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During translation, aminoacyl-tRNAs are delivered to the
ribosome by specialized GTPases called translation factors.
Here,we report the tRNAbinding to theP-site of 40 S ribosomes
by a novel GTP-independent factor eIF2D isolated from mam-
malian cells. The binding of tRNAi

Met occurs after the AUG
codon finds its position in the P-site of 40 S ribosomes, the sit-
uation that takes place during initiation complex formation on
the hepatitis C virus internal ribosome entry site or on some
other specific RNAs (leaderless mRNA and A-rich mRNAs with
relaxed scanning dependence). Its activity in tRNAbindingwith
40 S subunits does not require the presence of the aminoacyl
moiety. Moreover, the factor possesses the unique ability to
deliver non-Met (elongator) tRNAs into the P-site of the 40 S
subunit. The corresponding gene is found in all eukaryotes and
includes an SUI1 domain present also in translation initiation
factor eIF1. The versatility of translation initiation strategies in
eukaryotes is discussed.

Translation initiation in eukaryotes is a complex process
involving a number of canonical initiation factors and auxiliary
trans-acting proteins. According to present knowledge, among
the canonical initiation factors, the key role in recruitment of
mRNA and delivery of the initiator tRNA onto ribosomes
belongs to factors eIF4F and eIF2, respectively, which have no
analogs in bacterial cells. Therefore, it is not surprising that
they are the principal targets of translational regulation in
eukaryotes, especially in mammalian cells (1). In the last few
years, the focus of our interests has been concentrated on eIF2,
a three-subunit factor that not only delivers the Met-tRNAi

Met

to the 40 S ribosome but presumably participates in the scan-
ning of 5�-UTRs of eukaryoticmRNAs and selection of the start
codon along with other factors (eIF1, eIF1A, and eIF5). The
unique properties of eIF2 are underscored by the fact that
another Met-tRNAi

Met-binding factor of eukaryotes, eIF5B
(homolog of bacterial IF2), is not capable of scanning and
searching for the start codon in mRNAs and works at the later
step, combining the 48 S preinitiation complex with the 60 S
subunit (2, 3).

In mammalian cells, the eIF2 activity is severely suppressed
by phosphorylation of its�-subunit by one of the following four
specific kinases: HRI, GCN2, PKR, and PERK (4). They are acti-
vated under quite different stress conditions (hemin deprivation,
amino acid starvation, viral infection, and unfolded protein
response, respectively), but they all result in a strong inhibition of
overall protein synthesis in mammalian cells. Curiously, some
mRNAs, especially of viral origin, somehow escape inhibition of
their translation initiation. As we have recently shown, for those
IRES2-containing mRNAs that do not use scanning and deliver
their start codons directly to the vicinity of the P-site of the 40 S
subunit, the function of Met-tRNAi

Met delivery may be accom-
plished by eIF5B in a way similar to that operating in bacteria (5).
However, in thecaseofamajorityofcellularmRNAs, suchamech-
anism is unlikely or can be excluded. This prompts us to look for
otherprotein factors thatcouldeithermodify theactivityofeIF2or
replace this ubiquitous eukaryotic factor for somespecificmRNAs
in some specific cases.
Our attention was drawn by initiation factor IF-M1 whose

activities were described by Merrick and co-workers in the
1970s (6). According to these data, partially purified IF-M1pos-
sessed two principal activities as follows: 1) it stimulated
poly(Phe) synthesis directed by poly(U); and 2) it stimulated
GTP-independent binding of Met-tRNAi

Met to 40 S subunits
programmed with the AUG triplet (6). With the discovery of
eIF2 as a true factor that delivers the Met-tRNAi

Met to ribo-
somes in all eukaryotic organisms, the interest in IF-M1 tem-
porarilywaneduntil 2002when themajor 65-kDaprotein in the
fraction containing IF-M1 activity was sequenced and, accord-
ing to current nomenclature, named “initiation factor eIF2A”
(7). The knock-out of the respective gene in yeast resulted in
totally viable cells with growth characteristics similar to the
wild strain. However, yeast eIF2A was found to genetically
interact with initiation factors eIF4E and eIF5B, suggesting that
these proteins function in the same pathway (8). The double
eIF2A/eIF4E-ts mutant strain displayed a severe slow growth
phenotype, which correlated with the accumulation of 85% of
the doublemutant cells arrested at theG2/Mborder. It was also
found that eIF2A functions as a specific suppressor of Ure2p
internal ribosome entry site-mediated translation in yeast cells
(8). These data point to the involvement of eIF2A in the trans-
lation initiation events in yeast, at least for some individual
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mRNAs. However, its functional role in mammalian cells
remained poorly investigated.
Attempts to obtain eIF2A in a recombinant form have been

