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The mouse protein synthesis initiation factor 4A gene
family includes two related functional genes which are

differentially expressed
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We have cloned and characterized a family of mouse
genomic sequences hybridizing to mouse cDNA probes
coding for eIF-4A, one of the protein synthesis initiation
factors involved in the binding of mRNA to the ribosome.
We estimate that there is a total of ~9—13 elF4A
pseudogenes. We also found an eIF-4A intronless retro-
poson which, when compared to the cDNA, contains a
single nucleotide difference. This possibly functional gene
contains a mouse repetitive Bl element integrated in the
promoter region. Furthermore, we have cloned two
intron-containing eIF-4A genes (termed eIF4Al and elF-
4AIl). The eIF4AIl gene codes for a previously unknown
form of eIF-4A. Northern blot hybridization with RNA
from several mouse organs shows a variation in elF-4Al
expression within a factor of 7. In contrast, relative to
liver, eIF-4AIl expression is 20- to 30-times higher in
brain and kidney, 10- to 17-fold higher in lung and heart,
and is about equally abundant in liver, spleen and thy-
mus. These data suggest that the relative efficiency of
protein synthesis initiation for different mRNAs, as
reflected by discrimination in messenger 5’-terminal cap
recognition and binding to ribosomes, varies in different
tissues.

Key words: Bl repetitive element/gene family/initiation
factor 4A/protein synthesis/pseudogene

Introduction

Eukaryotic initiation factor 4A (e[F4A), a single polypeptide
of 45 kd, is one of the factors required for the binding of
mRNA to 43S preinitiation complexes during initiation of
protein synthesis (for reviews see Moldave, 1985; Kozak,
1983; Maitra er al., 1982). Several activities have been
ascribed to eIF-4A including the ATP-dependent binding to
mRNA (Grifo et al., 1982; Abramson et al., 1987), specific
cross-linking to the oxidized 5' cap of mRNAs in the pres-
ence of ATP (Sonenberg, 1981; Edery ef al., 1983), and
the RNA-dependent hydrolysis of ATP (Seal et al., 1983;
Grifo et al., 1984). Since the binding of inosine-substituted
reovirus mRNA to ribosomes is less dependent on ATP and
the cap structure than native reovirus mRNA (Kozak, 1980;
Morgan and Shatkin, 1980), it has been suggested that
cap-binding factors, including eIF-4A, may be involved in
ATP-dependent melting of secondary structure near the 5’
end of mRNA (Sonenberg, 1981; Abramson et al., 1987).
eIF-4A exists both as a component of a high mol. wt protein
complex (called eIF-4F) involved in cap recognition (Tahara

©IRL Press Limited, Oxford, England

et al., 1981; Grifo et al., 1983) and as a single polypeptide
required for mRNA binding to ribosomes (Daniels-McQueen
et al., 1983). To what extent the free and complex-associated
forms of e[F4A differ, physically and functionally, and
whether they exchange, is not known. We present evidence
here which shows that in the mouse there are two functional
elF4A genes coding for proteins whose amino acid se-
quences are 91% identical. These two genes are differen-
tially expressed in different tissues. We also show that there
exists a family of eI[F-4A-related genes in the mouse, most
of which are non-functional pseudogenes.

Results

Southern blot analysis of elF-4A sequences

In order to characterize genomic sequences coding for
elF-4A, total mouse liver DNA was digested with several
different restriction endonucleases, fractionated by agarose-
gel electrophoresis, transferred to a nylon membrane and
hybridized with radiolabeled eIF-4A cDNA. The resulting
autoradiogram (Figure la) shows numerous hybridizing
bands for all restriction enzymes tested. This result is con-
sistent with either a single eI[F-4A gene containing many
introns, or with the presence of many elF-4A genes, or both.
In order to better characterize eIF-4A sequences, similarly
digested genomic DNA was probed with radiolabeled oligo-
nucleotides. Figure 1b and ¢ shows the resulting autoradio-
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Fig. 1. Hybridization of genomic DNA with e[F4A cDNA and
oligonucleotide probes. Mouse genomic liver DNA (6 ng) digested
separately with five different restriction endonucleases was
electrophoresed, blotted onto a nylon membrane, hybridized and
washed under high stringency conditions as described in Materials and
methods. Radiolabeled probes were elF-4A cDNA spanning nt —45 to
+363 (A), oligonucleotide 4A5S spanning nt —42 to —23 (B), and
oligonucleotide 4AC2 spanning nt 7 to 24 (C) [see Nielsen er al.
(1985) for numbering]. Restriction endonuclease abbreviations are X:
Xbal, Ps: Pstl, Pv: Pvull, H: HindIll, and R: EcoRI. Autoradiography
was for 9 days (A and B) or 3 days (C) with an intensifying screen.
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i: elF-4A pseudogenes

oONA 0 - .
A 10 1 ot
B 32 ewalld

C & e

D 03 —

E 25 JRUUTOUUNUUR ST S P

F o2 & —

G 6 = =

H 6 —e

I 3

J 2

Fig. 2. eIF4A pseudogenes. Sequenced regions of eI[F-4A genes A—J are linearly depicted underneath eIF-4Al cDNA. The arrows on the cDNA
line indicate the beginning and end of the coding region. Each dot above the processed gene lines corresponds either to a nucleotide exchange,
deletion, or insertion. The percent to which each gene deviates (for that portion of the gene analyzed) from the cDNA sequence is listed next to the

clone letter.

