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All eukaryotic mRNAs (except organellar) are capped
at their 5’ end. The cap structure (m’GpppN, where N is
any nucleotide) is extremely important for the process-
ing and translation of mRNA. Several cap-binding pro-
teins that facilitate these processes have been charac-
terized. Here we describe a novel human cytoplasmic
protein that is 30% identical and 60% similar to the hu-
man translation initiation factor 4E (eIF4E). We demon-
strate that this protein, named 4E Homologous Protein
(4EHP), binds specifically to capped RNA in an ATP- and
divalent ion-independent manner. The three-dimen-
sional structure of 4EHP, as predicted by homology
modeling, closely resembles that of eIF4E and site-di-
rected mutagenesis analysis of 4EHP strongly suggests
that it shares with eIF4E a common mechanism for cap
binding. A putative function for 4EHP is discussed.

The cap structure is added cotranscriptionally to all RNA
polymerase II transcripts (1, 2). The cap consists of a guanosine
methylated at position 7 and linked via a triphosphate bridge
to the 5’ end of the mRNA (formulated as m’GpppN, where N
is any nucleotide). The cap plays an important role in gene
expression as it stabilizes mRNA (3-6), allows the RNA to be
efficiently processed in the nucleus (7-13), and promotes trans-
port to the cytoplasm (14, 15). In the cytoplasm, the cap facil-
itates ribosome binding to the mRNA (1, 16).

The eukaryotic translation initiation factor eIF4E is the best
characterized cap-binding protein (17, 18). A large body of
evidence shows that eI[F4E mediates cap function during trans-
lation initiation (18, 19). eIF4E is the cap-binding subunit of
elF4F, which also contains eIF4G and eIF4A, an RNA helicase.
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(20). Following cap binding, eIF4F, in conjunction with eIF4B,
unwinds the mRNA secondary structure, permitting recruit-
ment of the ribosome to the translation start site (reviewed in
Ref. 18). eIF4E is present in limiting amounts relative to other
initiation factors in cells (with the possible exception of rabbit
reticulocytes) (21-23). Regulation of its activity via transcrip-
tion (24), post-translational modifications (25-28), and inhibi-
tion of e[F4F assembly (29-32) affects cell proliferation (33),
apoptosis (34), and morphogenesis (35).

Recently, proteins involved in cap nuclear functions have
been identified and characterized. A nuclear cap-binding com-
plex composed of two subunits, CBP20 and CBP80, facilitates
spliceosome assembly (8). Interestingly, the same complex has
been implicated in the cap-dependent export of U small nuclear
RNA and mRNA (15, 36). eIF4E is also found in the nucleus
(87), but the functional significance of this finding remains
unclear. Here, we describe the isolation and biochemical prop-
erties of a novel eIF4E-like cap-binding protein and discuss its
potential biological function.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes were obtained from New England
Biolabs. T7 RNA polymerase and RNasin were purchased from Pro-
mega. T7 DNA polymerase sequencing kit, GpppG, and m’GpppG were
obtained from Amersham Pharmacia Biotech. Hybond-N nylon mem-
brane and chemiluminescence system were purchased from Amersham
Pharmacia Biotech. [a-*2P]GTP, [a-*?P]dCTP, and [a-*?P]JUTP (3000
Ci/mmol) were obtained from NEN Life Science Products. The silver
staining kit was from Sigma. An antibody to a peptide (YSRRT-
PGRPTSSQSYE, underlined in Fig. 1) of 4EHP was raised in rabbit and
affinity-purified using the AminoLink Plus immobilization kit from
Pierce. Oligonucleotides and peptide were prepared at the Sheldon
Biotechnology Center, McGill University. All other reagents were rea-
gent grade or better.

Isolation of 4EHP ¢cDNA—An expressed sequence tag (EST)' from
Human Genome Science Inc. (number 217861) was used to screen a
human follicular cell Auni-ZAP-XR (Stratagene) cDNA library (kindly
provided by Dr. Karl Heinz Scheit). One million plaques were screened
in duplicate, and all procedures to screen, purify, and excise the cDNA
inserts from positive clones were performed as described in the Strat-
agene ZAP Express™ instruction manual. The sequence of the largest
c¢DNA (designated as p4EHP) was obtained by using the T7 DNA
sequencing kit from Amersham Pharmacia Biotech. The sequence was
deposited in GenBank™, accession number AF047695.