unsuccessful. Therefore, it was not possible to verify the in vitro
activities formerly attributed to IF-M1 (see above) with the
preparation of eIF2A that was obviously free of any contamina-
tion with other mammalian activities. Taking into account
these circumstances, we undertook here a new exhaustive anal-
ysis of the IF-M1 containing fraction from rabbit reticulocyte
lysate andHeLa cells. As a result, we describe here a novel factor
with properties unprecedented for characterized translation
factors that are known to be involved in recruitment of amino-
acyl-tRNAs to ribosomes. The novel factor promotes binding of
not only the initiator tRNA with the AUG codon but also of
some elongator tRNAs with the corresponding codons on the
40 S ribosomal subunit. The binding is directed into the P-site
of the subunit and occurs in the absence of GTP. The factor has
the samemolecularmass of 65 kDa as eIF2A butmigrates in the
gel as a 70–75-kDa polypeptide. Earlier, this protein was erro-
neously identified as ligatin (LGTN), a membrane receptor of
glycoproteins of eukaryotic cells. The factor, termed here
eIF2D, has two functional domains, PUA and SUI1. The first
one is the RNA-binding domain found in several families of
enzymes, including those that post-transcriptionally modify
transfer RNAs (9). The second one is known to constitute ini-
tiation factor eIF1, the factor that plays a crucial role in selec-
tion of the start codon in mRNAs (10).

EXPERIMENTAL PROCEDURES

Plasmid Constructs and in Vitro Transcription—Plasmids
coded for mRNAs with �-globin (11) or HCV (12) 5�-UTRs, as
well as construct pcIlacZ and its derivatives 5A-cI, 5G-cI, cI-
GUG, and (CAA)19-cIlacZ (13), were described. pHCV-UUU-
NS’ was created from pHCV-NS’ plasmid by replacing ATG
triplet with TTT by PCR with primers 5�-TTTAGCACGAAT-
CCTAAACC-3� and 5�-GGTGCACGGTCTACGAGACC-3�.
For in vitro transcription, plasmids were linearized at positions
downstream to primer annealing sites, and the RiboMAX kit
(Promega) was used. The resulting transcripts were precipi-
tated with 2 M LiCl followed by G-50 spin column purification
and additional LiCl precipitation to remove any residual
amount of GTP and other nucleotides. For �-globin, ScriptCap
m7Gcapping system (EPICENTRE�Biotechnologies)was used
to obtain 100% capped transcript, whereas all other mRNAs
were uncapped.
To obtain eIF2D expressing vectors, the LGTN coding

region (corresponding to GenBankTM accession number
NM_006893) was first amplified from total HEK293T cell
RNA by RT-PCR with primers 5�-GCGCACCATGGTTGC-
CAAGGCCTTTCGGGTC-3� and 5�-CATATGAATTCTT-
CTTCTTGCCAGGTTTGAGG-3� followed by EcoRI and
NcoI treatment and inserting into pET33b vector (Novagen).
The identity and correctness of the LGTN sequence were
confirmed by sequencing of the complete ORF. The corre-
sponding His6-tagged protein was found to be unstable, so
the second expressing plasmid was created based on the
pGEX-6p1 vector (GE Healthcare). For this purpose, eIF2D
ORF was amplified from the above plasmid with primers 5�-

CCGAGATCTATGTTTGCCAAGGCCTTTC-3� and 5�-
GGGTTTACTTCTTCTTGCCAGGTTTG-3�, digested with
BglII, and ligated into BamHI-SmaI sites of the pGEX-6p1. The
plasmid for eIF2D expression inmammalian cells was prepared
by insertion of the eIF2D coding region obtained by PCR from
the above plasmid with primers ATCATGGTTTTTGCCAA-
GGCCTTTCG and CCGACTAGTTTTACTTCTTCTTGC-
CAGG and digested with AhlI into XbaI and bluntedNheI sites
of the pcDNA3.1(�) expression vector (Invitrogen).
Purification of Ribosome Subunits, Initiation Factors, and

Met-tRNAi
Met—eIF2, eIF3, and eIF4F were purified from RRL;

40 S was isolated from HeLa cell extract; eIF1, eIF1A, eIF4A,
and eIF4B were expressed in Escherichia coli as described pre-
viously (14–17). Purified tRNAf

Met, a kind gift from V.Makhno
and Y. Semenkov, was used as initiator tRNA. For aminoacyla-
tion, recombinant methionyl-tRNA synthetase was used as
described previously (13). For deacylation, the tRNA was incu-
bated for 1.5 h at 37 °C in Tris-HCl buffer, pH 8.8, followed by
ethanol precipitation.
Purification of native eIF2A and eIF2D from RRL and HeLa

cell extract is described under “Results.” To obtain recombi-
nant eIF2D, E. coli Rosetta strain bearing pET33b-eIF2D or
pGEX-6p1-eIF2D plasmid was grown in standard LB medium
supplemented with 0.1 mM PMSF during 6 h at 28 °C after
induction with 0.3 mM IPTG. eIF2D-His6 was purified using
nickel-nitrilotriacetic acid-agarose (Qiagen) according to the
manufacturer’s instruction (the buffers was supplemented
with 500 mM KCl, 10% glycerol, and 0.5 mM PMSF) followed
by phosphocellulose chromatography (cut 200–400 mM KCl).
N-GST-tagged eIF2D was expressed in a similar way, followed
by binding to glutathione-Sepharose 4B (GE Healthcare) and
elution with PreScission protease (Amersham Biosciences).
Untagged protein was then purified by FPLC on Mono S col-
umnwith KCl gradient of 100–300mM. Apparently, the homo-
geneous protein was eluted at 270 mM KCl.
Assembly and Analysis of Translation Initiation Complexes—