gram following stringent hybridization with oligonucleotides
4ASS (spanning nt —42 to —23, see Nielsen et al., 1985
for numbering) and 4AC2 (spanning nt 7—24). The presence
of several bands hybridizing with the oligonucleotide probes
demonstrates unequivocally that there is more than one
elF-4A-related genomic sequence. The fact that this hybrid-
ization occurs under stringent conditions implies that some
of the elF-4A sequences are very similar to each other.

Cloning and analysis of elF-4A genes

In order to isolate eIF-4A genes, ~1 X 10° recombinant
phage from two mouse genomic libraries (generously pro-
vided by J.Epplen) were screened with mouse eIF-4A
cDNA. Approximately 120 positive phages were isolated
and most were further characterized in a variety of ways
including hybridization to various oligonucleotides cor-
responding to different regions of the cDNA, restriction
enzyme mapping and DNA sequencing. The analyzed clones
could be grouped into three classes: non-functional retro-
posons or pseudogenes, a possibly functional retroposon and
functional genes.

elF-4A pseudogenes

A summary of data from the pseudogenes analyzed is shown
in Figure 2. Based on restriction mapping and DNA sequence
analysis, we have identified seven pseudogenes and estimate
that there may be three to six more pseudogenes which we
have cloned but not analyzed in detail. The fact that we have
isolated at least two independent clones for each pseudogene
family suggests that we have isolated all of the mouse eI[F4A
genes. Portions of most of the pseudogenes were partially
sequenced. The extent to which they deviated from the
cDNA sequence ranged from 2 to 32% (see Figure 2). All
pseudogenes contained numerous alterations which eliminate
the ability to code for eIF-4A.
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elrX-4A gene clone D promoter region
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9 1 120 130 149 150 160
CTCTGTAGTGATTCTTCTGAGTGATGCTTAAATCRAAGAACTTAATGCASGGTTGGGGAGATGGCTCAGCGGTTAAAAGCA
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CTAACTTCCAGAAGTCCCAAGTTCAATTCCCAGCAACCTCATGGTGGCTCACAACCATCTGTAATGGGCTCTGATGCCCT
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CTTCTGGTGTGTCTGAAGATAGCTACAGTGTACTCATGTAC! ATAAAATAAGTAAACC’PAAAAAMAAMAAAAAGAGAG‘
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T’I‘CTAAGGATCmTCTGCGAGTCAGGAT’I‘C'!‘C(.XATCCAGAGACAATGGCCCCGACGGGATGGAGCCGGAAGGCGTCATC

Fig. 3. eI[F4A gene D promoter region. The genomic DNA sequence
immediately preceding the eIF-4A gene D is shown. The positions of
the AUG (underlined, nt 332), the cap site (A), and the first splice
junction (A) found in the authentic eIF-4Al mRNA are indicated. The
14 bp direct repeat also found at the 3’ end of gene D is boxed. The
mouse repetitive Bl element is underlined and the RNA polymerase III
consensus motifs A and B are double underlined.

A possibly functional retroposon

One of the eIF-4A genes isolated (clone D) was sequenced
in its entirety and found to contain a single nucleotide
difference within the coding region when compared to
elF-4A cDNA. This G — A transition at position 486 would
change the encoded amino acid from methionine to
isoleucine. There were four changes in the 3’ non-coding
region. This gene bears characteristics of a retroposon
including the lack of introns, a poly(A) region located at the
same position as the poly(A) in eIF4A mRNA, and a 14 bp
direct repeat 5’ and 3’ to the 4A sequence. In addition, this
gene has a mouse Bl repetitive element inserted between
the 5' direct repeat and the beginning of the 4A sequence
(Figure 3). The canonical box A and box B associated with
DNA polymerase III promoters (Fowlkes and Shenk, 1980)
are present. A TATA sequence is present 5’ to the direct




elF-4A gene family
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GTATAAAATCAGCCAATTATGITTAAACTGGCATATCTIGCCTPFATTGTGTT'TGTCATTAGCCTGACTAGAGAGGCCTTTAAAGTGATTTCTTITTTTTAG
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AGAAAATTTGAATGCATTTTGTTGGTATTGTATTTATTCAATAAAGTATTTAATTAG{GCTAAGTGTGAACTGGACCCTGTTGCTAAGCCTCAGCAAGCA
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ATCATCCTAGGTAGGQTTAAACCCCCAGTAAAATTGCCATATTGCACATGTCTTAATGAAGTTTGAATGTTAAATAAAATTGTATATTCACTTTQAA

Fig. 4. Genomic organization and exon sequence of the eIF4AlIl gene. (A) The exonic portions of the eIF-4All gene are depicted as boxes. The
stippled regions of exons I and II are the 5’ and 3’ untranslated sequences respectively. Restriction endonuclease recognition sites are indicated.