Northern Analysis—Total RNA was isolated from HeLa cells using
Trizol (Life Technology, Inc.) and purified twice in batch mode with
oligo(dT) beads (Amersham Pharmacia Biotech). Poly(A)* RNA was
fractionated through a 1.5% agarose/formaldehyde gel and blotted onto
Hybond-N membrane (Amersham Pharmacia Biotech). The blot was
probed with random-primed (38) 4EHP ¢DNA in 50% formamide hy-
bridization buffer at 42 °C and washed with 0.1X SSC, 0.1% SDS at

! The abbreviations used are: EST, expressed sequence tag; ORF,
open reading frame; bp, base pair(s); PAGE, polyacrylamide gel elec-
trophoresis; HA, hemagglutinin.

This paper is available on line at http://www.jbc.org
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65 °C. Exposure to Kodak X-Omat™ AR film was for 24 h.

In Vitro Transcription—p4EHP (5 ug) was linearized with Xhol. The
template was transcribed with T3 RNA polymerase (Promega) under
standard conditions. eIF4E RNA was prepared by transcribing the
Sall-linearized pKS-eIF4E plasmid (29) with T7 RNA polymerase.

Overexpression in Escherichia coli and Purification of Recombinant
4EHP—p4EHP was used as a template in a polymerase chain reaction.
The forward oligonucleotide ACGTGAATTCGCGAACAACAAGTT, the
reverse oligonucleotide ACGTGAATTCTCATGGCACATTCAACCG,
and the Pfu polymerase (Stratagene) were used to amplify the 4EHP
open reading frame (ORF). The resulting 730-base pair (bp) fragment
was digested with EcoRI and cloned into the EcoRI site of BlueScript
KS(+) (Stratagene) to generate the plasmid p4AEHPORF, which was
then sequenced and found to completely match the corresponding se-
quence in the original cDNA clone. This fragment was then subcloned in
the EcoRI site of pARA[59/69] (39) to create a carboxyl-terminal fusion
with the Flag-HMK sequence encoded by the vector; the resulting
plasmid was designated pAR4EHP. BL21(DE3) bacterial cells (Nova-
gen) were transformed with pAR4EHP, and selected colonies were
grown in M9 + glucose to Agy, = 0.6 at which time 1 mM isopropyl-1-
thio-B-pD-galactopyranoside was added. Cells induced for 4 h were pel-
leted, resuspended in 5% culture volume of 50 mm Tris-HCI (pH 7.4),
150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, and sonicated twice
on ice for 20 s (1-min interval between sonications) at 60% output using
a Vibra-cell sonicator (Sonics & Materials). Cleared lysate was pro-
cessed on a Flag column according to the manufacturer’s instructions
(Eastman Kodak Co.). A recombinant histidine-tagged 4EHP protein
(His-4EHP) was generated as follows: the 4EHP open reading frame
cloned in BlueScript KS(+) was excised with BamHI and HindIII and
inserted into pQE30 (Qiagen). M15(pREP4) bacterial cells were trans-
formed with the resulting plasmid, grown, and induced as described
above, except that the protein lysate was prepared in 20 mM phosphate
buffer (pH 7.4), 300 mm NaCl, 1 mM phenylmethylsulfonyl fluoride.
Cleared lysate was processed on a nickel column according to the
manufacturer’s instructions (Qiagen).

The human eIF4E ¢cDNA was isolated from human placenta total
RNA via polymerase chain reaction and subcloned into pBluescript
KS+). The coding sequence was inserted into pET8c. BL21(DE3) cells
were transformed with pET8c-eIF4E, and protein expression was in-
duced by addition of 0.5 mMm isopropyl-1-thio-B-D-galactopyranoside for
4 h at 37 °C. Recombinant proteins were purified by m’GDP-agarose
resin as described (40). A silver staining procedure (Sigma silver stain-
ing kit) was applied to purified His-4EHP and eIF4E to determine their
concentrations, as compared with a bovine serum albumin standard
(Pierce).