48 S ribosomal complexes were assembled and analyzed by
toeprinting or RelE-printing assays as described earlier (14, 15,
18). Briefly, 48 S complexes were assembled by incubating 1
pmol of mRNA for 10 min at 30 °C in a 20-�l reaction volume
that contained the reconstitution buffer (20 mM Tris-HCl, pH
7.5, 110mMKOAc, 1mMMg(OAc)2, 0.25mM spermidine-HCl,
1mMDTT), 0.4mMGTP-Mg(OAc)2 and 1mMATP-Mg(OAc)2
where indicated, 10 pmol of Met-tRNAi

Met or deacyl- tRNAi
Met

or tRNAPhe, and 2.5 pmol of 40 S ribosomal subunits and com-
bination of factors (eIF1 (10 pmol), eIF1A (10 pmol), eIF2 (5
pmol), eIF2A (5 pmol), eIF2D (5 pmol), eIF3 (5 pmol), eIF4A (10
pmol), eIF4B (5 pmol), eIF4F (2 pmol)), as described in the text.
For toeprinting, 32P-labeled oligonucleotides 5�-GGGATTTC-
TGATCTCGGCG-3� (for HCV), 5�-TCACCACCAACTTCT-
TCCAC-3� (for �-globin), or 5�-CCAGGGTTTTCCCAGT-
CACG-3� (for cIlacZ derivatives) were used. Assembled
complexes were analyzed directly by primer extension using
avian myeloblastosis virus RT (Promega) essentially as de-
scribed previously (11) or treated with recombinant RelE pro-
tein, followed by deproteinization, RNA precipitation, and
primer extension analysis (for details, see Ref. 18).
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Binding of [35S]Met-tRNA to 40 S Ribosomal Subunits and
Nitrocellulose Filter Binding Assay—Enzymatic binding of
[35S]Met-tRNA with 40 S subunits was a modification of the
procedure described in Ref. 19. Incubation in a total volume of
25 �l in the buffer containing 20 mM Tris-HCl, pH 7.5, 100 mM

KCl, 5 mM Mg(OAc)2, and 1 mM DTT was performed at 25 °C
for 15 min. The reaction mixture contained 12 pmol of 40 S
subunits, 5 pmol of [35S]Met-tRNAi

Met (15,000 cpm/pmol), 0.1
A260 units of ApUpG ribonucleotide, and indicated amount of
eIF2A or eIF2D. After incubation, the reaction was stopped by
the addition of 75 �l of Wash buffer (20 mM Tris-HCl, pH 7.5,
100 mM KCl, 5 mM Mg(OAc)2, 1 mM DL-methionine), and
bound tRNA was measured by retention on nitrocellulose fil-
ters (Millipore type HA, 0.45 �m), which were washed five
timeswith 1ml of theWash buffer. The radioactivity was deter-
mined using standard toluene scintillator.
Transfection of Mammalian Cells and Immunofluorescent

Microscopy—HeLa cells were grown and transfected with
pcDNA3.1-eIF2D plasmid as described previously (20). 24 h
after transfection, cells were fixed with 1% glutaraldehyde in
PBS, treated with sodium borohydride and 0.1% Triton X-100,
and immunostained with rabbit polyclonal anti-eIF3a antibody
(21), mouse anti-eIF2D serum raised against recombinant
eIF2D-His6 protein, and goat-derived IgG-specific second-
ary antibodies conjugated with FITC or TRITC (Jackson
ImmunoResearch). Distribution of eIF2D and eIF3a was ana-
lyzed with 100� Plan-NEOFLUAR objectives using an Axio-
vert 2000 M (Carl Zeiss) inverted microscope equipped with a
Hammamatsu Orca digital camera. Images were acquired and
processed with AxioVision and Adobe Photoshop software.
Polysome Profile Analysis—72 h after transfection with

pcDNA3.1-eIF2D vector, logarithmically growing HEK293T
cells from two 10-cm dishes were washed with ice-cold PBS,
harvested by scraping, and lysed in 200 �l of Polysome Extrac-
tion Buffer (15 mM Tris-HCl, pH 7.5, 150 mM NaCl, 15 mM

MgCl2, 1 mg/ml heparin, 1% Triton X-100, 0.5 mM PMSF, 40
units/ml RiboLock (Fermentas)). After pelleting debris, the
lysate was applied onto 11ml of 10–50% sucrose gradient (pre-
pared with the buffer containing 15 mM Tris-HCl, pH 7.5, 150
mM NaCl, 15 mM MgCl2, 1 mM DTT, and 0.5 mM PMSF) and
centrifuged 3.5 h at 35,000 rpm in an SW40 rotor (Beckman).
440-ml fractions were collected, and the absorbance at 260 nm
was measured. 50 �l of indicated fractions were analyzed by
Western blotting with anti-eIF2D serum (see above) or anti-
RPSA antibody (22).