B: BamHI, H: Hindlll, P: Pstl, R: EcoRl, S: Sacl. (B) The nucleotide sequence corresponding to eIF-4AIl mRNA is shown. The cap site is
nucleotide 1. The probable start AUG is at position 37. The predicted amino acid sequence of elF4All as well as the difference between elF4Al
and eIF-4AIl are shown beneath the DNA sequence. The filled triangles above the sequence indicate the splice junctions, the open triangles beneath
the sequence indicate the position of poly(A) addition for both forms of eIF4AIl messenger. The polyadenylation consensus signals for both
messengers are underlined. The possible ATP binding domain of eIlF4A is underlined with dots.
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Table I. Quantitative analysis of eIF-4A expression in various mouse
organs®

Organ  elF4AI® Long/short® eIF4AII®  eIF-4AIl/cIF4ALY
Liver 1 1.7 1 0.13

Spleen 2.9 1.7 1.6 0.06

Thymus 6.9 1.8 1.5 0.03

Heart 2.9 4.5 17.3 0.9

Lung 4.1 4.8 10.1 0.3

Kidney 2.9 8.3 32.2 1.4

Brain 2.0 11.6 20.3 1.3

#Autoradiograms of Northern blots containing total RNA isolated from
various organs and hybridized with probes specific for eIF4AI and
eIlF-4AIl mRNA (see Materials and methods) were optically scanned
and the peak areas integrated. The values presented are the average of
two separate Northern gels.

5The abundance of eIF-4A mRNA (the sum of short and long forms)
in each organ was corrected for small variations in RNA applied to
each lane using the signal obtained after hybridization with 28S rRNA
and then expressed relative to the abundance in liver.

Refers to the relative abundance of the long and short forms of
e[F4AI mRNA. Although the eIF-4Al probe spans nt 1205—1402 of
elF-4Al cDNA and the short form mRNA ends at nt 1351, there is
probably only a minor bias in hybridization signal strength in favor of
the longer form since the portion of the probe specific for the long
form is relatively short and the length of the radioactively labeled
grobe (labeled by random priming with hexamers) was short.

The relative abundance of eIlF4AI mRNA compared with eI[F4AIl
mRNA in each organ was estimated by taking into account that the
specific activities of both probes were approximately the same and that
the length of eIF-4Al hybridizable sequences was 40% the length of
the sequences hybridizing with the eIF-4AlIl probe. Roughly the same
values (within a factor of 2) are obtained assuming that the amount of
eIF-4All mRNA in the brain is four times the abundance of eIF-4Al
mRNA in liver (based on frequency of eIF-4A clones in the
corresponding cDNA banks, P.Nielsen unpublished).
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Fig. 5. Northern analysis of eIF4AI and eIF-4AIl mRNA expression
in various mouse organs. Total cellular RNA was isolated from
various mouse organs, and 18 ug from each organ was
electrophoresed, transferred to a nylon membrane, hybridized and
washed as described in Materials and methods. The marker lanes M)
were HindIll-digested and end-labeled PB40 (Nielsen ef al., 1985) and
the sizes are indicated in basepairs. RNA samples were from liver
(Li), spleen (S), thymus (T), heart (H), lung (Lu), kidney (K) and
brain (B). (A) Hybridization was with eIF-4AI cDNA spanning the 3’
untranslated sequence from nt 1205 to nt 1402 (see Nielsen er al.,
1985 for numbering). Exposure was for 4 days with an intensifying
screen. (B) Hybridization was with eIF-4AIIl genomic probe spanning
the 3’ untranslated sequence from nt 1418 to the end of the mRNA
(see Figure 4 for numbering). Exposure was for 27 h with an
intensifying screen.
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repeat. We do not know whether this gene is transcribed
either by polymerase II or III. The fact that the coding
sequence is virtually identical to eIF-4A cDNA suggests
either that this gene is expressed, or that it represents a recent
retroposition.

Two functional elF-4A genes

Two eIF-4A genes were isolated which contain introns.
Partial sequence analysis revealed that one gene codes for
the eI[F-4A cDNA previously isolated from a mouse liver
c¢DNA bank (Nielsen et al., 1985). This gene has also
been isolated and completely sequenced by N.S.Reddy and
A.J.Wahba (personal communication). The other intron-
containing e[F-4A gene isolated is a second functional gene
coding for a previously unknown form of e[F-4A which we
will refer to as eIF-4AIl. The entire gene was sequenced
and found to consist of eleven exons (Figure 4A) distributed
over ~8 kb. All splice junctions show the consensus intronic
sequences of GT for the splice donor and AG for the splice
acceptor. The nucleotide sequence within the coding region
is 78% conserved between elF-4Al and eIF-4AIl. The
predicted amino acid differences between eIF-4Al and elF-
4AII (9%) are distributed throughout the protein (see Figure
4B). Allowing for conservative changes, the identity between
elF-4Al and elF-4AIl increases to 98%. A hypothetical
ATP-binding domain (Figure 4B, position 280—290), ident-
ified based on consensus sequences from nucleotide binding
proteins (Walker et al., 1982), remains unchanged. cDNA
clones for eIF4AII were also isolated and sequenced. They
agree completely with the genomic sequence and also
revealed that, as is the case for eIF4AlI, there are two mRNA
forms for eIF-4AII which probably result from the use of
alternative polyadenylation sites (see Figure 4B).

