50

and 0.0025% bromophenol blue) and boiled for Smin. The
samples were electrophoresed in 10% SDS-PAGE and the
proteins were transferred to nylon membrane, Hybond-P
{Amersham Biosciences Cosp., Piscataway, NJ, USA). Af-
ter blocking with 5% skim milk, L1 protein was probed by
anti-HPV 16 L1 mouse monoclonal antibody (554171, Bec-
ton Dickinson Co. Ltd., San Diego, CA, USA). Horseradish
peroxidase conjugated anti-mouse [gG goat antibodies (SC-
2031, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
and ECL Western Blotting Detection System {Amersham
Biosciences Corp.) were used to detect mouse IgG on the
membrane. The Auorescence were detected by Storm Phos-
phor Imager (Amersham Biosciences Corp.).

Northern blotting

Total RNA was isolated by using RNeasy mini kits (Qiagen,
Hilden, Germany) according to the manufacturers’ instruc-
tions. PolyA RNA was isolated by using oligo dT cellu-
lose {micro mRNA purification kit, Amersham Biosciences
Corp.) according to the manufacturers’ instructions. RNA
(10 ug for total RNA, 2 ug for polyA RNA) was elec-
trophoresed on 1% agarose gel, and transfersed to a ny-
lon membrane (Hybond-XL., Amersham Biosciences Corp.).
32p_labeled probes were prepared by Rediprime II DNA la-
belling system (Amersham Biosciences Corp.). The intensi-
ties of each band was quantified by Storm Phosphor Imager
{Amersham Biosciences Corp.).

Analysis of mRNA stability

293T celis iransfected with the expression plasmids were
incubated for 2 days, and then harvested (0 h), or incubated
with ActinomyeinD (5.g/ml; Sigma-Aldrich, St. Louis, MO,
USA) for a further 0.5, 2, and 8 h before harvesting. PolyA
RNA was extracted, and firefiy luciferase-mRNA and renilla
luciferase-mRINA were detected by the Northern blotting as
described above.

Results

Expression of L1 from the codon modified mutant

‘We confirmed previous findings that HPV16 L1 encodes an
RNA element negatively regulates L1 expression [I18]. A
codon-modified HPV16 L1 mutant was newly constructed
in a way similar to that in the previous report [18]. As de-
seribed in Materials and Methods, the majority of codons
were changed into those used most freguently in human
mRNAs without affecting the encoded protein sequence. Our
codon modification inactivated the inhibitory RNA elements
present in the HPV16 L1 coding region (Figs. 1A and 1B).
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Fig. 1. Expression of HPV16 L1 from SV40 promeoter in 2937 cells (A)
Schemaltic representation of the chimera L1 genes composed of the authen-
tic and a codon-modified L1 genes, 1.1 WT: authentic L1 gene; L1 Mut:
codon-modified L1 gene; SV40: 3V40 early promoter; pA: SV40 late pely
A signal. (B) Western biotting te detect L1, 293T cells were transfected
with the expression plasimid and 48h later cell lysate was analyzed by West-
ern blotting with anti-HPV16L1 mouse monoclonal antibody, (C) Northern
blotting to detect L1.-mRNA, 293T cells were transfected with the mixture
of an expression plasmid for L1 and pEFla-renilla, an expression piasmid
for renilla luciferase. Tota]l RINA was extracted at 48h after the transfection,
PolyA RNA was purified by olige-dT column chromatography and analyzed
by Northern biotting with radio-labeled mixed probes hybridizing with the
entirc coding region of authentic LI and codon-modified L1 genes (indicated
as L1 mRNA). Ther the membrane was re-probed with a radio-labeled probe
hybridizing with renilla luciferase sequences (Rluc mRNA).

HPV16 L1 was not produced in 293T cells transfected with
pSV-L1WT, an SV40 early promoter-driven expression plas-
mid for the wild-type L1 gene, but was efficiently produced
in those transfected with pSV-L1Mut, the one for the codon-
modified gene, which is consistent with the previous findings
that L1 was efficiently produced in 293T cells transfected
with CMV promoter-driven expression plasmid for similar
codon-modified L1 gene [18].

The major inhibitory cis-element was located within the
first 514 nucleotides as previously indicated by analyses
of expressions from fusion genes of HPV16 L1 and EIAV
p55gag [16]. Expression ptasmids for chimeric L1 genes were
produced by replacement of regions from nt} to nt514, from
ntd14 tont914, and from nt914 to nt1518 (A of the first ATG



of the L1-coding region was numbered as nt1) of pSV-L1Mut
with the corresponding regions of the authentic 1.1 gene to
produce pSV-L1ChI, pSV-L1Ch2, and pSV-L1Ch3, respec-
tively (Fig. 1A). L1 was not produced in 2937 cells trans-
fected with pSV-LICh} (Fig. IB). L1 was produced from
pSV-L1Ch2 less efficiently than from pSV-L1Ch3 (Fig. 1B).
The level of L1 produced from pSV-L1Ch3 was comparable
10 that from pSV-L1Mut (Fig. 1B).

The L1 levels were parallel with the levels of L1-mRNA
as previously reported [16]. PolyA RNA was obtained from
293T cells transfected with each of the L1-expression plas-
mid. Level of L1-mRNA was examined by Northern blot-
ting (Fig. 1C). L1.mRNAs from pSV-LIWT and from pSV-
L.ICh1 were not detected. L1-mRNA from pSV-L1Ch2 was
easily detected and those from pSV-LICh3 and from pSV-
LiMut were abundant. For monitoring transfection effi-
ciency, 2937 cells were co-transfected with an expression
plasmid for renilla luciferase, and the level of the mRNA
(Rluc) was examined by re-probing the membrane used for
detection of L1-mRNA (Fig. 1C). The data indicate that as
previously reported [16], the major inhibitory RNA element,
which reduces the steady-state level of mRNA, is present
within the first 514 nucleotides. In an attempt to elucidate
how the element works, we subsequently used the DNA frag-
ment encoding the cis-element to examine its effect on the
mRNA from heterologous genes in 293T cells.

Steady-state level of heterologous mRNA having the major
inhibitory element

The steady-state level of firefly luciferase (Fluc)-mRNA hav-
ing the major inhibitory RNA element near the 5' end was
lower than that of the authentic Fluc-mRNA, The L1 DNA
fragment containing the region encoding the major inhibitory
element (from nt4 to nt313 of the L1 coding region, desig-
nated as the inhibitory region: IR} was inserted into Fluc at its
various sites. The resultant fusion genes were ligated with the
SV40 early promoter to produce a series of expression plas-
mids (Fig. 2A). p5'UTR-IRLuc and p3'UTR-IRLuc had IR in
5'UTR and 3 UTR, respectively. p3-IRLuc has IR at nt3 (the
A at the first ATG of the Fluc-coding region was numbered
as ntl in these fusion genes) in frame. The other expression
plasmids were named similarly. 293T cells were transfected
with each expression plasmid and polyA RNA was obtained
from the cells at 48 h after the transfection. The steady-state
level of the fusion gene-mRNA was deiected by Northern
blotting (Fig. 2B). The mRNAs transcribed from p5'UTR-
IREnc, p3-IRLuc, pl71-IRLuc, and p582-IRLuc were not
detected (Fig. 2B). The longer the distance between the 5" end
of Fluc gene and IR was, the higher the level of the mRNA
was, The level of pl1650-IRLuc-mRNA was comparable to
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Fig. 2. Steady-state level of firefly luciferase-mRNA having the major in-
hibitory element (A) Schematic representation of the fusion genes composed
of firefly luciferase gene and the L1-fragment encoding the major inhibitory
element. IR: DNA fragment of HPV16 L1 from n4 to nt313. A at the first
ATG of firefly luciferase gene is numbered as 1. (B) Northern blotting to de-
tect firefly luciferase-mRNA, 203T cells were transfected with the mixture
of one of the expression plasmids for firefly lusiferase and pEFla-renifla.
Total RNA was extracted at 48h after the wansfection. PolyA RNA was puri-
fied by oligo-dT column chromatography and analyzed by Northern blotting
with a radio-labeled prabe hybridizing with the entire coding region of firefly
luciferase gene (indicated as Fluc). Then the membrane was re-probed with
a radio-labeled probe hybridizing with the entire coding region of renilla lu-
ciferase gene {Rluc). The minor transcript from the eryptic promoter within
the firefly luciferase coding region is indicated by an asterisk. (C} Relative
levels of mMRNA of the fusion genes. The intensity of the band obtained
by the abave Northern blotting was measured by Storm Phosphor Imager
(Amersham Biosciences Corp.} and normalized against that of the renilla
luciferase-mRNA.
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that of pGL3-control-mRNA, the negative element-free au-
thentic mRNA (Fig. 2B).