RESULTS

Factor eIF2A Separates from the GTP-independent tRNAi
Met

Binding Activity in the Course of RSW Fractionation—To iden-
tify the protein whose activity was attributed to factor IF-M1
and to check whether it is identical to eIF2A, we first looked for
a more convenient and more natural test system alternative to
membrane binding of the initiator tRNA with 40 S ribosomal
subunits programmed with the AUG triplet. We reasoned that
theHCV IRES elementmay be suitable for this purpose because
it is known to place its AUG initiation triplet directly in the
vicinity of the P-site of ribosomal 40 S subunits without scan-
ning its nucleotide sequence (12). Indeed, the experiments

demonstrated (Fig. 1) that the partially purified fraction of RSW
fromRRL, which stimulated AUG-dependentMet-tRNA bind-
ing with 40 S subunits on membranes (but does not contain
eIF2), also produced the toe print signal characteristic of the
HCV IRES. Authenticity of the complex was supported by its
sensitivity to bacterial toxin RelE, which cleaves the mRNA at
the nucleotide triplet accommodated in the A-site of the ribo-
some only when the P-site is occupied by peptidyl- or Met-
tRNA (18). However, unlike the signal observed with the eIF2,
the appearance of the toe-print signal in that case was not
affected by the presence of GTP. Thereafter, subsequent exper-
iments searching for the identification of the factor with the
GTP independent activity in Met-tRNAi

Met binding were per-

FIGURE 1. Reconstitution of 40 S preinitiation complexes on the HCV IRES
using a partially purified RSW fraction of RRL containing eIF2A and GTP-
independent Met-tRNA binding activity and detection of the complexes
by toe-printing (lanes 1–7) or by RelE printing (lanes 8 –11). Position of the
AUG start codon is indicated. The bands originating from the binary HCV
IRES � 40 S complex and those originating from the HCV IRES � 40 S � Met-
tRNAi

Met �eIF2 (eIF2D) complexes are denoted on the right of the gel as 40 S
and 48 S, respectively. Sequencing lanes obtained for the corresponding
cDNA using the same primer are presented on the left.
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formed predominantly by the toe-printing method with the
HCV IRES RNA.As an additional tool to see whether this activ-
ity co-purifies with eIF2A in different fractions, we used eIF2A-
specific antibodies raised against an internal peptide sequence,
HEAKKAAKQEAR (amino acids 491–502).
The scheme of purification is schematically presented in Fig.

2A. After a fine FPLC fractionation on Mono Q (gradient
25–300mMKCl), it became clear that the protein with amolec-
ular mass of 65 kDa, which reacted with eIF2A antibodies in
Western blot assay, separated from the Met-tRNAi

Met binding
activity; eIF2Awas not retained on theMonoQ column even at
25 mM KCl, whereas the initiator tRNA binding activity was
eluted around 180mMKCl (supplemental Fig. 1,A–C). Further
analysis showed that in fact there were one or two more
polypeptides with a molecular mass of 65 kDa that were
retained on the Mono Q column. However, they were negative
in the Western blot assay with eIF2A antibodies (sup-
plemental Fig. 1B). The proteins not retained onMono Q were

further fractionated onMono S. At least two polypeptides with
a molecular mass of 65 kDa were eluted between 150 and 200
mM KCl; they were both positive in theWestern blot assay, but
one of them reactedmuch stronger with eIF2A antibodies than
the other (supplemental Fig. 1, D and E). The subsequent anal-
ysis of these polypeptides by MS peptide fingerprinting unam-
biguously showed that they are both eIF2A and presumably
differ in a post-translational modification(s). It should be noted
that unlike the fractionation on Mono Q, we failed to resolve
eIF2A and Met-tRNAi

Met binding activity when the fraction
250–350 mM KCl from phosphocellulose was applied directly
on the Mono S column; they eluted approximately in the same
fractions (data not shown).
Neither purified eIF2A itself nor its post-translationally

modified form(s), alone or in combination, possessed anyMet-
tRNAi

Met binding activity (supplemental Fig. 2,A andB, also see
below).The activity in the Met-tRNAi

Met binding to the 40 S
subunit programmed with the HCV IRES (estimated by the
intensity of toe-print bands) best correlated with the presence
and the amount of a protein with a molecular mass of �70 kDa
(marked with arrow in supplemental Fig. 1A). Unfortunately,
we failed to identify this protein with MS, presumably because
the rabbit protein had some amino acid substitutions or cova-
lentmodifications as comparedwith itshumanormousehomo-
log, as the rabbit genome has not been sequenced yet. There-
fore, the entire procedure of purification of the Met-tRNAi

Met

binding factor was repeated for RSW from HeLa cells. The
same band with a molecular mass of �70 kDa was found in the
analogous fractions from theMonoQ separation (marked with
the filled arrowhead in Fig. 2B). Again, theMet-tRNAi

Met bind-
ing activity strongly correlated with the presence of this
polypeptide (data not shown) and did not correlate with other
weaker bands present also in the neighboring fraction, except
probably for the weak bandwith amolecularmass of�100 kDa
(indicated by open arrowhead in Fig. 2B). The latter band,
although absent from the corresponding RRL fraction, was
taken for MS analysis along with the 70-kDa protein.
Identification of Proteins, Candidates forMet-tRNAi