Western Blotting—Proteins were resolved by SDS-PAGE and trans-
ferred to nitrocellulose membrane. After blocking for 2 h (5% skim milk
in Tris-buffered saline containing 0.1% Tween 20), the membranes were
incubated with either anti-eIF4E antibody 5853 (26) or affinity-purified
anti-4EHP peptide antibody for 2 h in Tris-buffered saline containing
0.1% Tween 20. '*I-Protein A or anti-rabbit Ig-peroxidase coupled
(followed by ECL reaction) were used for detection.

Construction of Mutants—Oligonucleotide-directed point mutations
were introduced into the 4EHP ¢cDNA using the uracil incorporation
method of site-directed mutagenesis (41). Mutations were confirmed by
sequencing.

Cross-linking to Capped RNA—Luciferase RNA supplied by Promega
(catalog number L4561) was capped with [a-*2P]GTP using vaccinia
virus guanylyltransferase, as described (42). For UV cross-linking, cap-
labeled RNA (2 X 10* cpm) was incubated with purified Flag-
HMEK4EHP or His-4EHP proteins and processed for analysis by SDS-
PAGE according to Ref. 42.

Electrophoretic Mobility Retardation Analysis—pBlueScript KS(—),
digested with BamHI, was used as a template by T7 RNA polymerase.
RNA was synthesized in the presence of 0.5 mM m’GpppG (methylated
probe) or GpppG (nonmethylated probe) and internally labeled with
[a-3?P]UTP (50 uCi, 3000 Ci/mmol). Probes were spun through a G-25
Sephadex column, phenol-extracted, and ethanol-precipitated. The
dried pellets were dissolved in water at 2 X 10* cpm/ul. Recombinant
elF4E (0.5 pg) or His-4EHP (0.5 ug; wild-type or mutant) proteins were
incubated with either a methylated or nonmethylated probe (2 X 10*
cpm) as described in Ref. 43.

Cell Lines and Indirect Immunofluorescence Microscopy—The tetra-
cycline-repressible expression plasmid pBPSTR1 (44) was used to cre-
ate cell lines stably overexpressing an HA epitope-tagged 4EHP (HA-
4EHP). Three hours before transfection, 1 pug/ml tetracycline was added
to logarithmically growing NIH 3T3 cells (obtained from the American
Type Culture Collection, Rockville, MD). Cells were transfected with
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pBPSTRI1 containing an HA-tagged 4EHP ¢DNA using Lipofect AMINE™
reagent following manufacturer’s (Life Technologies, Inc.) guidelines.
Three hours post-transfection, the cells were washed and placed in
fresh Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum. Puromycin (1.5 pg/ml) and tetracycline (1 ug/ml) were added at
30 h post-transfection and for an additional 10 days. Resistant colonies
were tested for HA-4EHP expression by Western analysis using the
monoclonal anti-HA antibody HA.11 (Babco) at a dilution of 1:1000. A
control cell line was derived from transfection with pPBPSTR1 alone.

Cells stably expressing HA-tagged 4EHP proteins, or mock-trans-
fected cells, were processed for immunofluorescence as described (37),
using HA.11 antibody at a dilution of 1:1000.

Homology Modeling of 4EHP—Several models of 4EHP were gener-
ated using the MODELER program (45), with the alignment shown in
Fig. 2. Z scores were calculated for the overall structure and as a
function of each amino acid by PROSAII (46). The models with the
lowest Z scores were visually inspected for any serious errors. Struc-
tures were then displayed and analyzed using the InsightIl program
(Biosym Technologies, San Diego, CA).