A minor transcript, indicated by an asterisk in Fig. 2B, was
detected by Northern blotting in the polyA RNA samples
extracted from 293T cells transfected with pGL3-control,
pS'UTRIRLuc, p3-IRLuc, p171-IRLuc, and p582-IRLuc. A
rapid amplification of cDNA ends (5'-RACE) analysis of the
transcript from p3-IRLuc revealed that 5'-end of the most of
the transcripts was nt 644 of the FLuc ORF, indicating that a
cryptic promoter was present within the FLuc ORF. The data
indjcate that IR existing upstream of the cryptic promoter
did not affect the steady-state levels of the poiyA RNA tran-
scribed from the cryptic promoter. When the IR was present
downstream of nt 644, as in p3"UTRLuc, p780-IRLuc, p981-
IRLuc, p1181-IRLuc and p1650-IRLuc, the steady-state lev-
els of the minor poly A RNA transcribed from the cryptic pro-
moter became undetectable. The effect of IR on the polyA
RNA from the cryptic promoter was similar to that on the
polyA RNA from SV40 promoter.

Insertion of IR into the EGFP gene (Fig. 3) and S-gal
gene (Fig. 4) resulted in reduced steady-state mRINA levels
of the fusion genes. Similarly, the efficiency of the mRNA-
reduction depended on the relative position of IR in the
fusion gene. The data indicate that the putative major in-
hibitory element down-regulates the steady-state level of
heterologous mRNA. The efficient inhibition is obtained
when the element is placed near the 53° end of the fusion
gene-mRNA.

Previously it was reported that the insertion of the first 367
nucleotides of the L1 gene into the 5’ ends of EIAV p55gag
gene and CAT gene efficiently reduced the mRNA steady-
state levels and that the insertion of the region into the 3’ end
of EIAVDS53 gene less efficiently reduced the mRINA steady-
state level [16]. Together with the previous findings, the data
in this study indicate that IR near 5’ end of a gene induces
strong reduction of the mRNA in general.

Stability of the mRNA having the major inhibitory element

The reduced steady-state level of the mRINA having the RNA
derived from IR (IR-RNA) was probably not due to the
quick degradation of the mRNA. Since the level of mRNA
from p582-IRLuc was much lower than that from p1650-
IRLuc (Fig. 2B), we examined whether the half-life of p5382-
IRLuc-mRNA was shorter than that of p1650-IRLuc-mRNA.
293T cells were transfected with p582-1RLuc, p1650-IRLuc,
or pGl.3-control. Two days later Actinomyein D (Spg/ml)
was added to the culture medium of the ceils to inhibit de
novo RNA synthesis. Total RNA was extracted at 0, 0.5,
2, and 8h after the addition of Actinomycin D. PolyA-
RNA was purified by oligo-dT column chromatography
and electrophoresed on agarose-gel. The Fluc-fusion gene~
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element, (A) Schematic representation of the fusion genes composed of
EGFP gene and the L1-fragment encoding the major inhibitory element, IR:
DNA fragment of HPV16 L1 from ntd to nt513. A at the first ATG of EGFP
gene is numbered as 1. (B) Northern blotting to detect EGFP-mRNA, 293T
cells were transfected with the mixture of one of the expression plasmids for
EGFP with IR and pEFla-reniila. Total RNA was extracted at 48h after the
transfection. PolyA RNA was purified by oligo-dT column chromatography
and analyzed by Northern blotting with a radio-labeled probe hybridizing
with the entire coding region of EGFP gene (indicated as EGFP). Then
the membrane was re-probed with a radio-labeled probe hybridizing with
renilla luciferase sequences (Rluc). {C) Relative levels of mRNA of the fusion
genes, The intensity of the band obtained by the above Northern blotting was
measured by Storm Phosphor Imager (Amersham Biosciences Corp.) and
normalized against that of the renilla luciferase-mRNA.

mRNA was analyzed by Northermn blotting with radio-labeled
probe specific to Fluc (Fig. 5A). The steady-state level of the
mRNA. from p582-IRLuc was approximately 1/17 of those
from p16350-IRLuc and pGL3-control (Fig. 2 and Fig. 6A,
time Q). After the interruption of RINA synthesis by Actino-
mycin D, the levels of the mRNAs from p582-IRLuc, p1650-
IRLuc, and pGL3-control lowered similarly (Fig. 5B), indi-
cating that the three mRNA species were degraded with a
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Fig. 4. Steady-state level of A-galactosidase-mRNA having the major in-
hibitory RNA element, {A) Schematic representation of the fusion genes
composed of f-galactosidase gene and the 1.1-fragment encoding the ma-
jor inhibitory element. IR: DNA fragment of HPV16 L1 from nt4 to nt513.
A at the first ATG of g-galactosidase gene is numbered as 1. (B) North-
ern biotting to detect B-galactosidase-mRNA, 293T cells were transfected
with the mixture of one of the expression plasmids for g-gajactosidase
with IR and pEFla-renilla. Total RNA was exiracted at 48h after the
transfection. PolyA RNA was purified by oligo-dT column chromatog-
raphy and analyzed by Narthern blotting with a radic-labeled probe hy-
bridizing with the entire coding region of g-palactosidase gene (indicated
as f-gal). Then the membrane was re-probed with a radio-labeled probe
hybridizing with renilla luciferase sequences (Rlec). (C) Relative levels
of mRNA of the fusion genes. The intensity of the band obtained by
the above Northern blotting was measured by Storm Phosphor Imager
Amersham Biosciences Corp.) and normalized against that of the renilla
luciferase-mRNA.

similar efficiency. Thus, the major inhibitory element near
the 5’ end of the mRNA does not enhance degradation of the
matured mRNA.

It was shown previously that the half-life of mRNA tran-
scribed from CAT gene having the first 129 nucleotides of
the L1 gene, the minimum region that reduced the mRNA
steady-state level, was slightly shorter than that from CAT
gene having the codon-modified corresponding region [16].
However, the shortened half-life did not fully account for the
reduced steady-state level of the mRNA [16].
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Removal of the major inhibitory element from transeript by
splicing

Down-regulation of the steady-state mRNA level by IR
placed at the 5’ end of Fluc gene was abolished by removal
of the IR-RNA by splicing. The SV40 splicing donor (SD)
and acceptor {SA) signals were inserted at the 5" and 3’ sides
of IR in p5’'UTR-IRLuc and p3'UTR-IRLuc, respectively,
to produce pS'UTR-IRspl and p3"UTR-IRspl (Fig. 6A). For
comparison, the consensus sequernces of SD and SA were mu-
tated to produce mSD and mSA, respectively, and inserted
into the plasmids (Fig. 6A). PolyA RNA prepared from 293T
cells transfected with each of the plasmids was analyzed by
Northern blotting with radio-labeled probe specific to Fluc
{(Fig. 6B). The spliced form of mRNA from p5'UTR-TRspl
was readily detected, although the unspliced form of mRNA
from p5'UTR-IRmspl was not. A very low level of the spliced
form of mRNA from p5'UTR-IRmspl was detected, indicat-
ing that a low level of splicing occurred with the mutated
donor and the mutated acceptor signals. Both spliced and
unspliced forms of mRNA from p3'UTR-IR-spl and the un-
spliced mRNA from p3'UTR-IRmspl were detected. The data
suggest that the transcription of the gene having IR proceeds
normally and that IR-RNA in the transcript mediates the re-
duction of the steady-state level of mRNA after the splicing
step in the mRINA processing.