Tissue specificity of elF-4Al and elF-4All expression
The expression of both eI[F4AI and eIF-4AIl genes was
examined in several mouse tissues using probes derived from
the non-conserved 3’ untranslated regions of each cDNA.
An example of the results obtained is shown in Figure 5.
Autoradiograms from two separate Northern gels were
optically scanned in order to estimate the relative abundance
of eIF-4Al and eIF-4AIl mRNA in each tissue. The results
are summarized in Table I. When compared to liver, the
amount of elF-4AI mRNA in other tissues varies within a
factor of 7 with the highest expression in thymus (Figure
5A). The expression of eIF-4AIl, however, shows dramatic
tissue variation (Figure 5B). Highest expression is seen in
brain and kidney where it is 20- to 30-times the level in liver.
Moderate expression is seen in lung and heart, and low
expression in liver, thymus and spleen. (Recently we have
observed high expression of eIF-4AIl mRNA also in testis,
H.Beckmann and P.Nielsen, not shown.) Since eIF-4A can
be isolated together with eIF4E (24 kd) and a 220 kd poly-
peptide in a complex called eIF-4F which is active in 5'-
terminal cap recognition (see Discussion), we examined the
tissue distribution of eIF-4E mRNA using a mouse cDNA
probe (generously provided by J.Pelletier and N.Sonenberg).
We find that the pattern of elF4E mRNA abundance is
similar to that of eIF-4AII with a 40-fold higher expression
in kidney relative to liver (data not shown).

Also striking is the fact that the relative amounts of short
and long form eIF-4AI mRNA seem to correlate with the
expression of e[F4AIl mRNA (see Table I). Thus, in liver,




eIF-4A1 promoter reaion
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Fig. 6. eIF-4Al and eIF4AIl promoter regions. The genomic DNA
sequence preceding the transcriptional start sites (filled circle with
arrow) of elF-4Al (A) and elF4AII (B) are shown. The respective
initiating AUG for each gene is boxed, the first exon—intron junction
is indicated (A) and the conserved sequence surrounding the start
AUG is underlined with a dashed line. Possible promoter-related
sequence motifs are underlined and include TATAA, CAATT and
transcription factor SP1 consensus binding sequence GGGCGG (Gidoni
et al., 1984). An 8 nt mirror repeat centered on the SP1 consensus
binding site in the eIF-4Al gene is indicated.

spleen and thymus, where e[F-4All expression is low, the
ratio of long to short form elF-4AI mRNA is ~1-2. In
heart and lung, which show moderate levels of eIF-4All
mRNA, the elF4 Al mRNA long to short form ratio is 4—5.
In kidney and brain, where elF4AIl mRNA levels are high,
the long form of eI[F-4Al mRNA is 8 —12 times more abun-
dant than the short form. The resolution of the long and short
forms of eIF-4AIl mRNA in Figure 5B is not sufficient to
allow an estimation of their abundance. The approximate
estimation of the relative abundance of e[F-4Al and elF4AIl
in each tissue (Table I) suggests that with the possible ex-
ception of brain and kidney, eI[F-4Al is in excess of e]lF4AIl.
Based on the frequency of positive cDNA clones in mouse
brain cDNA banks, we estimate eI[F-4AIl mRNA to repre-
sent ~0.2 t0 0.3% of total poly(A)* mRNA. In liver, we
obtain an estimate of the abundance of eIF-4Al mRNA of
~0.06 t0 0.1%.

The sequences of the promoter regions from eIlF-4Al and
elF-4AIl genes are shown in Figure 6. Although elF-4Al
is ubiquitously expressed and eIF-4All shows strong differ-
ences in tissue expression, both promoters include TATA
and SP1 consensus sequences. In addition, several CCAAT
elements can be found upstream of the transcriptional start
site of the eIF-4AI gene (Figure 6A).