RESULTS
Cloning and Features of 4EHP ¢cDNA

A human EST derived from a fetal brain library was found to
encode an ORF with significant homology to the eukaryotic
translation initiation factor eIF4E. This cDNA is 816 bp long, of
which 594 bp encode a potential 198 amino acid polypeptide
with 34% identity to the human eIF4E. The rest of the clone is
composed of 193 bp of 3’-untranslated region containing a
polyadenylation signal followed by a stretch of 29 adenosine
residues. As the cloned EST lacked a 5'-untranslated region
and an initiator ATG, a human follicular cell cDNA library was
screened utilizing the EST DNA as a probe. Screening of 1 X
10° plaques yielded three independent clones with overlapping
sequences. The longest, designated as 4EHP (for eIF4E Homol-
ogous Protein), was 989 base pairs in length and contained a
245-amino acid ORF encoding a protein with a calculated mass
of 28 kDa and pI of 8.9 (Figs. 1, A and B). 4EHP is 30% identical
and 60% similar to eIF4E at the amino acid level (Fig. 2). A
BLAST search (47) detected mouse, Caenorhabditis elegans,
and plant (several species) 4EHP homologues. The predicted
4EHP polypeptide contains no characterized protein motifs. As
the isolated 5'-untranslated region lacks an upstream stop
codon, we analyzed whether 4EHP represents a full-length
clone. Thus, poly(A)" RNA isolated from HeLa cells was probed
with the 4EHP ¢cDNA. The RNA prepared using the cDNA as
template migrates at the same position as the cellular RNA,
indicating that p4EHP harbors a ¢cDNA corresponding to the
entire 4EHP transcript (Fig. 1C). The detected HeLa mRNA is
not the elF4E mRNA, as demonstrated by including eIF4E
RNA as a control. Various rat tissues, probed with anti-4EHP
antibodies, demonstrated the presence of a ubiquitously ex-
pressed polypeptide doublet that migrates at 30—-32 kDa (data
not shown). Translation of 4EHP in vitro using rabbit reticu-
locyte lysate yielded the same polypeptide doublet (data not
shown). To determine the concentration of 4EHP relative to
elF4E, a Western blot analysis, using purified recombinant
elF4E or 4EHP as standards (Fig. 3, lanes 1-4), was performed
in extracts from HeLa and 293 cells (lanes 5-8 and 9-12,
respectively). There is roughly 5-10 times more eIlF4E than
4EHP in both cell types. For example, in HeLa cells (lanes 5-8),
there is approximately 50 ng/mg 4EHP and 450 ng/mg eIF4E.
4EHP protein was detected in all rat tissues analyzed, indicat-
ing that it is ubiquitously expressed (not shown).

4EHP Is A Cap-binding Protein

Cross-linking to Capped RNA—To demonstrate the ability of
4EHP to specifically recognize and interact with capped RNA,
we used a photochemical cross-linking assay (42). Purified
Flag-HMK-tagged 4EHP was UV-irradiated in the presence of
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gaggcagtggcgacageggoggegagagg 29
A MM N N K F D A L K D D D S G D 15
ATG AAC AAC AAG TTC GAC GCT TTG AAA GAT GAT GAC AGT GGG GAC 74
H D Q N E E N s T Q K D G E K 30
CAT GAT CAG AAT GAA GAA AAC AGC ACA CAG AAA GAT GGT GAG AAG 119
E K T E R D K N Q =] s s K R K 45
GAA AMA ACG GAA CGA GAC AAG AAT CAG AGC AGT AGC AAG AGA AAG 164
A v v P G P A E H P L Y N Y 60
GCT GTT GTC CCT GGA CCG GCA GAG CAT CCC CTG CAG TAC AAC TAC 209
T F W Y s R R T P G R P T g s 75
ACT TTT TGG TAC TCC AGG AGA ACC CCC GGC CGT CCC ACG AGC TCA 254
Q ] Y E Q N K Q I G T F A s 90
CAG AGC TAT GAA CAG AAT ATC AAA CAG ATT GGC ACC TTT GCC TCT 299
v E Q F W R P Y s H M v R P G 105
GTG GAG CAG TIC TGG AGG TTT TAT AGC CAC ATG GTA CGT CCT GGG 344
D L T G H s D F H L F K E G I 120
GAC CTG ACA GGC CAC AGT GAC TTC CAT CTC TTC AAA GAA GGA ATT 389
K P M W E D D N A K N G G K W 135
AAA CCC ATG TGG GAG GAT GAT GCA AAT AAA AAT GGT GGC AAG TGG 434
I I R L R K G L A s R C W E N 150
. ATT ATT CGG CTG CGG AAG GGC TTG GCC TCC CGT TGC TGG GAG AAT 479
Fic. 1. The 4EHP cDNA.A: nuclgotlde L I L A M L 6 E @ F M V G E E 165
sequence and the deduced amino acid se- CTC ATT TTG GCC ATG CTG GGG GAA CAG TTC ATG GTT GGG GAG GAG 524
quence (single letter code) from the full- I ¢ @ A V vV & v R F @ E D I I 180
length cDNA clone. Noncoding regjons ATC TGT GGG GCT GTG GTG TCT GTC CGC TTT CAG GAA GAC ATT ATT 569
are in lowercase letters, and the poly- S I W N K T A S D Q A T T A R 195
adenylation signal is underlined. B, sche- TCA ATA TGG AAT AAG ACT GCC AGT GAC CAA GCA ACC ACA GCC CGA 614
matic presentation of 4dEHP ¢DNA. The I R D T L R R ¥V L N L P P N T 210
codingregion is shown as an open box and ATC CGG GAC ACA CTT CGG CGA GTG CTT AAC CTA CCT CCC AAC ACC 659
noncoding regions as lines. The positions I M E Y K T H T D S I !K” MBS 225
of the first ATG, the stop codon, and the A:T A:G 2 T:c A';A i\:r c:.c AEC G:C s a;‘c 5 A:;G c;.\ e ;:;
polyadenylation signal are indicated, as AGG CTG GGC CCC CAA AGG CTC CTT TIT CRA ARC CTC TOG ARG COG 249
well as the location of three unique re- R L N Vv p 245
striction sites. The region $panned by the CGG TTG AAT GTG CCA TGA ccctctccctctctggatggcaccatcattgaage 802
EST (%escz‘zlkl))ed 1% ﬂlife f‘iﬁtrlrsl i}lmtwnnbflow tggcgtcatcggagtctottgttotgttggegtgectacetggaagatocttctgtoetyg 861
iziig ;‘Be Mgo(j)cfl’ H,eL; pofy( A) +0Rell\I§ Z;lg gacaagaggaatttggaagagcattttatgttttaagaacaggctgacacgcagcaget 920
the described cDNA as probe. As controls acaacaacagctgagatcacttaataaatggtgctaaactaaaaaaaaaaaaaaaaaaa 979
20 ng of eIF4E and 10 ng of 4EHP RNAs aaaaaaaasa 989
transcribed in vitro were included in the
analysis. Size markers are indicated on
the left. B C
¥ &
ATG (30) TGA (765) §' o
| — ] AATAAA (943) 288 —
4EHP - Ly
T T
(195) (215) (747)
EST 174 989
188 —
1kb— d

