Nonidet
P-40) for 2 h. Membranes were then incubated for 12 h in hybridization buffer (20mM
Hepes-KOH, pH 7.7, 7SmM KCl, 2.5mM MgCl,, 0.1mM EDTA, ImM DTT, 0.1%
Nonidet P40, 1% skim milk) containing 32P-labeled HMK-eIF4E probe at 250,000
cpm/ml, as described (195, 329). After three washes with hybridization buffer, the
membranes were dried and exposed against an X-ray film.

2.2.6.7 In vitro translation. Extracts prepared from mock-infected and EMCV-infected
cells were treated with micrococcal nuclease (330) and translation was performed with
[35S]methionine in a volume of 12.5ul at 30°C for 90 min, as described (331). Following
translation, reaction mixtures were supplemented with 2.5ul of a solution containing 6
mg RNAse A per ml and 60 mM EDTA and incubated at 30°C for an additional 5 min.
Products of in vitro translation reactions were analyzed by electrophoresis on SDS/15%

polyacrylamide gels. Gels were processed for fluorography with En3Hance (Dupont).

2.2.6.8 In vivo labeling and immunoprecipitation. Monolayers of HeLa cells were
infected with poliovirus as described. At lh and 3h after infection, the medium was
removed and cells were rinsed twice in phosphate-free DMEM (Gibco).
[32P]orthophosphale (0.5 mCi/ml; Dupont/NEN) was added and cells were incubated for
2h with occasional agitation. The medium was removed and cells were rinsed twice in
cold TBS and lysed in RIPA buffer (50mM Tris-HCI pH 7.5, 150mM NaCl, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 0.25mM Na3 VO, 10nM
okadaic acid and 10mM NaF. Debris was spun down and extracts were precleared with

preimmune serum preadsorbed on protein-A agarose (Repligen) for 1h at 4°C. The
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supernatant was immunoprecipitated for 4h at 4°C using 11208 antibody preadsorbed on
protein-A agarose beads. Beads were washed three times in RIPA, once in 200mM LiCl,
ImM 2-mercaptoethanol, and resuspended in Laemmli sample buffer.
Immunoprecipitated proteins were subjected to SDS/15% PAGE and autoradiography.
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2.3  Adenovirus infection inactivates the transiational inhibitors 4E-BP1 and 4E-
BP2

2.3.1 Abstract

Infection with many viruses results in the selective shutoff of host protein synthesis. A
common target for virus interference with host protein synthesis is the cap-binding
protein complex, elF4F. The large subunit of the complex, e[F4G, is cleaved upon
picomavirus (except cardiovirus) infection. Recently, it has been shown that infection
with poliovirus or encephalomyocarditis virus (EMCV) activates 4E-BP1, which is a
specific inhibitor of e[F4E. Adenovirus mRNAs expressed from the major late promoter
(MLP) initiate translation by a ribosome shunt mechanism, and can be translated in cells
superinfected by poliovirus. Consistent with the cap-independent translation of the late
mRNAs, elF4E is dephosphorylated upon adenovirus infection, coincident with the
inhibition of host protein synthesis. Here we show that early in adenovirus infection 4E-
BP1, and its related protein 4E-BP2, are phosphorylated and hence inactivated. This is
not consistent with a role of 4E-BPs in adenovirus-induced shutoff, but could explain the
increase in protein synthesis reported early in infection. Phosphorylation of 4E-BP1 and
4E-BP2 is consistent with earlier findings in adenovirus-infected cells on the activation of
the protein kinase S6K1, whose phosphorylation lies on the same pathway as 4E-BPs, by
ElA. Similar findings to those described here were reported for 4E-BP1 by Feigenblum
and Schneider (123).
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23.2 Results

We wished to determine whether 4E-binding proteins are dephosphorylated in
adenovirus-infected cells similar to what we had shown for picornaviruses. First, HeLa
cells were infected with wild type human adenovirus type 5 to assess 4E-BP1
phosphorylation at early times in infection. 4E-BP1 was detected by Western blotting,
using an antiserum specific for 4E-BP1 (21 1; section 2.2.6.2). The hyperphosphorylated
(Y and 8) forms of 4E-BP1 exhibit slow mobility on SDS-polyacrylamide gels relative to
the unphosphorylated () and hypophosphorylated (f) species (195, 2085, 211, 325). In
mock-infected cells, three major 4E-BP1 forms were detected (Fig. 2.5A; isoforms o, f§
and y). The bands corresponding to 4E-BP1 were shifted upward as early as 30 min post-
infection and the pattern of 4E-BP1 isoforms did not change any further up to 3.5 hours
after infection. A "Far-Western” analysis was performed to ascertain that the faster
migrating forms (a and $), which correspond to the hypophosphorylated or
unphosphorylated (166, 211) forms can interact with e[F4E. The binding of 4E-BP1 to
eIF4E was strong in the mock-infected cells and at the onset of infection, but was barely
detected as early as 30 min post-infection (Fig. 2.5B). Thus, the result of the Far-
Western analysis is consistent with early phosphorylation of 4E-BP1 (Fig. 2.5B). The
lower band whose intensity decreased in the Far-Western analysis early in infection in
parallel with 4E-BP1, albeit less drasticaily, co-migrated with 4E-BP2 (Fig. 2.5B),

suggesting that this protein is also a target for modification by adenovirus.

Next, we performed a time course of infection in HeLa cells to examine the
phosphorylation status of 4E-BP1 or 4E-BP?2 at late times after infection when the shutoff
of protein synthesis occurs. The pattern of 4E-BP1 and 4E-BP2 isoforms was examined
by Westem blotting, using a rabbit polyclonal antiserum against 4E-BP1 (211) or an
affinity purified rabbit polyclonal antiserum to 4E-BP2 (see Materials and Methods).

The 4E-BP1 isoforms were shifted upward already at the first time point (4 hours post-
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A Western:
o-4E-BP1
B Far-Westem:
eIF4E probe
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Figure 2.5. Adenovirus effect on 4E-BP! phosphorylation early in infection. (A) Heat-
treated extracts were analyzed by Western blotting using a rabbit polyclonal antibody
directed against 4E-BP1. (B) Far-Westem blotting was performed on the samples described
in (A) using [32P]-labeled e[F4E as a probe.
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Figure 2.6.  Adenovirus effect on 4E-BP1 and 4E-BP2 phosphorylation late in infection.
(A) Heat-treated extracts were subjected to Western blotting and probed with a polyclonal
4E-BP1 antibody. (B) Extracts were subjected to Westemn blotting with an affinity-purified
polyclonal antibody directed against 4E-BP2. (C) Extracts prepared and blotted as in (A)
were probed with [32P]-labeled e[F4E. (D) Extracts (250 pg, not heat-treated) were
incubated with m’GDP resin (25ul). Precipitated material was subjected to SDS-PAGE and
Western blotting with an anti-4E-BP1 antibody.
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infection), consistent with the results in Fig. 2.5 (Fig. 2.6A). The two faster migrating
species of 4E-BP! (a and f) gradually disappeared between 8 and 12 hours of infection
and only the two slower migrating forms (y and 3) were detected at 12 hours, without any
further change at the time when the shutoff of host protein synthesis occurs (16-20
hours). Changes in the 4E-BP2 forms were studied in parallel. In HeLa cells, two bands
were detected for 4E-BP2 (termed o2 and B2). As for 4E-BP1, the hypophosphorylated
species (a2) migrated faster than the hyperphosphorylated (82) form (Fig. 2.6B; A.-C.G.
and N.S, unpublished data). At the onset of infection, most of the 4E-BP2 existed as an
hypophosphorylated (a2) form. As noted for 4E-BP1, 4E-BP2 was also shifted upwards
on the gel following adenovirus infection, starting at 4 hours. The shift was complete at
12 hours, as seen for 4E-BPI (Fig. 2.6B). In other experiments, we observed a change in
migration as early as 30 min after infection (data not shown). This effect was
concomitant with the expression of the E1 A protein, as assessed by Western blotting
(data not shown). Phosphorylation of 4E-BP1 and 4E-BP2 following adenovirus
infection caused a decreased affinity of both 4E-BPs towards eIF4E, as determined by a
Far-Western assay using “P- labeled eIF4E as a probe. Binding of 4E-BP1 to eIF4E was
abrogated, but binding of 4E-BP2 was only partially reduced (approximately 40% of the
control; Fig. 2.6C). The significance of the residual binding of 4E-BP2 is not
immediately clear. The decrease in 4E-BP! binding to eIF4E was also confirmed by
m’GDP chromatography. Cell extracts were incubated on ice for 2 hours with m’GDP-
agarose resin as described before (195) and then washed extensively. Precipitated
material was resolved by SDS-PAGE and analyzed by Westem blotting with an anti-4E-
BP1 antibody. Infection with adenovirus abrogated the recovery of 4E-BP1 on a cap-
analog resin, in parallel with the mobility shift and the reduction of binding to the eI[F4E
probe as measured by Far-Westem (Fig. 2.6D). This is similar to the situation observed
after stimulation of cells with insulin or growth factors. Although the resuits show that

4E-BP1 and 4E-BP2 are most probably not involved in the shutoff of host protein
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synthesis, the 4E-BPs could play a role in the increase of translation observed early in
adenovirus infection. This hypothesis is strengthened by the data of Feigenblum and
Schneider (123) who blocked the increase in translation following adenovirus infection in
293 cells by incubation with rapamycin, which prevents the phosphorylation of 4E-BP1
(128, 138, 166).

To confirm that the changes in electrophoretic mobility and in e[lF4E-binding are due to
the modulation of phosphorylation, we performed **P-labeling of the Hel.a cells S hours
post-infection. 4E-BP1 was immunoprecipitated and subjected to SDS-PAGE (211). In
mock-infected cells, three bands corresponding to the f8 , Y and & isoforms were resolved
(Fig. 2.7, lane 1). Phosphorylation of 4E-BP1 is increased following infection with wild-
type adenovirus, as evidenced by the increase in isoform § (total increase 2.5 fold). This
increase in phosphorylation is not observed when a virus containing a mutant form of
ElA (dl 1101-1108/520) (332) is employed (Fig. 2.7, lane 3). This mutant contains
deletions in the N-terminal domain of E1A as well as in the CR2 (conserved region 2)
and is deficient in binding to Rb family members, as well as to other proteins such as
p60cyclin A (332). The shift in 4E-BP1 electrophoretic mobility was not detected either
with an E] A-deficient virus or with several E1 A mutant viruses (data not shown),
consistent with the data of Feigenblum and Schneider (123). These results indicate that

ElA mediates 4E-BP's phosphorylation.
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dl 1101-1108/520
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Figure 2.7.  Incorporation of ["P] into 4E-BP1 following adenovirus infection. 4E-BPI
was immunoprecipitated from [*°P] labeled cells that were were mock-infected, infected for
5 hours with wild-type adenovirus or infected with a virus carrying a mutant E1A (dl 1101-
1108/520). Proteins were separated by SDS-PAGE, transferred onto a PVDF membrane
and subjected to autoradiography.
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234 Discussion

In summary, the results show that upon adenovirus infection, 4E-BP1 and 4E-BP2
become hyperphosphorylated. This is the first report to document a change in the
phosphorylation status of 4E-BP2 following virus infection. As opposed to the effect of
the picomaviruses EMCYV and poliovirus (211), 4E-BP1 is not activated by infection, but
inactivated early in infection. One of the reasons for this disparity could be explained by
the difference in life cycles between picomaviruses and adenovirus. The poliovirus and
EMCYV life cycles are very short (around 5-6 hours in HeLa cells), and host protein
synthesis shutoff occurs in the first few hours after infection. In addition, transiation of
the genome of these viruses completely proceeds in a cap- and e[F4E-independent
fashion (22, 91). The adenovirus life cycle is much longer (18-24 hours). Adenovirus
gene expression proceeds in two phases: early and late expression. Late expression is
principally driven by the major late promoter (MLP), which directs transcription of
mRNAs that translate via the shunt mechanism and exhibit reduced cap dependence
(210). However, adenovirus early genes, such as E1A are translated in a cap-dependent
fashion (210). Therefore, an early increase in elF4F activity by inactivation of the

translational repressors 4E-BP1 and 2 is likely to be of benefit to the virus.

Phosphorylation of 4E-BP1, following serum or insulin stimulation, occurs through a
Pi3-kinase dependent, rapamycin-sensitive pathway (128, 333). 4E-BP1 phosphorylation
coincides with the activation of S6K1 (128). S6K1 does not phosphorylate 4E-BP1
directly (221), and does not appear to be upstream of 4E-BP! (223). Indeed, transfection
of a rapamycin-resistant form of S6K1 does not confer rapamycin resistance to 4E-BP1,
as the case would be if 4E-BP1 was a downstream target of S6K1. Furthermore, co-
transfecting a wild-type form of S6K1 together with 4E-BP1 reduced the phosphorylation
of 4E-BP1 on rapamycin-sensitive sites (223), consistent with the idea that S6K1 and 4E-

BP1 compete for a common upstream kinase. S6K1 is activated by the E1A protein upon



transfection (334), indicating that an element in the PI3-kinase signal transduction
pathway upstream of S6K1 and the 4E-BPs is a target for adenovirus. Thus, 4E-BP1 and
2 are not likely to be direct targets for modification by the virus. It remains to be
determined whether the inactivation of 4E-BPs contributes to transformation by AdS, and
to identify the direct cellular target in the signal transduction cascade leading to 4E-BP
phosphorylation. Similar results to those documented here were reported earlier for 4E-
BPI by Feigenblum and Schneider (123). The data presented here confirm their report
and, in addition, demonstrate that 4E-BP2, a related translation inhibitor, is also

phosphorylated and inactivated by adenovirus infection.

Figure 2.8 summarizes the modifications involving eIF4F in several viral infections. 4E-
BP1 is the target for picornaviruses, which activate it, but also of adenovirus, which

phosphorylates and inactivates it (as well as 4E-BP2).
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Figure 2.8.  Modifications of elF4F following infections with different viruses. Not
shown is the effect of influenza virus which elicits dephosphorylation of eIF4E.
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235 Materials and Methods

2.3.5.1 Cell culture and infection. Hela cells were grown in DMEM supplemented with
10% FCS and infected with wild type human adenovirus type S (a kind gift from E.
Querido, R. Marcellus and P.E. Branton) at a multiplicity of infection of 35 plaque

forming units per cell.

2.3.5.2 Antibodies. Detection of 4E-BP1 was performed using a rabbit polyclonal
antiserum (11208) specific for 4E-BP1 (211), which does not cross-react with 4E-BP2 or
4E-BP3 (data not shown). A fusion protein GST-HMK-4E-BP2 (195) was used to raise
antisera to 4E-BP2. Because the crude antisera cross-reacted with 4E-BP1 and 4E-BP3,
the antisera (11211) was affinity-purified to ensure specific recognition of 4E-BP2.
Briefly, recombinant GST alone, GST-4E-BP1 and GST-HMK-4E-BP2 were expressed
and purified from BL21 bacteria through glutathione-S-sepharose chromatography
according to the manufacturer’s instructions. The proteins were not eluted from the
sepharose beads, but cross-linked directly to it, using a chemical crosslinker (dimethyl
pipelimidate #2HCI, Pierce). The cross-linking efficiency was monitored and the affinity
columns were extensively washed with CAPS buffer (3{cyclohexamino}-1-
propanesulfonic acid; 100mM, pH 11), and equilibrated in phosphate-buffered saline
(PBS). The crude antisera 11211 directed against GST-HMK-4E-BP2 was diluted 1:4 in
PBS, and was passed several times over the GST and GST-4E-BP1 resins, in order to
remove all antibodies which would recognize these two proteins. Removal of the
antibodies directed against GST or 4E-BP1 was confirmed by Western blotting.
Subsequently, the depleted antiserum was passed several times over the GST-HMK4E-
BP2 column to retain only those antibodies with a high affinity to 4E-BP2. After
extensive washing of the column with PBS, the antibodies were eluted with 100mM
glycinesHCI (decreasing pH of 3.0, 2.5, and 1.8). After neutralization (1M Tris*HCI, pH

9.0), fractions containing antibody were tested by Western blotting, and pooled. The
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purified antibody against human 4E-BP2 does not cross-react with 4E-BP1 nor with 4E-
BP3; A.-C.G and N.S., unpublished data).

2.3.5.3 Analysis of protein phosphorylation. Westermn and Far-Western blotting were as
described (195, 211; section 2.2.6.6). For [*P] labeling, Hela cells (mock infected, or
infected) were incubated at 37°C for 5 h in serum-free DMEM containing 0.5 mCi/ml
{**Plorthophosphate (DuPont NEN: 3000 mCi/mmole). The medium was removed and
the cells were rinsed twice in cold PBS. Cells were lysed in lysis buffer [10% glycerol,
50 mM Tris (pH 7.5), 60 mM KCI, 2 mM CDTA (trans,-1,2-diaminocyclohexane-
N,N.N',N'-tetraacetic acid), 1% Triton X-100, 2 mM DTT, 20 mM B-glycerolphosphate,
10 nM okadaic acid] for 30 min at 4°C. Lysate was harvested by scraping and cell debris
was removed by centrifugation. The extract was precleared by incubation with protein A
beads (50 ul per ml of extract) with end-over-end rotation at 4°C for | hr. The
supernatant was transferred to a fresh tube, together with 30 ul of 11208 crude antisera
per milliliter of extract, and incubated for 3 hr at 4°C. Protein A beads (30 ul packed
beads) were added and incubation end-over-end was carried out for 2 hr at 4°C. Beads
were spun down (microfuge, 6000 rpm, 2 min) and washed two times in lysis buffer, 2
times in RIPA buffer, and 2 times in LiCl solution (200 mM LiCl, 1| mM DTT). The
immunoprecipitates were resuspended in Lacmmli sample buffer and subjected to SDS-

PAGE. The wet gel was subjected to autoradiography.
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CHAPTER3

4E-BP1 IS PHOSPHORYLATED AND INACTIVATED BY THE
AKT/PKB SIGNALING PATHWAY



3.1 Introduction and perspectives

As evidenced in the previous chapter, the phosphorylation state of 4E-BP1 is subject to
extensive regulation. The state of phosphorylation of 4E-BP1 has been demonstrated
over the past few years to be sensitive to a wide variety of stimuli (Table I), and to
correlate, in most cases, with the growth status of ceils. In this chapter, the signaling
pathway leading to 4E-BP! phosphorylation is studied. At the ime when we undertook
these studies (in collaboration with the laboratory of N. Hay), we and others had already
demonstrated that 4E-BP1 phosphorylation is sensitive to inhibitors of PI3K
(wortmannin) and FRAP/mTOR (rapamycin; 128, 138, 166). The role of PI3K in
mediating 4E-BP1 phosphorylation was further suggested, through a collaboration with
S. von Manteuffel and G. Thomas (Basel, Switzerland), by the fact that PDGF receptor
mutants which are unable to activte PI3K, also failed to induce 4E-BP1 phosphorylation,
while mutants deficient in the activation of other pathways had no effect on 4E-BP1

phosphorylation (128).

We were interested in more directly analyzing the effects of PI3K on 4E-BP1
phosphorylation. We also wanted to determine whether Akt/PKB (section 1.8.5) was
involved in 4E-BP1 phosphorylation, and whether signaling through these molecules
could reproduce the phosphorylation observed following insulin or serum stimulation.
As mentioned above, 4E-BP1 phosphorylation is sensitive to rapamycin. However, it
was unclear how the target of rapamycin protein (FRAP/mTOR) was linked to the PI3K
pathway. We thus wished to determine the relative order (from the cell membrane to the

substrate) of these signaling molecules.
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3.2  Abstract

Growth factors and hormones activate protein translation by phosphorylation and
inactivation of the translational repressors, the e[F4E-binding proteins (4E-BPs), through
a wortmannin- and rapamycin-sensitive signaling pathway. The mechanism by which
signals emanating from extracellular stimuli lead to phosphorylation of 4E-BPs is not
well understood. Here we demonstrate that the activity of the serine/threonine kinase
Akt/PKB is required in a signaling cascade that leads to phosphoryiation and inactivation
of 4E-BP1. PI3K elicits the phosphorylation of 4E-BP1 in a wortmannin- and
rapamycin-sensitive manner, whereas activated Akt-mediated phosphorylation of 4E-BP1
is wortmannin resistant but rapamycin sensitive. A dominant negative mutant of
Akt/PKB blocks insulin-mediated phosphorylation of 4E-BP1, indicating that Akt/PKB is
required for the in vivo phosphorylation of 4E-BP1. Importantly, an activated AkUPKB
induces phosphorylation of 4E-BP1 on the same sites that are phosphorylated upon serum
stimulation. Similar to what has been observed with serum and growth factors,
phosphorylation of 4E-BP1 by Akt/PKB inhibits the interaction between 4E-BP1I and
elF4E. Furthermore, phosphorylation of 4E-BP1 by Akt/PKB requires the activity of
FRAP/mTOR. FRAP/mTOR may lie downstream of Akt/PKB in this signaling cascade.
These results demonstrate that the PI3K-Akv/PKB signaling pathway, in concert with
FRAP/mTOR, induces the phosphorylation of 4E-BP1.
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3.3 Results

3.3.1 pllOa, the catalytic subunit of PI3K, and its downstream effector Akt/PKB
mediate the phosphorylation of 4E-BP!

To study the role of Akt/PKB in the phosphorylation of 4E-BP1, a hemagglutinin-tagged
4E-BP1 (HA-4E-BPl) was generated. We first examined whether the transiently
expressed HA-4E-BPI exhibits a change in electrophoretic mobility after
phosphorylation, as was observed for the endogenous 4E-BP1. Human embryonic
kidney (HEK) 293 cells were transfected transiently with a HA-4E-BP1 expression
vector. After transfection, the cells were deprived of serum for 36 hr and then stimulated
with insulin for 30 min. Immunoblot analysis demonstrated a clear shift in mobility of
HA-4E-BP1 with insulin stimulation (Fig. 3.1A, lanes 1,2). The mobility shift was not
observed when cells were preincubated with either wortmannin or rapamycin (lanes 3.4).

consistent with what has been observed previously for endogenous 4E-BP1 (128).

Previous studies have indicated a role for PI3K in the phosphorylation of 4E-BP1 by
serum and growth factors (128, 153). However, it was also suggested that the effects of
extracellular stimuli on 4E-BP1 phosphorylation could be explained by direct activation
of FRAP/mTOR, as the in vitro autokinase activity of FRAP/mTOR is also inhibited by
wortmannin (230). To examine whether PI3K can affect the phosphorylation state of 4E-
BP1, we transiently cotransfected HA-4E-BP1 and PI3K expression vectors into serum-
deprived 293 cells. Cotransfection of HA-4E-BP1 with the catalytic subunit of PI3K
(p110a) induced phosphorylation of 4E-BP1, as manifested by a shift in its mobility (Fig.
3.1B, lane 2). This shift in mobility is similar to that observed with insulin stimulation
(cf. Fig. 3.1A, lane 2, with Fig. 3.1B, lane 2). An activated form of pl10c, pl 10c caax
(p110c*), which is targeted to the plasma membrane by farnesylation (335; Fig. 3.1B,

lane 3), also caused this mobility shift (interestingly, overexpression of the wild-type
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pl10a in 293 cells is sufficient to induce 4E-BP1 mobility shift). Thus, PI3K by itself
affects the phosphorylation of 4E-BP1.

Next, we examined whether Akt/PKB mediates 4E-BP1 phosphorylation. We used two
forms of Akt/PKB: the wild type c-Akt, and an activated form of Akt, MyrAkt. MyrAkt
is comprised of the entire coding sequence of c-Akt fused in-frame to the Src
myristoylation signal. This fusion protein is constitutively active, is independent of
growth factors, and is wortmannin resistant (336, 337; see below). Cotransfection of
either wild type c-Akt or MyrAkt and HA4E-BP1 expression vectors caused a mobility
shift of 4E-BP1 (Fig. 3.2A). These results suggest that both PI3K and its downstream
effector Akt are intermediates in the signaling pathway leading to 4E-BP1
phosphorylation. Transient transfections of 293 cells produces a high level of ¢c-Akt
expression that was sufficient to elicit the 4E-BP1 mobility shift to the same extent as

MyrAkt (Fig. 3.2A, cf. lanes 3 and 4).

To determine whether the endogenous PI3K/Akt signaling pathway is involved in
mediating the phosphorylation of 4E-BP1 by growth factors, we used a kinase-deficient
mutant of AKUPKB containing a point mutation in the ATP-binding domain K179M,
Akt(kin-) (239). When expressed at high levels, the kinase dead mutant acted in a
dominant negative fashion to abolish the mobility shift of 4E-BP1 normally elicited by
insulin treatment (Fig. 3.2B). Insulin treatment induces the mobility shift of 4E-BP1
(lanes 1,2). Coexpression of Akt(kin-) significantly reduced the insulin-mediated
mobility shift (lanes 3,4). These results demonstrate that endogenous Akt is required to

transmit the signal leading to 4E-BP1 phosphorylation.
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Figure 3.1. PI3K elicits phosphorylation of 4E-BP 1. (A) Insulin-mediated phosphorylation
of 4E-BP1 is both rapamycin and wortmannin sensitive. Human embryonic kidney (HEK)
293 cells were transiently transfected with a hemaglutinin (HA) epitope-tagged 4E-BP1
expression vector. After transfection, cells were deprived of serum for 36 hr, and either
mock treated or stimulated with insulin (1 ug/ml) for 30 min in the presence of either
wortmannin (wort, 200 nM) or rapamycin (rap, 20 ng/ml). Cell extracts were prepared as
described in Materials and Methods, and HA-4E-BP1 was detected by immunoblot analysis
with an anti-HA antibody. Arrows indicate the different phosphorylated isoforms of HA-
4E-BP1. (B) The catalytic subunit of PI3K p110« elicits phosphorylation of HA-4E-BP1.
HEK 293 cells were cotransfected with HA-4E-BP1 expression vector along with one of
the following: control vector (lane 1), pl10a expression vector, or p110a caax (p110a*)
expression vector. After transfection, cells were deprived of serum for 36 hr. HA-4E-BPI
was detected as described in A. p110a and p110a caax were detected as described in
Materials and Methods. The results shown are representative of three independent experiments.
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Figure 3.2.  Akt/PKB elicits phosphorylation of HA4E-BP1. (A) HEK 293 cells were
mock transfected or cotransfected with HA-4E-BP1 expression vector and one of the
following: control vector (lane 2), HA-c-Akt expression vector, or HA-MyrAkt expression
vector. Cells were deprived of serum for 36 hr. HA-4E-BP1 was detected as described in
Fig. 3.1, and Akt expression was detected with an anti-HA antibody. (B) A kinase-deficient
mutant of AKU/PKB inhibits phosphorylation of 4E-BP1 by insulin. HEK 293 cells were
cotransfected with a HA-4E-BP1 expression vector (100 ng) and the following: control
vector (lanes 1,2) or HA-AktK179M expression vector, Akt(kin-) (lanes 3.4). After
transfection, cells were serum-deprived for 36 hr, then stimulated with 100 ng/ml of insulin
for 45 min. HA-4E-BP1 and HA-AktK179M expression were revealed using an anti-HA
antibody. The resuits shown are representative of three independent experiments.
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Recent results suggested the possibility that the wortmannin sensitivity of 4E-BP1
phosphorylation is attributable to direct inhibition of FRAP/mTOR activity by
wortmannin (230). Therefore, we examined the sensitivity of PI3K and Akv/PKB-
mediated phosphorylation of 4B-BP1 to wortmannin and rapamycin. Both wortmannin
and rapamycin inhibited the ability of an activated form of pl 10a to cause the mobility
shift of 4E-BP1 (Fig. 3.3A). However. the mobility shift elicited by the activated
AkUPKB was wortmannin resistant but rapamycin sensitive (Fig. 3.3B). These results
indicate that the wortmannin sensitivity of 4E-BPI phosphorylation by growth factors is

attributable to inhibition of PI3K and not inhibition of FRAP activity.

Taken together these results suggest a linear pathway from growth factor receptors to the

activation of PI3K, which in tumn activates Akt/PKB and leads to phosphorylation of 4E-
BP1.