The initiator AUG for eIF-4AlIl is most likely the first
AUG following the cap site at nucleotide 37. This AUG is
in frame with the subsequent open reading frame coding for
elF-4AIl. Thus, the primary eI[F-4All translation product
is predicted to contain 407 amino acids, one more than
elF4AI. Strong amino acid similarity between eIF4AI and
elF-4AIl begins with the 13th amino acid in eIF-4AI and the
14th amino acid in eIF4AIl (Figure 4B). The 12 nucleotides
centered on the putative start AUG are identical in both genes
(underlined Figure 6), although the 5'-untranslated and first
30—40 coding nucleotides of both messengers show other-
wise no obvious relatedness. The position of the start of
transcription for e[F-4Al and eIF-4AIl was determined by

elF-4A gene family
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Fig. 7. Primer extension analysis of the 5’ end of eIF4AI and
elF4AIl mRNA. The synthetic oligonucleotide complementary to
elF-4AIl mRNA nucleotides 153 to 172 (see Figure 4) was end-
labeled, gel isolated and annealed to 1.5 pug poly(A)-containing mRNA
from the mouse preB cell line 70Z/3 (lane 1) or to 18 ug total RNA
isolated from mouse brain (lane 2). After polymerization with reverse
transcriptase, the products were electrophoresed in parallel with a
dideoxy sequencing reaction of pseudogene clone D promoter region
primed with an oligonucleotide spanning nt 310—328 as size markers
(see Materials and methods for details). Alternatively, the synthetic
oligonucleotide complementary to eI[F-4AI mRNA nt 68—85 (see
Nielsen er al., 1985 for numbering) was end-labeled, gel isolated, and
annealed to 5 ug of poly(A)-containing mRNA from the mouse T cell
lymphoma cell line BW 5147 (lane 3). Exposure was for 5 days with
an intensifying screen. The extension products are indicated with
arrows.
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primer extension experiments using radiolabeled oligonucleo-
tides complementary to the corresponding mRNA. For
elF-4Al and eIF-4AIl messengers, two products separated
by 3 and 2 nt respectively were observed (Figure 7). The
smaller of the two products is often observed in primer
extension experiments and probably results from premature
terminations following inhibition of the reverse transcriptase
by the cap structure (Williams and Mason, 1985). The
position of the start of transcription for both genes is indi-
cated in Figure 6.

Discussion

We have shown here that the mouse genome contains
numerous pseudogenes for e[F-4A which presumably are
the result of retrotranspositions. Although most pseudogenes
were only partially sequenced, they all contained sufficient
mutations to render them unable to code for eIF-4A. One
exception is the eIF-4A retroposon D which shows a single
nucleotide difference when compared to the eIF-4Al coding
region. This could be interpreted either as evidence for the
functionality of this gene or for a relatively recent retro-
transposition event. The promoter region of this gene is
interrupted by a mouse B1 repetitive element which may or
may not be involved in the expression of this gene. Further
experiments are needed to resolve this.

Several examples exist in the literature of pseudogenes
carrying integrated repetitive elements (Man ez al., 1987,
and references therein). There are also several examples of
retroposon-like genes whose sequences are identical or nearly
identical to the cDNAs derived from their related functional
genes, although it is not known whether they are expressed.
Examples include rat and mouse ribosomal protein genes
(Dudov and Perry, 1984; Kazumaki et al., 1987), human
dihydrofolate reductase (Chen ez al., 1982), human metallo-
thionein II (Karin and Richards, 1982) and rat cytochrome ¢
(Scarpulla, 1984). In contrast, for the chicken calmodulin
(Stein et al., 1983) and human phosphoglycerate kinase
(McCarney and Thomas, 1987), there appear to be two func-
tional genes, one with introns and one apparently processed.
Interestingly, in both cases the intron-containing gene is
ubiquitously expressed whereas the retroposed gene shows
restricted tissue-specific expression.

Sequence comparison of all elF-4A retroposons examined,
including clone D, reveals that they are in all likelihood
exclusively derived from the eI[F-4Al gene. This suggests
that the cells in which the retroposition occurred, presumably
germ cell precursors or early embryonic cells, were express-
ing the eIF4AI gene and not the eI[F-4AlIl gene.

We show here that in mouse there are two functional
intron-containing eIF-4A genes which we call eIF-4AI and
elF4AIl. The eIF4AI gene codes for the previously isolated
elF-4A cDNA (Nielsen et al., 1985) and the eIF-4AII gene
codes for a heretofore unknown form of eIlF4A. The nucleo-
tide sequence of the coding regions of these two genes shows
an overall similarity of 78%. However, the changes which
have occurred are primarily of the ‘silent’ type. A calculation
of the nucleotide differences between eIF-4Al and eIlF4AIl
coding regions beginning from eIF4AIl amino acid 14 until
the stop codon yields a total uncorrected silent (synonomous)
site substitution frequency of 82% and a replacement (non-
synonomous) site substitution frequency of 4% (see Materials
and methods for substitution frequency calculation). Al-
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though a correction of the silent site frequency for ‘multiple
hits’ and back mutations is very uncertain for such a high
substitution frequency, extrapolation of the correction func-
tion described by Dayhoff (1978) gives a value of at least
400% . Assuming an average silent site substitution rate of
4.7 x 107 substitutions per site per year (Li et al., 1985),
the time of divergence of the two elF-4A genes can be
estimated to be at least 850 million years ago. This is
considerably older than the invertebrate —vertebrate diver-
gence 500—600 million years ago. The fact that the mouse
eIF-4Al and eIF-4All non-coding sequences show no recog-
nizable similarity and that in yeast there are also two func-
tional eI[F4A genes (P.Linder, personal communication) also
speaks for the antiquity of the eIF-4A gene duplication. A
comparison of the predicted amino acid sequences between
the two mouse genes reveals 91% identity and allowing for
conservative changes, the two forms of eIF-4A are 98%
conserved. Clearly, the amino acid sequence of eIF-4A is
highly conserved. Consistent with this, comparison of the
mouse elF-4A amino acid sequence with the predicted se-
quence of yeast eIF-4A recently cloned (P.Linder, personal
communication) also shows a high degree of conservation
(65% identity). The non-conserved amino acids between
yeast and mouse eIF-4A are almost always the same amino
acids which differ between mouse eIF-4Al and eIF4All.