32P_cap-labeled luciferase RNA. Cross-linked products were
then subjected to SDS-PAGE. 4EHP cross-linking was not ob-
served without UV irradiation and was inefficient when a
nonmethylated capped RNA was used (Fig. 4, compare lanes 1
and 2 with lane 3). The cross-linking of 4EHP was only slightly
affected by the presence of excess of GpppG (lane 4), but was
abolished by excess of m’GpppG (lane 5). The extent of cross-
linking was not affected by ATP or Mg?* (data not shown). The
requirements for 4EHP cross-linking are, thus, similar to those
reported for eIF4E (48).

Gel Mobility Shift of Capped RNA—To further demonstrate
the specific binding of 4EHP to the cap, two radioactively
labeled 58 nucleotides RNAs capped with either m?GpppG or
with GpppG were incubated with wild-type 4EHP, and the
resulting complexes analyzed by nondenaturing PAGE (Fig. 5;
yeast RNA was included in the reactions to minimize nonspe-
cific interactions between the protein and the RNA probe).

elF4E and a mutant 4EHP, WED124-126FAA, in which tryp-
tophan, glutamic acid, and aspartic acid at positions 124-126
were replaced by phenylalanine, alanine, and alanine, respec-
tively (this mutant protein is unable to bind to the cap struc-
ture), were included as controls. eIF4E, as shown previously
(49), formed a complex with the methylated capped RNA (Fig.
5, lane 2) and to a much lesser extent with the nonmethylated
capped RNA (lane 3). Likewise, wild-type 4EHP formed a com-
plex only with the methylated probe (lanes 4 and 5). As ex-
pected, no complex was observed with the mutant 4EHP (lanes
6 and 7). In accordance with these results, 4EHP, but not the
mutant protein, also bound to a m?’GDP-coupled resin (data not
shown).