3.3.2 Akt/PKB mediates the phosphorvlation of 4E-BP1 and 4E-BP2 in vivo

To confirm that the gel mobility shift observed by cotransfection of Akt/PKB with 4E-
BP1 is attributable to an increase in 4E-BP1 phosphorylation, we first established a stable
293-cell line overexpressing MyrAkt. 293-MyrAkt or wild-type 293 cells were then
labeled metabolically with [**Plorthophosphate, and 4E-BP1 and 4E-BP2 were
immunoprecipitated and subjected to SDS-PAGE and autoradiography. In control cells,
two phosphorylated isoforms termed f and y (the fastest migrating isoform, a, is
unphosphorylated and hence not detected by P labeling) were detected (Fig. 3.4A, lane
1). After serum or insulin stimulation (lanes 2,3) a 2.5-fold increase in **P incorporation
was observed, and two isoforms of slower mobility (8 and &) appeared. Rapamycin or
wortmannin treatment abrogated the effect of serum and insulin on 4E-BP1
phosphorylation (lanes 4,5). In 293-MyrAkt cells, the four phosphorylated species

(B, v. &, €) were present in the absence of stimuli (lane 6, 2.5-fold more total **P



wort - - + -
plide* -  + 4+ o+

|

<« HA-4E-BPI

wort - - + -
MyrAkt - + + +

“ HA-4E-BPI

H

Figure 3.3. Effect of wortmannin and rapamycin on 4E-BP| phosphorylation by Akt/PKB and PI3K. (A)
Phosphorylation of 4E-BP1 by p!10a caax is both wortmannin and rapamycin seansitive. HEK 293 cells were
cotransfected with HA-4E-BP1 expression vector and one of the following: control vector (lane 1) or p110a
caax (pl10a*) expression vector. Alfter transfection, cells were deprived of serum for 36 hr and treated with
either wortmannin (wort, 200 nM) or rapamycin (rap, 20 ng/ml). Cell extracts were prepared and HA-4E-BP1
was detected as described in Fig. 3.1. (B) Phosphorylation of 4E-BP1 induced by an activated Akt/PKB is
wortmannin resistant, but rapamycin sensitive. HEK 293 cells were cotransfected with HA-4E-BP1 expression
vector and with control vector (lane 1), or with HA-MyrAkt expression vector. After transfection, cells were
deprived of serum for 36 hr. Cells were treated with kinase inhibitors and 4E-BP1 was detected as described
in A. HA-MyrAkt expression was detected on the same immunoblot. The figure is representative of two

independent experiments.



page 98
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Figure 34. 4E-BPI and 4E-BP2 P incorporation is increased in 293 MyrAk: cells and
is resistant to wortmannin treatment. Cells were labeled with [*’Pjorthophosphate as
described in Matenials and Methods and 4E-BP1 (A) and 4E-BP2 (B) were immunoprecipitated
successively with polyclonal antibodies, separated by SDS-PAGE, transferred to Immobilon-
PS? and subjected to autoradiography. The various phosphorylated isoforms are indicated
for 4E-BP1.
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incorporation than in starved 293 cells). The patter of phosphorylation is very similar to
that of 293 cells stimulated with serum or insulin (cf. lane 6 with lanes 2 and 3). In 293-
MyrAkt cells, the phosphorylation of 4E-BP1 was sensitive to rapamycin treatment, but
completely resistant to wortmannin treatment (lanes 7.8). A similar effect was observed
for 4E-BP2. 4E-BP2 was immunoprecipitated from the lysates as 4E-BP1. 4E-BP2 is
phosphorylated on fewer residues than 4E-(218), and only cne isoform incorporating **P
is detected by SDS-PAGE (Fig. 3.4B). Total *P incorporation in 4E-BP2 was increased
~2-to 2.5-fold in serum- and insulin-stimulated cells (Fig. 3.4B, cf. lanes 2 and 3 with
lane 1). This increase was diminished ( 1.5-fold) by rapamycin treatment and abolished
by wortmannin treatment (lanes 4,5). In MyrAkt-expressing 293 cells, 4E-BP2
phosphorylation was increased approximately twofold, as compared to serum deprived
293 cells (cf. lane 6 with lane 1). As with 4E-BP1, the increase in 4E-BP2
phosphorylation in MyrAkt cells was rapamycin sensitive, but wortmannin insensitive
(lanes 7,8). Although the effect of rapamycin on 4E-BP2 phosphorylation was modest
(1.5-fold) in the experiment presented here, this inhibitory effect was reproduced several
times in 293 cells, with an inhibition varying from 1.5- to 3-fold. This is similar to the

inhibition of 4E-BP1 phosphorylation by rapamycin.

These results further confirm that the differences in the mobility shift observed for 4E-
BP1 in Figures 3.1, 3.2 and 3.3 are attributable to changes in the phosphorylation state of
4E-BP1. To determine whether the effects observed on 4E-BP1 phosphorylation are
specific to 293 cells, the same experiment was repeated in Ratla cells stably expressing
MyrAkt (336). Similar results to that observed with 293 cells (two- to threefold increase
in phosphorylation) were obtained for both 4E-BP1 and 4E-BP2, and MyrAkt-induced
phosphorylation was also sensitive to rapamycin, but resistant to wortmannin (A-C G,

data not shown).
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To determine whether Akt/PKB-mediated phosphorylation of 4E-BP1 occurs on the in
vivo phosphorylation sites, phosphopeptide maps were performed on P orthophosphate-
labeled 4E-BP1. Ten phosphopeptides were detected in serum-starved 293 cells (Fig.
3.5A, labeled I-10 in the order of decreasing intensity). When 293 cells were stimulated
with serum, the intensity of some of the spots greatly increased (Fig. 3.5B, spots 8 and 9),
whereas some new spots (11-14) appeared. Peptide 14 was not reproducibly detected in
other experiments and will not be discussed further. Rapamycin treatment caused the
decrease or disappearance of two serum-dependent spots (11 and 12) and of spots 8 and 9
(Fig. 3.5C). The effects of wortmannin were even more striking, resulting, for example,
in the diminution of spot 7 (Fig. 3.5D). Serum-starved 293-MyrAkt cells exhibited a
phosphopeptide pattern almost identical to that of 293 cells stimulated with serum.
Phosphopeptides 11-13 were present in the absence of serum, although the increase in
spots 9 and I3 was not as marked as in serum-treated cells (cf. E with A and B). As
expected, rapamycin treatment caused a marked decrease in spots 11 and t2 (Fig. 3.5F).
Wortmannin treatment had practically no effect on phosphopeptides 8, 11, 12 (Fig. 3.5G).
Taken together, these data indicate that the increase in phosphorylation of 4E-BP1 in
293-MyrAkt cells occurs on physiologically relevant sites and confirm our data that

MyrAkt expression confers resistance to wortmannin, but not to rapamycin on 4E-BP1.

To determine whether the changes in 4E-BP1 phosphorylation correlate with 4E-BP1
activity, the interaction of 4E-BP1 with eIF4E was examined, using cap-affinity
chromatography. HEK 293 and other human cells contain multiple 4E-BP1 isoforms
(128, 211). The isoform pattern observed in mouse and rat cells is much simpler, because
of a smaller number and better separation of the isoforms. Thus, we performed the
analysis in stably transfected Ratla/MyrAkt and wild-type Ratla cells. In rodent cells, a
total of three 4E-BP!1 forms can be detected: (1) a hyperphosphorylated slow migrating

isoform (Y), which does not interact with eIF4E; (2) a middle form (8), which is
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Figure 3.5. The phosphopeptide map of 4E-BP 1 in 293 Myr Akt cells is identical to that of serum-stimulated
293 cells. 32P-Labeled 4E-BP1 (Fig. 3.4) was excised from an Immobilon membrane, digested with trypsin-
chymotrypsin, and analyzed by two-dimensional phosphopeptide mapping, as described in Materials and
Methods. HEK 293 cells (A-D) and HEK 293/ MyrAkt cells (E-G) were deprived of serum for 36 hr. Cells
were labeled with *2P as described in Materials and Methods. (A,E) Untreated cells. (B-D.FG) were treated
as follows: 15% FCS for 30 min (B); pretreated with rapamycin (20 ng/m!) for 20 min before addition of FCS
(C); pretreated with wortmannin (100 nM) for 20 min before addition of FCS (D); with rapamycin (20 ng/ml)
for 20 min (F); with wortmannin (100 nM) for 20 min (G).
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Figure 3.6. Phosphorylation of 4E-BP1 by Akt/PKB inhibits its interaction with elF4E.
Ratla and Ratla/MyrAkt cells were incubated in 0.5% FCS overnight. Ratla cells were
then treated with 20% FCS for 40 min. Cells were lysed by three freeze-thaw cycles and
extracts were either heat treated (total extract; 100 ug) or incubated (750 pug) with m’GDP-
agarose resin, as described in Materials and Methods. Samples were separated by SDS-
PAGE and 4E-BP1 protein was analyzed by Westem blotting. (A) Total extract (100 pg).
(B) Material bound to the m’GDP-agarose resin. Positions of the 4E-BP1 isoforms are
indicated.
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phosphorylated and binds eIF4E with a low affinity; and (3) an unphosphorylated fast
migrating species (at), which interacts very strongly with e[F4E (138, 166, 211). Ratla
and Ratla MyrAkt cells were serum starved and then serum stimulated (Ratla). A
Western blot performed on total extracts indicated that the three isoforms (a, B, y) were
present in serum-starved cells (Fig. 3.6A, lane 1, the § form is predominant), only the two
slower migrating forms (B and y) were detected in serum-stimulated Ratla cells (lane 2,
the Y form is predominant). Only the hyperphosphorylated form (y) was detected in
Ratia MyrAkt cells (lane 3; significantly less 4E-BP1 was present consistently in the
MyrAkt cells, for reasons that are not immediately clear), indicating that 4E-BP1 is
hyperphosphorylated. A cap-affinity isolation of eIF4E was conducted. In serum-starved
Ratla cells, there was a significant amount of 4E-BP1 (isoforms a and f) that bound
elF4E (Fig. 3.6B, lane 1). Binding was abolished in serum-stimulated cells (lane 2), and
in Ratla (MyrAkt) cells (lane 3). Taken together, these resuits suggest that
phosphorylation of 4E-BP1 in MyrAkt cells prevents its association with e[F4E and that

Akt plays a pivotal role in regulating 4E-BP1 activity in cells.

3.3.3 Aki/PKB cannot directly phosphorylate 4E-BP1

To address the question of whether Ak/PKB can phosphorylate 4E-BP1 directly, an in
vitro kinase assay was used. The kinase reaction was performed using histone H2B as a
control substrate (336). Histone H2B phosphorylation was increased gradually with time
of incubation with immunoprecipitated HA-MyrAkt (Fig. 3.7, lanes 1-3). After a 45-min
incubation, background phosphorylation of H2B was detected even with an
immunoprecipitate from mock transfected cells (lane 7). In contrast, only background
phosphorylation of GST-4E-BP1 was observed upon incubation with immunoprecipitated
HA-MyrAkt (lanes 4-6, and lane 8). Phosphorylation of 4E-BP1 was not observed even

after prolonged exposure (data not shown). Therefore, we conclude that Akt/PKB cannot
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Figure 3.7.  Akt/PKB does not phosphorylate 4E-BP1 in vitro. HEK 293 cells were
transfected transiently with an HA-MyrAkt expression vector or with vector alone. Forty-
eight hours after transfection, MyrAkt was immunoprecipitated with an anti-HA antibody
(HA.11). Immunoprecipitates from mock transfected (lanes 7,8) or from HA-MyrAkt
transfected cells (lanes 1-6) were used for kinase reactions, as described in Materials and
Methods. GST-4E-BP! (2 ug) and histone H2B (2 pug) were used as substrates and incubated
with the immunoprecipitates for the indicated times. Samples were analyzed by SDS-PAGE.
An equal amount of immunoprecipitate was used for each reaction. Equal protein loading
was visualized by Coomassie Blue staining. The results shown are representative of two
independent experiments.
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phosphorylate 4E-BP1 in vitro and is unlikely to serve as the kinase that directly
phosphorylates 4E-BP1 in vivo (see also below).

3.3.4 FRAP/mTOR activity is required for 4E-BP I phosphorylation by Akt/PKB
Previous data and our results suggested that FRAP/mTOR is required for 4E-BP1
phosphorylation. The transfection of wild-type FRAP into serum-deprived wild-type 293
cells did not result in a mobility shift of 4E-BP1 (S.G. Kennedy and N. Hay,
unpublished). To evaluate the role of FRAP/mTOR in our system, we transfected wild-
type FRAP and a rapamycin-resistant mutant (S2035T) form of FRAP (338) together
with HA-4E-BP1 into 293 cells stably expressing MyrAkt. The transiently transfected
HA-4E-BP!I exhibited a mobility shift even after 36 hr of serum deprivation (Fig. 3.8,
lane 1). These results are consistent with the increased phosphorylation of 4E-BP1
observed in serum-deprived 293-MyrAkt cells (see Fig. 3.4). Phosphorylation of 4E-BP1
in 293-MyrAkt cells was unchanged by transfection with wild-type FRAP and
FRAP(S203ST) (Fig. 3.87, lanes 2.5) and was resistant to wortmannin treatment (lanes
3,6). However, phosphorylation of 4E-BP1 in 293-MyrAkt cells transfected with wild-
type FRAP was still sensitive to rapamycin treatment (lane 4), whereas transfection of
FRAP(S2035T), conferred rapamycin resistance to 4E-BP1 phosphorylation (lane 7).
Therefore, we conclude that Akt/PKB-induced phosphorylation of 4E-BP1 requires
FRAP/mTOR.
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FRAP S2035T - - - - + + +
FRAP wt - + + + - - -
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Figure 3.8.  FRAP/mTOR activity is required for phosphorylation of 4E-BP1. HEK 293
MyrAkt cells were cotransfected with HA-4E-BP1 expression vector and with control vector
(lane 1) or with wild-type epitope-tagged flag-FRAP expression vector, or a rapamycin-
resistant mutant flag-FRAP S203ST expression vector. After transfection, cells were serum
deprived for 36 hr and were either left untreated or treated with wortmannin (wort, 200 nM)
or rapamycin (rap, 20 ng/ml). Cell extracts were prepared, and HA-4E-BP1 was detected
as described in Fig. 3.1. Equal amounts of extract from the same experiment were used for
detection of flag-FRAP with an anti-flag antibody. The positions of flag-FRAP and HA-
4E-BP!I are indicated. The results shown in this figure are representative of three independent
experiments.
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34  Discussion

Studies using pharmacological agents such as wortmannin and L' Y294002, which inhibit
PI3K activity, have indicated a role for PI3K in signaling to 4E-BP1 (e.g. 128). This
hypothesis was reinforced by the use of mutants in the PDGF receptor and in the insulin-
receptor substrate-1 (IRS-1) that cannot bind PI3K (128, 153). However, a recent report
showing that wortmannin and LY294002 inhibit the kinase activity of FRAP/mTOR,
which is required for 4E-BP1 phosphorylation, challenged the idea that PI3K is required
for 4E-BP1 phosphorylation (230). In the present study we have provided direct
evidence that growth factors mediate the phosphorylation of 4E-BP1 via PI3K, which is
the wortmannin-sensitive component in this signaling pathway (Figs. 3.1B and 3.3A).
Moreover, we have demonstrated that the downstream effector of PI3K, Akt/PKB, is a
critical intermediate in the signal transduction pathway leading from growth factors to the
phosphorylation of 4E-BP1. Both the wild-type catalytic subunit of PI3K and the wild-
type c-Akt promote the phosphorylation of 4E-BP1 when overexpressed transiently in
293 cells. It is possible that the expression levels of these wild-type kinases are
sufficiently high that even if only a fraction of the molecules are active, phosphorylation
of 4E-BP1 is observed. We found that a constitutively active form of AkUPKB promotes
phosphorylation of 4E-BP1 in the absence of growth factors, in a wortmannin-resistant
manner, whereas a dominant-interfering mutant of Akt/PKB biocks the ability of insulin
to induce phosphorylation of 4E-BP1 (Fig. 3.2B). An activated Akt/PKB can also
mediate the in vivo phosphorylation of 4E-BP2 (Fig. 3.4B). The phosphorylation of 4E-
BP1 by an activated AkUPKB and in response to growth factors occurred at apparently
identical sites, as was demonstrated by phosphopeptide mapping (Fig. 3.5A,E). An
activated Ak/PKB inhibits the binding of 4E-BP1 to eIF4E, even in the absence of
growth factors, and therefore is presumed to increase e[F4E-dependent translation (Fig.
3.6).
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The fact that identical phosphorylation sites on 4E-BP1 are diminished by rapamycin in
both serum-induced and Akt/PKB-induced 4E-BP1 phosphorylation (Fig. 3.5) implies
that the rapamycin-sensitive component lies downstream of Akt/PKB in this signaling
cascade. Indeed. a rapamycin-resistant mutant of FRAP/mTOR confers rapamycin
resistance to 4E-BP1 phosphorylation induced by an activated AkU/PKB (Fig. 3.8). Thus,
these data allowed us to determine the order of these signaling events (Fig. 3.9).
Although these results suggest a linear pathway from PI3K through AktPKB and to
FRAP/mTOR, we cannot exclude a parallel signaling pathway that includes
FRAP/mTOR and that subsequently converges upon a common downstream effector
leading to phosphorylation of 4E-BP1. A recent study that demonstrated that
FRAP/mTOR immunoprecipitated from cells is able to phosphorylate 4E-BP1 in vitro
(339). is consistent with a linear signaling pathway leading from growth factor receptor to
PI3K, AkvPKB, and FRAP/mTOR. However, the observation that immunoprecipitated
FRAP/mTOR can phosphorylate 4E-BP1 does not preclude the possibility that a
downstream effector of both FRAP/mTOR and Akt/PKB can be coimmunoprecipitated
with FRAP/mTOR and is actually responsibie for 4E-BP1 phosphorylation in vitro. This
will be addressed in more detail in chapter 6.

Since the publication of this report, several other groups have confirmed that Akt/PKB is
involved in mediating 4E-BP1 phosphorylation (e.g. 340, 341, 342). These studies are
complementary to ours. For example, Kohn et al. (342) constructed a conditionally
active Akt/PKB (a membrane-targeted Akt/PKB fused to the hormone binding domain of
a mutant murine estrogen receptor that selectively binds 4-hydroxytamoxifen). The
estrogen receptor fusion keeps the AktVPKB inactive in the absence of 4-
hydroxytamoxifen. However, after addition of 4-hydroxytamoxifen, AkVPKB is
derepressed, and rapidly induces phosphorylation of 4E-BP1 (342). Takata et al. were

able to prevent insulin-induced phosphorylation of 4E-BP1 in CHO cells expressing a
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rapamycin —1 FRAP/mTOR
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Figure 3.9.  Order of the events leading to 4E-BP1 phosphorylation. Growth factors
activate PI3K. This leads to the activation of AKUPKB. The signal from Aktv/PKB is
relayed to 4E-BP1 only when FRAP/mTOR is active. Dashed lines indicate that a direct
link between AKUPKB and FRAP/mTOR has not been demonstrated. See text for details.
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different dominant negative Akt/PKB than that we have utilized (a protein in which the
two phosphorylation sites have been replaced by alanines; 340). Dufner et al. have also
showed that full 4E-BP1 phosphorylation can be elicited by a non membrane-targeted
AkUtPKB, providing Akt/PKB phosphorylation sites are replaced by acidic residues
(341). Also, since the publication of this manuscript, it was reported that 4E-BP1 is
found in a hyperphosphorylated state in the absence of stimuli in cells do not contain the
phosphatase PTEN (section 1.8.4; 343).

Consequences of Akt/PKB signaling on translation were also studied: it was reported that
activation of Akt/PKB resuits in translational activation (265, 344), consistent with the
effects of AKUPKB in inactivating 4E-BP1 and 4E-BP2. On the other hand, while an
early report had indicated that S6K 1 was activated downstream of a membrane-targeted
AkUPKB (240), this hypothesis was challenged by the recent observation that AkUPKB
activated by acidic substitutions of its phosphorylation sites (without artificial membrane
targeting) did not induce S6K 1 phosphorylation, but rather repressed it (341). This is
consistent with the recent finding that Akt/PKB and S6K1 are in fact phosphorylated by
the same kinase, PDK (reviewed in 106). Phosphorylation of S6K | on Thr229, the
PDK site, is absolutely critical for activation (345). Presumably, expression of the
AKUPKB constructs results in squelching of PDK1, leading to an inactivation of S6K1. It
remains to be determined whether the endogenous AkUVPKB can signal to S6K1 under
any condition. It is possible that conditions similar to those encountered in v-akt (fusion
of AkVPKB to membrane targeting signal) will be found in mammalian cells. This
protein would be expected to increase the activity of S6K1 as well as of the physiological

AKUPKB targets, probably increasing its transforming potential.

AkUPKB has been implicated in protection from apoptosis in various systems (section

1.8.5 and references therein). Many targets for AkUPKB anti-apoptotic signaling were



page 111

proposed, several of which having established roles in induction of, or protection from,
apoptosis. In addition, Akt/PKB targets include a number of transcription factors, such as
the Forkhead family, which is involved in the synthesis of the component of the apoptotic
machinery (reviewed in 237, 238). The role of the e[F4F complex as an anti-apoptotic
effector of Akt/PKB needs to be addressed. Interestingly, overexpression of elF4E
induces resistance to apoptosis in serum-restricted primary fibroblasts with enforced
expression of Myc (346). Consistent with a role for elF4E as an anti-apoptotic agent,
forced overexpression of 4E-BP1 wt in transformed rat embryo fibroblasts
overexpressing oncogenic Ras sensitized cells to apoptosis induced by serum withdrawal

or by cytostatic drugs (347).

In addition to its well-described anti-apoptotic roles, AKt/PKB also relays signals
inducing cell proliferation (reviewed in 237). eIF4F could play a role in this process, as
overexpression of e[F4E accelerates the proliferation (notably through shortening of the
cell cycle), increases DNA synthesis, and induces malignant transformation of
immortalized rodent fibroblasts (reviewed in 113). Conversely, the 4E-BPs negatively
regulate cell proliferation, and partially reverse the transformed phenotype due to the
expression of eIF4E, or oncogenic ras or src (348). Because of its pivotal role in cell
survival and proliferation, modulation of AKUPKB activity in vivo might have an impact
on therapies of cancer and degenerative diseases. 4E-BPs, the new downstream targets of
Akt/PKB identified in these studies, can facilitate research on the activity of this
multipotent kinase because the mobility-shift assay of 4E-BP1 can provide a simple and

attractive read-out for Akt/PKB activity in vivo.
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35S  Materials and methods

3.5.1 Plasmids and antibodies. The human 4E-BP1 coding sequence was amplified by
PCR and introduced in-frame into the cytomegalovirus (CMV)-based vector pACTAG-2
(a kind gift from A. Charest and M. Tremblay, McGill University, Montreal, Canada) to
express a fusion protein with three amino-terminal HA tags. Philip Tsichlis and Alfonso
Bellacosa (Fox Chase Cancer Center, Philadelphia, PA) generously provided HA-c-Akt,
HA-c-Akt K179M (239), and HA-MyrAkt (337) expression vectors. The BamHI/Bgill
fragment of HA-c-Akt K179M was introduced into pcDNA3 (Invitrogen) to generate the
c-Akt (kin-) expression vector used in this study. FRAP and FRAP(S2035T) (338)
expression vectors were generously provided by Stuart Schreiber and Eric Brown
(Harvard University, Cambridge, MA). Myc-epitope-tagged pl10a and pl110a* (335)
expression vectors were generously provided by Julian Downward (Imperial Cancer
Research Fund, London, UK). Antibody 11208 against human 4E-BP1 was described
previously (211). Antibody 11209 is a rabbit polyclonal antibody (Pocono Rabbit Farm.
Canadensis, PA) raised against human 4E-BP1 (expressed as a GST fusion protein).
Neither antibody cross-reacts with 4E-BP2 in immunoprecipitation studies. Anti-4E-BP2
rabbit polyclonal antibody was raised against a GST-HMK-4E-BP2 fusion protein
(construct described in 195). The 4E-BP2 crude antisera cross-reacts (as indicated by
Western blotting and by immunoprecipitation studies) with 4E-BP1 and., to a lesser
extent, with a novel 4E-BP family member, 4E-BP3; the migration of these three proteins
on SDS-PAGE is different, enabling us to still use this antibody for immunoprecipitation.
The anti-HA antibody 12CAS (mouse monoclonal) was concentrated from tissue culture
supernatant using protein G-Sepharose beads (Pharmacia). The anti-HA mouse
monoclonal antibody HA.11 was purchased from BabCO and was used at a dilution of
1:1000. The anti-flag mouse monoclonal antibody MS was purchased from Kodak and
was used at a dilution of 1:400. The anti-Myc-epitope mouse monoclonal antibody 9E10

was used at a dilution of 1:500 for immunoprecipitation and 1:1000 for Western blotting.
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3.5.2 Cell culture and viral infection. Cell culture was performed as described
previously (336, 349). Ecotropic MyrAkt retrovirus was made by transient transfection
of Bosc23 cells as described previously (349). Virus was used to infect PA317 cells and
a stable producer cell line was generated. The resultant amphotropic virus was used to
infect HEK 293 cells, and stable clones were selected with G418 (500 ug/ml, 349).
Clones were pooled and maintained as the stable cell line 293-MyrAkt.

3.5.3 Transient transfection. Transient transfections were conducted using either
LipofectAMINE (GIBCO BRL) or calcium phosphate, as indicated in the figure legends.
For Lipofect AMINE transfection, HEK 293 cells were plated at i x 10°/6-cm plate and
grown ovemight in DMEM/10% FCS. Cells were rinsed once with PBS and placed in
600 ul of DMEM. Four hundred nanograms of HA 4E-BP1 and 2.5 ug of the pl 10c and
AkUPKB expression constructs were added to 600 ul of DMEM containing 25 ul of
LipofectAMINE and incubated at room temperature for 30 min. This reaction mixture
was added to cells and incubated at 37°C for 4 hr. DMEM with 20% FCS (3 ml) was
added for 2 hr, then cells were rinsed once with PBS and incubated in DMEM ovemight.
The medium was changed and cell extracts were prepared after 48 hr. Calcium
phosphate transfection was conducted according to (350). The calcium phosphate/DNA
precipitate was incubated with cells ovemight in DMEM with 10% FCS. Cells were
rinsed once with PBS and placed in DMEM. The following day cells were rinsed again
with DMEM.

3.5.4 Extract preparation and Western blotting. Cells were rinsed twice with cold
buffer A [20 mM Tris-HCI (pH 7.5), 100 mM KCl, 20 mM B-glycerolphosphate, | mM
DTT, 0.25 mM Na3VO4, 10 mM NaF, 1| mM EDTA, | mM EGTA, 10 nM okadaic acid,

1 mM phenylmethylsulfonyl fluoride] and scraped into a minimal volume of the same
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buffer. Lysis was performed by three freeze-thaw cycles. Cell debris was pelleted by
centrifugation, and the protein concentration in the supernatant was measured using the
Bio-Rad assay. For analysis of endogenous 4E-BP1, 75 ug of total cell extract was
incubated at 100°C for 7 min to enrich for 4E-BP1, which is heat-stable. Samples were
incubated on ice for $ min, and precipitated material was removed by centrifugation
(13,000 rpm, S min). When necessary, the extract was TCA precipitated (195). Laemmli
sample buffer was added to the supernatant, which was then subjected to SDS-15%
PAGE. For analysis of transfected HA-4E-BP1, cells were lysed by three freeze-thaw
cycles, and S50 ug of protein was analyzed by SDS-10% PAGE. Western blotting, using
chemiluminescence detection, was performed as described (21 ) using either the anti4E-
BP1 11208 antibody (1:1500) or the anti-HA 12CAS monoclonal antibody (0.5 ug/ml).
For analysis of p110a, pl 10 and pl 100* expression vectors were transfected into HEK
293 cells. After 36 hr cells were lysed into 500 ul of RIPA buffer [SO mM Tris-HCl (pH
7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS]
containing 1| mM PMSF and subjected to immunoprecipitation for 3 hr with | pg of the
mouse monoclonal anti-Myc antibody 9E10. Immunoprecipitates were rinsed three times
with RIPA buffer and resuspended in Laemmli buffer. Samples were boiled and
subjected to SDS-8% PAGE. pl10a was detected by incubation with the 9E10 antibody.