The minor mRNA (indicated by the asterisk) transcribed
from the cryptic promoter was detected in the samples from
pS"UTR-IRspl and p5'UTR-IRmspl, but was not detected in
the samples from p3’UTR-IRspl and p3'UTR-IRmspl. Re-
cently, Zhao et al. [25] reported that the RINA element in the
L1 coding region suppressed function of the splicing acceptor
signal existing upstream of the HPV16 L1 coding region in
the context of the HPV 16 late genes. The RNA element may
affect the splicing with the signals located near the element.

Steady-state level of RNA polymerase-I-transcribed RNA
having the major inhibitory element

The inhibitory effect of IR-RNA was not observed when
transcription was directed by the HrD promoter that uses
RNA polymerase-I for RNA synthesis. Since the reduced
steady-state level of mRNA having IR-RNA was not as-
cribed to the shorter half-life of the matured mRNA, we
speculated that the transcript having IR-RNA might de-
grade in the course of mRNA maturation. RNA synthe-
sized by RNA polymerase-1, which is used to produce ri-
bosomal RNA, is not processed as RNA synthesized by
RNA polymerase-II. The $V40 early promoter in pGL3-
control, pSUTR-IRLuc and p3"'UTR-IRLuc was replaced
by the HrD promoter to produce pHrD-Luc, pHrD-5'IRLuc
and pHrD-3TRLuc, respectively (Fig. 7A). 293T cells were
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Fig. 5. Stability of the mRNA having the major inhibitory element (A) Northern blatting to detect firefly luciferase-mRNA 293T cells were transfected with
p582-IRLuc, p1650-IRLuc, or pGL3-control {see Fig. 2). Two days later Actinomyein D (3zg/ml) was added to the eulture medinm. Total RNA was extreacted
before the addition of the drug (for sample 0) and 0.5, 2, and 8 h afier the addition of the drug. PolyA RNA was purified by oligo-dT column chromatography and
analyzed by Northern biotting with a radio-labeled probe hybridizing with firefty luciferase sequences (indicated as Fluc). Then the membrane was re-probed
with 2 radio-labeled probe hybridizing with the entire coding region of renilla luciferase gene (Rluc). (B) Relative degradation rate of the mRNA with and
without the major inhibitory element, The intensity of the band obtained by the above Narthern blotting was measured by Storm Phosphor Imager (Amersham
Biosciences Corp.), normalized against that of the renilla luciferase-mRNA, and plotied as the relative level against the level of sample obtained at Oh,

transfected with each of these expression plasmids and total
RNA was extracted at 48h after the transfection. The RNA
hybridizing with radio-labeled probes specific to Fluc was
analyzed by Northern blotting (Fig. 7B). The steady state
level of Flug-RNA from pS'UTR-IRLuc was virtually unde-
tectable. However, the steady state level of Fluc-RNA from
pHrD-5'TRLuc was comparable to that from pHrD-3IRLuc.
The data strongly suggest that the major inhibitory element
works in association with the cellular machinery for mRNA
maturation.

Discussion

In this study we analyzed the RNA degradation mediated by
the HPV16 L1 major inhibitory cis-element, using the Fluc-
mRINA having the element as a mode] RNA. The steady-state
level of the fusion-Fluc-mRNA was down-regulated by the
element with the efficiency depending on the distance from
the 5' end of the mRNA to the element, suggesting that the
probable interactions of the inhibitory element with the 5
end mRNA is important. [t is possible that the cap structure
may be involved in the RNA degradation. The level of the
Fluc-mRNA having the element at 382 nucleotides from the
5’ end was approximately 1/17 that of the Fluc-mRNA having
the element at the 3’ end, but both mRNAs had a similar half-
iife. This indicates that once matured, the mRNA with the

element is as stable as the one without, and that the decay
occurs before the maturation of mRNA. The Fluc-mRNA
having the element near the 5' end was undetectable, but
removal of the element by splicing resulted in emergence of
the easily detectable mRNA lacking the element. Involvement
of the cellular machinery for mRNA-maturation was further
suggested from the fact that the stable RNA with the cis-
element was synthesized by RNA polymerase-I, which is
known to produce unprocessed RNA. Thus, the results of
this study are likely to indicate that the inhibitory cis-element-
mediated RNA decay takes place after splicing and before the
completion of mRNA maturation, probably using the cellular
machinery for mRNA processing.

Leder et al. {18] examined IRES-mediated expression of
GFP from bicistronic mRINA having the L1 gene placed up-
stream of the IRES by using a CMV promoter-driven expres-
sion plasmid. The Level of GFP from the fusion gene having
the codon-meodified L1 gene was 5 times higher than that
from the fusion gene having the authentic L1 gene, although
the level of 1.1 from the codon-medified L1 gene was 1,000
times higher than that from the authentic L1 gene. They con-
cluded that adaptation for codon usage accounts for the vast
majority of the improvement in protein expression, whereas
transcriptional events contribute only to a minor degree. We
cannot discuss the reason for the discrepancy between our
and Leder et al.’s conclusions because Leder er al. did not
analyze the levels of the mRNA. The resunlts in this stady
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blotting to detect fizefly luciferase-mRNA, 2937 ceils were transfected with
the mixture of one of the expression plasmids for firefly Jusiferase and pEF1a-
renilla. Total RNA was extracted at 48h after the transfection. PolyA RNA
was purified by oligo-dT column chromatography and analyzed by Northern
blotting with a radio-labeled probe hybridizing the entire coding region of
firefly luciferase gene (indicated as Fluc). Then the membrane was re-probed
with a radic-labeled probe hybridizing with the entire ceding region of re-
nilia luciferase gene (Rluc), The minor transcript from the cryptic promoter
within the firefly luciferase coding region is indicated by an asterisk.

totally agree with the previous results presented by Collier
etal [16].

The negative regulation may be important for the part of
HPV16 life cycle; L1 is expressed only in the upper layers of
the epithelium [4]. For the extremely limited L1 expression
in the terminally differentiating keratinocytes, HPV proba-
bly takes advantage of cellular mechanism for regulation of
differentiation-specific gene expression. The negative regu-
{ation may be inactivated by cellular factor(s) emerging in
the differentiating keratinocytes.

Down-reguiation of mRNAs by cis-acting RNA elements
in the coding regions have been reported for some cel-
lular mRNAs from genes, such as, ¢-fos [26, 27], c-myc
[28]1, and beta-tubulin [29]. The regulation of these mR-
NAs is coupled with transiation, and the degradation oc-
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RNA polymerase-I. (B) Nerthern blotting to detect firefly luciferase-RNA,
293T cells were transfected with the mixture of one of the expression plas-
mids for firefly lusiferase and pEF1a-renilla. Total RNA was extracted at48h
after the transfection and analyzed by Northern biotting with a radio-labeled
probe hybridizing with the entire coding region of firefly luciferase gene
(indicated as Fluc). Then the membrane was re-probed with a radio-labeled
probe hybridizing with the entire coding region of renilla luciferase gene
(Rlue). The minor transcript from the eryptic promoter within the firefly lu-
ciferase coding region is indicated by an asterisk. (C) Relative levels of RNA
of the fusion genes, The intensity of the band obtained by the above Northern
blotting was measured by Storm Phosphor Imager (Amersham Biosciences
Corp.) and normalized against that of the renilia luciferase-mRNA.

curs in the cytoplasm. In the case of mRNA for folate re-
ceptor type alpha (FR-alpha), the mRNA is degraded in
the nucleus by unknown mechanism {30]. Degradation of
pre-mRNA in the course of mRNA maturation, as HPV16
LI-mRNA, has been found for mRNAs from genes, such
as, alpha l.-acid glycoprotein (AGP) [31], spot 14 [32],
class I major histocompatibility complex (MHC) [33], di-
hydrofolate reductase (DHFR) [34], myeloperoxidase [35],
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granulocyte-macrophage colony-stimulating facter (GM-
CSF) {36], and peptidylglycine alpha-amidating monooxy-
genase (PAM) genes [37]. Expression of these genes seems
to be regulated very strictly. Molecular details of the post-
transcriptional regulation remain unknown.
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Takayuki Murata' and Kunitada Shimotohno?