Amino Acid Residues Required for Cap Binding

Recently, the three-dimensional structure of murine elF4E,
bound to m“GDP, was determined by x-ray crystallography
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FiG. 2. Amino acid alignment of hu-
man eIF4E and 4EHP. The alignment 43 46

was performed according to the Wilbur- eIF4E NRWALTFFKN
4EHP YMWQNIKQIGTFﬁSVEQFWRFYSIﬂWRPGDL‘I‘GHSDFHLFK 117

Lipman algorithm using the PairAlign
function from the GeneJockey II software
(Biosoft). Identical and conserved resi- 63

dues are indicated with bars and col- 102
umns, respectively. The underlined resi-
dues in 4EHP correspond to the sequence
of the synthetic peptide used to raise an-
tibodies against 4EHP. The evolutionarily
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rected mutagenesis are double-under- 4EHP  VRFQEDIISIWNKTASDQATTARIRDTLRRVLNLPPNTIMEYKTHTDSIKMPGRLGPQRL 232
lined, and their positions in the protein 183
eIF4E ---STT---KNRFVV- 217

=& |}
4EHP LFQ---NLWKPRLNVP 245

Recombinant

proteins Hela extract 293 extract
- SR - S
S 2 85 8 g g 8 9 g5 g B

1 2 3 4 5 6 7 8 9 w112

Fic. 3. Quantification of eIF4E and 4EHP proteins from HeLa and 293 cell extract. Recombinant eIF4E or His-4EHP proteins were
quantified by SDS-PAGE followed by silver staining by comparison with a bovine serum albumin standard. Increasing amounts of recombinant
elF4E (top panel) or 4EHP (bottom panel) and HeLa and 293 cell extracts were loaded onto SDS-PAGE. Proteins were transferred onto
nitrocellulose membrane and subjected to Western blot analysis, using an antibody directed against eIF4E (top panel) or AEHP (bottom panel), as

described under “Experimental Procedures.”

Uy + + + +
m Gpp G-RNA + + + +

P"°b°{ CPPPG-RNA  +
Competitor { m?g%% S

--
1 2 3 4 5§

Fic. 4. 4EHP can be UV cross-linked to capped RNA. Recombi-
nant Flag-HMK4EHP (0.5 ug) was incubated with 2 X 10* cpm of
32P-cap-labeled luciferase RNA (lanes 2-5) or with a nonmethylated
capped RNA (lane I). The incubation was performed at 30 °C for 10 min
in the absence or presence of 400 uM GpppG or 400 uMm m’GpppG.
Samples were kept on ice (lane 2) or exposed to short range UV light for

1h at 4 °C. Following treatment with RNase A, samples were analyzed
by SDS-12.5% PAGE.

(50). eIF4E resembles a cupped hand, consisting of a curved,
eight-stranded antiparallel B-sheet backed by three a-helices
on its convex surface. The m’GDP structure is sandwiched
between Trp°® and Trp?°? on the concave surface of eIF4E (for
clarity, all eIF4E residues are denoted with italics). In addition,
Trp?% and Glu'% interact with m’GDP. Sequence alignments
demonstrate that these residues are conserved in 4EHP (Fig.
2), with the exception of Trp®°, which is replaced by a tyrosine.
Homology modeling predicts that the three-dimensional struc-
ture of 4EHP is very similar to that of eIF4E. A comparison
between the crystal structure of elF4E m?’GDP binding cleft
and the predicted structure of the same region in 4EHP is
shown in Fig. 6.

4EHP 4EHP
elF4E wild-type mutant

m’GpppG-RNA + +  + +

GpppG-RNA
I ” - -

B '!'

Fic. 5. Electrophoretic mobility retardation of capped RNA by
4EHP. The assay was carried out using radioactively labeled RNA
probe from luciferase (prepared as described under “Experimental Pro-
cedures”) with either a methylated or nonmethylated cap. The indicated
recombinant proteins (0.5 pg) were preincubated with 8 ug of yeast
RNA at room temperature for 10 min. The capped RNA probe (2 X 10*
cpm) was then added for an additional 30 min. Complexes were ana-
lyzed on a 6% polyacrylamide gel in TBE buffer. The 4EHP mutant is
WED124-126FAA.