3.5.5 Chromatography on m’GDP-agarose. Cell extracts prepared by three freeze-
thaw cycles, in buffer containing 20 mM HEPES-KOH (pH 7.5), 75 mM KCl and | mM
EDTA, were incubated for 1 hr with m'GDP coupled to agarose adipic resin (30 ul of
packed beads per reaction; beads were prepared according to (177). Beads were spun
down in a microfuge (3000 rpm, 30 sec), washed three times with 20 volumes of the
same buffer, and resuspended in Laemmli sample buffer. Samples were then analyzed by
SDS-PAGE and Western blotting as described above.
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3.5.6 Metabolic labeling and immunoprecipitation. HEK 293 cells starved for 30-36 hr
or Ratla cells starved for 16-24 hr were incubated at 37°C for 3 hr in serum-free DMEM
containing 0.5 mCi/ml [**PJorthophosphate (DuPont NEN; 3000 mCi/mmole).
Rapamycin (20 ng/ml) or wortmannin (100 nM) were added for 20 min, followed by the
addition of dialyzed FBS (15%; GIBCO) for 30 min. The medium was removed and the
cells were rinsed twice in cold PBS. Cells were lysed in lysis buffer [10% glycerol, 50
mM Tris (pH 7.5), 60 mM KCl. 2 mM CDTA (trans.-1,2-diaminocyclohexane-
N.N.N'.N'-tetraacetic acid), 1% Triton X-100, 2 mM DTT, 20 mM B-glycerolphosphate,
10 nM okadaic acid] for 30 min at 4°C. Lysate was harvested by scraping and cell debris
was removed by centrifugation. Total radioactivity in the lysate was monitored by
spotting 1, 2, 5, and 10 ul of the extract onto a phosphocellulose (P81) paper, which was
washed extensively with 75 mM phosphoric acid and dried. Bound radioactivity was
measured by scintillation counting (111). The extract (equivalent quantities of
radioactivity) was precleared by incubation with protein A beads (50 ul per ml of extract)
with end-over-end rotation at 4°C for 1 hr. The supernatant was transferred to a fresh
tube, together with 30 ul of 11209 crude antisera per milliliter of extract, and incubated
for 3 hr at 4°C. Protein A beads (30 ul packed beads) were added and incubation end-
over-end was carried out for 2 hr at 4°C. Beads were spun down (microfuge, 6000 rpm,
2 min) and washed two times in lysis buffer, 2 times in RIPA buffer, and 2 times in LiCl
solution (200 mM LiCl, | mM DTT). In some experiments, the supernatant (unbound
fraction) was further incubated with 11211 anti-4E-BP2 antibody as for 4E-BPI.
Immunoprecipitated material was subjected to SDS-15% PAGE and transferred to PVDF
membranes (Immobilon-P or Immobilon-PSQ, Miliipore), which were dried and
autoradiographed. Radioactive bands corresponding to 4E-BPs were excised and

Cerenkov counted.
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3.5.8 Phosphopeptide maps. Tryptic-chymotryptic digestion of 4E-BP1 immobilized
on the PVDF membranes was performed essentially as described (351), with the
following modifications. The digest was performed using a 200:1 mixture of TPCK-
treated trypsin and chymotrypsin (5 ug, Worthington) for 10 hr, followed by the addition
of 5 ug enzyme for 3 hr. The sample was then lyophilized (speed-vac, Savant),
resuspended in 200 ul of water, lyophilized again, resuspended in 100 ul of water,
lyophilized a third time, resuspended in 100 ul (pH 1.9) buffer (2.5% vol/vol formic acid
88% and 7.8% vol/vol glacial acetic acid) and lyophilized a fourth time. For
chromatography, first dimension (electrophoresis) was performed in pH 1.9 buffer using
the HTLE 7000 apparatus (CBS Scientific); second dimension was performed in
phosphochromatography buffer (37.5% vol/vol n-butanol, 25% vol/vol pyndine, 7.5%
vol/vol glacial acetic acid). Plastic-coated cellulose thin-layer chromatography plates

(Kodak; 20 cm x 20 cm) were used.

3.5.9 Aki/PKB kinase assay. HEK 293 | x 10° cells were transfected with 3 ug of HA-
MyrAkt DNA using LipofectAMINE. Cells were grown in 10% DMEM for 48 hr, then
lysed into AK/PKB lysis buffer (336). Extracts were incubated with 3 ug of monoclonal
mouse anti-HA (BabCO, HA.11) for 3 hr. Immunoprecipitations and kinase reactions

with histone H2B (2 ug) and GST4E-BP1 (2 pg) were conducted according to (239).
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CHAPTER 4

REGULATION OF 4E-BP1 PHOSPHORYLATION: A NOVEL TWO-
STEP MECHANISM
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4.1 Introduction and perspectives

In the previous chapter, we established FRAP/mTOR as the most proximal known kinase
in the 4E-BP1 phosphorylation pathway. Reports published during the course of these
studies suggested that FRAP/mTOR could in fact phosphorylate 4E-BP1 directly.
Indeed, immunoprecipitates of FRAP/mTOR from rat brain, or from cells transfected
with a tagged form of FRAP/mTOR, contain a kinase activity capable of phosphorylating
4E-BP1, while immunoprecipitates of a catalytically inactive FRAP/mTOR mutant fail to
phosphorylate 4E-BP1 (339, 352, 353). Similarly, addition of a complex of FKBP12-
rapamycin to the in vitro kinase assay abrogates phosphorylation of 4E-BP1, indicating
that the kinase activity present in the FRAP immunoprecipitates is sensitive to rapamycin
(339, 352, 353). There was disagreement, however, as to the number and identity of the
sites phosphorylated by FRAP/mTOR. Brunn et al. (339) reported the phosphorylation of
five 4E-BP1 Ser/Thr-Pro sites by a FRAP/mTOR immunoprecipitate in vitro, and
concluded that FRAP/mTOR was responsible for the phosphorylation of all in vivo 4E-
BP1 phosphorylation sites (205). However, Bumett et al. (353) subsequently reported
that only two 4E-BP1 sites, threonines 37 and 46 (the numbering throughout this paper is
according to the human 4E-BP| protein), were phosphorylated by FRAP/mTOR. When
threonines 37 and 46 were mutated to alanines, binding to e[F4E was reported to be
constitutive (353). These authors thus concluded that phosphorylation of Thr37 and
Thrd46 leads to the dissociation of 4E-BP1 from e[F4E. Another report demonstrated,
however, that 4E-BP1 phosphorylated on Thr37 is associated with e[F4E (205). Thus, at
the onset of these studies, it was known that 4E-BP1 is phosphorylated in vivo on
multiple residues (205, 214). However, the order of phosphate addition and the
functional significance of each phosphorylation event regarding the interaction of 4E-
BP1 with e[F4E were unknown. The relative sensitivity of each site to different stimuli
and pharmacological inhibitors also remained unknown. We thus attempted to study 4E-

BP1 phosphorylation, at individual sites, using a combination of phosphopeptide
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mapping and mass spectrometry. We first applied these techniques to elucidate the
number and identity of the sites phosphorylated by FRAP/mTOR immunoprecipitates and
to study the functional consequences of phosphorylation at these residues. While we
could obtain phosphorylation of 4E-BP1 in vitro with an immunoprecipitated
FRAP/mTOR or with a baculovirus-expressed FRAP/mTOR, we only observed
phosphoryiation of two phosphopeptides by phosphopeptide mapping. We then went on
to identify these sites and determine the functional consequences of phosphorylation at
these two residues by FRAP/mTOR. In the next chapter, we describe that these two
residues, Thr37 and Thr46 are phosphorylated under basal conditions in 293 cells (i.e. in
the absence of serum), but that their replacement to alanines prevent incorporation of
phosphate in the remaining phosphorylation sites. Thus, phosphorylation at Thr37 and
Thr46 acts as a priming event for the phosphorylation of the other residues, suggesting a
two-step model for the phosphorylation of 4E-BP1.
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4.2  Abstract

The multisubunit eukaryotic translation initiation factor (¢IF) 4F recruits 40S ribosomal
subunits to the 5’ end of MRNA. The elF4F subunit elF4E interacts directly with the
mRNA 5’ cap structure. Assembly of the e[F4F complex is inhibited by a family of
repressor polypeptides, the e[F4E-binding proteins (4E-BPs). Binding of the 4E-BPs to
eIF4E is regulated by phosphorylation: Hypophosphorylated 4E-BP isoforms interact
strongly with e[F4E, whereas hyperphosphorylated isoforms do not. 4E-BP1 is
hypophosphorylated in quiescent cells, but is hyperphosphorylated on multiple sites
following exposure to a variety of extracellular stimuli. The PI3K-Akt/PKB pathway and
the kinase FRAP/mTOR signal to 4E-BP1. FRAP/mTOR has been reported to
phosphorylate 4E-BP1 directly in vitro. However, it is not known if FRAP/mTOR is
responsible for the phosphorylation of all 4E-BP1 sites, nor which sites must be
phosphorylated to release 4E-BP1 from ¢[F4E. To address these questions, a
recombinant FRAP/mTOR protein and a FRAP/mTOR immunoprecipitate were utilized
in in vitro kinase assays to phosphorylate 4E-BP!. Phosphopeptide mapping of the in
vitro-labeled protein yielded two 4E-BP1 phosphopeptides that comigrated with
phosphopeptides produced in vivo. Mass spectrometry analysis indicated that these
peptides contain phosphorylated Thr37 and Thr46. Thr37 and Thr46 are efficiently
phosphorylated in vitro by FRAP/mTOR when 4E-BPI is bound to ¢e[F4E. However,
phosphorylation at these sites was not associated with a loss of eIF4E binding.
Phosphorylated Thr37 and Thr46 are detected in all phosphorylated in vivo 4E-BP1
isoforms, including those that interact with e[F4E. Finally, mutational analysis
demonstrated that phosphorylation of Thr37/Thr46 is required for subsequent
phosphorylation of several carboxy-terminal serum-sensitive sites. Taken together, our
results suggest that 4E-BP1 phosphorylation by FRAP/mTOR on Thr37 and Thr46 is a
priming event for subsequent phosphorylation of the carboxy-terminal serum-sensitive

sites.
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4.3 Results

4.3.1 Both recombinant FRAP/mTOR and a FRAP/mTOR immune complex
phosphorylate 4E-BP1.

Phosphopeptide mapping has proven to be a powerful method in the study of the
sensitivity of specific phosphorylation sites to various stimuli (see, e.g., 124, 127, 223,
353). This technique is also applied to the identification of putative kinases by
comparing the pattern of the phosphopeptides generated in vitro with those
phosphorylated in vivo. Here it was used to better define the role of FRAP/mTOR in 4E-
BP1 phosphorylation. A rat brain FRAP/mTOR immunoprecipitate and a purified
baculovirus-expressed Flag-tagged FRAP/mTOR fusion protein were used in an in vitro
kinase assay with recombinant human 4E-BP! as a substrate. **P-Labeled 4E-BP1 was
separated via SDS-PAGE, then transferred to nitrocellulose membranes, which were
subjected to autoradiography. 4E-BP1 was readily phosphorylated by both preparations
of FRAP/mTOR (data not shown). The membrane piece bearing the labeled 4E-BPI
protein was excised and incubated in a trypsin/chymotrypsin mixture, and two-
dimensional phosphopeptide mapping was performed on the liberated peptides. The map
prepared from 4E-BP1 phosphorylated by the rat brain FRAP/mTOR immunoprecipitate
yielded two major phosphopeptides (indicated as | and 2; Fig. 4.1A). In parallel, serum-
stimulated 293 cells were labeled in vivo with [*Plorthophosphate, and endogenous 4E-
BP!1 was subjected to tryptic/chymotryptic mapping (Fig. 4.1B). Mixing of the in vitro-
and the in vivo-labeled products demonstrated that the two phosphopeptides generated by
FRAP/mTOR labeling comigrate with the two most prominent in vivo phosphopeptides
(Fig. 4.1C). The same major phosphopeptides were observed in 4E-BP1 phosphorylated
by a recombinant baculovirus-expressed FRAP/mTOR (Fig. 4.1D), consistent with the
notion that 4E-BP| phosphorylation on these sites is catalyzed by FRAP/mTOR ditself,

and not by a contaminating kinase in the immunoprecipitate.
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FRAP/mTOR phosphorylates 4E-BP! in vitro on two sites that are also

phosphorylated in vivo. (A) FRAP/mTOR immunoprecipitated from rat brain was utilized
in an in vitro kKinase assay with human 4E-BP1 (expressed as a GST fusion protein, which
was then cleaved and HPLC purified) as a substrate. Phosphopeptide mapping was performed
on phosphorylated 4E-BP1. The two most intense phosphopeptides are numbered 1 and 2.
(+) Origin of migration. (B) Tryptic/chymotryptic map of 4E-BP1 phosphorylated in 293

cells. The positions of phosphopeptides that comigrate with the FRAP/mTOR phosphorylated
peptides | and 2 are indicated. (C) An equal number of cpm from the in vitro- and the in

vivo-phosphorylated 4E-BP1 were combined and phosphopeptide mapping was performed.
(D) Tryptic/chymotryptic map of 4E-BP1 phosphorylated in vitro with purified FRAP/mTOR
produced using the baculovirus system.
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It should be noted that it remains possible that an endogenous kinase from the insect cells
coprecipitates with FRAP/mTOR during the purification procedure; this possibility
would be excluded by the use of bacterially-expressed FRAP/mTOR. However, attempts
to express FRAP/mTOR in bacteria have been unsuccessful in our laboratory and others.
The peptide of lower intensity observed in Figure 4.1A next to peptide 1 was obtained in
several experiments and appears to comigrate with an in vivo peptide. However, unlike
peptides | and 2, its intensity decreases drastically if the FRAP/mTOR
immunoprecipitate is washed at higher stringency, or if recombinant 4E-BP1 is incubated
for shorter times with the FRAP/mTOR immunoprecipitate. Also, phosphorylation of
this peptide was extremely weak in the 4E-BP1 sample phosphorylated with baculovirus-
expressed FRAP/mTOR. Thus, phosphorylation at this residue may arise as a
consequence of a contaminating kinase activity in our preparations of FRAP/mTOR.
Other peptides are visible in some experiments, but also appear to be due to a
contaminating kinase activity. Because the immunoprecipitated material is more readily

available, FRAP/mTOR immunoprecipitates were used in all subsequent experiments.

4.3.2 Identification of in vivo 4E-BP 1 phosphorylation sites

To identify in vivo 4E-BP1 phosphorylation sites, 293 cells were grown to confluence,
then starved of serum. A portion of the cells was then incubated with
[**Plorthophosphate, stimulated with serum, and lysed. The remainder of the cells was
treated in the same manner, without the labeling step. 4E-BP1 was then
immunoprecipitated and the labeled and unlabeled immunoprecipitates were mixed,
separated by SDS-PAGE, and transferred onto a nitrocellulose membrane. After
autoradiography, the protein was subjected to two-dimensional phosphopeptide mapping
(a representative map is shown in Fig. 4.2A). Peptides 1 and 2, which comigrated with
the in vitro FRAP/mTOR phosphorylated 4E-BP1 peptides, as well as peptides 3-5,

which migrated in the same area as peptide 2, were scraped from the two-dimensional



page 125

2 o B T Vs N B %
- s = S-T-T-P-G-G-T-R
" 3 - — 5 M 2O, ¢ L .:\:c N & b &
- w-beon

- ]

—in-HPO,!

phosphopeptide peptide sequence location
1 (F) STPPGGTR 44-51
2 {R) VWLGDGVQLPPGDYSTTPGGTLF 21-43
3 (R) RVVLGDGVQLPPGDYSTTPGGTLFSTTPGGTR 20-51
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Figure 4.2.  Thr-37 and Thr-46 are phosphorylated in vivo on phosphopeptides that
comigrate with FRAP/mTOR phosphorylated pepiides. 4E-BP]1 immunoprecipitated from
2 x 10° cells (1720 labeled with [**PJorthophosphate) was separated by SDS-15% PAGE.
electroblotted onto a nitrocellulose membrane, and proteolytically cleaved with
trypsin/chymotrypsin as described in Materials and Methods. (A) Tryptic/chymotryptic
two-dimensional phosphopeptide map of 4E-BP1. Phosphopeptides (labeled 1-5) were
isolated from the plates and identified by mass spectrometry. (B) Tandem mass spectrum
of m/z 428.9 revealing the sequence and phosphorylation site of the phosphopeptide
contained in spot | of the map shown in A. The position of the phosphorylated threonine
residue (Thr-46) is shown. (C) Identification of the phosphorylated peptides in spots 1-5
from the phosphopeptide map shown in A. Phosphorylated amino acids are in boldface
type: the amino acid amino terminal to the cleavage site for trypsin or chymotrypsin is
indicated in parentheses. (D) The positions of Thr-37 and Thr-46 in 4E-BP1, relative to the
elF4E-binding site.
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phosphopeptide map and eluted. Phosphopeptides were identified by capillary liquid
chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS). The
tandem mass spectrum for phosphopeptide 1 corresponds to 44-STTPGGTR-51, with the
phosphorylation site being Thr46 (Fig. 4.2B). Peptide 2 was identified as 21-
VVLGDGVQLPPGDYSTTPGGTLF-43, with the phosphorylation site being Thr37 (data
not shown). Peptides 3-5, whose intensities varied from experiment to experiment,
contain both phospho-Thr37 and phospho-Thr46 and are derived from partially digested
products (data not shown). The sequence of each identified phosphopeptide and the
position of the phosphorylated amino acids are shown in Figure 4.2C. In agreement with
these findings, all of these peptides contained only phosphothreonine, as detected by
phosphoaminoacid analysis (data not shown). Threonines 37 and 46 are located in the
middle of 4E-BP1, immediately amino-terminal to the e[F4E-binding site (Fig. 4.2D).

4.3.3 FRAP/mTOR phosphorylates Thr37 and Thr46

To confirm that the in vivo phosphorylation sites were the same as those phosphorylated
in vitro by FRAP/mTOR, histidine-tagged mutants of 4E-BP1 containing either a
Thr37Ala or a Thr46Ala mutation were phosphorylated by a FRAP/mTOR
immunoprecipitate. Quantitatively, both mutant proteins were phosphorylated to
approximately half the extent of wild-type 4E-BP1 (data not shown).
Tryptic/chymotryptic mapping of the mutants was also performed. Whereas the map of
the wild-type protein shows the presence of the two phosphopeptides containing Thr37
and Thr46, the map of the Thr37Ala mutant contains only phosphorylated Thr46 (cf. Fig.
4.3,B and A). Similarly, the map from the Thr46Ala mutant confirms Thr46 as a target
for FRAP/mTOR (Fig. 4.3C). When both sites are mutated to alanines, or when the
region containing both threonines (amino acids 34-52 in human 4E-BP1) is deleted, the
phosphorylation of 4E-BP1 by FRAP/mTOR is almost abolished (these mutants are
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C Thr46Ala

Figure 4.3.  In vitro kinase assay of Thr37Ala and Thr46Ala mutant proteins confirm that
they are the primary FRAP/mTOR phosphorylation sites. Histidine-tagged murine 4E-BP1
was phosphorylated in vitro in an immune-complex kinase assay with FRAP/mTOR, and
tryptic/chymotryptic maps were performed. (A) Wild type; (B) Thr37Ala; (C) Thr46Ala.
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labeled to <5% of the levels observed for the wild-type protein; data not shown). Thus,
Thr37 and Thr46 are the two primary amino acids phosphorylated by FRAP/mTOR.

4.3.4 FRAP/mTOR phosphorylates a 4E-BP1/elF4E complex

Hypophosphorylated 4E-BPs interact strongly with elF4E, and one or more kinases are
posited to induce the disruption of the e[F4E/4E-BP complex by phosphorylation of the
4E-BPs. Thus, the in vivo substrate for a 4E-BP kinase should be a 4E-BP/eIF4E
complex, and a physiological 4E-BP kinase(s) should be able to phosphorylate 4E-BP
when bound to eIF4E. To determine whether the FRAP/mTOR immunoprecipitate can
phosphorylate a 4E-BP1/eIF4E complex in vitro, an equimolar quantity (Fig. 4.4A, lane
2) or a twofold molar excess of e[F4E (lane 3) was preincubated with 4E-BP1, then a
kinase assay was performed. As a control for the specificity of the kinase reaction, 4E-
BP1 was also phosphorylated under the same conditions with the MAP kinase ERK2.
ERK?2 was reported previously to phosphorylate 4E-BP1 preferentially on Ser65 (221),
but is unable to phosphorylate 4E-BP1 complexed with eIF4E (138). The presence of
elF4E did not reduce FRAP/mTOR phosphorylation of 4E-BP1 (Fig. 4.4A, cf. lanes 2
and 3 to lane 1). In contrast, although ERK2 readily phosphorylated free 4E-BP1, it
failed to phosphorylate 4E-BP1 in the presence of a twofold molar excess of eIF4E (cf.
lanes 6 and 4). eIF4E prevented phosphorylation of the wild-type 4E-BP1 by ERK2, but
not of a 4E-BP1 mutant lacking the e[F4E binding site (Fig. 4.4A, lanes 7 and 8),
indicating that the inhibition by eIF4E is a direct consequence of its interaction with 4E-
BP!L. elF4E was not a substrate for FRAP/mTOR, nor for ERK2 (Fig. 4.4A). 4E-BPI
phosphorylated by FRAP/mTOR in the presence (Fig. 4.4B) or absence (Fig. 4.4C) of
elF4E was analyzed by two-dimensional phosphopeptide mapping. In both cases, Thr37
and Thr46 were the primary phosphorylation sites. Phosphorylation of the 4E-BP1/eIF4E
complex by a FRAP/mTOR immunoprecipitate is consistent with it (or an associated

kinase) being a physiological 4E-BP1 kinase.
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Figure 4.4. FRAP/mTOR phosphorylates 4E-BP1 complexed with elF4E. (A) 4E-BP1 was
pre-incubated without e[F4E, with an equimolar quantity or with a twofold molar excess of
eIF4E, and subjected to a kinase assay using FRAP/mTOR immunoprecipitated from rat brain
(lanes 1-3) or recombinant ERK2 (lanes 4-8). Phosphorylated proteins were separated via
SDS-15%-PAGE, transferred to nitrocellulose membranes, and subjected to autoradiography.
The substrates used were as follows. (Lanes 1-6) A thrombin-cleaved and HPLC-purified GST-
4E-BP1; (lane 7) an uncleaved GST-4E-BP1 wild-type protein; (lane 8) an uncleaved GST4E-
BP1 mutant lacking the e[F4E-binding site. (B) Tryptic/chymotryptic map of 4E-BP1 alone (A,
lane 1). (C) Tryptic/chymotryptic map of 4E-BP1 complexed with a twofold molar excess el[F4E
(A, lane 3).
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4.3.5 FRAP/mTOR phosphorylation of 4E-BP1 does not disrupt the 4E-BP1/elF4E
complex

After establishing that FRAP/mTOR can phosphorylate 4E-BP1 complexed with eIF4E,
it was important to determine whether phosphorylation of Thr37/Thr46 disrupts the 4E-
BP1/eIF4E complex. A 4E-BP1/elF4E complex was phosphorylated by FRAP/mTOR,
then incubated with a cap analog (m’GDP) coupled to agarose beads, washed, and
subjected to SDS-PAGE. As demonstrated in Figure 4.4, the addition of e[F4E did not
affect the phosphorylation of 4E-BP1 by FRAP/mTOR (Fig. 4.5A, bottom panel, cf.
lanes 1 and 2). Importantly, most of the **P-labeled 4E-BP1 (~65%) was retained on the
m’GDP beads in the presence of e[F4E (Fig. 4.5A, cf. lane 2, top and lane 2, bottom
panel). A portion of 4E-BP1 (~35%) was found in the unbound fraction after the
m’GDP-agarose pull-down (cf. middle and bottom panels, lane 2). This procedure does
not quantitatively sequester eIF4E either, however, as ~20% of the elF4E is also present
in the unbound fraction (data not shown). 4E-BP1 in the bound and unbound fractions
was analyzed by two-dimensional phosphopeptide mapping. Similar levels of phospho-
Thr37 and phospho-Thrd46 were observed in each case (Fig. 4.5B), demonstrating that the
phosphorylation of 4E-BP1 on Thr37 and Thr46 does not disrupt the 4E-BP1/elF4E
complex. It cannot be ruled out, however, that only monophosphorylated 4E-BP1
molecules interact with e[F4E and that the proteins phosphorylated on both residues do
not bind. Nevertheless, more phosphorylated 4E-BP1 remains bound to e[F4E than
dissociates after incubation with FRAP/mTOR. This indicates that the kinase activity
present in the FRAP/mTOR immunoprecipitate is insufficient to disrupt the 4E-
BP1:eIF4E complex. Consistent with this result, a deletion of the region encompassing
Thr37 and Thr46 (amino acids 34-50) binds to eIF4E to the same extent as the wild-type
protein, indicating that these amino acids are not involved in mediating eIF4E binding

(data not shown). Furthermore, a bacterially expressed double mutant of 4E-BP1
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Figure 4.5.  FRAP/mTOR phosphorylation of Thr-37 and Thr-46 does not disrupt the 4E-
BP1/elF4E complex. (A) 4E-BPI alone, or a 4E-BP1/eIF4E complex, was incubated with
FRAP/mTOR, as in Fig. 4.4. The kinase reaction was stopped and one-half of the material
was immediately subjected to SDS-PAGE (bottom). The remaining material was incubated
with m’GDP-agarose beads to purify eIF4E and associated proteins. The bound (top) and
unbound (middle) fractions were analyzed by SDS-PAGE. (B) Phosphorylated 4E-BP1 (A,
lane 2; bound, unbound, and total) was analyzed by two-dimensional phosphopeptide mapping.



page 132

Thr37Glw/Thr46Glu (designed to mimic phosphorylation at these residues) was also
without effect on eIF4E binding (data not shown).

4.3.6 Thr37 and Thr46 are phosphorylated to a high stoichiometry in serum-starved
cells and are detected in all phosphorylated isoforms in vivo

Multiple sites on 4E-BP1 are phosphorylated following the addition of serum to serum-
starved cells. However, 4E-BP1 is phosphorylated to a significant extent even in 293
cells deprived of serum. To map the phosphoaminoacids present in serum-starved cells,
starved or stimulated 293 cells were labeled with [**Plorthophosphate in vivo, and
phosphopeptide maps were generated from immunoprecipitated 4E-BP1.
Phosphopeptides containing phospho-Thr37 and -Thr46 are present at relatively high
levels in serum-starved cells, and their total quantity increased only marginally following
serum-stimulation relative to the quantity of protein present, in contrast to the serum-
induced phosphopeptides a-d (Fig. 4.6, cf. paneis A and B; phosphopeptides a-d are very
sensitive to minor variations in serum treatment. Depending on the confluency and
passage number of the cells, the time span of serum-starvation and stimulation and even
the batch of serum, the quantity of these phosphopeptides vary; see, e.g., Figs. 4.1B,
4.2A, and 4.6B).

An increase in 4E-BPI phosphorylation is accompanied by a decrease in its
electrophoretic mobility. To determine the order of phosphate addition, each of the forms
separated by SDS-PAGE was mapped. As previously observed (e.g. 124, 211, 219, 223),
multiple isoforms of human 4E-BP1 incorporate **P in vivo (3-5 distinct bands,
depending on the cell type and resolution of the gel; in Fig. 4.7A, inset, three bands were
separated). Tryptic maps from the slowest (Fig. 4.7A) and the fastest (Fig. 4.7B)
migrating isoform are shown. Phosphopeptides containing Thr37 and Thr46 are present

in both 4E-BP1 isoforms (cf. panels B and A). This observation is not restricted to
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Figure 4.6.  Phosphorylated Thr37 and Thrd46 are present at high stoichiometries in
serum-starved 293 cells. 293 cells were grown to confluence and deprived of serum for
30 hr. **P-Labeling was performed for 4 hr and phosphopeptide maps were generated from
starved cells (A) or cells stimulated for 30 min with 10% dialyzed FCS (B). Phosphopeptides
containing phospho-Thr37 or -Thr46 are identified. Serum-induced phosphopeptides are
labeled a-d.
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Figure 4.7. Phosphorylated Thr37 and Thr46 are present in the fastest migrating
phosphorylated 4E-BP1 isoform. 293 cells were serum starved for 30 hr, incubated with
[**PJorthophosphate, stimulated with 10% dialyzed FCS, and extracts were subjected to
SDS-PAGE and autoradiography (A, inset). The slowest (A) and fastest-migrating (B) 4E-
BP1 isoforms were isolated and phosphopeptide maps were performed.
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human cells, because phospho-Thr37 and phospho-Thr46 are also observed in the fastest
migrating phosphorylated 4E-BP1 isoforms from Ratla cells (data not shown). Thus,
phosphorylation of Thr37 and Thr46 appears to be an early event in a sequential process
of 4E-BP1 phosphorylation. Phosphorylated Thr37 and Thr46 are detected in isoforms
that bind eIF4E as well as in isoforms that do not bind eIF4E (see, e.g., 128). These data
also show that phosphorylation of Thr37 and Thr46 does not cause a shift in
electrophoretic mobility upon 4E-BP1 hyperphosphorylation.