From the Department of Viral Oncology, Institute for Virus Research, Kyato University, Sakyo-ku, Kyoto 606-8507, Japan

Translation initiation factor 4E (elF4E} is a cytoplasmic
cap-binding protein that is required for cap-dependent trans-
lation initiation. Here, we have shown that eIF4E is ubiquiti-
nated primarily at Lys-159 and incubation of cells with a pro-
teasome inhibitor leads to increased eIF4E levels, suggesting the
proteasome-dependent proteolysis of ubiquitinated eIF4E.
Ubiquitinated eIF4E retained its cap binding ability, whereas
elF4E phosphorylation and eIF4G binding were reduced by
ubiquitination. The W73 A mutant of el F4E exhibited enhanced
ubiquitination/degradation, and 4E-BP overexpression pro-
tected elF4E from ubiquitination/degradation. Because heat
shock or the expression of the carboxyl terminus of heat shock
cognate protein 70-interacting protein (Chip) dramatically
increased eIF4E ubiquitination, Chip may be at least one ubig-
uitin E3 ligase responsible for elF4E ubiquitination.

The eukaryotic mRNA cap (m”GTP} is a highly conserved
structure located at the 5'-end of RNA molecule that plays an
essential role in regulating mRNA decay, compartmentalization,
maturation, and translation initiation (1). In the cytoplasm,
eukaryotic translation initiation factor 4E (elF4E)? specifically
binds the mRNA cap structure and regulates cap-dependent
franstation initiation as a component of the elF4F complex,
which also includes the docking protein elF4G and the ATP-
dependent helicase elF4A (2—4). The eIF4F complex enhances
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the assembly of the other initiation factors, such as eIF3, mito-
gen-activated protein kinase (MAPK) signal-integrating kinase,
and the 40 S ribosomal subunit. Disruption or overproduction
of e[F4E leads to aberrant cell growth or oncogenesis (4), dem-
onstrating the importance of its availability for cellular protein
synthesis.

Despite the impeortance of elF4E, little is known about the
regulation of eIF4E protein expression levels. Transcription of
the gene is induced in response to serum, growth factors (5}, or
immunological activation in T cells (6). Additionally, celiular
differentiation state also affects levels of the protein (7, 8}. The
elF4E promoter contains two c-Myc-binding sites (9) and a
heterogeneous nuclear ribonucleoprotein IK-binding site (10),
both of which are critical for the transcriptional regulation of
elF4E. However, the rate and mechanism of elF4E degradation
remain unclear, except that Othumpangat et al. (11) reported
that elF4E is ubiquitinated and degraded in a proteasome-de-
pendent manner in response to heavy metal.

Ubiguitin (Ub), a low molecular weight polypeptide com-
posed of 76 amino acids, can be covalently conjugated to Lys
residues in target proteins (12, 13). Ub conjugation is a well
coordinated event involving several classes of enzymes, includ-
ing ubiguitin-activating enzymes (E1), ubiquitin-conjugating
enzymes (E2), and ubiquitin ligases {E3). Protein ubiquitination
is a signal for targeted recognition and ATP-dependent prote-
olysis by the 26 $ proteasome. The Ub-proteaseme pathway is
an important factor controlling the expression and activity of
regulatory proteins such as transcription factors or oncogene-
sis. Here, we have shown detailed analysis of elF4E ubiquitina-
tion and proteasome-dependent degradation.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, and Reagenis—Human embryonic
kidney (HEK) 293T cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen) supplemented with 16% fetal
bovine serum, 100 units/ml of nonessential amine acids
(Invitrogen), and penicillin and streptomycin sulfate {Iavitro-
gen). Rabbit anti-elF4E and mouse anti-phospho-elF4E
antibodies were purchased from Cell Signaling Technology
{Beverly, MA), and mouse anti-tubulin antibody was from
Oncogene Research Products (San Diego. CA). Mouse anti-
Myc antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA}. Mouse and rabbit anti-FLAG antibodies were from Sigma.
Mouse and rat anti-HA antibodies were obtained from Roche
Applied Science. Horseradish peroxidase-linked goat antibod-
ies to mouse or rabbit 1gG were from Amersham Biosciences.
Horseradish peroxidase-linked goat antibody to rat IgG was
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acquired from Jackson ImmunoResearch. MG132 was pur-
chased from Peptide Institute (Osaka, Japan).

Plasmid Construction—For cloning human c¢DNAs, total
RNA was prepared from HEK293T or Huh-7 cells and ampii-
fied by reverse transcription PCR. The coding region of human
elF4F was obtained and was cloned into the vector pcDNA3 or
pcDNA3-FLAG (14} to generate pcelFAE or pcFLAGelF4E,
respectively. To prepare pcMycChip and pcMyc4E-BP1-3, the
coding regions of human Chip and 4E-BP1-3 were amplified
and cloned into pcDNA3-Myc (14). Primer sequences used
were as follows. elF4E, 5'-cggaattcatggcgactgtcgaaceggaa-
acc-3' (forward), 5'-ctgactcgagttaaacaacaaacctattittag-3 (re-
verse). Chip, 5'-tatcggatcctgaagggeaaggaggagaaggag-3' (forward),
5'-gatggatccteagtagtectecacceagecatte-3' (reverse). 4E-BP1, 5'-
ctatcggateetgteegggppeageagetgeag-3' (forward), 5'-cgatggatect-
taaatgtceatcteaaactgte-3 (reverse). $E-BP2, 5'-ctatcggatectgteete-
gteageeggeagegg-3' (forward), 5'-cgatggatectcagatgtecatetegaact-
gag-3 (reverse). 4E-BP3, 5’ -ctatcggatcctgtcaacgtccactagetgeee-3°
{forward}, 5'-cgatggatocttagatgteeatttcaaattgtg-3 (reverse). Bold
letters in the primers denote restriction sites. Expression
plasmids for eIF4E point mutants were generated by PCR
using pcFLAGeIF4E as a template. To create pcHAUD, the
Ub gene was amplified by reverse transcription PCR and
inserted into the BamHI site in the pcDNA3-HA (14).

Inumunoprecipitation/Immunoblotting—HEIK293T cells were
transfected with appropriate plasmids using FuGENE 6 reagent
(Roche Applied Science). For immunoprecipitation/immuno-
blotting to detect ubiquitinated forms of eIF4E, cells were sol-
ubilized 24 h post-transfection in 100 pl of SDS(+) lysis buffer
{10 mum Tris-HCl, pH 7.8, 150 ma NaCl, 1 mm EDTA, 1% Non-
idet P-40, 1% SDS, and protease inhibitor mixture). Lysates
were boiled for 5 min to completely denature proteins and dis-
rupt non-covalent interactions. Cell lysates were then diluted
with 900 wl of SDS(—) lysis buffer (10 mum Tris-HCL, pH 7.8, 150
mu NaCl, 1 mum EDTA, 1% Nonidet P-40, and protease inhibi-
tor mixture) and precleared with protein-G-Sepharose (Amer-
sham Biosciences. Supernatants were then mixed with anti-
body and incubated at 4 °C for 1 h. Immunocamplexes were
recovered by incubating protein-G-Sepharose for 1 h, and the
resin was washed five times with SDS(—) lysis buffer. Samples
were subjected to SDS-PAGE, followed by immunoblotting
with indicated antibodies as described previously (15). For
immuneprecipitation/immunceblotting to detect protein asso-
ciations, SDS{~) lysis buffer was used and samples were not
boiled before immunoprecipitation.

m GTP-Sepharose Precipitation/Tmmunoblotting—Hek293
cells were lvsed in SDS(—) lysis buffer, precieared, incubated
with 7-methyl GTP-Sepharose {Amersham Biosciences) at 4 °C
for 2 h, and then washed extensively with the same buffer Pre-
cipitates were subjected to SDS-PAGE and immunablotting as
described alzave. For highly efficient exposure, we used Lumi-
gen TMA-6 Solution {Amersham Biosciences).