To obtain biochemical support for this three-dimensional
model, we generated recombinant 4EHP variants, mutated at
Trp'24, Glu'?®, and Trp'®3, which correspond to Trp?%?, Glu'??,
and Trp’%® in murine eIF4E, respectively. The cap binding
activity of the mutants was then assessed by cross-linking to
32P-cap-labeled luciferase RNA. Replacing any of these amino
acids with alanine reduced cross-linking to less than 10% of
wild-type 4EHP (Fig. 7, compare lane 1 with lanes 2, 4, and 14).
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In the crystal structure of eIF4E, Asp?%?, which is absolutely
conserved in all species, does not contact the cap structure. A
change at the corresponding position (Asp'2® to Ala) in 4EHP
has only a modest effect on cross-linking (lane 5). eIF4E, from
all species so far examined, contains eight tryptophans. Of
these, six are conserved in 4EHP, whereas the two remaining
are replaced by tyrosine residues in 4EHP (see Fig. 2). We
individually replaced the tryptophans in 4EHP that are con-
served between 4EHP and eIF4E (Trp%3, Trp%, Trp!®®, and
Trp'*®; see also Fig. 2) with alanine and analyzed the cap
binding activity of these mutants by UV cross-linking. With the
exception of Trp®® (which possessed 40% of wild-type activity;
compare lane 1 with lane 8), mutation of any of the tryptophan
residues (63, 135, and 148) abolished cap binding (compare lane
1 with lanes 6, 10, and 12). These findings substantiate the

results of the homology modeling, which place Trp®?, Trp®®,

and Trp'*® in the hydrophobic core. Trp®®, on the other hand, is
predicted to lie on the convex dorsal surface of 4EHP. We also
substituted the putative cap-binding tryptophans (Trp'?* and
Trp'8%) with phenylalanine, which also contains an aromatic
ring to determine whether the benzyl ring of phenylalanine
could stack with the m’G ring as well as the indol group of
tryptophan. Substitution of Trp'®® with phenylalanine elimi-
nated cap binding (lane 15), while substitution of Trp'2* with
phenylalanine reduced cross-linking to 13% of control (lane 3).
A similar effect was observed when the corresponding amino
acids were substituted in yeast eIF4E (51). This suggests that
the nature of the aromatic ring of the carboxyl-distal aromatic
amino acid is more important than the amino-proximal amino
acid. Individual Trp to Phe changes of tryptophans located in
the hydrophobic core (Trp®, Trp'®®, and Trp**®; lanes 7, 11,
and 13, respectively) had predictably less severe effects on cap
binding.

4EHP

elF4E

Fic. 6. Computer modeling of the structure of 4EHP cap bind-
ing site as compared with the crystal structure of eIF4E. Amino
acids that form direct contact with the alkylated base are indicated.

Fic. 7. Effect of mutations on cap
binding. Recombinant His-4EHP pro-
teins mutated at the indicated residues
were analyzed by cross-linking to capped
RNA as described in the legend to Fig. 3.
The extent of cross-linking was estimated
using the Fuji Bas 2000 phosphorimager
and is indicated as a percentage of

ild-type.
wepe % binding
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Subcellular Localization of 4EHP

Antisera raised against 4EHP did not detect endogenous
4EHP by indirect immunofluorescence (data not shown). We,
therefore, analyzed the subcellular localization of 4EHP in an
NIH 3T3 cell line stably expressing an HA epitope-tagged ver-
sion of the protein (HA-4EHP). As determined by a quantita-
tive Western analysis, the level of HA-4EHP was twice that of
the endogenous 4EHP (data not shown). A monoclonal anti-HA
antibody stained HA-4EHP in the cytoplasm, while the fluo-
rescent signal in the nucleus was comparable with that seen in
mock-transfected cells (Fig. 8). As controls, we stained both cell
lines with antibodies directed against eIF4A (a cytoplasmic
translation initiation factor) or Sm (a component of small nu-
clear RNPs in the nucleus). eIF4A and Sm were found exclu-
sively in the cytoplasmic and nuclear compartments, respec-
tively (data not shown). To corroborate this result we analyzed
the biochemical localization of endogenous 4EHP in HeLa cells.
Cytoplasmic and nuclear fractions were prepared and analyzed
by Western blotting using anti-4EHP antibodies. In accord
with the results of the immunofluorescence study, 4EHP was
found exclusively in the cytoplasm (data not shown).