Met Bind-
ing Activity, by MS Peptide Fingerprinting—The band that
migrates in the gel as a 70–72-kDa proteinwas identified byMS
as human LGTN (accession number NP_008824). Analysis of
the LGTN CDS by the Phyre program (23) revealed that the
protein likely consist of five structural domains (Fig. 2C) with
unusually long disordered region between the second and the
third ones. Judging by the conserved functional motifs identi-
fied within this sequence, the encoded protein looks like a
translation factor rather than a receptor that binds and localizes
phosphoglycoproteins at the cell surface (24, 25). It clearly does
not contain any hydrophobic region, whichmight be attributed
to a membrane-associated domain, and has a predicted molec-
ular mass of 65 kDa (although LGTN monomer is a 10-kDa
polypeptide, see under “Discussion”). In the identified protein,
the N-terminal part harbors a PUA domain (named after
PseudoUridine synthase and Archaeosine transglycosylase),
which has been originally identified in silico as a putative RNA
binding domain found in a wide range of proteins involved in
RNAmetabolism (9). It is implicated inmany processes, includ-
ing tRNA and rRNA modifications, translation initiation, and

FIGURE 2. Purification of the GTP-independent Met-tRNA binding activ-
ity. A, scheme of purification ((NH4)SO4 precipitation is abbreviated as ASP.
B, Coomassie-stained gel that exemplifies two fractions (15 and 16) of HeLa
RSW from the last step of purification of GTP-independent Met-tRNAi

Met bind-
ing activity on Mono Q, of which fraction 16 had a much higher activity. Posi-
tions of two bands (�70 and �100 kDa), with which this activity could be
associated, are shown with filled and open arrowheads, respectively. M
denotes position of standard molecular weight markers. C, upper part, con-
served domains identified in the eIF2D sequence; bottom part, alignment of
SUI1 domains of eIF2D and translation initiation factor eIF1. cd00474, consen-
sus sequence of SUI1 domain from Conserved Domain Data base.
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ribosome biogenesis (for review see Ref. 26). The C-terminal
part of “LGTN” contains an SUI1 domain. Although the PUA
motif was identified in several protein families, the SUI1
domain, apart from NP_008824 homologs, was found in
eukaryotes only in translation initiation factor eIF1 and in
another translation-associated protein DRP/DENR (27, 28).
eIF1 is known to play an important role in accurate initiator
codon recognition (for review, see Ref. 10). Therefore, we con-
cluded that the sequence with accession number NP_008824
was attributed to LGTN by mistake, and hereafter throughout
the text, the respective protein will be called eIF2D.

Another band with the mobility
in the gel as 100 kDa (see above) was
identified by MS as one of two
eukaryotic RNases Z. This protein
termed “ElaC homolog 2” (ELAC2)
has a molecular mass of 92 kDa
and participates in the endonucle-
ase processing of pre-tRNAs and
rRNAs (29). Other functions of
ELAC2 are not related to transla-
tion.We suggest that eIF2D is a bet-
ter candidate for the factor with
GTP-independent Met-tRNAi

Met

binding activity than ElaC2. To sup-
port this suggestion, the recombi-
nant eIF2D was prepared in E. coli,
and its functions were analyzed.
Recombinant eIF2D Is Capable

of Delivering Met-tRNAi
Met to the

Ribosomal 40 S Subunits in a GTP-
independent Way—The cDNA for
eIF2D was amplified from RNA iso-
lated fromHEK293 cells and cloned.
The corresponding protein in GST
fusion form was expressed in E. coli,
cleaved fromGSTmoiety, and puri-
fied to homogeneity (see “Experi-
mental Procedures”). Fig. 3A shows
that eIF2D is able to produce the
toe-print signal with 40 S ribosomal
subunits and theHCV IRES and that
this signal is observed in the absence
ofGTP. To confirm that this activity
is similar to that revealed for factor
IF-M1, we also tested eIF2D in the
membrane Met-tRNAi

Met binding
assay in the presence of theAUG tri-
plet, the test initially used to charac-
terize IF-M1 activities (6). The data
ofmembrane binding assay (Fig. 3B)
present strong evidence that the
recombinant eIF2D does stimulate
the delivery of Met-tRNAi

Met onto
40 S ribosomes in the presence of
AUG and is not capable of doing so
in the absence of the nucleotide
triplet. That the binding of the initi-

ator tRNA occurs correctly, i.e. to the P-site of the 40 S sub-
unit, was supported by the fact that the 40 S�HCV IRES�Met-
tRNAi

Met�eIF2D complexwas also positive in RelE printing (Fig.
3A, lanes 4–7).
Remarkably, unlike all known translation factors delivering

aminoacyl-tRNAs to ribosomes, the aminoacyl moiety of Met-
tRNAi

Met is dispensable for the eIF2D promoted formation of
its complex with 40 S subunits (Fig. 3A, lanes 8–11). At the
same time, lanes 12–14 in Fig. 3 demonstrate that eIF2D is not
strictly specific for the initiator tRNA and AUG codon; substi-
tution of the AUG codon in the HCV IRES and the initiator