It is worth noting that both eI[F-4AlI and eIF-4AIl have
very short 5’ untranslated sequences. Since eIF4A itself may
be involved in the melting of 5' secondary structure, and
thereby influence the accessibility of the initiator AUG for
the 40S ribosomal subunit (Sonenberg, 1981), the lack of
an extensive 5’ untranslated sequence in e[F4A mRNA may
render these messengers less dependent on eIF-4A. This
hypothesis needs to be examined. Systematic substitutions
of various 5’ untranslated sequences followed by character-
ization of translational efficiency and initiation factor depen-
dence would be one way to do this.

Also conserved between elF-4Al and elF-4All is the
expression of mRNA with two alternative 3’ untranslated
sequences. Although the 3’ untranslated regions of both
genes show no obvious similarity, both have retained two
polyadenylation signals separated by ~310 nt in eIF-4AI
and 130 nt in eIF-4AIl. Both polyadenylation sites are used
in both genes since we have isolated and sequenced cDNAs
corresponding to all four possible transcripts. Although we
do not know the significance of the alternative 3’ ends, our
data from Northern analysis of eIF4Al expression in various
mouse tissues (Figure 5A and unpublished) shows a reduced
abundance of the short form eI[F-4AI mRNA in those tissues
which express eIF-4All (see Table I). The significance of
this correlation is unclear.

We previously published the isolation of eIF-4AI cDNAs
containing different 5’ untranslated sequences (Nielsen et al.,
1985). We now believe the 5’ sequences reported to be
unique to the eIF-4Al long form are an artifact resulting from
cDNA synthesis. Although both eIF-4Al and eIF-4AIl
mRNAs can exist with two different 3’ untranslated se-
quences, we believe the 5’ non-translated sequences of both
forms are the same. This conclusion is based on three
arguments. First, primer extension analysis using labeled
primers specific for eIF4AI and eIF-4AIl reproducibly give
a single doublet for each primer suggesting a single tran-
scriptional start site for each gene. The doublet could be
interpreted as two start sites one or two nucleotides apart,




or due to premature termination during primer extension as
a result of interference by the cap structure. Cap interference
is often observed during primer extension (Williams and
Mason, 1985). Second, two different synthetic oligonucleo-
tides specific for the putative eIF-4Al long form-specific 5'
untranslated sequences failed to hybridize with mRNA in
Northern blots and with genomic DNA in Southern blots
although they did hybridize with the cDNA clone. This also
supports the notion of the artifactual origin of these se-
quences. Third, within the putative long-form-specific 5’
sequence is a 20 nt inverted repeat of a nearby eIF-4Al 5’
sequence, an artifactual feature often observed at the 5’ ends
of cDNAs.

The significance of two functional eIF-4A genes is not
known. Our data suggest that eIF4Al is moderately ex-
pressed with some variation in all mouse tissues and may
represent a basal eI[F4A activity required for protein syn-
thesis by all cells. It should be mentioned that in contrast
to most of the other initiation factors whose abundance lies
under one copy per ribosome, eIF-4A is rather unusual in
that there are an estimated three copies of eI[F4A per
ribosome (Duncan and Hershey, 1983). One explanation for
the apparent excess elF-4A could be that multiple copies of
elF-4A are required per initiation per messenger. These
estimates from HeLa, rabbit reticulocyte and Erlich ascites
cells are based on protein quantitation after two-dimensional
electrophoresis and initiation factor purification yields. It is
not clear whether this estimation includes both forms of
elF-4A since the level of expression of both genes is not
known in these tissues. Two or three different forms of
elF-4A have been observed on immunoblots following two-
dimensional electrophoresis of total HeLa lysates (Duncan
and Hershey, 1983). Since the mature amino termini of
neither eIF-4Al nor eIF4All is known (eIF-4Al appears to
be N-terminally blocked; Nielsen et al., 1985; W.Merrick,
unpublished), it is difficult to predict their relative isoelec-
tric points. However, the primary translation product of
elF4AIl mRNA should be more acidic than that of elF4AlI.
Whether these multiple forms of eIF-4A reflect post-
translational modification or simultaneous elF-4Al and
elF-4All expression remains to be determined.