To confirm that phospho-Thr37 and -Thr46 are present in all phosphorylated isoforms
and that their phosphorylation status is only marginally affected by serum addition,
phosphospecific antibodies to Thr37 and Thr46 were developed. The sequences
surrounding Thr37 and Thr46 are almost identical (Fig. 4.2D), thus the phosphospecific
antibody that was generated against a peptide containing phosphorylated Thr37 (anti-
phospho-Thr37) does not discriminate between phosphorylated Thr37 and
phosphorylated Thr46 (data not shown). To confirm the specificity of the
phosphospecific antibody, hemagglutinin-tagged wild-type 4E-BP1 and a 4E-BP1 mutant
in which Thr37 and Thr46 were mutated to alanines were transfected into 293T cells.
The phosphospecific antibody detected the wild-type 4E-BP1 protein, but failed to detect
the Thr37Ala/Thr46Ala mutant, although both proteins were expressed to a similar level
(Fig. 4.8A, cf. lanes | and 2 with lanes 3 and 4). Also, the phosphospecific antibody
recognizes the phosphorylated peptide containing Thr37, but not the unphosphorylated
peptide (data not shown), indicating that the phosphate group is an essential part of the

antibody recognition motif.
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Figure 4.8.  Phosphospecific antibodies confirm the relative lack of serum sensitivity of
Thr37 and Thr46. (A) 293 cells were transfected with wild-type HA-4E-BP1 (wt), HA-4E-
BP1 Thr37Ala/Thrd6Ala (mut), or vector alone (vec). Cell extracts were prepared and
analyzed by Western blotting with either the phosphospecific antibody directed against
Thr37 and Thr46 or with an anti-HA antibody. (B) A time course of serum stimulation (after
30 hr of starvation) of 293 cells was performed for the indicated times. Extracts were
prepared for Western blotting (see Materials and Methods) and duplicate blots were performed.
Phosphospecific antibody to Thr37 and Thr46 (see Materials and Methods; top) and an anti-
4E-BP1 antibody raiscd against the entire protein (bottom) were used to probe the membranes.
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Following serum stimulation of 293 cells, duplicate blots were generated, and probed
either with a polyclonal anti-4E-BP1 antiserum or with the phosphospecific antibody.
The electrophoretic mobility of a significant portion of 4E-BP1 is retarded following
serum stimulation (Fig. 4.8B, bottom panel). The phosphospecific antibody to
Thr37/Thr46 recognizes all 4E-BP1 isoforms separated by SDS-PAGE (Fig. 4.8B, top).
Using a secondary antibody coupled to '*I, the amount of Thr37/Thr46 in all isoforms
was quantified. The intensity of the signal obtained for phosphorylated Thr37 and Thr46
at the time of peak phosphorylation (time = 30 min; normalized for total expression) is
~1.7-fold greater than the signal obtained from lysates of serum-starved cells. In other
experiments, this increase was between 1.3- and 1.8-fold (data not shown). Thus, as
observed for the in vivo **P-labeling, phosphorylation of Thr37 and Thr46 is only
marginally responsive to serum stimulation. These data are also consistent with reports
demonstrating that FRAP activity is only marginally enhanced in response to insulin

stimulation (354).

4.3.7 Thr37 and Thr46 phosphorylation is sensitive to rapamycin and LY294002 under
starvation conditions

The response of Thr37 and Thr46 phosphorylation to inhibitors of PI3K or FRAP/mTOR
was also examined. Rapamycin, LY294002, or wortmannin treatment of 293 cells prior
to serum stimulation prevents the serum-induced hyperphosphorylation of 4E-BP1 (128).
On two-dimensional phosphopeptide maps, treatment with rapamycin and wortmannin
causes the disappearance of a subset of phosphopeptides, whereas others are relatively
rapamycin and wortmannin resistant (124, 223). Interestingly, the most rapamycin-,
LY294002-, and wortmannin-resistant phosphopeptides are those containing
phosphorylated Thr37 and Thr46 (see chapter 3). This result is puzzling, as
FRAP/mTOR itself is rapamycin sensitive and is inhibited, at least in vitro, by
wortmannin and LY294002 (230). To address this apparent discrepancy, starved 293
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cells were incubated with rapamycin, and half of the cells were serum stimulated in the
presence of rapamycin, while the other half was not serum-stimulated. Thr37 and Thr46
phosphorylation decreased drastically and rapidly following rapamycin treatment in the
absence of subseguent serum stimulation (Fig. 4.9, top, cf. lane 1 with lanes 2-5).
However, when the cells were stimulated with serum subsequent to rapamycin treatment,
this effect was much less pronounced (top panel, lanes 6-10). The expression level of
4E-BP1 protein was not affected by rapamycin treatment (Fig. 4.9, bottom). Pretreatment
with the PI3K inhibitor LY294002 produced the same effect as rapamycin (data not
shown). The extent of dephosphorylation was calculated to be ~sixfold in the absence of
subsequent stimulation and 1.5-2-fold in the presence of serum. Thus, consistent with
Thr37 and Thr46 being phosphorylated by FRAP/mTOR, their phosphorylation is
sensitive to rapamycin and LY294002. This sensitivity is reduced, however, by
~threefold in the presence of serum. This difference will be addressed in section 4.4.

4.3.8 Thr37 and Thr46 phosphorylation is a priming step required for subsequent
phosphorylation of the serum-sensitive sites

In view of the results described above, the biological significance of Thr37 and Thr46
phosphorylation remained elusive. To address this issue, constructs encoding
hemagglutinin (HA)-tagged wild-type or point mutants of 4E-BP1 (Thr37Ala, Thr46Ala,
Thr37Ala/Thrd6Ala, and Thr37GlwThr46Glu) were transfected into 293T cells, and the
pattern of phosphorylation was examined (Peptide maps prepared from 293T cells are
identical to those prepared from 293 celis; data not shown). One set of transfected cells
was used for *’P-labeling and another served for quantitation of protein by Western
blotting. HA-4E-BP1 from *P-labeled samples was immunoprecipitated using a
monoclonal anti-HA antibody, and proteins were separated by SDS-PAGE.

Incorporation of *P was monitored (a representative autoradiograph is shown in Fig.
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Figure 4.9.  Sensitivity of Thr37 and Thr46 phosphorylation to rapamycin. Serum-starved
293 cells were incubated with rapamycin (20 ng/ml). One set of plates was lysed immediately
(lanes 1-5); the other was serum stimulated for 30 min prior to lysis (lanes 6-10). Extracts were
heat treated and analyzed by Western blotting, as described in Materials and Methods. The
membranes were incubated with either an anti-phosphospecific antibody (top) or with an anti-
4E-BP1 antibody (bottom).
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Figure 4.10.  Muation of Thr37 or Thrd6 drastically reduces 4E-BP1 phosphorylation in vivo. 4E-
BP1 wild type (wt) and mutants Thr37Ala (T37A), Thr46Ala (T46A), Thr37Ala/Thrd6Ala (TTAA),
and Thr37GlwThr46Glu (TTEE) in a pcDNA3-3HA vector were transfected into 293T cells (six
plates/construct). Three transfected plates were subjected to >2P-labeling, and HA-tagged 4E-BP1 was
immunoprecipitated using an anti-HA antibody (HA.11). Precipitated proteins were subjected to SDS-
PAGE., transferred to nitrocellulose membranes, and autoradiographed. The intensity of the HA-4E-
BP1 bands was quantified by Phosphorimager. The three other plates were used to analyze the
expression levels of the HA-tagged proteins by Western blotting, using anti-HA as the primary antibody
and 125l-coupled anti-mouse IgG as the secondary antibody. Expression level was quantified by
Phosphorlmager. The average of the 3% incorporation into the mutant proteins was normalized to
the expression level of each mutant. (A) A representative autoradiogram. (B) A representative Western
blot showing the levels of the mutants; this Western blot was developed by chemiluminescence, which
produces a brighter signal. (C) Incorporation of 32p into each mutant, normalized to the expression
level. Incorporation into the wild-type protein is set to 100%.
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4.10A) and normalized to expression levels (a representative Western blot is shown in
Fig. 4.10B). All of the mutants are capable of binding to e[F4E, as e[F4E was
coimmunoprecipitated to approximately the same extent in all lanes (Fig. 4.10A).
Coprecipitation of e[F4E with the HA-tagged proteins was confirmed by Western
blotting (not shown), consistent with the results obtained with bacterially expressed 4E-
BP1 mutants. Unexpectedly, mutation of either Thr37 or Thr46 to alanine caused a 10-
to 20-fold decrease in *P incorporation into HA-4E-BP1 (Fig. 4.10C, cf. lanes 2 and 3
with lane 1). Mutation of both Thr37 and Thr46 to alanine almost abolished 4E-BP1
phosphorylation (cf. lane 4 and lane 1), whereas replacement of the two threonines by
glutamic acids had a slightly less severe effect (lane 5). The dramatic effect observed for
the mutants is much greater than would be expected by abolishing Thr37 or Thrd6
phosphorylation alone, as these sites account for ~30% each of the total phosphorylation
on 4E-BP1 (data not shown). The remaining phosphoamino acids represent ~40% of the
total 4E-BP1 phosphorylation. Thus, mutation of the Thr37 and/or Thr46 appears to

prevent phosphorylation of the other sites.

To test the hypothesis that Thr37 and Thr46 mutation prevents the phosphorylation of
other sites, phosphopeptide maps were generated from the mutant and wild-type proteins.
Because the mutant proteins were phosphorylated to a much lower extent than the wild-
type protein (Fig. 4.10), an equivalent quantity of radioactivity was loaded on each plate.
Thus, ~10-20 times less matenial was employed for the wild-type map than for those of
the various mutants (Fig. 4.11, upper left). The characteristic pattern of 4E-BP1
phosphorylation was observed for the wild-type HA-tagged protein (Fig. 4.11A). The
map generated from the Thr37Ala mutant shows a similar pattern, with the exception of
the disappearance of peptides containing Thr37 (Fig. 4.11B; the other peptides migrating
in this area result from partial chymotryptic cleavage of the peptide containing Thr37 and

Thr46, and thus contain phospho-Thr46). Mutation of Thr46 has a more pronounced
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effect on phosphorylation of the other sites. With the exception of two phosphopeptides
whose intensity does not change, phosphorylation on all other sites is dramatically
reduced as compared to the wild-type protein. It is noteworthy that Thr37
phosphorylation is also reduced severalfold (Fig. 4.11C) in the Thrd6Ala mutant. Thus,
Thr46 appears to play a key role in modulating the phosphorylation of the other sites,
including Thr37. The map generated from the double mutant Thr37Ala/Thr46Ala
showed, as expected, the disappearance of the phosphopeptides containing Thr37 and
Thr46, but also an extensive decrease in phosphorylation of the remaining sites (Fig.
4.11D). Strikingly, however, replacement of the Thr37 and Thrd6 residues by glutamic
acids partially restored phosphorylation on the remaining sites, although the signals from
Thr37 and Thrd46 phosphorylation were absent (Fig. 4.11E). We therefore conclude that
mutating threonines 37 and 46 to glutamic acid partially mimics phosphorylated Thr37
and Thr46. It should be emphasized, however, that the phosphorylation of the serum-
sensitive sites is not restored to wild-type levels in the Thr37Glu/Thr46Glu mutant (in
Fig. 4.11, an equal number of counts was loaded; thus, ~10 times less material from the
wild-type sample was used). These results demonstrate that phosphorylation on Thr37
and Thr46 is a prerequisite for the subsequent phosphorylation of the serum-stimulated
sites on 4E-BP1, as illustrated in the model in Figure 4.11F.
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Figure 4.11.  Effects of mutations of Thr-37 and/or Thr-46 on other phosphorylation
sites. (A-E) Phosphopeptide maps were performed on HA-tagged 4E-BP1 proteins from
Fig. 4.10. (F) Thr-37 and Thr-46 affect 4E-BP1 phosphorylation. The arrows indicate (1)
a mutually positive effect of Thr-37 and Thr-46 phosphorylation, and (2) a positive effect
of Thr-37 and Thr-46 phosphorylation on the phosphorylation of the serum-sensitive sites.
The fraction of samples from Fig. 4.10 loaded onto each map is shown (upper left). An
equivalent quantity in cpm was loaded for each mutant.
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44  Discussion

In this report, we describe that Thr37 and Thrd46 are phosphorylated by FRAP/mTOR
immunoprecipitates in a 4E-BP1/e[F4E complex, and that this phosphorylation does not
result in the disruption of the complex. Thr37 and Thr46 are phosphorylated to a high
stoichiometry under serum-starvation conditions, and their phosphorylation state does not
significantly increase following serum stimulation. **P incorporation into 4E-BP1 in vivo
is drastically reduced when either Thr37 or Thr46 is mutated to alanine. Phosphopeptide
mapping revealed that mutation of Thr37 or Thr46, which are located amino-terminal to
the elF4E-binding site, affects phosphorylation of all 4E-BP1 sites, including the serum-
inducible residues. This effect is relieved to some extent by the mutation of Thr37 and
Thr46 to glutamic acid, which partially mimics the phosphorylated threonines (Fig.
4.11E). Taken together, these data indicate that phosphorylation of Thr37 and Thr46 in
vivo is a prerequisite for phosphorylation of serum sensitive 4E-BP1 sites. Several
phosphorylation sites were previously reported to be serum sensitive; these include
Thr37, Thrd46, Ser65, Thr70, Ser83 (all lying in the consensus S/T-P (205), and Serl12 (a
site preceded by acidic residues, 214). In 293 cells, as in Ratla cells, however, we have
observed that the most serum-sensitive sites are Ser65 and Thr70 (chapter S). It remains
possible that in different cell types the sensitivity of the various phosphorylation sites to
extracellular stimuli differs. Based on our results, we propose a two-step model for 4E-
BP1 phosphorylation (Fig. 4.12). FRAP/mTOR (or a tightly associated kinase) first
phosphorylates Thr37 and Thr46 on 4E-BP1 complexed with e[F4E. This
phosphorylation event appears to be relatively independent of extracellular stimuli. The
second step, which is activated by extracellular stimuli, is the phosphorylation of the sites
located carboxy-terminal to the e[F4E-binding site, including Ser65 and Thr70 (chapter
5). The second phosphorylation step results in release from e[F4E and stimulation of

translation.
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Figure 4.12. A two-step model for the phosphorylation of 4E-BPI. FRAP/mTOR
phosphorylates 4E-BP1 (in a 4E-BP1/eIF4E complex) on Thr37 and Thr46. Phosphorylation
of Thr37 and Thr46 is is required for phosphorylation by an unidentified serum-sensitive
kinase (acting downstream of Akt/PKB) to phosphorylate 4E-BP1 on the serum-sensitive
sites. The latter phosphorylation triggers the release of 4E-BP1 from eI[F4E. A direct link
between AKUPKB and FRAP/mTOR remains to be proven. GPCR = G-protein coupled
receptor.
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Phosphorylation of proteins on multiple residues often occurs in a sequential manner. In
some instances, the recognition site of a kinase contains a phosphorylated residue. This
is the case for glycogen synthase kinase-3 (GSK-3), which phosphorylates serines or
threonines lying in the consensus SXXX'S, where 'S is a phosphoserine (355). Other
kinases, including casein kinase I, also exhibit a preference for phosphorylated amino
acids in the vicinity of their target site (356). Priming phosphorylation is, however, not
restricted to the kinase recognition site. For example, phosphorylation may induce a
conformational change in the substrate to render a site more easily accessible to a kinase
or create a docking site for another protein, similar to the SH2/phosphotyrosine
interaction. In this regard, 14-3-3 proteins, which recognize phosphoserines, serve as
chaperones, inhibitors, or adaptors to modulate the function of their binding partners
(357, 358).

Many kinases are able to phosphorylate 4E-BP1 in vitro, including several different MAP
kinases (ERK2, JNK, p38), protein kinase C, and casein kinase II (359; A.-C.G.,
unpublished). Other PIK family members, such as ATM and ATR, can also
phosphorylate 4E-BP1 (231, 360, 361). 4E-BP1 is mostly unstructured in solution (199).
Thus, it is not surprising that it is a good kinase substrate. Upon binding to e[F4E,
however, a small region of localized structure is induced in the 4E-BP1/eIF4E contact
region (54, 199, 200). This induced fit appears to mask some phosphorylation sites, as
ERK?2 is unable to phosphorylate 4E-BP1 in a 4E-BP1/eIF4E complex. As previously
mentioned, a 4E-BP1/eIF4E complex is most likely the true physiological substrate.
Therefore, using a complex of 4E-BP1/eIF4E in in vitro kinase assays is more likely to
identify a relevant in vivo kinase. Contrary to ERK2, FRAP/mTOR phosphorylates 4E-
BP1 to the same extent, and on the same sites, regardless of whether 4E-BP1 is free in
solution or bound to eIF4E. The cocrystal structure of e[F4E complexed with a 4E-BP1

peptide (amino acids 51-67; amino acids 65-67 were not visible in the density map) was
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determined (54). 4E-BP1 binds to a phylogenetically conserved region on the convex
surface of e[F4E. Similar results were obtained by nuclear magnetic resonance (NMR),
using both the full-length protein as well as a fragment of 4E-BP1. Although chemical
shifts induced by the peptide and the full-length 4E-BP1 were largely overlapping, the
full-length 4E-BP1 induced shifts in additional eIF4E residues (32). This effect appears
to be due to the amino-terminal extension of full-length 4E-BP1, which may include the
Thr46 phosphorylation site. Acidic residues flank the region on eIF4E in contact with the
4E-BPI peptide (Glu-140 and Asp- 143 are predicted to be close to 4E-BP1 Thr46; Glu-
70 is predicted to be in the vicinity of Ser65; 54). Thus, it is conceivable that the
mechanism leading to 4E-BP1 release from elF4E involves electrostatic repulsion
between the negatively charged phosphates on 4E-BP1 and the acidic residues on elF4E
(54). In this regard, phosphorylation of 4E-BP1 at Thr37 and Thr46 could theoretically
decrease the affinity of 4E-BP1 for e[F4E, although this was not detected in the m’GDP-
agarose-binding experiments (which are only qualitative; a better stoichiometry of 4E-
BP1 phosphorylation by FRAP/mTOR is required to perform quantitative measurements
of affinity). Alternatively, it is possible that phosphorylation of Thr37 and Thr46 alters
the conformation of the 4E-BP1/e[F4E complex to allow access to the other
phosphorylation sites on 4E-BP1. A third possibility is that phosphorylation of 4E-BP!
by FRAP/mTOR creates a docking site for a different kinase or for an adaptor molecule

that recruits a kinase.

The two sites phosphorylated by FRAP/mTOR in vitro are the least rapamycin sensitive
in vivo. Also, under conditions of serum starvation, Thr37 and Thr46 are phosphorylated
to a high stoichiometry, relative to the other sites. Furthermore, in cells treated with
rapamycin and subsequently stimulated with serum, phosphorylation at these sites is only
slightly affected (124, 215, 223). Only when starved cells were treated with rapamycin
was a rapid reduction in the phosphorylation of Thr37 and Thr46 observed. Several
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hypotheses, which are not mutually exclusive, could explain this observation: (1) FRAP
is inhibited by rapamycin, even in the presence of serum, but another rapamycin-
insensitive/serum-sensitive kinase (for example a MAP kinase) is responsibie for
phosphorylating 4E-BP1 under these conditions; (2) Some residual FRAP kinase activity
is retained in the presence of rapamycin but is inhibited in the absence of serum; (3) A
phosphatase active in the absence of serum, but inactive in the presence of serum, is
responsible for the effect. In the latter case, if the phosphatase is rapidly inactivated
following serum stimulation, then even a low FRAP/mTOR kinase activity could be
sufficient to induce 4E-BP1 phosphorylation. However, when cells are serum deprived.
the phosphatase activity may predominate. In the absence of rapamycin, FRAP/mTOR is
active and this is sufficient to phosphorylate Thr37 and Thr46. When rapamycin is added
in the absence of serum, however, the balance may change: The phosphatase could
remain active, and the activity of FRAP/mTOR is inhibited, so a net decrease in the

phosphorylation of Thr37 and Thr46 is observed.

Thr37 and Thr46 phosphorylation is only moderately increased (1.3- to 1.7-fold)
following serum stimulation. This modest serum sensitivity is comparable to that
reported for FRAP/mTOR activation by insulin (354, 362). There is no evidence at
present that Thr37 and Thr46 phosphorylation occurs downstream of AkVPKB, as
opposed to the phosphorylation of the serum-sensitive sites (124). The induction of
phosphorylation by serum on the sites carboxy-terminal to the eIF4E-binding motif is far
more pronounced (see Fig. 4.6), although an exact quantification was not possible in this
study. The most prominent serum-induced sites have been mapped to Ser65 and Thr70
(chapter 5). Because the serum-responsive sites on 4E-BP1 are also the most rapamycin
sensitive, it is highly likely that FRAP/mTOR is involved in their phosphorylation,
although probably not directly. It remains possible that the rapamycin-induced
dephosphorylation of Thr37 and Thr46 prevents the subsequent phosphorylation of the
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serum-sensitive sites following serum stimulation. This is, however, unlikely because
phosphorylation on Thr37 and Thr46 is restored with rapid kinetics to almost maximal
levels following addition of serum, whereas the serum-sensitive sites remain
dephosphorylated. It is also important to mention that the relatively high level of
phosphorylated Thr37 and Thr46 in the rapamycin-treated, serum-stimulated cells (Fig.
4.9) is not sufficient to induce phosphorylation on the serum-sensitive sites. Thus,
FRAP/mTOR likely impacts on the phosphorylation of the serum-sensitive sites either by
stimulating their phosphorylation following serum stimulation or by inducing their
dephosphorylation in the presence of rapamycin. In this regard, an attractive hypothesis
as to the function of FRAP/mTOR is that it serves as a gatekeeper, somewhat similar to
the mechanisms controlling the cell cycle at the restriction point. FRAP/mTOR could
alter the phosphorylation of the serum-sensitive sites of 4E-BP1 through the modulation
of the activity of a kinase or a phosphatase. In Saccharomyces cerevisiae, a nutrient-
induced, rapamycin-sensitive association between the phosphatases PP2A or Sit4 (the
yeast homolog of protein phosphatase 6) and a protein termed TAP42 was reported. This
association was postulated to modulate the activity or substrate specificity of the
phosphatases, or to target them to specific substrates. Because of the rapamycin-sensitive
nature of this interaction, it was postulated that the phosphatases and TAP42 were
downstream components in the TOR signaling pathway. In mammais, a homolog of
TAP42, ad, associates with mammalian PP2A, as well as with protein phosphatases 4
and 6 (363). However, regulation of the association and activity of these proteins by
FRAP/mTOR remains controversial. A recent report indicates that PP2A can partially
dephosphorylate a FRAP/mTOR-phosphorylated 4E-BP1 substrate in vitro and that the
dephosphorylation can be prevented by preincubation of TAP42 with PP2A (364). Thus,
it is possible that phosphatases play an active role in FRAP/mTOR signaling to 4E-BP1.
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Our data are consistent with FRAP/mTOR being a physiological 4E-BP1 kinase, as was
suggested previously (339, 352, 353). However, there are discrepancies between our
results and the data reported previously. Brunn et al. (352) found that FRAP/mTOR
phosphorylates five sites (Thr37, Thrd6, Ser65, Thr70, and Ser83) on 4E-BP1. Using the
same antibody utilized by Brunn et al. (as well as baculovirus-expressed FRAP/mTOR),
we obtained significant and reproducible phosphorylation only on Thr37 and Thr46. We
also detected other phosphopeptides in some of our kinase assays, but phosphoryiation of
these phosphopeptides was not reproducible. Further, these phosphopeptides were
labeled only to a very low stoichiometry as compared to Thr37 and Thr46, and, as
mentioned previously, washing the FRAP/mTOR immunoprecipitate with a stringent
buffer decreased their phosphorylation even further. We believe that the differences
between our results and those of Brunn et al. are probably due to the washing conditions
of the immunoprecipitate and times of incubation (see Materials and Methods). Itis
possible that a kinase that is tightly associated with FRAP/mTOR is responsible for the
phosphorylation reported for the other residues on 4E-BP1. Our data are largely in
agreement with those of Burnett et al. (353), which defined Thr37 and Thr46 as the two
sites phosphorylated by FRAP/mTOR on 4E-BP1. However, Bumett et al. (353)
reported that, in vitro, phosphorylation of 4E-BP1 at Thr37 and Thr46 by FRAP/mTOR
decreases binding to e[F4E. We did not observe such a decrease, as we clearly detected
Thr37 and Thr46 in the fractions bound to e[F4E. However, no quantitative
measurement of the eIF4AE/4E-BP! interaction was performed, so it remains possible that
the strength of this interaction is decreased by phosphorylation on Thr37 and Thr46.
Burnett et al. (353) also reported that mutants of Thr37 and Thr46 expressed in 293 cells
bind constitutively to elF4E. We obtained the same result (A.-C. Gingras, unpubl.), but
explain it by the fact that Thr37 and Thr46 are necessary for the phosphorylation of the
serum-inducible phosphorylation sites, which lead to 4E-BP! dissociation from e[F4E.
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It is of the utmost importance to determine which kinases phosphorylate the serum-
sensitive sites of 4E-BP1. It is highly likely that Ser65 and Thr70, the most serum-
sensitive sites, are phosphorylated by a proline-directed kinase. However, because of the
lack of sensitivity to the MEK inhibitor PD98059, it is unlikely that ERKSs are involved in
mediating the phosphorylation on the serum-sensitive sites. Other MAP kinase family
members (such as JNK and p38), which can phosphorylate 4E-BP1 in vitro, are not
activated by the same stimuli that elicit 4E-BP1 phosphorylation. Other proline-directed
kinases, such as the cyclin-dependent kinases, are not likely to be involved in
phosphorylating 4E-BP1 in vivo, because they are mostly nuclear, whereas 4E-BP1 is
present mainly in the cytoplasm (A.-C.G., unpublished: 365). One approach to identify
these kinases, based on our results, is to use a 4E-BP1/eIF4E complex prephosphorylated
at Thr37 and Thr46 as a substrate in a biochemical purification scheme.
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4.5  Materials and methods

4.5.1 Plasmids and antibodies. The human 4E-BP1 coding sequence cloned into the
cytomegalovirus-based vector pACTAG-2 was used as a template for PCR mutagenesis,
which was used to mutate Thr37 and Thr46 to either Ala or Glu. To generate double
mutants Thr37Ala/Thr46Ala and Thr37Glw/Thr46Glu, either Thrd6Ala or Thr46Gilu
cloned into pACTAG-2 was used as template to mutate Thr37. Similarly, the deletion of
amino acids 34-50 and the deletion in the eIF4E-binding site (amino acids 54-63) were
generated by PCR mutagenesis. The products were inserted in-frame into pACTAG-2
and sequenced in their entirety. Alternatively, the mutated sequences were inserted in-
frame in the vector pGEX-6pl (Pharmacia) for protein expression in bacteria. GST-2T-
4E-BPI wild-type was described previously (195). It contains almost the entire coding
region of human 4E-BP1 (lacking the first 6 amino acids) fused in-frame in the vector
pGEX-2T (Pharmacia; contains a thrombin cleavage site). Murine 4E-BP1 wild type was
cloned in-frame into pQE-30 vector (Qiagen), which contains an amino-terminal 6-
histidine tag (His). PCR mutagenesis was utilized to mutate Thr-36 (corresponding to
human Thr37) or Thr-45 (corresponding to human Thr46) to alanines. The constructs
were sequenced in their entirety. The rabbit polyclonal antisera 11208 and 11209 against
human 4E-BP1 have been described previously (124, 211). Antiserum 11208 was used
for Western blotting analysis and 11209 for immunoprecipitation. The antibody to
FRAP/mTOR was described previously (339). The anti-HA mouse monoclonal antibody
HA.11 was purchased from BAbCO. The phosphospecific antibodies directed against
Thr37 and Thr46 sites in 4E-BPl were produced by immunizing New Zealand white
rabbits with the following synthetic peptides coupled to keyhole limpet hemocyanin:
Thr37(P), PGDYSTT*PGGTLFC, and Thr46(P), GTLFSTT*PGGTRIIC. Enzyme-
linked immunosorbent assay (ELISA), using the phosphopeptide and corresponding
nonphosphopeptide, was used to identify the best-responding rabbits. IgG was purified

using protein-A-Sepharose. Antibodies reactive with the nonphosphopeptide were
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removed by adsorption to a nonphosphopeptide affinity column. Antibodies that flowed
through this column were next passed over a column of immobilized phosphopeptide;
after washing, antibodies were eluted at low pH and dialyzed. The resulting antibodies
were characterized by ELISA against the phosphopeptide and nonphosphopeptide to
determine the extent of phosphospecificity and by Western blots against whole-cell
extracts and purified 4E-BP1 proteins. The antibody directed against phospho-Thr37,
however, cross-reacts with phospho-Thr46, because of the high sequence identity
surrounding the two sites. Similarly, the anti-phospho-Thr46 antibody cross-reacts with
phosphorylated Thr37.