FIGURE 3. Functional properties of eIF2D. A, lanes 1–7 show experiments analogous to those presented in
Fig. 1A, but the purified recombinant factor was used instead of partially purified RSW fraction. Lanes 8 –11
analyze the contribution of aminoacyl moiety of Met-tRNAi

Met to its binding with 40 S ribosomal subunits. The
HCV-UUU mRNA represents the HCV IRES where the initiation codon was mutated from AUG to UUU to test
binding of cognate tRNAPhe in the presence of eIF2D (lanes 12–14). B, membrane binding assay. Recombinant
eIF2D was tested for activity in [35S]Met-tRNAi

Met binding with 40 S ribosomal subunits programmed with the
AUG triplet. Bkg, background (no tRNA); control, no eIF2D added; eIF2A-1 and eIF2A-2 are two forms of eIF2A
(see the text) purified to homogeneity.
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tRNA for UUU triplet and tRNAPhe, respectively, resulted in a
rather intensive toe print and RelE signals. Similar observations
were once obtained for factor IF-M1; it also stimulated binding
of Phe- and N-acetyl-Phe-tRNA with 40 S ribosomal subunits
in the presence of UUU codon (6). On the other hand, the toe-
print signal for the combination GUG triplet-tRNAVal turned
out to be much weaker (data not shown) suggesting that eIF2D
was not able to equally stabilize all codon-anticodon pairs.
eIF2D Stabilizes the Complex of 40 S Ribosomal Subunits

with Leaderless mRNAs—eIF2D was found to be inefficient in
formation of 48 S preinitiation complexes with �-globin
mRNA, a classical cap-dependent mRNA; the resulting toe
print was rather weak (supplemental Fig. 3). This was again
reminiscent of IF-M1, which had been shown to be inefficient
in methionyl-puromycin synthesis, when total globin mRNA
was used as a template instead of AUG triplet (19). From these
results, we concluded that eIF2D could not substitute for eIF2
in scanning.However, we reasoned that eIF2Dmightworkwith
a leaderless mRNA, another example of an mRNA that did not
require scanning to initiate translation. As we have previously
shown (13), a leaderlessmRNAwith unstructured 5�-end prox-
imal sequence (cIlacZ) can form functional complexes (i.e.
complexes competent for polypeptide elongation) with Met-
tRNAi

Met and 80 S ribosomes in the absence of initiation fac-
tors. However, similar complexes with ribosomal 40 S subunits
(if any exist) were very unstable and did not give toe-print sig-
nals. Addition of eIF2 alone produced a weak toe print that was
greatly enhanced by other canonical initiation factors in the
absence of eIF1, whereas addition of the latter one to the result-
ing complex destabilized it (13, 30). These data were largely
confirmed in this work (Fig. 4A, lanes 2–4). Contrary to eIF2,
eIF2D alone was able to significantly stabilize the complex (Fig.
4A, lanes 5–7), but, remarkably, its strong stimulation effect

was not affected by other factors, except eIF1. When the AUG
triplet at the 5� end of cIlacZ mRNA was replaced by GUG,
eIF2D, unlike eIF2, was no longer able to promote the forma-
tion of 48 S complex (Fig. 4A, lanes 8–10), suggesting specific
structural requirements for the nature of codon-anticodon
interaction in the P-site.
It is important to note that although eIF1 and eIF2D both

contain a SUI1 domain, only eIF1 was able to destroy the 48 S
complex formed on the cI-GUGmRNA in the presence of eIF2
(Fig. 4A, lanes 10–13). Similar conclusions can be made from
results obtained with the �-globin mRNA, which forms aber-
rant initiation complexes at upstream near-cognate codons
(UUGs and GUGs) in the absence of eIF1 (16, 18). eIF2D was
unable to destroy such complexes that had been added instead
of eIF1 (supplemental Fig. 3).
eIF2D Strongly Promotes Formation of Complexes of 40 S

Ribosomal Subunits with RNAs Containing Single-stranded
A-rich 5�-UTRs—The results described above prompted us to
address the RNAs that contain 5�-leaders but presumably do
not involve classical scanning with concomitant unfolding of
the secondary structure within these 5�-UTRs. Fig. 4A, lanes
14–16, shows a successful formation of the 48 S complex with
5A-cI transcript, representing cIlacZmRNAelongated at the 5�
end with GAAAA sequence. Remarkably, eIF2D failed to form
the complex when using the RNA elongated with GGGCC
sequence, presumably because of a high potential of G residues
for base pairing. Next, we tested the cIlacZmRNA elongated at
the 5� end with (CAA)19 sequence, known for its absolute sin-
gle-stranded nature (31) and a relaxed dependence on the scan-
ning machinery (30). Such a design resulted in the mRNA that
had both a completely unstructured 5�-UTR and a single-
stranded coding sequence adjacent to the initiation codon. As
expected, this mRNA could form some amount of the eIF2-