DISCUSSION

Biochemical characterization, using cap-analog resin, UV
cross-linking, and gel mobility shift assays, demonstrated that,
like elF4E, 4EHP specifically recognizes the cap structure.
Recently, the three-dimensional structure of eIF4E, bound to
m’GDP, was determined by x-ray crystallography (50). The
alkylated base is held in position by 77 stacking interactions
between the indol group of two tryptophans (Trp°® and Trp?%?).
Cap binding is enhanced by additional hydrogen bonds with the
backbone amino group of Trp®? and the side chain of Giu%
and by a van der Waals contact between the methyl group of
the guanine ring and the side chain of a third tryptophan
(Trp1 66) The ribose makes an additional van der Waals contact
with Trp®6. The two m’GDP phosphate groups are hydrogen-
bonded to Arg?®” and Lys’%?. Alignment of eIF4E and 4EHP
shows that all but two of these residues are conserved (Fig. 2).

MOCK 4EHP

Fic. 8. Subcellular localization of HA-4EHP by indirect immu-
nofluorescence. NIH 3T3 cells that stably overexpress an HA-4EHP
and mock-transfected cells were grown in chamber slides. Cells at 50%
confluence were fixed with paraformaldehyde and incubated with a
monoclonal anti-HA antibody, followed by incubation with a rhoda-
mine-conjugated rabbit anti-mouse IgG. Photographs were taken with a
rhodamine filter at a X 1000 magnification.
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The two residues that differ are Tyr’® and Ile'”®, which corre-
spond to Trp®® and Lys’®? in murine eIF4E. Tyrosine 78 is a
conservative change and is expected to fulfill the same role as
that of Trp®® in cap binding. However, the Lys to Ile substitu-
tion is not conservative, suggesting that a positively charged
residue at this position is not essential for cap binding. Not
surprisingly, sequence alignments and computer modeling pre-
dict that the overall structure of 4EHP, including the cap
binding cleft, is very similar to that of eIF4E (Fig. 6). Cap
binding analysis of 4EHP mutants of Trp'?*, Glu'?5, and Trp'®?
(residues predicted to form contacts with the cap) demon-
strated that these amino acids are absolutely required for cap
binding. Thus, we conclude that the mechanism of cap recog-
nition is similar for eIF4E and 4EHP. The structure of eIF4E
and that predicted for 4EHP differs markedly from that of the
vaccinia protein VP39, which also binds specifically to the cap
structure (52, 53). However, VP39 also sandwiches the cap
structure between two aromatic side chains (phenylalanine
and tyrosine) (53). It seems, therefore, that eIF4E, 4EHP, and
VP39 bind the cap in a similar fashion.

Given the putative structural similarity with eIF4E and its
cytoplasmic localization, it is possible that 4EHP plays a role in
translation. We investigated possible interactions of 4EHP
with candidate translation factors or inhibitors of translation,
such as eIF4G, the 4E-BPs, and the poly(A)-binding protein, by
various methods, without success. However, we cannot exclude
the possibility that 4EHP interacts weakly with one of these
proteins. Cap recognition is also required for several enzymatic
activities, such as those performed by 1) 2'-O-methyltrans-
ferases to form m’G(5)pppN,,pN (cap I) and m’G(5")pppN,, -
pN_, (cap II) (54-56); 2) m"G(5')pppN-pyrophosphatases that
remove the cap from capped-RNAs (6, 57-59); and 3) Sm-de-
pendent methyltransferase to form trimethylguanosine cap
structures found mainly in small nuclear RNAs (54). 4EHP is
most likely not involved in functions 1 and 2 because: (@)
although cap I and cap II structures are not found in plants
(60), we have retrieved ESTs corresponding to 4EHP ¢cDNA
from several plant species (Brassica Napus, Arabidopsis thali-
ana, Zea mais). (b) Recombinant 4EHP failed to exhibit meth-
yltransferase or decapping activities.? It is possible, however,
that 4EHP is involved in recognition of the trimethylguanosine
of small nuclear RNAs for import into the nucleus. A 4EHP
homologue does not exist in yeast. Although it is clear that in
higher eukaryotes the small nuclear RNAs exit the nucleus and
become hypermethylated in the cytoplasm (61), it is not known
whether this process occurs in yeast.
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