The tissue-associated variation in eIF-4AIl expression
shown here could mean that the cellular requirement for
translational initiation varies between organs with the two
forms of elF-4A being functionally equivalent. Increased
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free cap recognition free
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Fig. 8. Possible distribution of eIF-4Al and elF-4AIl between free and
complex associated forms. The exchange of eIF-4Al and elF4All
between the free form and the cap recognition complex or eIF-4F-
associated form is schematized. The large and small arrows depict the
proposed preference of eIF-4All for the cap recognition complex and
elF-4AlI for the free form.

elF-4A gene family

elF4A levels (either eIF4AI or eIF4AIl) would reflect
either a general increase in initiation rate or an increase in
the translation of mRNAs particularly dependent on eIF4A.

It is also conceivable, however, that eIF-4 Al and eIF4AIl
are functionally not interchangeable and that the presence
of elF4AIl in certain tissues provides a translational ad-
vantage for a specific class of messengers. It is known that
a small proportion of the cellular eIF-4A is present as one
of the three subunits of the cap recognition factor eIF4F
(Edery et al., 1983; Grifo et al., 1983). (The other two
subunits of eIF-4F have mol. wts of 220 000 and 24 000,
the latter polypeptide being the previously characterized cap
binding protein or eI[F4E.) That eI[F4F plays a key role
in translational regulation of mRNA expression is suggested
by its low abundance (Duncan et al., 1987; Hiremath et al.,
1985), and by its ability to discriminate between different
mRNAs (Ray er al., 1983; Sarkar et al., 1984). Whether
the complex-bound and free forms of eI[F-4A exchange is
not known.

Several groups have observed that the proteolytic frag-
ments derived from the free eI[F-4A and the 46 kd subunit
of the cap binding factor eIF4F are virtually identical with
the exception of one or two fragments (Edery ez al., 1983;
Merrick et al., 1987). These differences could be explained
by post-translational modifications of eIF-4A or by the
presence of two different eIF-4A gene products. If these
differences are due to differences between eIF-4Al and
elF-4All, then we predict that eIF4All is the elF4F-
associated form of eIF4A since the amino acid sequence
of the free form of eIF4A purified from rabbit reticulocytes
(W .Merrick, personal communication) corresponds to eIF-
4Al. Such a model where, for the most part, eIF-4All is
associated with eIF4F and eIF4Al is free (schematized in
Figure 8), implies that eIF4AI and e[F-4All are functionally
not equivalent. If elF-4AIl is present primarily in the e[F4F
cap recognition complex, the pattern of elF-4AIl mRNA ex-
pression reflects regulation of eIF-4F abundance in different
tissues. In support of this, the abundance of mRNA for
elF-4E, a second subunit of eIF-4F, shows tissue variation
which is similar to that of eIF4AIl mRNA (data not shown).

Important experiments which should be done to help
elucidate the functions of eI[F-4AIl and eIF-4AlIl include the
in vitro comparison of the activities of eIF-4Al and e[F-4AIl.
These activities include ATP binding and hydrolysis, the
ability to participate in the formation of the eIF4F cap
binding complex, possible differences in binding to different
mRNAs, and differences in eIF-4A-dependent stimulation
of protein synthesis associated with mRNAs containing vary-
ing degrees of secondary structure. The subcellular distri-
bution of both forms of eIF-4A should also be studied, as
well as the physiological signals involved in the regulation
of eI[F-4A gene expression.

Materials and methods

Materials

Restriction endonucleases were obtained from New England Biolabs Inc.,
Anglican Biotechnology and IBN and were used as recommended by the
suppliers. The Klenow fragment of Escherichia coli polymerase I was from
Promega Biotech. Molony mouse mammary tumor virus-reverse transcriptase
was from BRL, T4 ligase, polymerase and polynucleotide kinase were from
New England Biolabs. Calf intestine phosphatase was from Boehringer
Mannheim. [y-32P]JATP (>3000 Ci/mmol), [a->*P]dATP (>3000 Ci/
mmol) and [a->>S]JdATP (1200 Ci/mmol) were obtained from Amersham
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Corp. Oligodeoxynucleotides were synthesized with an automated DNA
synthesizer from Applied Biosystems Inc. and HPLC purified using an
automated system described previously (Birsner er al., 1987).

Bacterial strains, phage and plasmids

E.coli strains BMH 71-18 (Messing et al., 1977), RR1 and XL-Blue
(Stratagene) were used as hosts for plasmid cloning. All phage screening
was done using the bacterial hosts Y1090 (Young and Davis, 1983) or Q358
(Karn er al., 1980) using 32P end-labeled oligonucleotides or randomly
primed (Feinberg and Vogelstein, 1984) 32P-labeled probes and standard
methods. Two mouse genomic banks were screened (both generously pro-
vided by J.Epplen). The first was a Sau3A partial digestion cloned into
the BamHI site of the lambda Charon 4A. The second was an EcoRI partial
digestion cloned into the EcoRlI site of the lambda Charon 30. A mouse
brain cDNA library cloned into the EcoRlI site of Agt11 (generously provided
by G.K.McMaster) was also screened.