4.5.2 Protein expression and purification. An amino-terminal deletant (NA27) of
elF4E, which behaves essentially as the wild-type protein, was bacterially expressed and
purified by m’GDP chromatography (31). Glutathione S-transferase (GST)-fused 4E-
BP1 proteins were expressed and purified from DHIOB Escherichia coli essentially
according to the manufacturer’s (Pharmacia) instructions. Specifically, bacteria were
grown to an OD of 0.8 and induced for 2 hr at 37°C with 0.5 mM IPTG. Bacteria were
pelleted, resuspended in PBS containing | mM PMSF, and lysed by sonication. After
centrifugation (Sorvall SS34 for 1 hr at 15,000 rpm), the cleared lysate was incubated for
15 min at 20°C with glutathione-Sepharose beads (1 ml beads per liter of starting
culture). Beads were pelleted and rinsed three times with PBS containing 1| mM PMSF
and 1% Triton X-100. The elution was performed in 20 mM Tris-HCI (pH 8.5)
containing 10 mM reduced glutathione. Proteins were dialyzed against 20 mM HEPES-
KOH (pH 7.4), 74 mM KCl, and 1 mM DTT, and quantified by SDS-PAGE and
Coomassie staining, as compared to a BSA standard. Alternatively, the construct pGEX-
2T-4E-BPI wild type was expressed and bound to the glutathione beads as above and
digested with thrombin on the beads, according to the manufacturer’s instructions. The

cleaved 4E-BP1 protein was then purified by reverse-phase HPLC on a C4 column, as
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described (54). Histidine-tagged 4E-BP1 proteins were expressed and purified from
MI1SpREP4 cells according to the manufacturer's (Qiagen) instructions, eluted with
imidazole, and dialyzed against 20 mM HEPES-KOH (pH 7.4), 74 mM KCl, and | mM
DTT. Epitope-tagged FRAP was purified from two-liter baculovirus infections using Sf9
host cells (Invitrogen) grown in 10-liter fermentors for infection. Infection conditions for
large-scale cultures ranged from 2448 hr. The baculovirus construct, lysis conditions,
and chromatography methods were described previously (338).

4.5.3 Cell culture and transient transfections. Human embryonic kidney 293 cells
(ATCC CRL 1573) and human embryonic kidney 293T cells (overexpressing the SV40
large T antigen; ATCC CRL 11268) were maintained in Dulbecco’s modified Eagle
medium (DMEM) containing 10% FCS. For transient transfection of 293T cells, 1 x 10°
cells were plated onto a 100-mm dish 24 hr prior to transfection of 15 ug of pACTAG-2-
4E-BP1 DNA, using a modified calcium phosphate technique (365). Cells were either

harvested or labeled 48 hr post-transfection.

4.5.4 Extract preparation and Western blotting. Cells were rinsed twice with cold
buffer A (20 mM Tris-HCI at pH 7.5, 100 mM KCl, 20 mM f-glycerolphosphate, | mM
DTT, 0.25 mM Na3VO4, 10 mM NaF, 1| mM EDTA, | mM EGTA, 10 nM okadaic acid,
| mM PMSF) and scraped into a minimal volume of the same buffer. Lysis was
performed by three freeze-thaw cycles. Cell debris was pelleted by centrifugation, and
the protein concentration in the supernatant was measured using the Bio-Rad assay. For
analysis of endogenous 4E-BP1, 75 ug of total cell extract was incubated at 100°C for 7
min to enrich for 4E-BP1, which is heat stable (195, 209). Samples were then incubated
on ice for 5 min, and precipitated material was removed by centrifugation
(microcentrifuge, 13,000 rpm for S min). Laemmli sample buffer was added to the
supernatant, which was then subjected to SDS-15% PAGE. For analysis of transfected
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HA-4E-BP1, cells were lysed by three freeze-thaw cycles, and 50 pg of protein was
analyzed by SDS-15% PAGE. For qualitative analysis, Western blotting and
chemiluminescence detection were performed as described, using either the anti-4E-BP1
11208 antiserum (1:1500) or the phosphospecific anti-Thr37/Thr46 antibody (1:1000).
For quantitative analysis of the endogenous proteins, membranes were first incubated
with the anti-4E-BP1 11208 antiserum (1:1500) or the phosphospecific anti-Thr37/Thr46
antibody (1:1000), followed by incubation with '“I-coupled protein A. For the
quantitation of overexpressed HA-tagged 4E-BP1I, the anti-HA (HA.11) monoclonal
antibody (0.5 ug/ml) was utilized.

4.5.5 Mertabolic labeling and immunoprecipitation. *P-Labeling was performed
essentially as described (124). In small scale experiments, 100- or 150-mm dishes of 293
cells or 293T cells were **P-labeled and processed under the same conditions described in
Gingras et al. (124), but using nitrocellulose membranes instead of PVDF membranes for
the transfer. For large-scale experiments designed to identify the phosphorylation sites,
ten 150-mm plates of confluent 293 cells (~2 x 10° cells) were starved for 30 hr and
incubated for 3.5 hr in phosphate-free DMEM (GIBCO) containing | mCi/mi of
[**Plorthophosphate (DuPont NEN; 3000 mCi/mmole; total volume of 7.5 ml). Dialyzed
FCS (15%; GIBCO) was then added for 40 min, and the cells were rinsed and lysed as
(124). In parallel, 200 x 150-mm plates of confluent 293 cells (~4 x 10’ cells) were
starved for 33 hr and stimulated for 40 min with 15% FCS (GIBCO). Cells were rinsed
and extracts were prepared in the same manner as for the **P-labeled extracts. The
extract (at this point, the cold and hot extracts were processed separately) was precleared
by incubation with protein A beads (50 ul of packed beads per 108 cells) with end-over-
end rotation at 4°C for 2 hr. The supernatant was transferred to a fresh tube, together
with 25 ul of 11209 antisera bound to 25 ul of packed protein A-Sepharose beads per 10°
cells, and incubated end-over-end for 4 hr at 4°C. Beads were spun and washed three



page 156

times (with 100 times the bead volume) in lysis buffer, two times in RIPA buffer, and
two times in LiCl solution (200 mM LiCl, 1 mM DTT). Immunoprecipitates from the
*P-labeled and cold samples were eluted in Laemmli sample buffer and the elutions were
combined. Immunoprecipitated material was subjected to SDS-15% PAGE and
transferred to 0.2-um pore size nitrocellulose (Schleicher & Schuell), which were dried
and autoradiographed. Radioactive bands corresponding to 4E-BP1 were excised and

Cerenkov counted.

4.5.6 Phosphopeptide maps and phosphoaminoacid analysis. Tryptic/chymotryptic
digestion of 4E-BP1 immobilized on the nitrocellulose membranes was performed
essentially as described (124, 351). For the large-scale experiment, the sample was
divided into three tubes for digestion and mapping. The digest was performed using a
200:1 mixture of N-tosyl-L-phenylalanine chloromethyl ketone-treated trypsin and
chymotrypsin (1 ug per sample, Worthington) for 10 hr, followed by the addition of 0.5
ug of enzyme mix three times for | hr each. The sample was then lyophilized (Speed-
vac, Savant), resuspended in 500 ul of water, lyophilized again, resuspended in 250 ul of
water, lyophilized a third time, resuspended in 250 ul pH 1.9 buffer [2.5% (vol/vol)
formic acid, 7.8% (vol/vol) glacial acetic acid], and lyophilized a fourth time. For two-
dimensional phosphopeptide mapping, the first dimension (electrophoresis) was
performed in pH 1.9 buffer using an HTLE 7000 apparatus (CBS Scientific); the second
dimension was performed in phosphochromatography buffer [37.5% (vol/vol) n-butanol,
25% (vol/vol) pyridine, 7.5% (vol/vol) glacial acetic acid]. Plastic-backed cellulose-
coated TLC plates (Kodak; 20 x 20 cm) were employed. The plates were dried and
subjected to autoradiography. To determine which phosphoamino acid is phosphorylated
in the spots of interest, the cellulose was scraped off. Peptides were eluted from the
cellulose with pH 1.9 buffer, using a spin filter (BiolO1). The material was lyophilized,
resuspended in 100 pul 6N HCI and incubated at 110°C for 60 min in a screw-cap tube.
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The sample was lyophilized and rinsed several times with water (debris was removed by
centrifugation before the last lyophilization). Two-dimensional phosphoamino acid
analysis mapping was performed essentially as described (351).

4.5.7 Mass spectrometry. Spots containing radioactivity were scraped from the
cellulose plates and prepared for analysis by LC-MS/MS as described (366). The system
used was adapted from previous reports (367). In brief, a capillary HPLC column (50 um
i.d., 12 cm long) packed in-house with C18 material was coupled via a homemade uESI
interface to a triple quadrupole mass spectrometer (TSQ 7000; Finnigan Mat, San Jose,
CA). A pressurisable bomb was used to load 5 ul from a solution containing the
phosphopeptide onto the capillary column. The column was then reattached to the HPLC
gradient delivery system (Michrom, Auburn, CA). A gradient for column elution was
developed over 30 min, and a precolumn flow splitter reduced the flow from S0 ul/min to
~150 nl/min. The eluted peptides were ionized by electrospray ionization, detected, and
the specific peptide ions were automatically selected and fragmented by a triple
quadrupole mass spectrometer (367). To achieve this, the mass spectrometer switched
between the MS mode (for peptide mass identification) and the MS/MS mode (for
peptide characterization and sequencing). The selected peptides were fragmented by a
process called collision-induced dissociation (CID) to generate a tandem mass spectrum
(MS/MS spectrum or CID mass spectrum), which contained the sequence information for
a single peptide. Individual CID mass spectra were then searched with the computer
program Sequest (368) against the known sequence of 4E-BP1. The search was modified
to allow for the potential increase in mass to serine, threonine, and tyrosine by
phosphorylation (369). All phosphopeptides matched by computer searching algorithms

were manually verified.
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4.5.8 Kinase assays. FRAP/mTOR immunoprecipitation from rat brain was carried out
essentially as described (339) with the following modification: The immunoprecipitated
material was washed three times with lysis buffer, three times with lysis buffer containing
400 mM KCl, and twice with kinase buffer (339). FRAP/mTOR kinase assays were
performed essentially as described (339) with either FRAP/mTOR immunoprecipitated
from rat (339) or with baculovirus-expressed, flag-tagged FRAP/mTOR. FRAP/mTOR
kinase reactions were incubated for 20-40 min at 30°C, with gentle agitation. The ERK2
assay was performed for 10 min using recombinant ERK2 (NEB), according to the

manufacturer’s instructions.

4.5.9 Chromatography on m’GDP-agarose. 4E-BP| and eIF4E proteins were
incubated for 1 hr with m’GDP coupled to agarose adipic resin in a total volume of 50 ul
(5-30 ul of packed beads per reaction, beads were prepared according to Edery et al.
(177). Beads were then spun in a microcentrifuge (3000 rpm, 30 sec), washed 3 times
with 20 volumes of buffer containing 75 mM KCI, 20 mM HEPES-KOH (pH 7.4), and
resuspended in Laemmli sample buffer. Samples were analyzed by SDS-PAGE and
subjected to autoradiography.
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CHAPTERSS

HIERARCHICAL PHOSPHORYLATION OF THE TRANSLATION
INHIBITOR 4E-BP1
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S.1 Introduction and perspectives

We have defined in the previous chapter two subsets of phosphorylation sites in HEK 293
cells for 4E-BP1: one which is relatively serum-resistant and consists of Thr37 and
Thr46, and one which is extremely serum-sensitive. We also reported that
phosphorylation of Thr37/Thr46 is required for the phosphorylation of additional,
unknown serum-sensitive sites. Mutation of Thr37 and/or Thr46 to alanine residues
prevents phosphorylation of the serum-sensitive sites, but substitution of Thr37 and
Thr46 by glutamic acid residues partially restores the phosphorylation of the serum-
sensitive sites (215). We thus suggested that phosphorylation of Thr37 and Thr46 serves
as a priming event, allowing for the succeeding serum-induced phosphorylation of the
remaining 4E-BP1 sites. Phosphorylation of Ser65 was also subsequently reported by
other investigators to be dependent on prior phosphorylation of Thr37, Thr46 and Thr70
(370, 371). However, at variance with our data, these studies suggested that
phosphorylation of Thr70 does not depend on prior phosphorylation of Thr37 and Thr46
(370, 371). The number and identity of the phosphorylation sites required to effect the
release of 4E-BP1 from elF4E also remained in question. Thr37 and Thr46
phosphorylation was reported both to have little or no effect on eIF4E binding (215, 222,
372), or (at least for Thr46) to effect a significant reduction in e[F4E binding affinity
(353, 370, 373). Significant discrepancies also exist regardiné the effect of Ser65
phosphorylation on e[F4E binding (204, 205, 222, 370, 373). Since previous studies
relied on the use of transfected, overexpressed mutant proteins (which may not faithfully
mimic the behavior of the endogenous protein), we directly analyzed the order of
phosphate addition on the endogenous 4E-BP1I protein. Here, using phosphopeptide
mapping and mass spectrometry, we identify Ser65 and Thr70 as the principle serum-
responsive, rapamycin-sensitive 4E-BP1 phosphorylation sites in HEK 293 cells.
Further, using a novel combination of two-dimensional isoelectric-focusing/SDS-PAGE

followed by Western blotting with phosphospecific antibodies, we unambiguously



page 162

delimit the order of phosphate addition to endogenous 4E-BP1; phosphate groups are first
added to Thr37 and Thr46. This priming step is followed by phosphorylation of Thr70
and, finally, of Ser6S. We also demonstrate that phosphorylation of Ser65 alone, or
phosphorylation of both Ser65 and Thr70, does not disrupt 4E-BP1 binding to eIF4E.
Thus, multiple phosphorylation events (most likely via different kinases) are required to

release 4E-BP1 from elF4E.

§.2  Abstract

In most instances, translation is regulated at the initiation phase, when a ribosome is
recruited to the 5’ end of an mRNA. The elF4E-binding proteins (4E-BPs) interdict
translation initiation by binding to the translation factor elF4E, and preventing
recruitment of the translation machinery to mRNA. The 4E-BPs inhibit translation in a
reversible manner. Hypophosphorylated 4E-BPs interact avidly with elF4E, whereas 4E-
BP hyperphosphorylation, elicited by stimulation of cells with hormones, cytokines, or
growth factors, results in an abrogation of eIF4E binding activity. We previously
reported that phosphorylation of 4E-BP1 on Thr37 and Thr46 is relatively insensitive to
serum-deprivation and rapamycin treatment, and that phosphorylation of these residues is
required for subsequent phosphorylation of a set of unidentified serum-responsive sites.
Here, using mass spectrometry, we identify the serum-responsive, rapamycin-sensitive
sites as Ser65 and Thr70. Utilizing a novel combination of two-dimensional isoelectric
focusing/SDS-PAGE and Western blotting with phosphospecific antibodies, we also
establish the order of 4E-BP1 phosphorylation in vivo; phosphorylation of Thr37/Thr46 is
followed by Thr70 phosphorylation, and Ser65 is phosphorylated last. Finally, we
demonstrate that phosphorylation of Ser65 and Thr70 alone is insufficient to mediate
eIF4E release, indicating that a combination of phosphorylation events is necessary to

dissociate 4E-BPI from eIF4E.
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5.3.1 Two sets of 4E-BPI phosphopeptides with different sensitivities to kinase
inhibitors

Using two-dimensional phosphopeptide mapping combined with mass spectrometry, we
previously identified two 4E-BP1 phosphorylation sites, Thr37 and Thr46 (chapter 4).
These residues are phosphorylated to a high stoichiometry in the absence of serum, and
the phosphorylation state of Thr37 and Thr46 is only moderately increased following
serum-stimulation of HEK 293 cells (Fig.5.1; 215). A second group of phosphopeptides
(designated 1-4 in Fig. 5.1A) are detected only at very low levels in the absence of serum
(Fig. 5.1B), but are present at high levels after serum addition (Fig. 5.1A). To study the
signaling pathway(s) mediating these phosphorylation events, the sensitivity of the two
groups of phosphopeptides to treatment with various kinase inhibitors (the PI3K
inhibitors LY294002 and wortmannin, the FRAP/mTOR inhibitor rapamycin, and the
MEK inhibitor PD098059) was investigated. The response of phosphopeptides 14 to
serum addition is drastically blunted when PI3K or FRAP/mTOR signaling are inhibited
by LY294002, wortmannin, or rapamycin (Fig. 5.1 C-E). The ERK inhibitor PD098059
did not affect the phosphorylation of any of the peptides (Fig. 5.1F). Thus, PI3K and
FRAP/mTOR signaling are required for the phosphorylation of peptides -4 in response
to serum stimulation. The phosphorylation state of phosphopeptide § is not consistent
from experiment to experiment. In some cases, this phosphopeptide cannot be detected
even in the presence of serum (see e.g. Fig. 5.2D), and it is not reproducibly responsive to

serum treatment or sensitive to kinase inhibitor treatment (124, 215; see below).
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Figure 5.1.  Sensitivity of 4E-BP 1 phosphopeptides to serum deprivation and kinase inhibitor
treatment. HEK 293 cells were starved of serum for 30 hr. *?P-labeling was performed for 3.5
hr. Kinase inhibitors were then added (30 min), followed by stimulation for 30 min with 10%
dialyzed FBS. Phosphopeptide maps were prepared (see Material and Methods). Previously
identified phosphopeptides containing Thr37 and/or Thr46 are indicated (T37, T46). Phosphopeptides
exhibiting sensitivity to serum-deprivation or kinase inhibitors are labeled I-5. The various
treatments are indicated in the top right corner of each panel: serum-stimulation (+serum, panel
A), no stimulation (-serum, B), pre-treatment with LY294002 (+LY, C), wortmannin (+wort, D),
rapamycin (+rapa, E), or PD098059 (+PD, F). Panels A and B, which served here as controls,
were published previously (see chapter 4).
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5.3.2 Identification of the PI3K- and FRAP/mTOR-dependent phosphorylation sites
We next employed a combination of phosphopeptide mapping and mass spectrometry to
identify phosphopeptides I-5. Several hundred 150mm plates of HEK 293 cells (at 90%
confluence) were deprived of serum for 30 hrs. Ten dishes of serum-starved cells were
metabolically labeled with [*P] orthophosphate. All of the cells were then stimulated
with 10% serum for 30 minutes, and lysed. 4E-BP1 was immunoprecipitated from both
the unlabeled and radiolabeled lysates. The radiolabeled and unlabeled
immunoprecipitated materials were mixed, and subjected to SDS-15% PAGE. After
transfer to a nitrocellulose membrane and autoradiography, the membrane fragment
harboring 4E-BP1 was excised and incubated with a mixture of trypsin:chymotrypsin
(200:1). Digested peptides were washed extensively and subjected to two-dimensional
phosphopeptide mapping. Phosphopeptides I-5 (Fig. 5.1A, 5.2B) were isolated from the
maps, and identified by capillary liquid chromatography-electrospray ionization tandem
mass spectrometry (LC-MS/MS). The sequence of the phosphopeptides and identities of
the phosphorylated residues are indicated in Fig. 5.2A. Phosphopeptides /-4 contain
phosphorylated Ser65 and/or Thr70. These two residues are located immediately
downstream of the eIF4E-binding site (Fig. 5.2C). Phosphopeptide 5 contains
phosphorylated Ser83. Phosphoaminoacid analysis (PAA) of each of the
phosphopeptides was conducted in parallel. The phosphoserine (S) and/or
phosphothreonine (T) content of each peptide is indicated (Fig. 5.2A). The identity of the
phosphopeptides containing phosphorylated Ser65 and Thr70 was further confirmed by
two-dimensional phosphopeptide mapping of epitope-tagged wild-type 4E-BP1 (Fig.
5.2D), and Ser65Ala (Fig. 5.2E) or Thr70Ala (Fig. 5.2F) mutant proteins expressed in
HEK 293T cells. Substitution of Ser65 with an alanine residue resulted in a loss of
phosphopeptides 3 and 4, while the Thr70 to alanine mutation resulted in a loss of

phosphopeptides 1, 2 and 4.
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spot # Sequence location PAA site
1 (K) TPPR 70-73 T T70
2 (R)NSPVTKTPPR 64-73 T T70
3 (R)NSPVTK 64-69 S $65
4 (R) NSPVTKTPPR 64-73 S/T S65/T70
5 (R} DLPTIPGVTSPSSDEPM*EASQSHLR 74-98 S s83
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Figure 5.2.

Identification of Ser65 and Thr70 as the serum-responsive, kinase inhibitor-sensitive

phosphorylation sites. 4E-BP1 was immunoprecipitated from 2 x 10% serum-stimulated cells (1/20
labeled in vivo with [**P] orthophosphate), and subjected to phosphopeptide mapping. Peptides I-5 (see
Fig. LA) were isolated from the plates and identified by LC-MS/MS. (A) Determination of the sequence
of phosphopeptides 1-5, and of the identity of the phosphorylated residues by mass spectrometry. The
phosphorylated residue is underlined; * indicates oxidized methionine. Trypsin cleavage sites are
indicated in parentheses. Phosphoaminoacid analysis (PAA) was performed in parallel. (B) Schema
of the phosphopeptides identified by two-dimensional phosphopeptide mapping. (C) Positions of Ser65
and Thr70 in 4E-BP1, relative to the eIF4E-binding site. (D-F) Confirmation of the identity of the
phosphopeptides containing Ser6S and Thr70. HEK 293T cells expressing HA-tagged 4E-BP1 proteins
were subjected to metabolic *P-labeling, and two-dimensional phosphopeptide mapping of the HA4E-
BP1 proteins was performed. Broken circles indicate the absence of phosphopeptides, as compared to

the wild type protein.
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5.3.3 Phosphospecific antibodies directed against Ser65 and Thr70

To further investigate the regulation of Ser65 and Thr70 phosphorylation,
phosphospecific antibodies directed against these sites were produced. To confirm the
specificity of these reagents, HA-tagged wild type 4E-BP1 protein, or 4E-BP! proteins
harboring alanine substitutions at Ser65 or Thr70 were expressed in HEK 293T cells, and
immunoblotting was performed using an antiserum directed against the entire 4E-BPI
protein (Fig. 5.3A and B, top panels), an antibody directed against phospho-Ser65 (Fig.
5.3A, bottom panel), or an antibody directed against phospho-Thr70 (Fig. 5.3B, bottom
panel). The HA-4E-BP1 wt and mutant proteins were expressed to similar levels (Fig.
5.3A and B, lanes 1 and 2). However, the antibody directed against phospho-Ser6S5 did
not detect the HA-4E-BP1 Ser65Ala protein (Fig. 5.3A, lane 2, bottom panel). Similarly,
the antibody directed against phospho-Thr70 did not react with the HA-4E-BP1
Thr70Ala mutant protein (Fig. 5.3B, lane 2). Extracts from 293 cells deprived of serum
for 30 hours (Fig. 5.3A and B, lanes 3), or deprived of serum for 30 hours then
replenished with serum for 30 minutes (Fig. 5.3A and B, lanes 4), were also subjected to
immunoblotting with these antisera. In both cases, only a very weak signal was detected
in the starved cell extracts (lanes 3), whereas strong signals were observed after serum-
stimulation (lanes 4). Thus, our phosphospecific antibodies were demonstrated to be
specific for the appropriate phosphorylated residues, and confirm that phosphorylation of
Ser65 and Thr70 is sensitive to serum-stimulation. These antibodies were also utilized to
confirm the heightened sensitivity to kinase inhibitors of phosphorylation at Ser65 and

Thr70 (data not shown).

5.3.4 Order of phosphate addition on the endogenous 4E-BP1 protein
The endogenous 4E-BP1 protein was next analyzed using a combination of two-
dimensional isoelectric focusing (IEF)Y/SDS-PAGE and Western blotting. 4E-BP1 from

serum-stimulated HEK 293 cells migrates as six isoforms in this system (Fig. 5.4B). (In
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Figure 5.3.  Phosphospecific antibodies directed against Ser65 and Thr70 confirm the serum
sensitivity of phosphorylation at these sites. (A) Western blotting using an antibody against
total 4E-BP1 (top panel), or a phosphospecific antibody directed against Ser65 (bottom) were
performed on extracts from HEK 293T cells transfected with HA-4E-BP1 wt (lane 1) or HA-
4E-BP1 Ser65Ala (lane 2), or extracts from HEK 293 cells which were serum-starved (lane
3), or serum-starved, and then serum-stimulated for 30 minutes (lane 4). (B) Westem blotting
was performed as in (A), but using an HA-4E-BP1 Thr70Ala protein in lane 2, and a
phosphospecific antibody directed against Thr70 in the bottom panel. The positions of the
endogenous 4E-BP1 (BP1), and the transfected proteins (HA-BP1) are indicated.



page 169

some experiments, a seventh more acidic isoform is also detected). In cells deprived of
serum, only two predominant isoforms are detected (@ and ¢), which migrate toward the
basic region of the gel (Fig. 5.4A). Similarly, only isoforms a and ¢ are detected in 4E-
BP1 from cells pre-treated with rapamycin or LY294002 prior to serum-stimulation (data
not shown). Isoform a is unphosphorylated, because it does not incorporate *P (data not
shown). Isoforms b-f incorporate *P (and are thus predicted to be phosphorylated on one

to five residues, respectively).

Our previous phosphopeptide mapping experiments (124, 215; chapters 3-4; Fig. 5.1)
suggested that isoform ¢ (predicted to be the diphosphorylated species), which is present
in serum-starved cells, contains both phosphorylated Thr37 and Thr46. Interestingly,
isoform b (presumably the monophosphorylated protein) is a minor species, both in
serum-stimulated cells and in serum-starved or rapamycin-treated cells. This is likely
because Thr37 and Thr46 are regulated coordinately by FRAP/mTOR, and is consistent
with our phosphopeptide mapping data (124, 215; chapters 3-4; Fig. 5.1), in which
equimolar amounts of phospho-Thr37 and phospho-Thr46 are detected. Also, when
Thr46 is mutated to alanine, phosphorylation of Thr37 is dramatically decreased (chapter

4), suggesting that the phosphorylation state of these two sites is intimately linked.

To identify the phosphorylated residues in each of the isoelectric vanants, the [EF/SDS-
PAGE technique was combined with the use of phosphospecific antibodies. To ensure
proper identification of the isoforms, each blot incubated with phosphospecific antibodies
was subsequently re-probed with antisera raised against the entire 4E-BP1 protein (data
not shown). An antibody directed against phospho-Thr37 and phospho-Thr46 recognizes
isoforms - (all of the phosphorylated isoforms, but not the unphosphorylated a isoform;
Fig. 5.4C). An antibody directed against phospho-Thr70 reacts avidly with isoforms d-f
(but only poorly with isoforms b and c; Fig. 5.4D. It should be noted that since these
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Figure 5.4.  Phosphorylation of endogenous 4E-BP1 in vivo is an ordered process,
culminating in the phosphorylation of Ser65. Two-dimensional [EF/SDS-PAGE (see Materials
and Methods) was performed on lysates from serum-starved (A), or serum-stimulated (B-
E) HEK 293 cells. Western blotting was then performed using antisera directed against the
entire 4E-BP1 protein (A and B), or a series of phosphospecific antibodies raised against
4E-BP1 phosphorylated on Thr37/Thrd6 (C), Thr70 (D), or Ser65 (E). Western blots C-E
were subsequently re-probed with the antisera raised against the entire 4E-BP1 protein to

confirm the identitv of the isnforme
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blots represent a population of endogenous 4E-BP1 molecules, it is reasonable to assume
that even in serum-stimulated cells some isoforms may be in the process of being
dephosphorylated. Thus, the very weak reactivity of isoforms & and ¢ to the phospho-
Thr70 antibody could indicate an ongoing low level of dephosphorylation). The antibody
specific to phosphorylated Ser65 weakly recognizes isoform e, but reacts strongly with
isoform f (Fig. 5.4E). These data thus indicate that; 1) Thr37 and Thr46 are
phosphorylated in the absence of prior phosphorylation; 2) Thr70 is phosphorylated
predominantly only in isoforms already phosphorylated on Thr37 and Thr46, and; 3)
Ser65 is phosphorylated only in molecules already phosphorylated on Thr37, Thr46 and
Thr70. Thus, analysis with phosphospecific antibodies indicate that the order of
phosphate addition on endogenous 4E-BP1 in vivo is Thr37/Thrd6, Thr70, Ser65. The
nature of the fifth phosphorylated isoform detected in our [EF/SDS-PAGE technique
remains elusive, but could be Ser83, or possibly Ser!12 (a site reported to be
phosphorylated in adipocytes; 214).