RESULTS

Ubiquitination and Proteasome-dependent Degradation
of elF4E—Ta confirm ubiquitination of elF4E in cells, we
transfected HEK293T cells with FLAG-tagged elF4E
(pcFLAGeIF4E) and/or HA-tagged Ub (pcHAUD). Cellular
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proteins were then subjected to immunoprecipitation (/P) with
anti-FLAG antibody, followed by immunoblotting (IB) with
anti-HA antibody (Fig. 14, top panel). When both elFAE and Ub
were produced, mono- (eIF4E-Ub) or poly- (elF4E-Ub,) ubig-
uitinated forms of e[F4E appeared (Fig. 14, top panel, lane 4).
The arrows in Fig, 1 depict the estimated size for non-ubiquiti-
nated elF4E. Ubiquitination was not detectable when either
elFAE or Ub alone was expressed (Fig. 1A, top panel, lanes 2and
3), demonstrating the specific linkage of Ub and eIF4E. The
membrane was stripped and probed with anti-FLAG antibody
to confirm the successful precipitation of elF4E protein (Fig.
1A, 2nd panel). Additionally, all transfected proteins were
expressed and gels were loaded equally as shown in Fig. 14, 3rd,
4th, and bottom panels. Non-ubiquitinated FLAGelF4E protein
resolved arcund 27 kDa and the mono-ubiquitinated form was
~37 kDa. Additionally, we were able to detect mona-ubiquiti-
nated elF4E in whole cell extracts (WCE) (Fig. 1B, top panel,
lane 3),

The ubiquitination of elF4E may be affected by its phaspho-
rylation, cap binding, and elF4G binding, We generated mutant
forms of elF4E to further examine this issue (Fig. 1C). We
mutated Ser-209, the elF4E residue phosphorylated by MAPK
signal-integrating kinase (16), Trp-56, a residue located within
the elF4E hydrophobic pocket, required for cap binding (17),
and Trp-73, a residue essential for the interaction of elF4E with
elF4G/4E-BP (18). Although the ubiquitination of either 5209A
or W56A elF4E was comparable with that seen with WT elF4E,
the ubiquitination of the W73A mutant was dramatically
increased (Fig. 1C, top panel, lane 6), suggesting a role of elF4G/
4E-BP association in regulating elF4E ubiquitination.

Ubiquitinated prateins are typically degraded by the pro-
teasome, and we used MG132, a proteasome inhibitor, to
examine whether elF4E was degraded in this manner (Fig. 1,
D and E). When cells co-transfected with pcFLAGelF4E and
pcHAUbD were treated with MG132 for 12 h, we observed the
accumulation of polyubiquitinated forms of eIF4E (Fig. 1D,
top panel, lane 4). Mono-ubiquitinated eIFAE became less
prominent with MG132 (Fig. 112, top panel, lane 4), presum-
ably because of the accumulation of other ubiquitinated tar-
get proteins.

Although the levels of elF4E mutants were almost compara-
ble at 24 h after transfection (eg Fig. 1C, middle panel), the
band for W73A elF4E became very faint when incubated for
48 h (Fig. 1E, lane 4) or more (not shown). We assume the
shorter half-life of the mutant protein is relevant to the
enhanced ubiquitination (Fig. 1C, top panel, lane 6). At 24 h,
degradation of the protein is not evident because it is compen-
sated by the massive production from efficient ptasmid vector,
whereas at 48 I, the production becomes weaker and the deg-
radation becomes apparent (see “Discussion”).

Treatment with MG132 increased levels of both WT and
W73A mutant ¢lF4E (Fig. 1E). MG132 was added at 24 h
after transfection because it is toxic for cells when adminis-
tered for more than 24 h. These results clearly demonstrate
that eIF4E is ubiquitinated and degraded in a proteasome-
dependent manner and suggest that the interaction of elF4E
with elF4G/4E-BP is important for the reguiation of elF4E
ubiquitination/degradation.
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FIGURE 1 Ubiquitination and proteasome-
and/or pcHAUD. 24 h after transfection, ce
SDS-PAGE and analyzed by immunobletting (/B) with anti-HA anti
(2nd panel), A portion of the whole cell extracts (WCE) was directly subjected to SDS-PAGE, and 13 was performed with anti-HA (3rd panel),

tubulin (bottom penel} antibody. B, detection of elF4E ubiguitination without 12, Cells transfected with pcFLAGeIF4E and/or pcHAUB were subjected to

il lysates were immunaprecipitated (

iy ——————

v 123456

e A -
by —

1234548

dependent degradation of elF4E. A, ubiguitination of elF4E. HEK293T cells were transfected with pcFLAGeiFaE
iP) with anti-FLAG antibody. The immunoprecipitates were subjected 10
body (top panel). The membrane was then stripped and reprobed with anti-FLAG antibody
FLAG {4th panel), or

SDS-PAGE, followed by IR with amti-FLAG (upper} or tubulin (fower) antibody. The upper pane] was overexposad to detect mono-ubiquitinated elF4E. C, effect
of mutations on ubiguitination. Cells transfected with pcHAUb and/or wild-type {WT) pcFLAGeIF4E or the mutant forms of pcFLAGelF4E were lysed for IP with
anti-FLAG antibody, fallowed by 1B with anti-HA antibody (top). The membrane was then stripped and reprobed with anti-FLAG antibody {middie). Levels of
rubulin in the WCE were examined as a loading control (bottom}. D, effect of MG132 on elFAE ubiquitination.-24 b after transfection, cells were treated with
MG132 or Me,S0. At 12 h after the addition of MG132, cells were harvested for IP with anti-FLAG antibody, followed by 1B with anti-HA antibody (top). The
membrane was then stripped and reprobed with anti-FLAG antibody (middle). Tubulin was used as a loading controi (bottom}. £, effect of MG132 on elF4E
fevels. Cells were transfected with WT or W73A mutant of pcFLAGe!F4E. 24 h after transfection, cells were treated with MG132 (5,10 ) and incubated for
another 24 h. WCE was subjected to SDS-PAGE and |B with anti-FLAG (upper} or tubulin {bottom) antibody. HC and LC denote bands for IgG heavy chain andlight
chain. e.v., empty vectar. Arrow, estimated size for non-ubiquitinated elF4E. elF4E-Ub, mono-ubiquitinated elF4E; elf4£-Ub,,, polyubiguitinated elF4E.
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FIGURE 2. Identification of the ubiquitinated residue. A-C, as in Fig. 14, cells were transfected with pcHAUb and WT or mutant forms of pcFLAGeIFAE. 24 h
after transfection, cell lysates were subjected to IP with anti-FLAG antibody, followed by SDS-PAGE and 1B with anti-HA antibody {upper panel), The membrane
was then stripped and reprobed with anti-FLAG antibody (middle). Levels of tubuiin in the WCE serve as a control (bottom).

Identification of Residues Required for elF4£ Libiquitina-
tion—Target proteins are ubiquitinated on Lys residues, and
elF4E contains 16 Lys residues. To identify the particular resi-
due(s) that become ubiquitinated, we generated a series of Lys
to Arp {K/R) mutants (Fig. 24, lanes I-5). However, none of
these 5 K/R mutants exhibited decreased ubiquitination com-
pared with WT elF4E, suggesting that multiple Lys residues

arnr s
PRSP
A alaa
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may be ubiquitinated. Therefore, we next prepared an expres-
sion construct, pcFLAGelF4EKalIR, in which all Lys residues
were mutated to Arg (Fig. 24, lane 10}, and, as expected, this
mutant was hardiy ubiquitinated.

W subsequently generated 16 plasmids in which a single Lys
residue of the KallR mutant was restored while the other Lys resi-
dues remained mutated (Fig. 2B, lanes 4-7, Fig. 2C, lanes 3-15).
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FIGURE 3. m’GTP association of elF4E. A, association of elF4E mutants and m’GTP. Cells transfected with WT or mutant forms of pcFLAGeIFAE were lysed 24 h
after transfection, Lysates were precipitated with m’GTP-Sepharose and subjected to SDS-PAGE and {B with anti-FLAG antibody (top). As control, a portion of
the WCE was directly subjected to SDS-PAGE, and |B was performed with anti-FLAG {middle) or tubulin (bottom) antibady. B, ubiquitinated elF4E associated
with m’GTP. Cells transfected with WT or mutant forms of pcFLAGeIF4E and peHAUD were lysed 24 h after transfection. m’GTP-associated proteins were
collected and subjected to I1B withanti-HA (upper feft panel} or FLAG {upper right pariel} antibady. As controls, levels of eIFAE {lower left panel), Ub (fower middle),

and tubulin (lower right) in the WCE were examined with anti-FLAG, HA, and tubulin antibodies, respectively.