FIGURE 4. Effect of eIF2D on the formation of 48 S preinitiation complexes with various model constructs. A, assembly of the complexes with the
leaderless mRNA construct cIlacZ and its derivatives. cIlacZ is an mRNA with the 5�-terminal gAUG sequence described by Andreev et al. (13). 5A-cI and 5G-cI
are cIlacZ derivatives with GAAAA and GGGCC sequences added to its 5� end, respectively, described in the same paper. cI-GUG is a leaderless cIlacZ construct
where the 5�-terminal AUG was replaced by GUG. Other designations are as in Figs. 1 and 3. B, formation of the 48 S complex on the CAA-cIlacZ mRNA, which
represents the sequence (CAA)19 added to the 5� end of cIlacZ.
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mediated 48 S initiation complex in the absence of scanning
factors eIF1, eIF4F, eIF4A, and eIF4B (Fig. 4B, lanes 8 and 9). As
follows from the data presented in Fig. 4B, lanes 4–6, this
mRNA efficiently formed the 48 S complex with eIF2D instead
of eIF2. Remarkably, eIF3 greatly stimulated formation of the
complex, whereas eIF1A caused only very slight positive effect.
We believe that the stimulation effect of eIF3 is most probably
based on its known ability to recruit 40 S ribosomal subunits
onto single-stranded RNAs even in the absence of additional
initiation factors (see for instance Refs. 14, 32).

DISCUSSION

In this study, we report identification and initial character-
ization of a novel tRNA delivering factor possessing several
unprecedented properties. The protein is encoded by sequence
NM_006893. In 1989, a small part of this sequence containing a
frameshift in the CDS has been previously characterized as a
cDNA for human LGTN (33), a filamentous protein with
covalently bound palmitic acid (25). It is a peripheral mem-
brane receptor that binds and localizes phosphoglycoproteins
at the cell surface (24, 34). However, several lines of evidence
unambiguously indicate that the polypeptide encoded by
NM_006893 is not actually related to LGTN. First, its molecu-
lar mass is 65 kDa (migrates in SDS gels as a 70-kDa protein),
and the LGTNmonomer it is about 10 kDa (25). Second, it does
not contain any hydrophobic regions that might be attributed
to a membrane-associated domain. Finally, eIF2D sequence
analysis does not reveal any motifs relevant to membrane
receptor function. Instead, two conserved domains, SUI1 and
PUA, have been found in the protein, both of which most likely
have intracellular functions.
Curiously, the confusion caused by the wrong identification

ofmRNA for LGTN resulted in several reports where research-
ers did not presumably realize that they studied expression and
regulation of a gene not relevant to ligatin. In one of these
reports (35), researchers investigated the regulation of the
LGTN (actually eIF2D) gene in neurons and found out that the
glutamate receptor activation and extracellular calcium entry
into hippocampal neurons caused a long lasting down-regula-
tion of LGTN mRNA and protein. The LGTN mRNA was
shown to harbor determinants in their 3�-UTR for specific dis-
tribution within hippocampal neurons (36). Later, Wang et al.
(37) identified LGTN (actually eIF2D) as one of the human
hepatocellular carcinoma-associated antigens (HCA56), and
showed that the eIF2D mRNA is ubiquitously expressed. This
gene was also found deregulated in some other forms of human
cancer (38, 39) anddifferentially expressed during development
in invertebrates (40).
The eIF2D gene has orthologs in all eukaryotic genomes. It is

well conserved in mammals (more than 80% identities) and
among high eukaryotes (usually not less than 35% identity and
50% similarity). In yeast, the corresponding protein TMA64
(product of gene YDR117C) was found among proteins associ-
ated with ribosomes (41), whereas high throughput screening
(42) showed its physical interaction with ribosomal protein S4
and RNA-helicase DED1 suggested to participate in transla-
tion. It is interesting that expression of the yeast protein
increases under some stresses that result in inactivation of eIF2

(UPR-stress, anoxia, and oxidative stress) and is greatly
enhanced during sporulation; at the same time, gene YDR117C
is not essential for yeast; its deletion does not result in cell
death, although sporulation is impaired (for references, see Sac-
charomycesGenomeData Base). Knock-out of the correspond-
ing mammalian ortholog has not yet been performed.
The factor has two conserved domains, PUA and SUI1.

Although the former one is implicated in many processes, the
SUI1 domain is highly specific in occurrence and functions in
both prokaryotes and eukaryotes. SUI1 is a well known func-
tional domain present in translation initiation factor eIF1,
where it plays an important role in accurate initiator codon
recognition (30, 43, 44). During eukaryotic translation initia-
tion, eIF1 binds near the P-site of the 40 S ribosome (45) and
changes its conformation (46) in a way that the 40 S subunit
becomes able to move along the mRNA in a process called
scanning. It is thought that eIF1 interferes with the final accom-
modation of the initiator tRNA until the scanning ribosome
reaches AUG codon in an appropriate nucleotide context (for
review, see Ref. 10). At this point, eIF1 either dissociates or
changes its location on the 40 S subunit, allowingMet-tRNAi to
occupy the correct position in the P-site (47, 48). This leads to
irreversible GTP hydrolysis in theMet-tRNAi