5.3.5 Muational analysis of 4E-BP1 confirms the order of phosphate addition

To further substantiate the conclusions of the [EF/SDS-PAGE experiments, we applied
this technique to a series of HA-tagged 4E-BPI proteins expressed in HEK 293T cells.
As expected, the HA-tagged wt 4E-BP1 protein resolves into six major isoforms (Fig.
5.5A). Consistent with previous data (215; chapter 4), mutation of Thr37 and Thr46 to
alanine residues results in a striking accumulation of the unphosphorylated isoform a
(Fig. 5.5B). No phosphorylation of Ser6S or Thr70 is detected in this mutant, as
determined by Western blotting with phosphospecific antibodies (data not shown).
Mutation of Thr70 to alanine results in an almost complete disappearance of isoforms e
and f (Fig. 5.5C). The phosphorylation state of Ser635, as determined with
phosphospecific antibodies, is reduced in the HA-4E-BP1 Thr70Ala mutant (although the

extent of this reduction varies from experiment to experiment; data not shown). Mutation
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Figure 5.5.  Effects of mutating individual phosphorylation sites on 4E-BP1
phosphorylation. HA-tagged 4E-BP1 proteins were expressed in HEK 293T cells. 48
hr after transfection, lysates were prepared and analysed by two-dimensional IEF/SDS-
PAGE, as above. Western blots were prepared using an antibody directed against the
HA tag.
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of Ser6S to alanine resulted in the disappearance only of isoform f (Fig. 5.5D),
confirming that Ser65 phosphorylation is not required for phosphorylation of the other
sites. Phosphorylated Thr37/Thr46 and Thr70 are detected to similar levels in the wt and
Ser65Ala mutant protein (data not shown). In sum, analysis of a panel of
phosphorylation site mutant proteins confirms our phosphospecific antibody results,
regarding the order of phosphate addition to the endogenous 4E-BP1 protein. These data
also further demonstrate that phosphorylation of Thr37 and Thr46 is necessary for
phosphorylation of the remaining sites. Phosphorylation of Thr70 is not required for
Thr37 and Thr46 phosphorylation, but does modulate the phosphorylation of Ser65.
Consistent with it being added last, the presence or absence of a phosphate group on
Ser6S does not influence the phosphorylation of the other sites. Also consistent with
these data is the fact that the tryptic peptide encompassing amino acids 64-73 (Fig. 5.1A,
5.2A-B) was found by mass spectrometry to contain either phosphorylated Thr70 alone,
or phosphorylated Thr70 and Ser65, but not phosphorylated Ser6S alone.

5.3.5 Phosphorylation of Ser65 alone is insufficient to mediate release from elF4E

Our data demonstrate that the phosphorylation of 4E-BP1 is an ordered process
culminating in the phosphorylation of Ser65. However, the role of the various
phosphorylation events in the regulation of binding to e[F4E remained unclear. 4E-BPI
phosphorylated on Thr37 and Thr46 retains the ability to interact with e[F4E (215;
chapter 4). Therefore, it was pertinent to determine whether phosphorylation of Ser65
alone (or a combination of Ser65 and Thr70) is sufficient to elicit eIF4E release. The
cocrystal structure of elF4E complexed with a peptide derived from 4E-BP1 (amino acids
51-67; 54) suggests that Ser65 phosphorylation could engender an electrostatic repulsion
with acidic amino acids (such as Glu70) on the dorsal surface of e[F4E (54). Further, 4E-
BP1 phosphorylated on Ser65 is not bound to eIF4E in vivo (data not shown). However,

this cannot be taken as proof that isoforms phosphorylated only on this site are unable to
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bind to elF4E, since we have demonstrated that 4E-BP1 molecules which are

phosphorylated on Ser65 are also always phosphorylated on several other residues.

To determine whether Ser65 phosphorylation alone prevents binding to eIF4E, wild-type
and mutant (A4E, Thr37Ala/Thr46Ala, Ser65Ala, and Thr70Ala) recombinant 4E-BP1
proteins were incubated with recombinant ERK?2 in the presence of [Y”PJATP. Except
for the Ser65Ala mutant (which was phosphorylated to <10% of the wt protein), the other
proteins were phosphorylated to similar extents (not shown). Thus, the principal
phosphorylation site by ERK2 under these conditions is Ser65 (also see below).
Phosphorylated proteins were incubated with an equimolar amount of elF4E, recovered
on an m’GDP-agarose (“cap-affinity”) column (which retains e[F4E and associated
proteins), and analyzed by SDS-PAGE followed by autoradioagraphy (Fig. 5.6A, top,
"cap-column bound”). The unbound fraction was analyzed in parallel (Fig. 5.6A, bottom,
"unbound”). The phosphorylated 4E-BP1 A4E mutant, which is unable to interact with
eIF4E, was found exclusively in the unbound fraction, confirming the specificity of this
assay (Fig. 5.6A, lane 2; compare top and bottom panels). Similarly, phosphorylated wt
4E-BP1 was not co-precipitated with an e[F4E mutant protein (Trp73Ala) deficient for
4E-BP1 binding (lane 6). ERK2-phosphorylated wt 4E-BP1 interacted efficiently with
wt elF4E (lane 1). 4E-BPI proteins harboring mutations at Thr37 and Thr46 (TTAA) or
at Thr70 (Thr70Ala), were also efficiently phosphorylated by ERK2, and interacted
efficiently with wt elF4E (lanes 3 and 5). To determine whether Ser6S is phosphorylated
in the isoforms bound to elF4E, wt 4E-BP1 labeled in vitro (Fig. 5.6B), and the same
protein isolated after binding to e[F4E, were subjected to phosphopeptide mapping (Fig.
5.6C; protein from Fig. 5.6A, lane 1, top panel). Mapping was also performed on the 4E-
BP1 Ser65Ala mutant protein (Fig. 5.6D). The identity of the in vitro-radiolabeled
phosphopeptides was determined by mixing these samples with in vivo-labeled

endogenous 4E-BP1 (data not shown). These data confirm that Ser65 is the major site
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Figure 5.6.  Phosphorylation of Ser65 alone is insufficient to effect release from elF4E.
Bacterially-expressed wild-type and mutant GST4E-BP1 proteins were phosphorylated for 15
min with recombinant ERK?2 in the presence of y""P-ATP. Labeled 4E-BP1 proteins were
incubated for 1 hr with equimolar concentrations of recombinant GST-eIF4E proteins. (A)
Complexes were recovered on an m’GDP-affinity column ("cap-column bound”), and analyzed
by SDS-PAGE and autoradiography. Fractions not retained on the cap column ("unbound”)
were analyzed similarly. A4E is a 4E-BP! mutant deleted in the binding site for eIF4E, and
TTAA is the double point mutant Thr37Ala/Thrd46Ala. Trp73Ala is an e[F4E mutant unable to
bind to 4E-BP1. (B-D) Phosphopeptide mapping of ERK2-phosphorylated 4E-BP1. (B)
Phosphopeptide map of 4E-BP1 phosphorylated in vitro by ERK2. (C) Phosphopeptide map
of 4E-BP1 phosphorylated in vitro by ERK2, and recovered on a cap column. (D) Phosphopeptide
map of the Ser65Ala mutant phosphorylated in vitro.
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phosphorylated in vitro by ERK2 (Fig. 5.6B), and, more importantly, demonstrate that
phosphorylated Ser65 is clearly found in the fraction of 4E-BP1 bound to eIF4E (Fig.
5.6C). Thus, phosphorylation of Ser65 alone is insufficient to abrogate e[F4E binding.

5.3.7 Phosphorylation of both Ser65 and Thr70 is not sufficient to effect elF4E release
Since serum-stimulation increases the phosphorylation state of Ser65 and Thr70, it
remained possible that phosphorylation of both of these residues could be sufficient to
mediate e[F4E release. The study of the effects of Thr70 phosphorylation has been
hampered by the absence of a kinase that can specifically phosphorylate this site to a high
stoichiometry in vitro. We therefore synthesized peptides encompassing the e[F4E-
binding site (42, 54), which were unphosphorylated (aa 51-67, see Materials and
Methods), monophosphorylated at Ser6S (aa 51-67), or diphosphorylated at Ser6S5 and
Thr70 (aa 51-75). The interaction between the 4E-BP1 peptides and eIF4E was
determined by fluorescence quenching (Fig. S.7). Binding of the 4E-BP1 peptides to the
convex dorsal surface of e[F4E leads to quenching of the intrinsic elF4E fluorescence,
mainly due to the interaction between eIF4E Trp73 (the source of the fluorescent signal)
and three amino acid side chains in the peptides (54). The unphosphorylated peptide
exhibits a K, of 105.6 +/- 4.4 nM for eIF4E. This value is comparablie to that obtained
previously for the same peptide (50nM) by isothermic calorimetry (54). Consistent with
the results presented in Fig. 5.6, phosphorylation of Ser65 does not disrupt elF4E
binding, and only reduces the eIF4E binding affinity by two-fold (Fig. 7; K, = 210 +/-
18nM). Finally, phosphorylation of both Ser65 and Thr70 was also not sufficient to
abolish eIF4E binding, and did not alter the affinity of the 4E-BP1 peptide for e[F4E, as
compared to the monophosphorylated peptide (K, = 175 +/- 11nM). Thus, at least in the
centext of these phosphopeptides, phosphorylation of both Ser65 and Thr70 is
insufficient to abrogate e[F4E binding, suggesting that phosphorylation of additional
sites, most likely the "priming"” sites Thr37 and Thr46, is required to effect eIF4E release.
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Figure 5.7.  4E-BPI peptides phosphorylated on Ser65 and Thr70 interact with elF4E.
Increasing concentrations of an unphosphorylated 4E-BP1 peptide (residues 51-67; W), a
monophosphorylated peptide (Ser65; @), or a diphosphorylated peptide (Ser65 and Thr70; &)
were incubated with eIF4E, and the binding affinity measured using fluorescence quenching
of elF4E. The elF4E concentration in the experiment shown was 0.1 M. The peptide
concentration range at which the saturation stage is achieved determines the binding constant,
and is essentially equal for each of the three peptides.
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5S4  Discussion

Using phosphopeptide mapping, mass spectrometry, and a novel combination of two-
dimensional isoelectric focusing/SDS-PAGE combined with Western blotting with
phosphospecific antibodies directed against various 4E-BP1 phosphorylation sites, we
have determined the order of phosphate addition to endogenous 4E-BP1; Thr37 and
Thr46 hosphoryiation is followed by phosphorylation of Thr70 and, finally, of Ser65.
The results presented here are in agreement with some previously published data, in
which phosphorylation of Ser65 was demonstrated to be affected by mutation of Thr37,
Thrd6 or Thr70 (215, 370, 371). However, our resuits are at variance with other data
presented in the same studies. For example, Mothe-Satney et al. report that
phosphorylation of Thr70 is independent of prior phosphorylation of Thr37 and Thr46
(370, 371). Itis important to note that the latter studies relied mainly on the analysis of
transfected, overexpressed mutant proteins, which may not faithfully reproduce the
behavior of the endogenous protein. Overexpression can lead to mislocalization, or an
alteration in upstream signaling events. Further, since 4E-BP1 is an unstructured peptide
(54, 199, 200), aberrant phosphorylation (i.e. phosphorylation of residues not normally
phosphorylated in the endogenous protein) may occur upon expression of large quantities
of the protein. In this regard, we have observed phosphorylation of Ser6S5 in some
experiments involving transfection of a Thr70Ala mutant protein (e.g. Fig. 5.2F), while
our resuits with the endogenous protein clearly demonstrate that Ser6S is phosphorylated
predominantly only in molecules already phosphorylated on Thr70. In addition, most
previous studies have analyzed the phosphorylation of 4E-BP! via mobility shift in the
one-dimensional SDS-PAGE system; this method does not allow for the analysis of
individual phosphorylation sites, since phosphorylation of some of the residues elicits
little (if any) shift in electrophoretic mobility. In the current study, we have demonstrated

directly that phosphorylation of the endogenous 4E-BP1 occurs in an ordered fashion.
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Our data also clearly indicate that phosphorylation of both Thr70 and Ser6S5 is not
sufficient to disengage a 4E-BP1 peptide from e[F4E. These results are at variance with
reports which have characterized the 4E-BP1/eIF4E interaction utilizing recombinant 4E-
BP1 proteins phosphorylated in vitro with ERK, and harboring alanine substitutions at
Thr37, Thr46, Thr70 and Ser83 (222, 370, 373). Using the Far-Western technique (a
qualitative method to detect interactions between a nitrocellulose membrane-bound
protein and a radiolabeled protein in solution), phosphorylation of either Thr46 or Ser65
was reported to result in a decrease in eIF4E binding (370, 373). Also, while this
manuscript was in preparation, Karim et al. reported that phosphorylation of Ser65 alone
leads to a 100-fold decrease in the affinity of 4E-BP1 for eIF4E, as measured using
surface plasmon resonance. These authors also report that phosphorylation of Ser65
reduces elF4E binding activity in a pull-down assay (222). This is at variance with our
data, which were obtained using both full-length proteins and synthetic phosphopeptides.
When we performed co-precipitation experiments with the wild-type 4E-BP1 protein
phosphorylated by ERK2, we detected only a single major phosphopeptide in the 4E-BP1
fraction bound to elF4E, which was demonstrated to be phosphorylated on Ser6S. Thus,
Ser6S phosphorylation alone clearly does not lead to a dissociation of 4E-BPI from
elF4E, under conditions in which the in vivo phosphorylated 4E-BP1 is unable to bind to
elF4E (e.g. 124). This conclusion was further substantiated by using peptides
monophosphorylated at Ser65 or diphosphorylated at Ser65 and Thr70.

It should be noted that the use of phosphopeptides in this type of study has several
advantages over the use of recombinant proteins phosphorylated in vitro by various
kinases: 1) much improved reproducibility from experiment to experiment; 2)
phosphorylation only of the desired residue; 3) 100% stoichiometry of phosphorylation;
and 4) the possibility of generating large quantities of the phosphopeptide for quantitative

measurements. The use of synthetic peptides has also allowed for better control of
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disulfide bond formation caused by a cysteine residue (Cys62) located in the vicinity of
the eIF4E binding site. Under non-reducing conditions, oxidation of Cys62 induces
dimer formation (both in the context of the peptides and in the full-length protein). This
is especially problematic for the unphosphorylated peptide, which forms dimers more
readily than the phosphorylated peptides, presumably because the phosphate groups exert
some degree of repulsion to partially prevent dimerization. Remarkably, peptide
dimerization was observed to enhance e[F4E apparent binding affinity by up to 2-3
orders of magnitude (for the unphosphorylated peptide; A.N., unpublished). Thus,
performing affinity measurements without protection against Cys62 oxidation can give

rise to spurious results.

The identity of the kinase(s) responsible for phosphorylating 4E-BP1 in vivo is not
known. FRAP/mTOR immunoprecipitates can phosphorylate 4E-BP1 in vitro, on Thr37
and Thr46 (215, 353). However, a FRAP/mTOR "activating” antibody was reported to
stimulate the phosphorylation of Ser6S and Thr70 in vitro, suggesting that FRAP/mTOR
could be responsible for phosphorylating all of the 4E-BP1 phosphorylation sites (339,
352, 371). It was also reported that a kinase activity specific to Ser65 and Thr70 could be
liberated from a FRAP/mTOR immunoprecipitate, suggesting that a second kinase is
present in FRAP/mTOR immunoprecipitates (372). Thus, whether FRAP/mTOR
phosphorylates 4E-BP1 on all or some of these sites remains to be determined.
Nevertheless, FRAP/mTOR signaling clearly plays a critical regulatory role in the
phosphorylation of Ser6S and Thr70, because these residues display a higher degree of
rapamycin sensitivity than Thr37 and Thr46 (124). Treatment of cells with the
phosphatase inhibitor calyculin prevents 4E-BP1 dephosphorylation in response to
rapamycin treatment (374). Thus, it is a distinct possibility that a PP2A-type phosphatase
directed toward Ser65 and Thr70 is activated following rapamycin treatment, and
FRAP/mTOR activity is required for repression of this phosphatase.
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The phosphorylation of several different proteins has been demonstrated to occur in an
ordered fashion, but the order of addition on the various phosphorylated residues on the
endogenous proteins has only been determined for a few (e.g. the ribosomal S6 protein
and the ribosomal protein S6 kinase 1). The combination of techniques used here (two-
dimensional IEF/SDS-PAGE, followed by Western blotting with phosphospecific
antibodies) has enabled us to define an order of addition of the phosphate groups onto
endogenous 4E-BP1 following serum stimulation of HEK 293 cells. Thus, combined
with mass spectrometry, [EF/SDS-PAGE and phosphospecific antibodies can be a useful
technique to characterize complex, multi-step phosphorylation events on any protein of

interest.
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55  Materials and Methods

5.5.1 Construction and expression of 4E-BP 1 mutant proteins. The human 4E-BP1
¢DNA was used as a template for PCR mutagenesis to mutate Ser65, Thr70 and Ser83 to
Ala, Glu or Asp. Mutated sequences were inserted in-frame into both the
cytomegalovirus-based vector pACTAG-2 (which contains an N-terminal 3HA tag
fusion, for expression in mammalian cells), and pGEX-6pl (which contains an N-
terminal GST tag, for bacterial expression; Pharmacia). The murine wt elF4E coding
sequence and a mutant Trp73Ala were also inserted in-frame into pGEX-6pl. Inserts
were sequenced in their entirety. Other constructs were previously published (215).
Transient transfection of pACTAG-24E-BP1 into HEK 293 (ATCC CRL [573) or HEK
293T cells (ATCC CRL 11268) was performed using Lipofectamine (Life Technologies),
according to the manufacturer’s instructions. GST fusion proteins were expressed in
BL21 bactenia, purified as described (215), and quantified by Bradford assay and
Coomassie staining after SDS-PAGE.

5.5.2 elF4E purification. For fluorescence measurements, murine elF4E (residues 28-
217 and residues 33-217) was expressed in E. Coli (177), purified from inclusion bodies,
folded in a one-step dialysis from 6M guanidinum hydrochloride, and subjected to anion
exchange chromatography on a MonoS column. Protein solutions were buffer exchanged
with Ultrafree-15 ml filters with a Biomax S kDa NMWL membrane (Millipore).
Immediately before the spectroscopic measurements, the protein sample was filtered

through an Ultrafree-0.5 ml Biomax 100 kDa NMWL (Millipore).

5.5.3 Isoelectric focusing/SDS-PAGE. HEK 293 or HEK 293T cells were rinsed twice
with cold PBS, scraped, and pelleted. After removal of the PBS, cells were resuspended
in 200ul (per 100mm plate) of freshly prepared extraction buffer (20mM Hepes-KOH at
pH7.5, 100mM KCI, 20mM B-glycerolphosphate, ImM DTT, 0.25mM Na,VO,, 10mM
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NaF, ImM EDTA, ImM EGTA, 10nM okadaic acid, and ImM PMSF, supplemented
with a protease inhibitor cocktail from Boehringer Mannheim). Cells were lysed by three
freeze-thaw cycles, debris were pelleted by centrifugation, and the protein concentration
in the supernatant was measured by Bradford assay (Biorad). This lysate was diluted
directly into Laemmli sample buffer for SDS-PAGE and Westem blotting. For two-
dimensional isoelectric focusing (IEF)/SDS-PAGE, the lysate (20ui containing ~200ug
protein) was mixed with 27mg urea and 7l [EF sample buffer (17% v/v pharmalytes pH
3-10, 4% v/v pharmalytes 2-5.5, 14%v/v B-mercaptoethanol, 35% w/v CHAPS, 1.8% w/v
SDS), then incubated at room temperature until the urea was dissolved.

Two-dimensional isoelectric focusing/SDS-PAGE was performed using the Protean II
system (Biorad). Briefly, the first dimension gel (55% w/v urea, 4.257% w/v acrylamide,
0.243% w/v bis-acrylamide, 1.5% w/v CHAPS, 0.5% v/v NP-40, 4% v/v Pharmalytes 3-
10, 1% v/v Pharmalytes 2.5-5) was polymerized in 17cm x 1.Smm (inside diameter) glass
tubes to 3 cm from the top. Afier rinsing the surface of the gel, the sample was applied
and overlaid with upper chamber buffer (20mM NaOH). The lower (10mM H,PO,) and
upper chambers were filled with buffer, and the [EF dimension was run at 200V for 2hr,
500V for Shr, and 800V for 16 hr at room temperature. Gels were extruded from the
capillary tubes, equilibrated in Laemmli sample buffer for | hr, and subjected to SDS-
15%PAGE (16cm configuration, 1.5mm thickness) for the second dimension. Proteins

were electro-transferred to nitrocellulose membranes, and analyzed by Western blotting.

Western blotting was performed as described (215). The phosphospecific antibodies to
Ser65 and Thr70 were generated at Cell Signaling Technology (Beverly, MA). The other
primary antibodies used for Western blotting in this study were: the anti-HA mouse

monoclonal antibody HA.11 (BAbCO), the rabbit polyclonal antisera 11208 directed
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against 4E-BP1 (211), and the phosphospecific antibody directed against Thr37 and
Thr46 (215).

5.5.4 Phosphopeptide mapping of 4E-BP1 and identification of the phosphorylated
residues. The procedure utilized for phosphopeptide mapping was essentially as
described (124, 184, 215). Briefly, HEK 293 or HEK 293T cells were labeled in vivo
with [*P] orthophosphate, and 4E-BP1 was immunoprecipitated with the anti-4E-BP1
11209 antisera, or with an anti-HA antibody. Immunoprecipitated 4E-BP1 was subjected
to SDS-15%PAGE, and transferred to 0.2um pore size nitrocellulose membranes
(Schleicher & Schuell). Membranes were subjected to autoradiography, and the
membrane region harboring 4E-BP1 was excised and subjected to tryptic:chymotryptic
(200:1) digestion. Digested products were applied to plastic-backed cellulose-coated thin
layer chromatography plates (for Fig. 5.1; Kodak), or to glass-backed cellulose-coated
plates (Fig. 5.2 and 5.6; Merck). Following electrophoresis and liquid chromatography,
plates were dried and subjected to autoradiography. Phosphopeptides were eluted from
the plates, and analyzed by LC-MS/MS, as described (215, 366, 367, 375).
Phosphoaminoacid analysis was also performed on phosphopeptides eluted from the
plates, as described (215, 351).

5.5.5 Kinase assays and chromatography on m’GDP-agarose. Phosphorylation of 4E-
BP1 with recombinant ERK2 (New England Biolabs) was performed for 15 min at 30 “C,
in the presence of y’P-ATP, according to the manufacturer’s instructions.
Chromatography on m’GDP-agarose was performed as described (215). Proteins
retained on m’GDP-agarose were washed 3 times with 20 volumes of buffer (20mM

Hepes-KOH and 75SmM KCl), and analyzed by SDS-PAGE and autoradiography.
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5.5.6 Phosphopeptide synthesis and purification. A peptide corresponding to residues
51-67 of mammalian 4E-BP1, RIYDRKFLMECRNSPV, was synthesized by Boc
protocols for solid phase peptide synthesis, and cleaved using a standard HF procedure
(377). The phosphopeptide synthesis was performed manually on a Wang resin
(Novabiochem) using Fmoc protocols for solid phase peptide synthesis. Phosphoserine
and phosphothreonine were directly incorporated during the synthesis as the
corresponding preformed mono-protected N-a-Fmoc-O-benzyl phosphoaminoacid
derivatives, purchased from Novabiochem (378). The phosphopeptides were cleaved
using a trifluoroacetic acid:triisopropylsilane:water mixture (TFA:TIS:H,0, 95:2.5:2.5).
After cleavage, crude peptides were purified to homogeneity by semi-preparative HPLC,
and characterized by amino acid analysis (see below) and MALDI-TOF or ESI
spectrometry (51-67 4E-BP1 peptide, predicted mass 2141.8, measured mass 2141; P-
Ser65 phosphopeptide, predicted mass 2220.1, measured mass 2221.0; P-Ser65/P-Thr70
diphosphopeptide, predicted mass 3180.55, measured mass 3181.0). Peptide
concentrations were determined by amino acid analysis after acid gas-phase hydrolysis.
Analyses were performed three times for each peptide via conversion of the amino acids
to phenylothiocarbamy!l dernivatives according to standard protocols, using HPLC
(Waters, Millipore), and a PicoTag 3.9x 150 mm column (Waters, Millipore). All the
peptides lacked secondary structure in solution, as evidenced by the presence of minima

at ~200nm recorded on CD spectra (AVIV model 202 spectropolarimeter).

5.5.7 Affinity measurements by fluorescence quenching. Measurements of the affinity
of the 4E-BP1 peptides for eIF4E were determined by fluorescence quenching,
essentially as described (379). Before the experiment, eIF4E was saturated with a 50-
fold excess of m'GTP. Titration experiments were performed in 50 mM Hepes - KOH
pH 7.20, 100 mM KCl, 1 mM dithiothreitol (DTT) and 0.5 mM disodium

ethylenediaminetetraacetate (Na,EDTA). pH was measured within £ 0.01 unit on a
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Beckman $300 pH meter. 1 pl aliquots of increasing concentrations (1 uM to S mM) of
each peptide were added to 1400 ul of eIF4E solution. Solutions of 4E-BP1 peptides
were strictly controlled using HPLC and MS for lack of disulfide dimer formation, which
can influence the binding affinities (data not shown). The concentration of elF4E was
determined from absorption. Absorption and fluorescence spectra were recorded on
Lambda 20 UV/VIS and LS-50B instruments (Perkin-Elmer). The sample was
thermostated within +0.2°C and the temperature was controlled inside the cuvette with a
thermocouple. An excitation wavelength of 290 nm (slit 2.5 nm, auto cut-off filter) and
an emission wavelength of 350 nm (slit 2.5 to 4 nm, 290 nm cut-off filter) were used,
with a correction for the photomuitiplier sensitivity. These conditions ensured the
observation of only the tryptophan (Trp73) emission, such that the emission of Tyr54 in
4E-BP1 was eliminated. Measurements were also run with eIF4E at several
concentrations, from 0.05 to 1.0 uM. Fluorescence intensity was monitored by time-
synchronized measurements at a single wavelength, with an integration time of 30 sec
and a gap of 30 sec for adding the peptide, with magnetic stirring. During the time
required for addition of the peptide, the UV xenon flash lamp was switched off, to avoid
photobleaching of the sample. A curve for the fluorescence intensity as a function of the
total ligand concentration was fitted to the experimental data points by means of a non-
linear, least-squares method, using the program ORIGIN 6.0 (Microcal Software) (379).
The dissociation constants were calculated as a weighted average of at least 3

independent series.
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CHAPTER 6

GENERAL DISCUSSION
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The work presented in this thesis described that the phosphorylation of human 4E-BP1 is
regulated by the kinase activities of PI3K, Akt/PKB and FRAP/mTOR. Furthermore, I
demonstrated that phosphorylation of 4E-BP1 is an ordered mechanism. Phosphorylation
first occurs on two threonine residues (Thr37 and Thr46), followed by phosphorylation of
Thr70 and, finally, of Ser65. Thr37 and Thr46 are phosphorylated by FRAP/mTOR
immunoprecipitates, yet in vivo these two sites are relatively resistant to rapamycin
treatment. Phosphorylation of Ser6S and Thr70 is extremely sensitive to rapamycin. In
this discussion, I analyze in more depth the mechanism of activation of FRAP/mTOR,
and I provide clues to explain this apparent discrepancy. [ will also discuss the
importance of phosphatases in the regulation of 4E-BP1 phosphorylation, and the
relevance of the phosphorylation on the different sites in mediating release from e[F4E. |
will conclude by a more general discussion about the pleiotropic roles of FRAP/mTOR in
nutrient signaling, and about the roles (putative or proven) of FRAP/mTOR, PI3 kinases,

and translation factors in cell growth, development, and tumorigenicity.

6.1  Thr37/Thrd46 phosphorylation and FRAP/mTOR kinase activity

6.1.1 Why is phosphorylation of Thr37 and Thr46 insensitive to rapamycin?

As described in chapter 4, FRAP/mTOR, despite its homology to PI3KSs, functions as a
protein kinase. Endogenous FRAP/mTOR, or FRAP/mTOR expressed in insect cells,
autophosphorylates on Ser2481 (338, 380). FRAP/mTOR immunoprecipitates can
phosphorylate several other protein targets in vitro, including S6K1, 4E-BP1 and 4E-BP2
(reviewed in 106, 381). Protein kinase activity is required for FRAP/mTOR function.
Mutations at positions corresponding to those that abolish the lipid kinase activity of
PI3Ks prevent FRAP/mTOR autophosphorylation, and abrogate its ability to signal to
S6K1 and 4E-BP1 (e.g. 338, 339).