Interestingly, restoration of a single Lys, Lys-159, restored the
ubiquitination of e]F4E to the same extent as WT (Fig. 2B, lanes 2
and 4). Thus, it is likely that Ub conjugation occurs primarily at
Lys-159, although other Lys residues become Ub modified in the
ahsence of this residue (Fig. 24, lane 3).

Effect of elF4E Ubkiquitination on m GTP Association—
Because cap binding is essential for elF4E function, we exam-
ined elF4E m’GTP binding using m”GTP-Sepharose (Fig. 3).
FLAG-tagged elF4E mutants were expressed in cells, and
m’GTP-binding proteins were precipitated, followed by detec-
tion by 1B. As expected, a W56A elF4E mutant only weakly
associated with m"GTP (Fig. 34, lane 4) (17}, but the other

20792  JOURNAL OF BIOLOGICAL CHEMISTRY

elF4E mutants examined, including KallR and K159R, all bound
m GTP as efficiently as WT elF4E (Fig. 34).

We next wished to examine whether ubiquitinated eIF4E was
capable of binding the cap structure. Cells were transfected
with pcFLAGeIF4E mutants together with pcHAUD, and
m’GTP-bound proteins were detected using anti-HA (Fig. 35,
wpper left panel) and anti-FLAG (upper right panel) antibodies.
The anti-HA antibody detected both mono-and polyubiquiti-
nated proteins (Fig. 3B, upper left, lanes 2 and §), and when
precipitated material was blotted with anti-FLAG at least
meno-ubiquitinated WT and K159R elF4E were seen (Fig. 35,
upper right, lanes 2 and 5, arrowhead). Protein expression was
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FIGURE 4. Phosphorylation of @IF4E. A and B, phosphorylation of elF4E mutants. Cells transfected with WT or mutant forms of pcFLAGeIFAE were lysed 24 h
after transfection. Lysates were precipitated with anti-FLAG antibody and subjected to IB with anti-phospho-elF4E {top panels) or FLAG (middle) antibody. As
a control, levels of tubulin in the WCE were examined (bottom). €, phosphorylation of ubiquitinated elF4E was not detectable. Lysates from cefls transfected
with WT or mutant forms of pcFLAGeIF4E and pcHAUD were precipitated with anti-FLAG antibody and subjected to SDS-PAGE and 1B with anti-HA (upper left
panel), FLAG (upper midd!e) or phospho-elFAE (upper right} antibody. As controls, levels of el 4E (lower left), Ub (lower middle), or tubulin (fower right) in the WCE

were examined using anti-FLAG, HA, or tubulin antibedy, respectively.

confirmed in the lower panels of Fig. 3B. Ubiquitinated W56A
and KallR eIF4E were not precipitated with m”GTP (Fig. 3B,
npper panels, larnes 3 and 4), because the cap binding and ubiqg-
uitination of W56A and KallR mutants, respectively, are very
low. Thus, these results suggest that ubiquitinated elF4E
remains capable of binding the cap structure,

Effect of eIF4E Ubiquitination on Phosphorylation—We next
wished to examine the possible relationship between elF4E
ubiguitination and phosphorylation, and we used a phespho-
elF4E antibody for these studies. As expected, this antibody did
not react with the phosphorylation mutant S209A, although the
WT and W56A mutants were phosphorylated (Fig. 44, top
panel, lanes 2- 4). W73A also failed to be phosphorylated (Fig.
4.4, top panel, lane 5). This is consistent with published reports

JULY 28, 2006+-VOLUME 281-NUMBER 30 00%

indicating that MAPK signal-integrating kinase, the kinase
responsible for elF4E phosphorylation, is recruited by eIF4G
(18). The KallR mutant showed little or no phosphorylation,
whereas levels of K159R phosphorylation were normal (Fig. 4B,
top panel, lanes 4 and 5).

We next examined whether ubiquitinated elF4E was phospho-
rylated. As depicted in the wupper right panel of Fig. 4C, despite
gross overexposure, mono-ubiquitinated e[F4E was not seen to
be phosphorylated (Fig. 4C, upper right, lane 2, arrowhead),
whereas ubiquitination of elF4E in the same samples was evi-
dent when blotted with anti-HA or anti-FLAG antibodies (Fig.
4C, upper left and middle panels). Some faint bands were visible
above 37 kDa in Fig. 4C {upper right panel), but we assume these
are nonspecific. Therefore, we conclude that phosphorylation
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Ubiguitination of elF4E

and ubiquitination may not occur A B

simultanecusly in a single elF4E

molecule. However, we cannot pemycdEBP 1 2 3

exclude the possibility that levels of pcFlagelFAE q>5+ + a>j+ + ;+ +

elF4E phosphorylation are very low pcHAUD  ++  ++ ++ pcMyc4EBP 112233 53

if the molecule is modified with Ub. poFlagelFdE ++++++ ++ 0@
Effect of eIF4E Ubiquitination on P Flag MG132 + + + + +

elF4G Binding—Because the associ- iB: Flag WCE

ation of elF4E with elF4G is essential e - —_ — - glF4E-Ub 1B; Flag

for cap-mediated translation initia- 26 — LG — - D . DD gy < c|FAE s Tmmemmmmem—

tion, we analyzed the binding of el FAL
to elF4G by IP and iB. HA-tagged

elF4G and FLAG-tagged eIF4E WCE
mutants were produced in cells, IB; fubulin
together with Myc-tagged Ub. elF4G WCE o=
was isolated with anti-HA antibody, IB: Myc

and elF4G-associated elF4E was 15— - - - 4EBPs

detected with anti-FLAG antibody WCE

{Fig. 5A, top, 2nd panel). Membranes WOE 18: Myc .

were stripped and reprobed with

anti-HA antibody (Fig. 54, 3rd panel). 18: Fjag_ — momr s glF4E

When WT FLAG-tagged elF4E was . T4 2345678910
co-expressed with elF4G and Ub,

only non-ubiquitinated elF4E co-pre- v g ey

cipitated with elF4G, even upon gross WCE '

overexposure of the blot (Fig. 54, Jst 18: HA
and 2nd panels, lanes 4-9}. As

expected, the W73A mutant of elF4E

did not associate with elF4G, but the

association of KallR mutant with

elFAG was also weak (Fig. 54, top

panel, lanes 7 and 8). As a control, we WCE
expressed FLAG-tagged WT elF4E 1B tubuhn
with Myc¢-tagged Ub and precipitated 30—
total efF4E with anti-FLAG. As seen

in Tig. 5A, 2nd panel, lane 1, at least

mono-ubiquitinated  e[F4E  was > 123456789
detectable under these conditions, FIGURE 6. Effect of 4E-BP on elF4E ubiquitination/degradation, 4, expression of 48-BP suppressed elF4E
e ubiguitination, Cell lysates transfected with pcFLAGeIFAE, pcHAUb, and pcMyc4E-BP1, 2, or 3 were precipitated
but ubiquitinated elF4E was not  ith anti-FLAG antibody and subjected to B with anti-FLAG {top panel) antibody. Levels of 4E-BP {2nd panel),
found in the elF4G-associated frac-  eiF4E {3rd), Ub (4th), or tubulin {bottom) in the WCE were checked using anti-Myc, FLAG, HA, or tubulin anti-
" ; body, respectively. 8, expression of 4F-BP suppressed elF4E degradation. Cells were transfected with
tions (Flg. 5_4’ 2nd pane[, lanes 4-9). chEAGeI:&E and/yor pcMy?:z%EBP‘i, 2, 0r 3, 24 h after transfection, ce?ls were treated with MG132 {10 um} and
As an additional control, we con-  incybated for another 24 h. WCE was subjected to SDS-PAGE and 1B with anti-FLAG (upper}, tubulin (middle), or

firmed that the expression of efF4G  Myc tbottom) antibody.

did net suppress elF4E ubiquitination

(Fig. 5B, top panel, lane 3). Thus, it is likely that elF4G does not  Myc tagged, and transfected into cells with Ub and elF4L.

bind ubiquitinated forms of eIF4E with any appreciable affinity. Although mono-ubiquitinated eIF4E was clearly detected in the
4E-BP Binding Suppresses elF4E Ubiquitination and Degrada-  absence of 4E-BP (Fig. 64, lanes 2, 5, and 8), 4E-BP production

tion— 4E-BP proteins bind elF4E and negatively regulate cap-de-  eliminated the observed ubiguitination (laires 3, 6, and 9). Addi-

pendent translation initiation. To examine whether 4E-BP affects  tionally, only non-ubiguitinated eFAE was associated with 4E-BP

the ubiquitination of elF4E, three 4E-BP isoforms were cloned,  {(supplemental Fig. §1).