Sequencing

All sequencing was performed by first subcloning into the vectors pTZ
(Pharmacia) or Bluescript (Stratagene) followed by exonuclease III digestion
(Henikoff, 1984). Single-stranded templates were produced by helper phage
superinfection as recommended by the vector suppliers and sequenced by
dideoxy-chain termination (Sanger et al., 1977) as described (Biggin ez al.,
1983).

Southern blot analysis

Genomic DNA (6 ug) was digested with restriction endonucleases as
described in the figure legends and fractionated on 0.6% agarose gels. For
hybridization with radiolabeled, gel-purified oligonucleotides (10" c.p.m./
18), gels were dried under vacuum and low heat, rehydrated in 6 x SSC
(6 X SSC = 0.9 M sodium chloride, 0.9 M sodium citrate, pH 7.0) and
hybridized for 4 h at T, =5 [T, = 4G+C) + 2(A+T), (Suggs et al.,
1981)] in 6 X SSC containing 10 X Denhardt’s solution [10 X Denhardt’s
solution = 0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2% BSA (pentax
fraction X)], 1 mM tetrasodium pyrophosphate, 15 mM disodium monobasic
phosphate, 0.1% SDS, 50—100 pg/ml sheared, denatured salmon sperm
DNA and 5 X 10° to 1 x 10° c.p.m./ml radiolabeled oligonucleotide.
Gels were then washed in 6 X SSC for several hours at 37—42°C followed
by a stringent wash for 1 min at the T, and by a 30 min wash at 37—42°C,
all in 6 X SSC. For hybridization with longer probes, DNA was first
denatured, neutralized and transferred to nitrocellulose (Schleicher and
Schuell or Millipore) or to Gene Screen (New England Nuclear), baked
for 2 h at 80°C according to standard procedures. Blots were then pre-
hybridized for 2 h at 64°C in the hybridization buffer described above, or
at 42°C in the same buffer but containing 50% deionized formamide.
Hybridization was at the same temperature as prehybridization for 8—14 h
using randomly primed 32P-labeled probes (Feinberg and Vogelstein, 1984)
(108 c.p.m./ug and 5—10 X 10° c.p.m./ml). Blots were washed twice for
15 min with 2 X SSC at room temperature, then once for 30 min in
0.2 X SSC/0.1% SDS at 42°C or more stringently with 0.1 X SSC/0.1%
SDS at 62°C for 30 min. The probes used for hybridization and the exposure
of blots or gels was as indicated in the figure legends.

Northern blot analysis

Total RNA was extracted as described (Davis ez al., 1986) from quick frozen
moause organs by first hammering to a powder and then immediately adding
icescold guanidinium isothiocyanate buffer. After homogenization, the sample
was loaded on a guanidinium —CsCl cushion and centrifuged 21 h at 32 000
r.p:m. (174 000 g) in a Sorvall TH-641 rotor (DuPont). The RNA pellet
was redissolved, phenol extracted, ethanol precipitated and resuspended in
water. Total (18 ug) RNA from each organ (described in the figure legend)
was denatured with glyoxal and separated on a 0.9% agarose gel, trans-
ferred to a membrane support and hybridized as previously described (Nielsen
et al., 1985). Hybridization probes are described in the figure legends.

Primer extension

Ssynthetic oligonucleotides to be used as primers were first end-labeled with
[*?PJATP using T4 polynucleotide kinase and then purified by excision
from 12% urea—polyacrylamide gels. For the extension reaction, RNA (see
figure legend for amount) and ~ 15 pmol (2 x 10° c.p.m.) oligonucleo-
tide primer were heated at 90°C for 2 min and then annealed at 55°C for
15 min in 10 gl containing 10 mM Pipes (pH 6.4) and 0.4 M NaCl. The
annealing reaction was cooled to room temperature and the reaction volume
brought to 50 ul containing 50 mM Tris (pH 7.5), 10 mM DTT, 75 mM
KCl, 3 mM MgCl, 50 pg/ml actinomycin D, 0.5 mM in all four dNTPs,
10 U RNasin (Promega), and 250 U cloned Moloney murine leukaemia
virus reverse transcriptase. Polymerization was for 1 h at 42°C. The resulting
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products were fractionated on a 6% urea—polyacrylamide gel in parallel
with radiolabeled DNA size markers. The resulting gel was dried and
autoradiographed.

Calculation of substitution frequency

The calculation of nucleotide differences between the coding regions of
elF-4Al and eI[F4AII was done as described (Lomedico et al., 1979). The
total number of possible single step mutations was 3 X 1183 nucleotides
= 3549. For both sequences, these changes were classified according to
whether they would (replacement) or would not (silent) change the amino
acid. The average of the total silent changes between both sequences was
calculated and then divided by three to give the number of ‘available’ silent
sites. The acutal number of observed silent changes was then divided by
the ‘available’ silent site which resulted in a silent site nucleotide difference
of 82%. A similar calculation for replacement site differences between
elF-4Al and eIF4AII gave the value of 4%.
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