While rapamycin complexed with FKBP12 potently inhibits downstream signaling by
FRAP/mMTOR in vivo, whether this complex inhibits the kinase activity of FRAP/mTOR
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remains a controversial issue. Rapamycin in combination with FKBP12 does inhibit
FRAP/mTOR autokinase activity in vitro, but a much higher concentration of rapamycin
than is required in vivo is necessary to observe this effect (380; and references therein).
Addition of rapamycin to cells in culture fails to inhibit FRAP/mTOR
autophosphorylation in vivo at Ser2481, as determined by the use of a phosphospecific
antibody directed against this site (380), and little or no difference in the kinase activity
of FRAP/mTOR immunoprecipitates is detected after rapamycin treatment (380; and
references therein). Finally, whereas a mutation in the kinase domain of the yeast Tor2p
is lethal, rapamycin treatment leads only to G| arrest. If rapamycin were to inhibit Tor2p
kinase activity, rapamycin treatment and mutation of the Tor2p kinase domain would be
expected to evoke equivalent phenotypes. Taken together, these data argue against a
direct inhibition of the kinase activity of Tor and FRAP/mTOR by rapamycin. Therefore.
if FRAP/mTOR is the in vivo kinase phosphorylating Thr37 and Thr46, it is not
surprising that the phosphorylation at these sites is relatively resistant to rapamycin

treatment (chapters 3-5).

How can this apparent lack of effect of rapamycin on FRAP/mTOR kinase activity be
reconctled with the effects of rapamycin ? FRAP/mTOR is a large molecular weight
protein (289 kDa) which possesses several ill-defined domains. The entire N-terminal
portion of the protein consists of HEAT repeats, a motif involved in protein-protein
interactions (see section 1.8.6.5, and 382). It is thus believed that the Tor proteins serve
as signaling scaffolds. The effects of rapamycin on FRAP/mTOR signaling could
therefore be effected through modulation of the scaffolding activities of FRAP/mTOR,
rather than of its protein kinase activity per se. This is addressed in more detail below.
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6.1.2 Is FRAP/mTOR downstream of PI3K in a linear signaling pathway ?

As discussed throughout this thesis, both TOR and PI3K signaling are required for the
inactivation of 4E-BP1. We ordered the events (from the membrane to 4E-BP1
phosphorylation). The PI3K signal is upstream of the Akt/PKB signal, which occurs
upstream of the FRAP/mTOR signal. However, whether TOR activity is directly
regulated by PI3K and Akt/PKB in a linear pathway is unknown. Initial doubts about a
linear pathway were cast following study of S6K 1 phosphorylation. S6K1 activity is
inhibited by wortmannin and LY294002, but also with rapamycin, indicating that both
PI3K and FRAP/mTOR signaling are required for its activation (reviewed in 383).
Intriguingly, the PI3K and FRAP/mTOR inputs to S6K1 can be separated. Deletion of an
N-terminal fragment confers rapamycin resistance, yet this truncation mutant remains
sensitive to wortmannin treatment. Deletion of both the N- and C-termini of S6K1
confers resistance to rapamycin and wortmannin (186, 384). These data argue against a
linear pathway comprised of PI3K and FRAP/mTOR, but instead suggest that two
separate inputs are required for full activation of S6K1, such that a disruption in either of
the two signaling pathways can abrogate S6K1 activity. The S6K1 studies thus suggested
that FRAP/mTOR does not lie directly downstream of PI3K.

The roles of growth factors and various components of the PI3K pathway in the
regulation of FRAP/mTOR activity were next investigated directly. Following growth
factor treatment, or in response to expression of a constitutively active AkVPKB
molecule, FRAP/mTOR immunoprecipitates display only a modest increase (or no
change at all) in kinase activity in vitro (354, 362, 385). In fact, FRAP/mTOR kinase
activity in immunoprecipitates is constitutively active, even when isolated from cells
deprived of growth factors. This is in contrast to the dramatic increase in S6K1 activity
(or 4E-BP1 phosphorylation at Ser65 and Thr70) observed in vivo following stimulation
of the same cells by the same growth factors (106, 381). It could be argued that the
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FRAP/mTOR immunoprecipitation and in vitro kinase assay do not accurately reflect the
in vivo situation (due, for example, to the loss of an inhibitor or to an artificial activation
of the kinase during immunoprecipitation). However, overexpression of a membrane-
targeted Akt/PKB protein only moderately increases mTOR autophosphorylation in vivo,
as assessed with the S2481 phosphospecific antibody (354, 380, 385).

The existence of a direct link between Akt/PKB and FRAP/mTOR was also investigated.
Phosphospecific antibodies directed against putative Akt/PKB phosphorylation sites in
FRAP/MTOR were utilized to monitor the influence of the PI3K pathway on
FRAP/mTOR phosphorylation. One such site, Ser2448, is phosphorylated in vivo.
Addition of insulin or interleukin-3 increased Ser2448 phosphorylation in a PI3K- and
Akt/PKB-dependent manner (385, 386). However, the relevance of this phosphorylation
to FRAP/mTOR activity is not clear, because a FRAP/mTOR mutant protein possessing
an alanine substitution at this site is able to fully activate S6K1 following growth factor

stimulation (385).

Overall, these data seem to indicate that FRAP/mTOR does not lie downstream of PI3K
in a conventional linear signaling pathway. This, again, agrees well with our data
concerning the phosphorylation of 4E-BP1 Thr37 and Thr46. Both sites are only mildly
affected following serum-deprivation, L.Y294002 or wortmannin treatment (which
decreases PI3K and Akt/PKB activities), and are only modestly increased following

serum or insulin addition, or expression of MyrAkt (chapters 3-5).

Taken together, these data suggest that FRAP/mTOR activity is not directly regulated by
PI3K signaling. PI3K and FRAP/mTOR are both clearly required, however, for
activation of S6K 1, 4E-BPs and other downstream targets. How these signals may be

integrated remains unknown, but a role for FRAP/mTOR (and Tor) in nutrient sensing is
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gaining widespread acceptance. This model suggests that Tor/FRAP/mTOR relays a

signal to downstream targets only in the presence of sufficient nutrients, and thus serves

as a nutrient-dependent "gatekeeper”.

6.1.3 FRAP/mTOR signals to translation in response to nutrient availability
Inactivation of the TOR proteins, or rapamycin treatment, mimics nutrient deprivation in
yeast, Drosophila and mammalian cells (246, 249, 387, 388). Thus, a current working
model for TOR signaling proposes that these kinases relay a permissive signal to
downstream targets only in the presence of sufficient nutrients to fuel protein synthesis.
In some cases, the TOR proteins appear to function in a co-regulatory capacity with other
conventional, linear signaling pathways (such as the PI3K pathway). In this way, a
passive nutrient sufficiency signal may be combined with stimulatory signaling from a
second pathway to coordinate cellular processes that require the uptake of nutrients. The

absence of either signal is predicted to prohibit activation of downstream targets.

In mammals, amino acid levels modulate the activity of several proteins involved in
translation, including the 4E-BPs and S6K|1 (reviewed in 125). Amino acid deprivation
leads to a reduction in 4E-BP1 and S6K| phosphorylation (e.g. 154). Amino acid re-
addition to amino acid-deprived cells partiaily restores 4E-BP1 phosphorylation, and
synergizes with insulin, IGF I or serum to elicit complete phosphorylation (e.g. 144, 154,
389). Leucine is critical for 4E-BP1 and S6K1 phosphorylation, and leucine alone (and,
to a lesser extent, other branched-chain amino acids) can partially stimulate the
phosphorylation of 4E-BP1 and S6K|1 in amino acid-deprived cells. The specificity of
leucine suggests that a leucine receptor may play an important role in amino acid sensing

(reviewed in 125).
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A role for FRAP/mTOR in amino acid signaling was suggested by the observations that a
rapamycin-resistant FRAP/mTOR protein confers resistance upon S6K1 to amino acid
deprivation (390), and a rapamycin-resistant S6K 1 protein is insensitive to amino acid
withdrawal (154). Amino acid deprivation does not affect PI3K or AkVPKB activity, nor
does it inhibit the activation of these proteins by serum or insulin treatment (154, 391-
394). Therefore, amino acid modulation of S6K1 and 4E-BP1 phosphorylation does not
involve PI3K or AkVPKB. Amino acid-induced 4E-BP1 and S6K 1 phosphorylation is
sensitive to wortmannin treatment (389, 393, 395), but at higher concentrations than
those required to inhibit phosphorylation of 4E-BP1 and S6K 1 after insulin stimulation
(394). This is consistent with the concentration of wortmannin required for
FRAP/mTOR inhibition (230, 231; see above). Thus, several lines of evidence suggest
that FRAP/mTOR may play an important nutrient checkpoint role, allowing propagation

of intracellular signals to the translational apparatus only when sufficient amino acids are

present. (Fig. 3)

The connection between Tor and nutrient signaling in yeast has been well documented.
Treatment of S. cerevisiae with rapamycin mimics the effects of starvation, and elicits
activation or repression of the same subset of genes modulated following amino acid

deprivation (396-398, 399; section 6.5).

6.1.4 Is FRAP/mTOR a mediator of “Translational Homeostasis”?

Treatment of cells with translational inhibitors such as anisomycin or cycloheximide
leads to hyperphosphorylation of both 4E-BP1 and S6K! (e.g. 128, 400). By contrast, in
a murine fibroblast cell line transformed by eIF4E overexpression (401), in which general
translation rates are increased (402), both 4E-BP1 and S6K1 are maintained in a
hypophosphorylated state (403). Inducible overexpression of eIF4E also leads to 4E-BP1
and S6K 1 dephosphorylation, indicating that this effect is due to eIF4E (or increased
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translation) itself, and is not, in this case, a secondary effect of the transformation process
(403). Interestingly, 4E-BP1 is also hypophosphorylated in several murine mammary
tumor cell lines, in contrast to non-tumorigenic parental cell strains (404). These data are
consistent with a model in which the signaling pathways modulating 4E-BP1 and S6K1
activity respond to an unscheduled change in translation initiation. It is also conceivable
that transformed cells may acquire the ability to bypass this translational inhibition

mechanism.

6.2 Phosphatase activity and 4E-BP1 phosphorylation

6.2.1 Rapamycin-sensitivity of Ser6S and Thr70 phosphorylation

The phosphorylation of the two most rapamycin-sensitive sites, Ser65 and Thr70, is
under the control of PI3K and Akt/PKB activity (chapter 3), and is dramatically increased
by the presence of serum or insulin (chapters 3-5). FRAP/mTOR, albeit unable to
directly phosphorylate these sites, is critical to maintain them in a hyperphosphorylated
state following growth factor or hormone stimulation. Indeed, the inhibitory effects of
rapamycin on 4E-BP1 phosphorylation at Ser65 and Thr70 can be prevented by co-
expression of a rapamycin-resistant FRAP/mTOR (A-C.G and B. Raught, unpublished).
It may be that FRAP/mTOR activity is required for the activation of a kinase responsible
for the phosphorylation of these sites. Alternatively, it is possible that FRAP/mTOR
activity controls a phosphatase activity, which would be responsible for
dephosphorylating these sites in the presence of rapamycin. The latter hypothesis is
attractive, and agrees well with our observations conceming the phosphorylation of Ser6S
and Thr70. We and others have observed a phosphatase activity directed against Ser6S,
which co-precipitates with FRAP/mTOR. This phosphatase activity is inhibitable by
calyculin A, okadaic acid, or microcystin (375; RT Abraham, pers. comm.; A.-C.G. and
B. Raught, unpublished). Furthermore, in HEK 293 cells, the rapamycin sensitivity of
phosphorylation at Ser65 and Thr70 is drastically reduced by pre-treatment of cells with
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calyculin A, tautomycin or okadaic acid (B. Raught, A.-C.G. and N.S., in prep). This
observation prompted us to analyze the relative tumover rates of phosphate on individual
4E-BPI1 sites, in the presence or absence of rapamycin. This was performed by [*P]
labeling of serum-stimulated HEK 293 cells for several hours (steady state), followed by
a chase (for several time points) with cold phosphate, in the presence or absence of
rapamycin. 4E-BP1 was immunoprecipitated at each of the time points and
phosphopeptide maps were performed, as described in chapters 3-5. This experiment
allows us to specifically study the rate of removal of the phosphate groups (and hence
phosphatase activity) without having to take into account the re-addition of the phosphate
(i.e. kinase activity). While the phosphorylation of Thr37 and Thr46 is unchanged by the
presence of rapamycin (at times up to 60 minutes), the phosphorylation at Ser6S and
Thr70 is dramatically reduced (B. Raught, A.-C.G. and N.S., in prep). At t = 30 minutes,
no phosphopeptides containing Ser65 or Thr70 could be detected in the rapamycin-
treated samples, while in the absence of rapamycin, phosphorylation on these sites is
almost the same as t=0 (B. Raught, A.-C.G. and N.S., in prep). Taken together, these
data indicate that, upon treatment of cells with rapamycin, a phosphatase activity directed
against 4E-BP1 Ser65 and Thr70 becomes activated. Because of the pattern of inhibition
of this phosphatase activity (low concentrations of okadaic acid, calyculin A or
microcystin), the phosphatase involved is most likely PP2A or a PP2A-type phosphatase
(e.g- PP4 or PP6; see below). Thus, in the absence of rapamycin, FRAP/mTOR appears
to repress a phosphatase directed against Ser6S and Thr70. The role of FRAP/mTOR in
regulating the phosphorylation of Thr37, Thr46, Ser65 and Thr70 is depicted in Fig. 6.1.

6.2.2 How does FRAP/mTOR regulate phosphatase activity ?
PP2A and PP2A-like phosphatases have been linked to the Tor pathway in yeast for
several years. Genetic screening in S. cerevisiae has identified the PP2A-like

phosphatase Sitdp, two PP2A regulatory subunits (CDC55 and TPD3), and a



- rapamycin

phosphatase Serum-stimulated

kinase
FRAP/mTOR — O

4E-BP1 37 _46

+ rapamycin

phosphatase Serum-stimulated
ki
FRAP/mTOR nase
4E-BPI1 65 70 |
. )
Fig. 6.1. FRAP/mTOR differentially regulates the phosphorylation of 4E-BP! ar

Thr37/Thr46 and Ser65/Thr70. A protein kinase activity present in the FRAP/mTOR
immunoprecipitates phosphorylates 4E-BP1 at Thr37 and Thr46. This kinase activity is
only mildly affected by rapamycin treatment. FRAP/mTOR also regulates the phosphorylation
of Ser65 and Thr70 through repression of a phosphatase directed against these sites. In the
presence of rapamycin, the phosphatase is de-repressed and dephosphorylates Ser6S and
Thr70.
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phosphatase-associated protein (Tap42p), as part of a rapamycin-sensitive signaling
pathway (246, 405). Tap42p interacts directly with the catalytic subunits of PP2A and
Sitdp. S. cerevisiae expressing a temperature-sensitive Tap42 mutant protein exhibit a
dramatic defect in translation initiation at the non-permissive temperature (405). Thus,
Tap42p is thought to repress PP2A (or Sit4p) activity (also see 398, 406).

Phosphorylation of Tap42p regulates its interaction with phosphatases. While
phosphorylated Tap42p competes with the phosphatase adapter (A) subunit for binding to
the catalytic subunit, dephosphorylated Tap42p does not efficiently compete for binding
(407). Tap42p phosphorylation is modulated by Tor signaling. The Tap42p-PP2A
association in vivo is disrupted by nutrient deprivation or rapamycin treatment (405, 407).
Further, a yeast Tor2p immunoprecipitate can phosphorylate Tap42p in vitro (407), and
Tap42p phosphorylation is rendered rapamycin resistant in yeast strains expressing a

rapamycin-resistant Torl protein (407).

Tap42 orthologs are found in Arabidopsis (408), Drosophila, (GenBank accession
number AAF53289), and mammalian cells (409, 410). The B cell receptor binding
protein a4 (a.k.a Ig binding protein 1, IGBP1) is the mammalian ortholog of Tap42p
(409, 410). An interaction between a4 and phosphatases is also conserved in mammals;
a4 binds directly to the catalytic subunits of PP2A (411, 412), PP4 and PP6 (363, 413).
Like Tap42p, a4 is also a phosphoprotein, and the a4-PP2A interaction was reported to
be abrogated by rapamycin treatment (although this finding remains somewhat
controversial; 411, 412). These observations suggest that Tap42p/a4 phosphorylation,
and PP2A binding, are regulated by TOR signaling, and that an inhibition in TOR
signaling leads to Tap42p/a4 dephosphorylation, dissociation of the Tap42p/a4-
phosphatase complex, and phosphatase de-repression (Fig. 6.2). Although this model is

very attractive, it must be noted that the mechanism by which a4 or Tap42p modulate the
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Figure 6.2. A putative mechanism for Tor (FRAP/mTOR) signaling in response to nutrient
levels. In conditions of nutrient availability, Tor (or FRAP/mTOR) maintains Tap42p (or
«4) in a phosphorylated state. Phosphorylation activates a direct interaction with the catalytic
(C) subunit of PP2A. Interaction of Tap42p (or a4) with PP2Ac prevents association with
the adaptor (A) and regulatory (B) subunits, and thus inhibits dephosphorylation of downstream
PP2A targets. In the absence of nutrients, or in cells treated with rapamycin, FRAP/mTOR
does not signal to Tap42p (or a4), resulting in dephosphorylation of Tap42p (or a4), and
loss of PP2A binding activity. PP2A is then free to associate with the A and B subunits, and
to dephosphorylate downstream targets. Since loss of TOR or dTOR mimics nutrient
starvation, Tor (FRAP/mTOR) likely signals constitutively in the presence of nutrients,
whereas in the absence of nutrients it is inactive (resulting in no signal). For clarity, only
the association of Tap42p (cx4) with the phosphatase PP2A is indicated; it can also associate
with other phosphatases (see text for details).
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actuvity of their binding partners is not well understood; a4 or Tap42p binding has been
reported to both increase and decrease phosphatase activity, or to alter substrate
specificity (364, 412). Interestingly, it has been shown in vitro that incubation of PP2A
and a4 resulted in a phosphatase unable to dephosphorylate a 4E-BP1 substrate (364). It
remains to be tested whether a4 signals to 4E-BP1 in vivo.

6.2.3 Dephosphorylation of Thr37 and Thr46 under stress conditions.

Thr37 and Thr46 are found in their phosphorylated state even in the presence of
rapamycin or PI3K inhibitors, or in the absence of serum (with the exception of the
treatment of serum-starved cells with rapamycin; chapter 4). However, we now know
that certain stress conditions can elicit dephosphorylation of these two sites. For
example. EMCYV infection induces a complete dephosphorylation of 4E-BP1, including
on Thr37 and Thr46 (A.-C.G. and Y. Svitkin, unpublished). In addition, osmotic shock
(treatment with high concentrations of sorbitol), heat shock or UV irradiation result in a
rapid dephosphorylation of all of the 4E-BP1 sites, including Thr37 and Thr46 (B.
Raught and A.-C.G., unpublished). On a two-dimensional IEF/SDS-PAGE, this
correlates with the collapse of all 4E-BP1 isoforms into a single spot (B. Raught and A .-
C.G., unpublished). This unphosphorylated 4E-BP1 isoform binds more tightly to e[F4E
as compared to an intermediately phosphorylated isoform (see, for example, chapter 2),
indicating that these stresses lead to a "super”-activation of 4E-BP1. A phosphatase
appears to be involved in this effect, as dephosphorylation of 4E-BP1 induced following
sorbitol treatment can be prevented by pre-incubation with okadaic acid or calyculin A
(B. Raught and A.-C.G., unpublished). In this case, overexpression of a rapamycin-
resistant FRAP/mTOR is insufficient to protect 4E-BP1 from dephosphorylation. Stress
leads to the activation of several signaling pathways, two of which are the JNK and the
p38MAPK pathway. The JNK and the p38 MAPK pathways are involved in the

regulation of the activity of several downstream target proteins, including e[F4E. The
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use of a chemical inhibitor of p38MAPK (SB203580), and constitutively active or
dominant-negative components of these pathways, indicated a lack of correlation
between the dephosphorylation of 4E-BP1 and the activation of these pathways (B.
Raught and A.-C.G., unpublished). Thus, the mechanism leading to dephosphorylation
(and super-activation) of 4E-BP1 after stress remains unknown. The effects of
dephosphorylation of Thr37 and Thr46 in binding to eIF4E are depicted in Fig. 6.3.

6.2.4 Identification of the phosphatase activities involved in dephosphorylation of 4E-
BPI

As mentioned in section 6.2.1, we found that a phosphatase activity inhibitable by
microcystin, calyculin A or okadaic acid is present in the FRAP/mTOR
immunoprecipitates. It would be interesting to identify the phosphatase activity present
in the FRAP/mTOR immunoprecipitates, as it is a very good candidate for mediating 4E-
BP1 dephosphorylation. Western blotting with antibodies to the PP2A catalytic subunit,
or to the PP2A-type phosphatases (e.g. PP4 and PP6) could be performed on
FRAP/mTOR immunoprecipitates isolated after treatment of cells with rapamycin or
wortmannin, or following amino acid or serum deprivation. If none of the known
phosphatases is found in the FRAP/mTOR immunoprecipitates, a biochemica purification
of the phosphatase activity from FRAP/mTOR immunoprecipitates could be attempted
(each fraction could be tested for its ability to remove [°P] from an in vitro-labeled 4E-
BP1 substrate). A purification scheme could involve the use of a microcystin-Sepharose
pull-down, since the phosphatase activity directed against 4E-BP1 is inhibited by
microcystin (e.g. 414). Microcystin-bound proteins could be fractionated by SDS-PAGE

and silver-stainable bands subjected to mass spectrometry.
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Figure 6.3.  Two sets of phosphorylation sites on 4E-BP1 are differentiaily affected by
serum starvation and stress conditions. Serum deprivation induces dephosphorylation of
Ser65 and Thr70. This results in an increased affinity for eIF4E. Stress conditions further
induce the dephosphorylation of Thr37 and Thr46, resulting in a super-activated 4E-BP1.
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Figure 6.4.  Phosphorylation of 4E-BP1 culminates at Ser65. A) Location of Ser65 on
the co-crystal structure of elF4E and 4E-BP1. B) "Priming only” model to explain to
importance of phosphorylation at Thr37, Thr46 and Thr70. C) "Priming + binding” model

for the function of phosphorylation at Thr37, Thr46 and Thr70.
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5). Thus, it appears that a combination of phosphorylation events (likely involving
phosphorylation of all the sites) is necessary to mediate release.

These studies have been hampered by the absence of a phosphorylated substrate to
perform thermodynamic measurements. For example, in chapter 4 and in figure 6 of
chapter S, we could only perform qualitative measurements of the binding, measuring the
association of 4E-BP1 and eIF4E by pull-down assays. While this method is sensitive
enough to detect major changes in affinity, it probably would not be able to detect more
subtle changes. In addition, all the studies performed to date (except for our figure 7,
chapter 5) were performed using an in vitro phosphorylated recombinant protein
substrate. In most cases, the stoichiometry of phosphorylation at the various sites is
unknown. This is especially troublesome in studies, such as that of Karim et al (222),
which attempt to quantify (using surface plasmon resonance) the effect of
phosphorylation at individual 4E-BP1 sites, using in vitro phosphorylated mutant

proteins.

What is needed is a method that will generate a homogeneous population of proteins,
phosphorylated to a >90% stoichiometry, and only on the desired sites. This
phosphorylated substrate should then be assessed quantitatively for binding to e[F4E. In
a first attempt to perform such an experiment, we have employed phosphopeptides
containing the e[F4E-binding sites, and adjacent sequences C-terminal to this motif
(including Ser65 and Thr70). The affinity of these phosphopeptides for e[F4E was
measured, and it was found that phosphorylation at Ser65 (and in tandem at Ser65 and
Thr70) decreased the affinity for eIF4E, but only by a factor 2 (chapter 5, figure 7). We
are in the process of producing, through a protein-ligation approach, longer

phosphopeptides (phosphorylated in various combinations) for affinity measurements.



page 206

6.3.3 Why is there priming?

Another unresolved issue is how phosphorylation at Thr37 and Thr46 primes the
phosphorylation on the other sites, and how the phosphorylation at Thr70 facilitates
phosphorylation of Ser65. Very few examples of "priming” phosphorylation have been
reported to date for in vivo substrates. Most of them concern kinase substrates that
possess several serine or threonine residues which are targets for phosphorylation by the
same kinase, and separated by only a few amino acids. Glycogen synthase kinase-3
(GSK-3), for example, recognizes serines or threonines lying in the consensus SXXX'S,
where 'S is a phosphoserine (355). Thus, after the first phosphorylation event (itself
primed by another kinase, or through recognition of an acidic residue), GSK-3 can
sequentially phosphorylate several serine or threonine residues in the substrate, as is the
case for glycogen synthase. GSK-3 is not unique in this respect: other kinases, such as
casein kinase I, also exhibit a preference for phosphorylated amino acids near their target
site (356). This type of priming phosphorylation, which can be reproduced in vitro, is the
best understood of all priming mechanisms. It is unknown at present whether such a
mechanism could be responsible for the priming of Ser65 phosphorylation by
phosphorylation at Thr70 (SPVTK"T). It is however unlikely that this mechanism couid
explain the priming of Thr70 by Thr37 and Thr46, since these residues are probably

outside of the kinase recognition site.

Other priming mechanisms could include inducing a conformational change in the
substrate to render a site more easily accessible to a kinase. While 4E-BP1 is
unstructured in solution, it is possible that phosphorylation at Thr37 and Thr46 could
alter the conformation of the 4E-BP1/eIF4E complex. Altemnatively, the first
phosphorylation event could generate a docking site for a protein with affinity for
phosphorylated residues. If the bound protein is an adaptor, such as 14-3-3 proteins, this

could potentially recruit another kinase to the substrate, to phosphorylate the other sites
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(357, 358). Itis also possible that a yet unidentified kinase exhibits an affinity for the
phosphorylated residues. Another possibility is that phosphorylation would generate a
recognition site for an enzyme, such as Pinl, which specifically binds to Ser/Thr-Pro
sites, and isomerizes the proline, resulting in the alteration of their conformation, and or
their activity (reviewed in 382, 415). The isomerization would probably be expected in
this case to alter the conformation of the 4E-BP1/eIF4E complex. It is unknown which of
these possibilities (or any other) applies to the priming of 4E-BP1 phosphorylation.
While conformational changes are very difficult to assess without an enzymatic activity
readout, or large amounts of the proteins phosphorylated on the appropriate sites (see
section 6.3.2), it may be possible to identify proteins that specifically bind to 4E-BP1 (or
rather to the 4E-BP1/elF4E complex) when 4E-BP1 is doubly phosphorylated on Thr37
and Thrd46. Such a condition is attainable, for example, in serum starved cells (see for

example, chapter 5, figure 4).

6.4  Kinases directly phosphorylating 4E-BP1

6.4.1. Kinase(s) phosphorylating Thr37 and Thr46

It remains unclear whether FRAP/mTOR itself is responsible for phosphorvlation of 4E-
BP1 at Thr37 and Thr46, or whether a kinase that is tightly associated to FRAP/mTOR
may mediate 4E-BP1 phosphorylation. In all experiments performed thus far,
FRAP/mTOR was isolated through immunoprecipitation from mammalian or insect cells,
and might contain contaminants. In fact, upon washing of a FRAP/mTOR
immunoprecipitate with SDS, 4E-BP1 kinase activity is lost (A.-C.G., unpublished).
Thus, it could be that FRAP/mTOR is inactivated by SDS (this has been reported to be
the case for other enzymes) or the kinase responsible for 4E-BP1 phosphorylation is not
FRAP/mTOR, but an associated kinase which is lost in the wash. Since FRAP/mTOR
immunoprecipitates contain several additional proteins, as detected by silver staining (A.-

C.G., unpublished), the presence of contaminating kinase activity has not been ruled out.
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This could be accomplished through washing the immunoprecipitates with increasing salt
concentrations (100- 1000 mM KClI; the 4E-BP1 kinase activity is still associated with the
beads in S00 mM KCl), or with different non-ionic and ionic detergents. Wash fractions
could be assessed for the presence of 4E-BP1-kinase activity (with the phosphospecific
antibodies to Thr37 and Thr46) and for the presence of FRAP/mTOR. Positive fractions
could be further purified on ATP-sepharose, a substrate to which many kinases can bind,

and purified proteins could be subjected to mass spectrometric sequence determination.