FIGURE 5. elF4G association of elF4E. A, association between elF4E mutants and efF4G. Lysates from celis transfected with WT or mutant forms of
pcFLAGeIF4E, pcDNAZHACIFAG, znd pcMycUb were precipitated with anti-HA antibody {(fanes 2-9) and subjected te 1B with anti-FLAG {top and 2nd panels) or
HA (3rd paneh antibody. To assess ubiguitination levels of elF 4G-associated elf4E, the membrane in the top panel was overexposed in the 2nd panel. For fane
1, cell lysates transfected with pcFLAGeiF4E and pcMycUb were precipitated with anti-FLAG antibody and loaded for the top and 2nd panels to examine the
levels of elF4E ubiquitination, Levels of elFAE (4th panel}, Ub {5th panel), or tubulin {battom panel} in the WCE were checked using anti-FLAG, Myc, or tubulin
antibody, respectively. 8, effect of elf 4G overexpression on elF4E ubiguitination. Lysates from cells transfected with WT pcFLAGeIFAE, pcDNA3HARIFAG, and/or
pcMycUb were precipitated with anti-FLAG antibody and subjected to IB with anti-FLAG (top panef) entibody. Levels of elF4G (2nd parnel), elF4E (3rd), Ub (4th),
or tubulin (bottom) in the WCE were assessed using anti-HA, FLAG, Myc, or tubulin antibody, respectively.
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FIGURE 7. Increased ubiquitination of elF4E by Chip. A, Chip enhanced elfF4E ubiquitination. Cells were
transfected with pcHAUD and musant forms of pcFLAGeIF4E, with/without pcMycChip. 24 h after transfection,
celf lysates were subjected to IP with anti-FLAG antibody, followed by 1B with anti-HA antibody {top panel). The
membrane was then stripped and reprobed with anti-FLAG antibody (2nd panef). The WCE was subjected to 1B
with antl-Myc (3rd panef) or tubulin (bottom panel) antibody. 8, impertance of the interaction between Hsc70
and Chip. IP/1B was performed in paraliel with panel A, except the K30A mutant was tested in fane 4.

We next determined whether 4E-BP expression affected
elFAE degradation (Fig. 6B). As depicted in Fig. 1E, elF4E pro-
tein levels were lower in the absence of MG132 (Fig. 6B, top
panel, lane I), whereas levels were increased by the addition of
MG132 (Fig. 68, top panel, lane 2). Interestingly, when 4E-BP1,
2, or 3 was co-expressed, elF4E levels in the absence of MG132
(Fig. 6B, top panel, lanes 3, 5, and 7) were almost comparable
with those with the inhibitor (Fig. 68, top panel, lanes 4. 6, and
8), suggesting that 4E-BP proteins inhibit the degradation of
e]F4E. Taken together with the observation that the W73A
mutant shows enhanced ubiguitination, these data strongly
suggest that 4E-BP binding negatively regulates elF4E ubig-
uitination and degradation.
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Chip-enhanced ¢IF4E Uibiguitina-
tion—Ubiquitination requires the
concerted action of a series of
enzymes, and actual Ub addition is
performed by E3 ligases. We wished
to determine the E3 ligase responsi-
ble for e]F4E ubiquitination, and we
tested Chip, a well characterized E3
ligase. When cells were co-irans-
iy T fected with Chip and WT, S209A,
W56A, and K159R elF4E mutants,
we observed the enhanced ubiquiti-
nation of all constructs (Fig. 74, top
panel). Additionally, KallR was
ubiquitinated when Chip was co-ex-
pressed in cells (Fig. 7A, lane 5).
Because there were no Lys residues
in this eIF4E mutant, we speculate
that the amino-terminal Met resi-
due of this protein may be ubiq-
uitinated (19) or that the FLAG
epitope contains a Lys residue that
could be Uk modified. Ubiquitina-
tion of the W73A mutant was not
clearly increased (Fig. 74, lane 13),
but ubiquitination levels of this
mutant are likely saturated. A K30A
Chip mutant that is unable to inter-
act with Hsc70 (20) did not enhance
elF4E ubiquitination (Fig. 78, lane
4), whereas WT Chip did {{fane 3).

We next wished to determine
whether elF4E and Chip directly
interacted by IP/IB. As shown in
Fig. 84, all forms of elF4E exam-
ined interacted with Chip (Fig. 84,
top panel, lanes 3-8). Interest-
ingly, eIF4E did not associate with
the K30A Chip mutant (Fig. 85,
lane 4), suggesting that Chip asso-
ciates with elF4E via Hsc70. These
data indicate that elF4E can be
ubiquitinated by Chip, possibly in
an Hsc70-dependent manner

Heat Shock-enhanced elF4E
Ubiguitination—Celis respond to certain stimuli through
regulating protein synthesis levels (21, 22). Generally, under
conditions of cell stress or apoptosis, cap-mediated transla-
tion is suppressed, whereas cap-independent, internal ribo-
some entry site-dependent translation increases. To clarify
whether e[F4E ubiquitination plays a role in regulating these
changes, we first examined levels of ubiquitination in heat
shocked cells {Fig. 94). When cells were heat shocked (45 °C,
10 min), Ub conjugation became evident 2 h after heat shock
(Fig. 9A, top panel, lane 4), and levels then returned to noz-
mal after 4~ 8 h (Fig. 94, lanes 6, 8, and 10). Heat shock alse
induced KallR mutant ubiquitination (Fig. 9B, top panel,
lane 7).
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FIGURE 8, Association of elF4E and Chip. A and B, cells were transfected with WT or mutant forms of
PcFLAGeIF4E and pcMycChip. 24 h after transfection, cell iysates were subjected to IP with anti-FLAG antibody,
followed by 1B with anti-Myc antibody (top panels). The membrane was then stripped and reprabed with
anti-FLAG antibody (2nd panels). The WCE was subjected to !B with anti-My« (3rd panels) or tubulin (bottom

panels) antibody.

Heat shock and Chip expression could additively or syner-
gistically enhance elF4E ubiquitination. We co-transfected
cells with FLAG-tagged elF4E, HA-Ub, and/or Myc-Chip,
and samples were collected 2 h after heat shocl (45 °C 10
min) (Fig. 9C). Although heat shock or Chip expression inde-
pendently induced the ubiquitination of elF4E (Fig. 9C, top
panel, lanes 3 and 4), the combination of heat shock and
Chip expression did not increase ubiquitination levels {{ane
5). It is likely that each condition alone induced maximal
elF4E ubiquitination.
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Ubiquitination of elF4E

Ubiguitination and Degradation
of Endogenous elF4E—We then
wished to see the ubiquitination of
endogenous elF4E (Fig. 10A4). It
was not visible under normal con-
dition, but mono-ubiquitinated
endogenous elF4E was detected
(Fig. 10A, middie panei, lane 3)
when cells were heat shocked,
elF4E protein was concentrated by
m’GTP-Sepharose precipitation,
and highly effective ECL solution
was used. The 24-kDa band for
endogenous elF4E whited out (Fig.
10A, middle panel) because the
ECL solution was too strong.