Met�eIF2�GTP ter-
nary complex and dissociation of eIF2 (49). The eIF1 ortholog
in prokaryotes, YciH, has a similar “proofreading” activity (44).
The SUI1 fold is structurally similar to other RNA-binding

domains (50) suggesting that this domain may directly interact
with RNA in the initiation complex. Indeed, directed hydroxyl
radical probing experiments (45) showed that particular
regions within the SUI1 domain of human eIF1 do contact both
18 S rRNA and initiator tRNA, although in the latter case the
signals were rather weak. Apart from eIF1 and eIF2D, there is
only one more SUI1-containing protein encoded in human
genomes. It is DRP/DENR, a protein whose expression was
found to increase in cultured cells at high density (27). Interest-
ingly, this protein has been shown to physically interact with
MCT-1, a PUA domain-containing protein (28). The same
report claims that the complex DENR�MCT-1 plays a role in
translation initiation, being associated with the cap-binding
complex. In yeast, their corresponding orthologs, TMA22 and
TMA20, clearly interact with each other (see Saccharomyces
GenomeData Base) and have been shown to be associated with
the translational machinery (41). The complex of these two
proteins may therefore represent a functional analog (or com-
petitor) of the eIF2D in which PUA and SUI1 domains are not
covalently linked. According to this, a recent large scale genetic
interaction screen (51) showed a severe growth defect of the
double tma64/tma20 mutant strain, suggesting at least partial
redundancy in functions of the two proteins.
Although the functional role of eIF2D in eukaryotic cells

remains to be established, data obtained in the course of this
work allow us to draw some conclusions. The properties of this
factor described here as well as literature data on its yeast
ortholog strongly favor the conclusion that this protein is
involved in some events related to translation. Our preliminary
data show that eIF2D is localized in the cytoplasm rather in the
nucleus and co-localizes with translation apparatus (at least
with eIF3, see supplemental Fig. 4, and with PABPC1, data not

tRNA Delivery by Novel Translation Factor

AUGUST 27, 2010 • VOLUME 285 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 26785

http://www.jbc.org/cgi/content/full/M110.119693/DC1


shown). Sedimentation analysis of the cytoplasmic extract pre-
pared from HEK293T cells with overexpressed eIF2D, com-
bined with Western blot, showed that eIF2D is detected in the
area of ribosomes (supplemental Fig. 5), thereby suggesting the
interaction of the factor with the translational apparatus of
mammalian cells. However, eIF2D is unlikely to be an obliga-
tory component of the regular translation process. The same
conclusion was drawn previously for IF-M1 (52). Its content
in all laboratory cell lines we tested so far is very low and
hardly revealed by Western blot. siRNA interference against
its mRNA does not produce any visible effect and does not
change significantly the growth properties of cultivated cells
(data not shown). Thus, the most plausible idea is that eIF2D
serves a specific mRNA(s) operating under unusual (abnor-
mal) conditions.
At first sight, the ability of eIF2D to deliver not only the

tRNAi
Met but also some noninitiating tRNAs (tRNAPhe) to 40 S

ribosomal subunits might suggest its implication in the elonga-
tion or termination rather than the initiation step of polypep-
tide synthesis. It should be stressed, however, that the novel
factor directs tRNAs strictly to the P-site of the ribosome, the
property that is characteristic of initiation factors only. There-
fore, we think that the name “eukaryotic initiation factor 2D”
for this factor is fully justified, at least tentatively.
eIF2D-promoted delivery of tRNAs to 40 S subunits does

not involve GTP hydrolysis. The delivery to 40 S ribosomal
subunits is not dependent on the presence or absence of the
aminoacyl moiety, either. This is one more feature in which
eIF2D is distinct from all known translation factors involved
in tRNA delivery to ribosomes. This does not mean that the
aminoacyl moiety is not required for later steps. This feature,
however, may indicate that eIF2D does not specifically rec-
ognize the aminoacyl portion of aminoacyl-tRNAs. The
presence of the SUI1 domain suggests that the protein may
act by changing the conformation of the 40 S ribosomal sub-
unit in a manner similar to eIF1, although in contrast to the
latter factor eIF2D rather stabilizes tRNA binding within the
P-site.
The absence of any clear effect of the combination of eIF1A,

eIF3, eIF4F, eIF4A, and eIF4B on the eIF2D-promoted Met-
tRNAi

Met delivery to the 40 S ribosome programmed with the
leaderless mRNA (Fig. 4A) is an argument against the interac-
tion of eIF2D with these canonical factors. At the same time,
eIF3 was necessary for eIF2D-dependent 48 S complex forma-
tion on the CAA-cIlacZmRNA, although in the latter case eIF3
likely functions at the early stage to recruit the 40 S subunit
onto mRNA (14, 32). Anyway, we do not exclude that on
the ribosome eIF2D may have contact with some of the
above initiation (or elongation) factors, and even with the
eIF2�GTP�Met-tRNAi

Met ternary complex if eIF2D is able to
participate also in canonical initiation events.
Although the properties of eIF2D described in this study

strongly favor its participation in the translation initiation on a
specific mRNA(s), we cannot exclude that it is involved in the
regulation of some general translational events, initiation, elon-
gation, or termination, under specific conditions or in specific
cells. Elucidation of the functional role of the protein is under
way in our laboratory.
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