6.4.2. Kinase(s) phosphorylating Ser65 and Thr70

Although MAP kinases readily phosphorylate 4E-BP1 S/T-P sites (and especially Ser65)
in vitro, their involvement in in vivo phosphorylation has been ruled out, and the
physiological kinases for these sites remain unknown. One important problem that we
have encountered in our attempts to identify the kinase(s) phosphorylating the 4E-BP1
S/T-P sites is that MAP kinases readily phosphorylate 4E-BP1 when free in solution (i.e.
not bound to eIF4E). Because of their abundance and stability, MAP kinases are very
likely to contaminate the kinase fractions. We suspect that this is the reason initial
attempts to purify a Ser65 kinase identified ERK2 as the kinase (221). Because Thr37
and Thr46 phosphorylation prime the phosphorylation of Ser6S and Thr70, the ideal
substrate for a 4E-BP1 S/T-P kinase is a complex of 4E-BP1/elF4E phosphorylated at
Thr37 and Thr46. The production of such a substrate has been problematic: the
stoichiometry of phosphorylation with FRAP/mTOR in vitro is low and varies from
experiment to experiment (A.-C.G., unpublished). I have also mutated these residues to
glutamic acids, but these acidic residues act only as a poor mimic of the phosphorylation
sites (chapter 4). We are currently atiempting to generate, via phosphopeptide synthesis
and protein ligation, a full length 4E-BP1 protein, doubly phosphorylated on Thr37 and
Thr46 to serve as a substrate (in a complex with e[F4E) for the identification of kinases

phosphorylating 4E-BP1 at Thr70 and Ser6S. Because of the role of Thr70
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phosphorylation in facilitating Ser65 phosphorylation, another substrate, pre-
phosphorylated on Thr37, Thr46 and Thr70 may be required to identify a Ser65 kinase.
Once a proper substrate is obtained, the kinase purification could be performed with
standard chromatography methods, followed by affinity purification and mass
spectrometry identification, as described above.

6.5 TOR as a master switch for catabolism versus anabolism

I have discussed in detail the role of FRAP/mTOR in mediating phosphorylation of the
translational inhibitors 4E-BP1 and 4E-BP2. There are several additional translational
targets for FRAP/mTOR: S6K1 and S6K2 (section 1.8.2), which phosphorylate the
ribosomal S6 protein and the translation initiation factor e[F4B (section 1.7.4), eIF4GI
(section 1.7.2), and a translation elongation factor, eEF2 (416; Fig. 6.5). Many other
translation factors are also known to be phosphoproteins (5), but the pathways
modulating the phosphorylation state of these factors have not been studied. Additional

proteins involved in translation control may thus also be downstream of FRAP/mTOR.

It has been suggested that the primary function of the FRAP/mTOR (or Tor) pathway is
the regulation of transtation through modulation of translation factor activity (e.g. 400).
However, TOR signaling has also been demonstrated to coordinate the activity of various
anabolic and catabolic pathways in response to nutrient quality in yeast (Fig. 6.6). In
particular, TOR signaling controis the abundance of the transtation machinery, modulates
the transcription of genes involved in amino acid biosynthesis, and regulates the activity
of amino acid permeases. In both yeast and mammalian cells TOR signaling regulates
autophagy. The involvement of the Tor (FRAP/mTOR) proteins in each of these process
will be briefly reviewed below.
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Figure 6.5.  Signaling to eukaryotic translation initiation and elongation factors. FRAP/mTOR
signaling, in combination with the PI3K pathway, activates the translation of rapamycin-sensitive
mRNAs. In the presence of sufficient nutrients to fuel protein synthesis, mTOR and PI3K signaling
activate the S6Ks, and one or more unknown kinases, to effect phosphorylation of the ribosomal
S6 protein, e[F4B, eIF4GI and the 4E-BPs. In response to agents that raise intracellular Ca*™*, a
specific Ca**/CaM-dependent kinase effects the phosphorylation of eEF2 to inhibit elongation.
mTOR signaling has been reported to inhibit ¢EF2 phosphorylation (possibly via inhibition of
the ¢EF2 kinase), and thus, to increase elongation rates. Phosphatases have been implicated in
the dephosphorylation of several translation effectors, but are not depicted in this figure.
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Figure 6.6  The Tor proteins regulate the balance between protein synthesis and protein
degradation. TOR signaling is active in the presence of sufficient nutrients to fuel protein
synthesis. The TOR signal allows for the translation of mRNAs coding for components of
the translation machinery, ribosome biosynthesis, and the stabilization of high affinity amino
acid permeases. At the same time, TOR signaling destabilizes general amino acid permeases,
inhibits autophagy, and represses the transcription of a subset of genes required for amino
acid biosynthesis.
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6.5.1 TOR regulates the abundance of the translation machinery

In addition to its effect on the phosphorylation state of proteins involved in translational
control, TOR signaling regulates the abundance of the components of the translation
machinery (Fig. 6.6), at both the transcriptional and translational levels. The number of
ribosomes in a given cell can vary dramatically, according to growth conditions
(reviewed in 417). Actively growing cells require numerous ribosomes (e.g.
logarithmically dividing yeast cells produce 2000 ribosomes/minute), and ribosome
synthesis represents a major energy expenditure for the cell (417). In S. cerevisiae,
ribosome biosynthesis requires the transcription of over 100 different genes, involving all
3 RNA polymerases (417). In response to nutrient availability, TOR signaling in S.
cerevisiae regulates the transcription of rRNA by Pol [ and Pol III (418, 419), and the
transcription of ribosomal protein mRNAs by Pol II (396-398, 418). TOR signaling has
also been implicated in the processing of the ribosomal 35S precursor rRNA (418).
When nutrients are limiting, ribosome production is curtailed (or a cell may even begin to
degrade ribosomes, in a scavenging process termed autophagy; see below). The
abundance of several yeast translation factors was also demonstrated to be regulated by
the TOR pathway (418). Transcriptional modulation in S. cerevisiae is responsible for a
decrease in the mRNA levels of initiation and elongation factors following rapamycin
treatment, although the extent of this transcriptional inhibition is less than that observed

for the ribosomal proteins (418).

Through the S6Ks, mTOR signaling regulates the translation of ribosomal protein
mRNAs in mammalian cells (420, 421). In Drosophila and mammalian cells, translation
of the elongation factor mRNAs, and mRNAs coding for other proteins involved in
translation, such as the poly(A) binding protein, is also regulated by the presence of the

5’TOP element (reviewed in 21). Thus, the TOR pathway simultaneously regulates the
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abundance and activity of the translation machinery in both unicellular and multicellular
organisms.

6.5.2 Nutrient-sensitive transcriptional regulation

Switching yeast cells to a poor carbon or nitrogen source induces a state of quiescence
(GO). While the transcription of many genes is inhibited following a switch from a rich
to a poor nitrogen or carbon source (or following rapamycin treatment), global mRNA
profiling has revealed that the transcription of mRNAs coding for proteins involved in
nutrient utilization, respiration, and protein degradation is actually augmented (396-399).
Tor signaling modulates gene expression via cytoplasmic sequestration of several
nutrient-responsive transcription factors. For example, the GATA transcription factor
Gln3p is retained in the cytoplasm through an interaction with the Ure2 protein, while the
zinc-finger containing transcription factors Msn2p and Msn4p are sequestered in the
cytoplasm via an interaction with the 14-3-3 protein Bmh2p (reviewed in 246).
Starvation abrogates Tor signaling, and results in a loss of cytoplasmic retention of
Gin3p, Msn2p, and Msn4p, followed by nuclear translocation and transcription of various
target genes (246, 398). Tor signals to several specific effectors (Tap42, Mkslp, Ure2p,
GlIn3p, and Gatlp) to elicit changes in the expression levels of enzymes involved in
several different metabolic pathways (399, 422). How TOR signaling may affect the
transcription rates of metabolic enzymes in multicellular organisms has not yet been

elucidated.

6.5.3 Amino acid permeases

Permeases are necessary for nutrient uptake, and may be divided into two functional
classes. One class is regulated in response to the available nitrogen source (e.g., the
general amino acid permease Gaplp), and members of this class transport amino acids to

be used as a nitrogen source. The second class mainly consists of high affinity
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permeases, which specifically transport one or a small group of related amino acids to be
used as building blocks for protein synthesis. In starved yeast cells, or in cells treated
with rapamycin, ubiquitination and degradation of the high affinity tryptophan permease
Tat2p is induced, leading to a decrease in tryptophan import (406, 423). This
phenomenon is not unique to Tat2p, as 2 histidine permease (Hiplp) is aiso degraded
upon nutrient deprivation or rapamycin treatment (423). In contrast, rapamycin treatment
increases the abundance of the general permease Gaplp, indicating that TOR signaling
inversely regulates the two classes of permeases (423). TOR regulation of permeases is
mediated through the serine/threonine kinase Nprlp, whose phosphorylation is regulated
by the Tor proteins and Tap42p, in a manner similar to the regulation of S6Ks and 4E-

BPs in mammalian cells (406).

6.5.4 Autophagy

When nutrient levels are low, eukaryotic cells degrade cytoplasmic proteins and
organelles to scavenge amino acids. in a process termed autophagy (424-426).
Autophagy involves the sequestration of a portion of cytoplasm by a double (or multi-)
layered membrane structure termed the autophagosome or autophagic vacuole. This
structure fuses with lysosomal or endosomal membranes, resulting in the degradation of
cytoplasmic components. The TOR proteins regulate autophagy. Rapamycin addition to
yeast cultures or to mammalian cells in culture induces autophagy, even in a nutrient-rich
medium (427, 428). Shifting a temperature-sensitive TOR2 yeast mutant to the non-
permissive temperature also induces autophagy (427). In mammalian cells, autophagy is
inhibited by amino acids and insulin. Activation of S6K is associated with inhibition of
autophagy in rat hepatocytes, and the inhibition of autophagy by amino acids could be
partially prevented by rapamycin treatment (394, 428).
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In sum, the TOR proteins appear to act as master regulators of the balance between
protein synthesis and degradation. In the presence of sufficient nutrients to fuel protein
synthesis, TOR provides a permissive signal to translation, ribosome biosynthesis, and
high affinity amino acid permeases, while repressing autophagy and the general amino
acid permeases. [n the absence of TOR signaling, the translation of mRNAs coding for
components of the translation machinery is specifically inhibited, ribosome biosynthesis
is inhibited, and autophagy is activated.

6.6  Regulation of cell growth and proliferation by PI3K and FRAP/mTOR
signaling

In the fruit fly Drosophila melanogaster, the PI3K- Akt/PKB signaling module plays an
important role in the regulation of cell growth (an increase in cell mass) and, in some
cases, in the control of proliferation (429-431). Mutations in the PI3K or Akt/PKB
Drosophila homologs reduce cell size, organ size and organism size. Ectopic
overexpression of these kinases has the opposite effect (429-431). Mutations in dPTEN
increase cell growth, while overexpression of dPTEN inhibits growth (432-434).

Recently, an important role has also been established for the Drosophila FRAP/mTOR
homolog, dTOR, in the regulation of growth and proliferation (387, 435). Homozygotic
dTOR mutants hatch normally, but larvae grow more slowly and are smaller than their
wild type counterparts. These mutants remain viable for as long as 30 days, but
eventually die without pupating. Interestingly, dTOR mutant cell clones generated by
FLP/FRT-mediated mitotic recombination exhibit a pronounced decrease in cell size in
several adult tissues, and in the developing wing imaginal disc (387). Furthermore, the
cell cycle phasing of dTOR mutant cell clones differs from control cells, with more cells
in G1 and relatively less cells in the S and G2 phases (387). This observation is consistent

with the ability of rapamycin to arrest yeast and mammalian cells in Gl (246, 247).
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While mutations of dPTEN result in increased cell growih (432-434), cell clones lacking
both dPTEN and dTOR were indistinguishable from dTOR clones, indicating that the
growth stimulatory effect of the PI3K pathway requires dTOR function (387).

As is observed in yeast, loss of dTOR function mimics amino acid withdrawal, eliciting
an extended larval period accompanied by a reduction in nucleolar area (indicating
decreased ribosome biosynthesis; 387, 436). In larval endoreplicative tissues (cells
which do not divide, but which replicate their DNA complement), loss of dTOR
phenocopies the cell cycle arrest elicited by starvation. This cell cycle arrest can be
relieved by overexpression of the G1/S regulator cyclin E (387). These data provide
further evidence that dTOR is involved in nutrient sensing, and suggest that in the
presence of sufficient nutrients, dTOR transmits a positive signal, whereas dTOR

signaling is inhibited when the amino acid supply is insufficient to support growth.

Phosphorylation of the Drosophila S6K and 4E-BP (a.k.a Thor: 437) homologs is also
sensitive to rapamycin treatment, and thus appear to be downstream of dTOR (438, 439).
Genetic studies have confirmed dS6K as a downstream effector of dTOR, because
overexpression of this kinase partially rescues dTOR hypomorphic mutants, allowing
them to survive to aldulthood (387). This effect is consistent with the phenotype of flies
devoid of dS6K (440); while viable, dS6K mutants are significantly smaller than wild
type flies due to a reduction in cell size (440). A decrease in cell size is also observed in

cells overexpressing an active form of Drosophila 4E-BP (439).

PI3K and FRAP/mTOR signaling has also been implicated in cell growth and
proliferation control in mammals. PI3K signaling regulates cell and organ size in the
mouse heart (441). As in Drosophila, a FRAP/mTOR mouse mutant (termed flat-top) is
significantly smaller than wild type animals, displays a marked developmental delay, and
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dies in utero (442 and A. Peterson, pers. comm.). Deletion of the murine S6K1 yielded a
small mouse phenotype and a growth delay, but knockout mice did not exhibit any
obvious morphological differences from their wild-type counterparts (443). Importantly,
not all cells are affected to the same degree by S6K1 deletion: for example, a
disproportionate decrease in B-cell size in S6K-/- mice appears to cause glucose tolerance
and hyperinsulinaemia (444). This is believed to be due to the extreme dependence of 8-
cells upon mitogens and nutrients. The analysis of the results in mice are complicated by
the presence of a second S6K isoform (S6K2), which is also rapamycin-sensitive (443).
As for 4E-BP1, a first knockout in mice showed no major difference between wild type
and 4E-BP1-/- animals (445). However, a knockout animal generated in our laboratory
revealed a lean phenotype (the white adipose tissue mass is severely reduced; 446). The
study of knockout animals lacking all three 4E-BPs should provide further evidence for

the role of these proteins in normal development.

In summary, a plethora of results from yeast, Drosophila and mice suggest that growth,
defined as an increase in mass, and proliferation are points of convergence for at least
two distinct sets of cues: signaling from the PI3K pathway, and the presence of sufficient

nutrient levels to support growth, as sensed by Tor or FRAP/mTOR.

6.7  Dysregulation of PI3K and FRAP/mTOR signaling pathways in cell
transformation and cancer

6.7.1 Transforming potential and mutations/amplification/deletion in tumors
Consistent with the critical importance of PI3K and FRAP/mTOR signaling in the control
of growth and proliferation, dysregulation of the activity of several components in this
pathway is associated with transformation. For example, PI3K was first discovered as a
kinase activity co-purifying with the polyoma middle T antigen and the oncogene v-src

(236, 447). Since these early reports, the transforming ability of several other oncogenes
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has been demonstrated to correlate with their ability to bind to and activate PI3K
(reviewed in 448). Oncoproteins derived from PI3K itwseif have also been identified. The
p3k protein, isolated from the avian sarcoma virus ASV 16 and derived from the catalytic
subunit of PI3K, induces hemangiosarcoma in chickens and potently transforms chicken
fibroblasts in culture (449). p65-PI3K, a truncation mutant of the regulatory PI3K p85
subunit, was isolated from a thymic lymphoma (450). This protein drives constitutive
PI3K activation, causing lymphoproliferative disorders and autoimmunity when
expressed in murine T lymphocytes (450, 451). Overexpression of the PI3K a catalytic
subunit, caused by gene amplification, has been detected in ~40% of ovarian cancers
(452). Consistent with an increase in PI3K activity as a causal agent, treatment of
ovarian cancer cells in culture with LY294002 decreased proliferation and increased
apoptosis (452, 453). Furthermore, LY294002 administration decreased the growth of

ovarian tumors in athymic mice, and prevented ascites formation (453).

One of the most frequent targets for mutation in human cancer is PTEN. PTEN was first
identified as a candidate tumor suppressor gene located on chromosome 10 (10g23: 454,
455). Somatic deletion or homozygous mutation of PTEN is detected in a large
proportion of human cancers, and is especially frequent in glioblastomas, melanomas,
endometrial carcinomas and prostate cancers (reviewed in 226). Germ-line mutation of
PTEN is associated with dominantly inherited syndromes associated with cancer
predisposition and developmental defects (e.g. 456, 457). Ectopic expression of PTEN
inhibits the growth of tumor-derived cell lines (reviewed in 226). Disruption of a single
copy of PTEN (+/-) in mice induces multiple types of tumors, confirming PTEN as a
tumor suppressor, while homozygous PTEN-\- mice die in utero (458-460). The basal
activity of Akt/PKB is elevated in PTEN-deficient tumor cell lines (as well as fibroblasts
and tumors from PTEN knockout mice), consistent with a resistance of PTEN-/-

fibroblasts to apoptosis (reviewed in 226).
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Akt/PKB was first described as the cellular counterpart of the oncogene v-akt, a protein
consisting of an N-terminal fusion of a viral Gag protein to the N-terminus of Akt,
inducing constitutive membrane targeting of the protein (236). Overexpression of Akt
transforms mammalian cells in culture (e.g. 461, 462), and AkUPKB genes are amplified
or overexpressed in several cancers (breast, gastric, ovarian, pancreatic, and prostate
cancers; 463, 464-467). Overexpression of anti-sense Akt/PKB mRNA can inhibit
tumorigenicity in a pancreatic cell line expressing high Akt/PKB levels (466).

6.7.2 Rapamycin as an anticancer drug

While no mutations in FRAP/mTOR have been detected in tumors to date, signaling
through FRAP/mTOR appears to be critical for tumor growth. Interestingly, CCI-779 (a
rapamycin ester formulated for intravenous use) inhibits the growth in mice of human
tumor xenografts deficient in PTEN (C.L. Sawyers, pers. comm.). Lower doses of CCI-
779 are required to inhibit PTEN-/- tumor growth than PTEN+/+ tumors, indicating that
PTEN deletion sensitizes cells to growth arrest elicited by FRAP/mTOR inhibition. This
effect is not confined to PTEN deletion, as tumors overexpressing myr-Akt (a membrane-
targeted, activated allele of Akt/PKB) are also sensitized to CCI-779 (C.L. Sawyers, pers.
comm.). Rapamycin administered alone results in growth inhibition (but not the
shrinkage of an existing tumor), but CCI-779 treatment combined with androgen
withdrawal led to tumor regression in an androgen-dependent prostate cancer xenograft
lacking PTEN (C.L. Sawyers, pers. comm.). Rapamycin at low doses ( Ing/ml) reverses
the transformation of chicken embryo fibroblasts expressing p3k or Akt (468). CCI-779
also arrests the growth of various human tumor cells in vivo with different potencies
(ICS0 of ~1nM to >1uM, 469). In nude mouse xenografts, CCI-779 (when given for 5
consecutive days) inhibited glioblastoma tumor growth for up to two weeks after drug
withdrawal, whereas normal immune function was restored as early as one day following

withdrawal, indicating that an intermittent dosage of CCI-779 could be effective (469).
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Thus, rapamycin (or its analogs) may be a promising therapeutic agent for the treatment
of cancers resulting from a dysregulation of the PI3K pathway.

Excessive growth of Epstein-Barr virus (EBV)-transformed B lymphocytes is often the
cause of life-threatening posttransplant lymphoproliferative disorders. Another
rapamycin analog, SDZ RAD, which is in use to prevent graft rejection, has an
antiproliferative effect on EBV-transformed B lymphocytes in culture and in a mouse
model, blocking these cells in G1 and inducing apoptosis (470). Thus, rapamycin
analogs may also be useful in the prevention of lymphoid hyperplasia or lymphoma in

transplant patients.

In regard to the use of rapamycin either as an immunosuppressant or as an anti-cancer
drug, it is important to note that it does not inhibit, but actually stimulates, the translation
of mRNAs containing an [RES (Intemal Ribosome Entry Site; reviewed in 23). All
picornaviruses (including poliovirus, rhinovirus, and coxsackieviruses) and the hepatitis
C virus possess an IRES (reviewed in 22), and replication of poliovirus in cultured cells
is enhanced by rapamycin (325, 326). Since some of these viruses establish persistent
infections, rapamycin treatment could activate their translation in patients. It will thus be

important to assess the risks of this possible side effect.

6.8 Translational targets and cancer

Overexpression of 4E-BP! or 4E-BP2 in cells transformed by eIF4E, Src or Ras reverts
the transformed phenotype (348). In the case of Ras-transformed cells, the mechanism
appears to be mediated (at least in part) through reversal of the anti-apoptotic activity of
Ras (347). In fact, 4E-BP1 overexpression sensitizes Ras-transformed cells to apoptosis
induced by lovastatin or camptothecin, but does not sensitize the parental cells to

apoptosis (347). This phenotype is dependent on the ability of 4E-BP1 to bind to eIF4E,
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as a mutant deficient for binding does not lead to apoptosis sensitization (347).
Interestingly, the specificity of 4E-BP1 for sensitization of transformed cells (as
compared to parental cells) to apoptosis is only observed when transfecting a regulatable
4E-BPI protein. Overexpressing 4E-BP1 mutants (alanine substitutions) which are
unable to be phosphorylated and regulated (Thr37Ala/Thr46Ala or Thr70Ala) induced
apoptosis even in the parental cells (V. Polunovsky, pers. comm.). Thus, it appears that
4E-BP1 can induce apoptosis when it is able to bind strongly (or irreversibly) to eIF4E.
This suggests that the Ras-transformed cells studied lack a mechanism to regulate
(inactivate) the 4E-BPs. Consistent with this observation, dephosphorylated 4E-BP1
predominates in mammary tumors, or in cells transformed by eIF4E overexpression (403;
section 6.1.4, 404). Whether this selective induction of apoptosis in transformed cells by

wild type 4E-BP1 will have therapeutic implications is unknown.

A significant portion of the anti-tumor effects of rapamycin could be due to translational
modulation, especially in light of the multiple translational targets for FRAP/mTOR. The
amount of eIF4E protein is low in cells, relative to other initiation factors and ribosomes
(471, 472). It was reasoned therefore that overexpressing elF4E could lead to
deregulation of cell physiology (reviewed in 113). Indeed, overexpression of eIF4E in
immortalized rodent cell lines causes malignant transformation, as assessed by standard
assays (growth in soft agar and formation of tumors in nude mice; 401, 473, 474). In
NIH 3T3 cells, a two- to threefold increase in eIF4E is sufficient to elicit a transformed
phenotype (473). elF4GI overexpression also results in malignant transformation (475).
Elevated levels of e[F4F components have been detected in a variety of tumors. For
example, a large number of tumors have been found to harbor increased levels of elF4E
(e.g. breast carcinoma, primary bladder cancer, non-Hodgkin's lymphoma and head and
neck squamous cell carcinomas; reviewed in 103, 104). Amplification of the e[F4GI

gene has also been detected in 30% of squamous lung carcinomas (476). High levels of
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elF4Al are found in human melanoma cells (477). Overexpression of various elF3
subunits in a broad spectrum of cancers was also reported (reviewed in 103). Further
studies examining the protein levels and activity of the translation initiation factors will

be necessary to better define the involvement of these factors in tumor formation.

6.9 Conclusions and future directions

As described in this chapter, numerous functions for FRAP/mTOR and the yeast Tor
proteins have begun to emerge, several of which are linked to translational control.
While the function of the phosphorylation of 4E-BP1 is known, the function of the
phosphorylation of eIF4GI and eIF4B is much less clear, and needs to be investigated.
An important question is whether phosphorylation of the various initiation factors
modulates translation of different sets of mRNAs (e.g. the STOP), or whether
phosphorylation of all the factors simply results in a concerted translational up-
regulation. How many mRNA targets FRAP/mTOR actually regulates is also unknown.
While two-dimensional gels combined with protein sequencing is useful to detect
relatively abundant proteins, those present in small quantities (which are often crucial for
cell growth and proliferation) are undetectable. A similar caveat applies to the
experiments using cDNA arrays and DNA chips after separation of mRNA into

polysomes-associated versus non-associated.

While we are getting a good (albeit partial) idea of the pathways modulated by the TOR
proteins, the molecular function of the TOR proteins is unknown. Key questions include:
How do the TOR proteins sense nutrient sufficiency? How do they become inactivated in
the absence of nutrients? Are they linked at all to the PI3K pathway? How do they relay
signals to downstream targets? Since the TORs are expected to work as scaffolds, a
better understanding of their function could be provided by identification of their binding

partners. However, most attempts at isolating FRAP/mTOR binding partners (using two-
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hybrid, far-western or pull-down approaches) have failed, due to the stickiness of the
protein (S. Schreiber, pers. comm.; A.-C.G. and B. Raught, unpublished). In addition,
while FRAP/mTOR is a phosphoprotein, little is known regarding the role of
phosphorylation in FRAP/mTOR activity.

Most of the information that we have regarding FRAP/mTOR has been derived from
studies using rapamycin. In yeast, Tor2p possesses two essential activities, only one of
which is inhibited by rapamycin. Because there is only one TOR protein in mammals, it
appears likely that some of its functions may be rapamycin-insensitive, and FRAP/mTOR
may in fact affect more pathways in mammals than are known at present. The studies of
the putative rapamycin-resistant activities are hampered by the fact that we do not have
cells lacking FRAP/mTOR. We have attempted to generate MEFs from FRAP/mTOR
mutant (flat-top) embryos (442), but these cells do not proliferate, and die (A.-C.G. and
B. Raught, unpublished). A conditional knockout of FRAP/mTOR should help to

provide more information about the function of this protein.
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)

2)

Picomaviruses (encephalomyocarditis virus, EMCV, and poliovirus)
dephosphorylate and activate 4E-BP1. In the case of EMCV, this
dephosphorylation coincides with the shutoff of host cell protein synthesis. In the
case of poliovirus, the dephosphorylation depends on viral replication, and lags
behind the shutoff. Infection with adenovirus induces hyperphosphoryiation of
4E-BPI early in infection, during which translation of the viral RNA proceeds via
a cap-dependent mechanism. 4E-BPI remains in the hyperphosphorylated state
even at later times after infection, during which the shutoff of host protein

synthesis occurs.

PI3 kinase, Akt/PKB and FRAP/mTOR relay signals to 4E-BP1 phosphorylation.
PI3-kinase-induced phosphorylation of 4E-BP1 is sensitive to wortmannin,
indicating that PI3K is the wortmannin-sensitive step in this pathway. Activated
AktVPKB induces phosphorylation of 4E-BP1 and 4E-BP2 in a wortmannin-
resistant, but rapamycin-sensitive manner. Akt/PKB induces phosphorylation of
4E-BP! on the same sites that are phosphorylated following insulin or growth
factor stimulation. The effects of the Akt/PKB-induced 4E-BP1 phosphorylation
are the inactivation of 4E-BP1, and the release of eIF4E. Rapamycin-sensitivity
of AkVPKB-induced 4E-BPI phosphorylation can be overcome by
overexpression of a rapamycin-resistant FRAP/mTOR. Thus, the activities of
these kinases in mediating 4E-BP1 phosphorylation can be ordered:
PI3K>Akt/PKB>FRAP/mTOR.



3)

4)

277

4E-BP1 phosphorylation on the multiple phosphorylation sites occurs via a step-
wise mechanism. A combination of phosphopeptide-mapping and mass
spectrometry allowed the identification of two in vivo sites, Thr37 and Thr46.
Phosphorylation of Thr37 and Thr46 is obtained in vitro with immunoprecipitates
of FRAP/mTOR. Phosphorylation of these two sites is insufficient to mediate
release from elF4E. In vivo, Thr37 and Thr46 are phosphorylated under basal
(i.e. serum-starved) conditions, and the phosphorylation of these sites is only
slightly affected by incubation with PI3K or FRAP/mTOR inhibitors. The
phosphorylation of two sites, Thr37 and Thr46, is required for the

phosphorylation of the other 4E-BP1 phosphoryiation sites.

The 4E-BP1 phosphorylation sites which exhibit the strongest serum-dependence,
Ser65 and Thr70, were identified by a combination of phosphopeptide mapping
and mass spectrometry. These sites are also extremely sensitive to inhibition of
PI3 kinase and FRAP/mTOR signaling. Phosphate addition onto 4E-BP1 was
further ordered, via the use of a combination of two-dimensional isoelectric
focusing/SDS-PAGE and phosphospecific antibodies. Phosphorylation of Thr37
and Thr46 precedes that of Thr70, which itself occurs prior to Ser65
phosphorylation. Thus, the phosphorylation of 4E-BP1 culminates at Ser65.
Phosphorylation of Ser65 alone, or Ser65 and Thr70 in combination, is however
insufficient to mediate release from eIF4E, indicating that phosphorylation of a
combination of sites (probably Thr37, Thr46, Ser65 and Thr70) is necessary to

mediate release.



