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ABSTRACT

Three cDNA clones coding for eukaryotic translation
initiation factor 4A, elF-4A, were isolated from a
Nicotiana plumbaginifolia root cDNA library by
heterologous screening. The clones comprise two
distinct gene classes as two clones are highly similar
while the third is divergent. The genes belong to a
highly conserved gene family, the DEAD box supergene
family, although the divergent clone contains a DESD
box rather than the characteristic DEAD box. The two
clones are representatives of separate small multigene
families in both N. plumbaginifolia and N. tabacum.
Representatives of each family are coordinately
expressed in all plant organs examined. The 47 kD
polypeptide product of one clone, overexpressed in E.
coli, crossreacts immunologically with a rabbit
reticulocyte elF-4A polyclonal antibody. Taken together
the data suggest that the two Nicotiana elF-4A genes
encode translation initiation factors. The sequence
divergence and the coordinate expression of the two
Nicotiana elF-4A families provide an excellent system
to determine if functionally distinct elF-4A polypeptides
are required for translation initiation in plants.

INTRODUCTION

Eukaryotic translation initiation is a complex process requiring
a large number of dedicated proteins. Eukaryotic initiation factor
4A (eIF-4A) performs an essential role in this process. It is
thought that eIF-4A, in conjunction with eIF-4B, acts as an ATP-
dependent RNA-helicase, which removes secondary structure
from the 5' untranslated region of the mRNA, thereby allowing
40S ribosome subunit binding and subsequent Kozak scanning
to the first AUG codon (1-3) .

Two highly conserved forms of eIF-4A, eIF-4AI and eIF-4AII,
are present in mammalian systems (4,5). In rabbit reticulocytes,
eIF-4AII appears to be preferentially associated with the eIF-4F
cap-binding complex, while eIF-4AI is observed in both the free
and complexed state. The two forms act synergistically, since
both are required for maximum translation in vitro (5). The mouse
eIF-4A genes are also differentially expressed with eIF-4AH to
eIF-4AI transcript ratios varying from 0.03 in thymus to 1.4 in
kidney (4). Yeast also possesses two eIF-4A genes, TIF1 and
TIF2, which are identical on the amino acid level and are
coordinately expressed (6). The two genes can functionally
complement one another, as inactivation of one gene has no effect

on cell viability while inactivation of both genes results in the
abolition of protein synthesis and is lethal (6,7). Therefore, so
far, only two, interchangeable eIF-4A proteins appear to be
involved in translation initiation in yeast, while two functionally
divergent eIF-4A forms may exist in mammalian systems.

The mouse eIF-4A and yeast TIF genes are the prototypes of
a rapidly growing supergene family, the DEAD box family,
whose members exhibit extensive amino acid similarity (8).
DEAD box family members have been identified in organisms
ranging from E. coli to humans and are involved in RNA splicing,
ribosome assembly, and cell differentiation and growth, as well
as translation initiation (9). The majority of DEAD box family
members, therefore, have a function unrelated to translation
initiation. This is most clearly seen in yeast, in which at least
14 DEAD box family members have been identified, although
only the two TIF genes are associated with translation initiation.
Presumably all eukaryotes contain a number of DEAD box family
members which perform a diverse range of functions.

The situation is less clear in plants where eIF-4A has
exclusively been studied on the biochemical level and then only
in wheat germ. Wheat germ elF^A purifies as a single
polypeptide of approximately 50 kD which is not associated with
the eIF-4F cap-binding complex (10). Wheat germ eIF4A
exhibits RNA-dependent ATPase activity and also functions as
an RNA helicase however it is unable to substitute for mammalian
eIF-4A in either a mammalian in vitro translation system or RNA
helicase assay, while the mammalian protein efficiently substitutes
for wheat germ eIF-4A in both assays (10—12). The functional
differences observed between the wheat germ and mammalian
systems may arise from their different metabolic states, wheat
germ being a desiccated, metabolically dormant tissue.

We report here the first molecular analysis of plant eIF-4A,
as an initial step towards elucidating the number of eIF-4A genes
and the role(s) which they may perform during plant
development.

EXPERIMENTAL PROCEDURES
Plant Material
Nicotiana plumbaginifolia and N. tabacum cv xanthi were grown
from seed in either a growth chamber maintained at 27+/— 1°C
and 60% relative humidity with a 16:8 light:dark cycle or in a
green house. Roots, stems and leaves were harvested from young
plants containing 5 - 7 leaves. Flower buds were harvested when
1.0-2.0 cm in length, and fully expanded flowers were dissected
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into sepal, petal and reproductive organs (stamen and pistil)
fractions. The shoot apex fraction included emerging leaves not
longer than 0.5 cm. Harvested material was frozen immediately
in liquid nitrogen and stored at —80°C.

cDNA Library Screening
Root and leaf lambda gtll cDNA libraries produced from N.
plumbaginifolia polyA+ RNA (kindly provided by G. Coruzzi)
were screened at low stringency using an internal Hindlll/Haell
fragment corresponding to bp 871 —1708 of the yeast TIF1 gene
(13). A total of 3 x 105 plaques from each library were screened
by standard protocols (14) withTTFl probe labelled with32P-dC-
TP using a random primed labelling kit (Boehringer Mannheim).
DNA inserts from twelve positive clones were then probed with
the complete mouse eIF-4A cDNA (4).