In Fig. 10, B and C, we carried out
pulse-chase labeling of endogenous
elF4E. With heat shocl, the levels of
elF4E decreased maore rapidly (down
to 55% at 15 h) and addition of
M(G132, an inhibitor of proteasome-
dependent degradation pathway, re-
stored the levels. These results indi-
cate that endogenous elF4E protein is
also degraded in the Ub/proteasome-
dependent mannrer.

=
R
z =

K30A +

elF4E-
w bound
Chip

50

37— [ —

DISCUSSION

Protein synthesis is a tightly con-
trolled process essential for cell sur-
vival, and in this study we described
the ubiquitination and proteasome-
dependent degradation of the cap-
binding protein elF4E. We summa-
rize our working hypothesis in
supplemental Fig. S2.

We identified the most probable
site for Ub conjugation as Lys-159.
The crystal structure of eIF4E has
been solved {23-25), and Lys-159 is
in the middle of two B-sheets, 55
and $6. The side chain of this resi-
due protrudes outward (25), sug-
gesting it is readily accessible for Ub
conjugation by E3 ligases. Interest-
ingly, there is a relationship
between Lys-159 and the phospho-
rylated residue Ser-209, Phosphorylation of Ser-209 causes a
retractable salt bridge to form with Lys-159 to clamp the cap
moiety and thereby lead to increased binding of capped mRNA
(23, 26). In addition, because the K159A mutant exhibited
reduced association with cap analogues (27), Lys-159 is
involved in the binding of capped mRNA. However, we saw no
reduction in m’GTP association with the K159R mutant (Fig.
3). Additionally, we did not observe reduced m”GTP associa-
tion with ubiquitinated elF4E. The attachment of a Ub mole-
cule to Lys-159 might stabilize the distance between Ser-209

50—

37— epwmes Chip

va 12 3 4
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FIGURE 9. Increased ubiquitination of elF4E following heat shock. A and B8, heat shock enhanced elF4E ubiquitination. Cells were transfected with pcHAUb
and WT{A, 8) or the KallR mutant (B} of pcFLAGelF4E. 24 h after transfection, cells were heat shocked at 45 °C for 10 min (+) or not, followed by incubation at
37 *Cfortheindicated time. The cell lysates were subjected to IP with anti-FLAG antibody, followed by [B with anti-HA antibody (top panels). The membrane was
then stripped and reprobed with anti-FLAG antibody {middle). Levels of tubulin in the WCE were aiso examined (bottom). €, heat shock and Chip did not
additively increase elF4E ubiquitination. Cells were transfected with pcHAUDL, pcFLAGelF4E, and/or with pcMycChip. 24 h after transfection cells were heat
shocked at 45 °Cfor 10 min {+) or not, followed by incubation at 37 °Cfor 2 h, The cell lysates were subjected to |P with anti-FLAG antibody, foliowed by IB with
anti-HA antibody (top panelt. The membrane was then stripped and reprobed with anti-FLAG antibody (2nd panel). Levels of Chip (3rd panel) and tubulin

(bottom) in the WCE were also assessed.

(57-58 loop} and Lys-159 (55-56 loop), similar to phasphoryla-
tion (23). Alternatively, the Ub molecule may form a bridge
between Ser-209 {57-S8 loop) and Lys-159 (55-56 loop) and
hold the triphosphate moiety tightly. Additionally, ubiquitina-
tion of the 5209A mutant of elF4E was comparable with WT,
suggesting that phosphorylation does not affect ubiquitination
(Fig. 1C).

The W73A mutant of elF4E, which only weakly binds elF4G/
4E-BP, showed enhanced ubiquitination and proteasome-
dependent degradation (Fig. 1). Whatis more, expression of 4E-BP
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clearly reduced the levels of elF4E ubiquitinaticn and degradation
(Fig. 6}. Because the only known role for 4E-BP has been as inhib-
itor of cap-mediated translation initiation, we are suggesting a
novel role for 4E-BP as a protector of elF4E. 4E-BP ¢an inhibit
cap-mediated protein synthesis by binding elF4E, but at the same
time may preserve a population of inactive e]lF4E-mRNA com-
plexes by preventing elF4E degradation. Several reports have
linked 4E-BP to celluiar stress (28 -30). 4E-BP hinds elF4E under
conditions of stress or reduced growth stimuli. When cells are
removed from stress and growth conditions become favorable,
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FiGURE 10. Ubiquitination and degradation of endogenous elF4E. A, ubiquitination of endogenous eif 4€. Cells were heat shocked (fane 3) or mock treated
{lane 1}.As a positive control, cells were transfected with pcelF4E (iane 2) for 24 h, Lysates were precipitated with m”’GTP-Sepharose and subjected to SDS-PAGE
and IB with anti-elF4E antibody (top and 2nd panels). As a control, a portion of the WCE was directly subjected to SDS-PAGE and 1B was perfoermed with
anti-tubulin antibody {bottom panef). Ta assess ubiquitination levels of endogenous elF4E, the membrane in the top panel was overexposed in the 2nid panel,
using highly efficient ECL solution (see "Experimental Procedures”). 8 and £, proteasome-dependent degradation of endogencus elF4E. Cells were pulse
labeled with [**S]Met (36) for 3 h, washed extensively, and then incubated with cold chase medium with or without MG132 for the indicated hours. Cells for
lanes 1-4 were heat shocked immediately after the pulse label. The lysates were purified with m’GTP-Sepharose and subjected to SDS-PAGE, and the
radioactivity was visualized using BAS2000 system (8, upper panel). As a conirol, a portion of the WCE was directly subjected to 1B with anti-tubulin antibody

{lower panel). C, radicactivities in panel B (upper} were determined and shown as a line chart.

pre-existing elF4E-mRNA complexes can be used for immediate
protein synthesis after 4E-BP release. Thus, 4E-BP buffers stress by
suppressing protein synthesis and preparing cells for a swift
recovery.

it is quite interesting to find that the levels of endogenous
elF4E ubiquitination were very low {e.g. Fig. 10A), whereas deg-
radation of the protein was relatively clear (e.g. Fig. 10, Band C).
Ubiquitinated fraction was <<1% in Fig. 104, whereas the e]F4E
decreased by 45% at 15 h after heat shock in Fig. 10, 8 and C.
This is similar to the ubiquitination/degradation of the W73A
mutant in that most of the W73A mutant protein stayed non-
ubiquitinated (Fig. 1C, wriddle panel, lane 6}, whereas >90% of
elF4E degraded at 48 h (Fig. 1E, upper panel, lane 4). We thus
speculate that the efficiency of Ub conjugation is the bottle-
neck, and once ubigquitinated, it is proteolyzed rapidly.

The mechanism of elF4E ubiquitination/degradation is sim-
ilar to that of the endoplasmic reticulum membrane-tethered
dolichol-phosphate-mannose (DPM) synthase (31). DPMI is
tethered by DPM3 to the membrane. When tethering is abol-
ished and DPM]1 becomes free, DPM1 is rapidly ubiquitinated
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by Chip and degraded by the proteasome. Telomeric repeat
binding factor 1 and E2F transcription factors are also pro-
tected from Ub targeting and degradation by binding their part-
ners, and these proteins are degraded after binding partner
release (32, 33). Because these proteins function as complexes,
it is likely important to regulate the levels of the free proteins.
Thus, this may be a common mechanism of protein expression
regulation in cells.

When examining the bottom panel of Fig. 68, levels of 4E-BP,
especially 4E-BP2 and 3, were increased by the addition of
MG132.Thissuggeststhat4E-BPisdegradedinalUb/proteasome-
dependent manner As4E-BP isan important regulator of pro-
tein synthesis, the regulation of this process is of great interest.

During the preparation of this report, Othumpangat et al.
{11) reported that eiF4E is proteciyzed after ubiquitination
when cells are exposed to cadmium chloride. We confirmed
this finding (data not shown), and because cadmium presum-
ably acts as a cell stressor, this finding supports our hypothesis
that Ub modification of elF4E is enhanced following cell stress.
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