DNA Sequence Determination and Analysis
Various restriction fragments were subcloned and sequenced
using dideoxy sequencing. Amino acid sequence comparisons
were performed using the University of Wisconsin Genetics
Computer Group (UWGCG) Sequence Analysis Software
Package, version 6.2 (copyright 1990 by J.R. Devereux). Seven
selected DEAD box DNA sequences were obtained from the
EMBL DNA sequence data base (release 26 of March 1991) and
their deduced amino acid sequences compared pairwise to
NeIF-4A2 using the UWGCG program GAP. Multiple sequence
alignment of the 'gapped' amino acid sequences was then
performed manually using LINEUP, the results of which were
printed using PRETTY.

Southern Blot Analysis
High molecular weight total genomic DNA was isolated from
newly expanded leaves of N. plumbaginifolia and N. tabacum
cv xanthi on caesium chloride gradients (15). DNA aliquots (5
Hg) were digested with the stated restriction endonucleases,
electrophoresed in 0.8% agarose gels and transferred to
nitrocellulose BA 85 filters (Schleicher & Schuell) by capillary
blotting. The baked filters were prehybridized in 6xSSPE,
5 xDenhardt's, 0.25% SDS for 4 h at 65°C and then hybridized
in fresh solution containing 50 /ig/ml tRNA and 32P-labelled
DNA probes for 16 h at 65°C. Filters were washed in 2 x SSPE,
0.1% SDS at room temperature and then in 0.2 x SSPE, 0.1%
SDS at 50°C. NeIF^A2 and NeIF-4A3 do not cross hybridize
under these conditions (data not shown).

Northern Blot Analysis
Total RNA was extracted from various Nicotiana organs by
grinding in guanidinium thiocyanate and purification by cen-
trifugation through a caesium chloride cushion (14). Equal
aliquots of total RNA (5 /*g), as determined spectrophoto-
metrically and by visualization in a formaldehyde gel, were
denatured in glyoxal, electrophoresed in a 0.8% agarose gel and
transferred to Nytran (Schleicher & Schuell) nylon membranes
by capillary action. Blots were prehybridized, hybridized, and
washed as described above for Southern blot analysis.

Quantitative SI Nuclease Protection Analysis
Single stranded DNA probes specific for NeIF-4A2 and
NeIF-4A3 were produced using oligonucleotide primers
complimentary to sequence at the 5'ends of each mRNA: (3'-C-
CGTGGTCTTCCAAGAGTTAAACTAC-5') corresponding to
bp 12-37 of NeIF-4A2 and (3'-GCTCTGTAGTTTCCCGCA-

CCTTGG-5') corresponding to bp 24-47 for NeIF-4A3 as
described (14). Quantitative SI Nulease mapping was then
performed using 20 fig of total RNA and 50 U SI Nuclease
(Boehringer Mannheim) as described (14). A number of controls
were performed. DNA sequence ladders, using the NeIF-4A-
specific oligonucleotides as primers, were run on each gel. This
verified that both of the S1 nuclease protected fragments were
identical in size to those expected, 153 and 61 nucleotides for
NeIF-4A2 and NeIF-4A3, respectively. A gene specific probe
for the 3' end of atp\, a nuclear gene coding for the beta-subunit
of the mitochondrial ATPase from A', plumbaginifolia (16), was
included in each reaction to act as an internal control for
equivalent total RNA addition. Although equal amounts of total
RNA were utilized in each reaction, equal atpl transcript levels
were not observed in all organs (see Figure 6). This gene has
traditionally been utilized as a control for equal RNA loads during
Northern analysis of plant RNA, however other investigators have
also observed non-constitutive expression of this gene between
various plant organs (17). The two specific ssDNA probes added
to each reaction, either NeIF~4A2 or NeIF-4A3 and atpl, were
also incubated with tRNA to control for non-specific band forma-
tion. Probe excess over mRNA transcript levels was verified by
titration of each probe with various amounts of total RNA.

Western Blot Analysis
PCR mutagenesis was utilized to create an Ndel restriction site
which overlapped the ATG start codon of NeIF-4A2. The
complete NeIF-4A2 coding sequence, as an Ndel/BamHl
fragment, was then cloned into pET3c (18), creating p4A2OE,
which contains a direct in-frame fusion between the T7 RNA
polymerase expression signals and the NeIF-4A2 coding
sequence. NeIF-4A2 was then overexpressed in BL21(DE3)plysS
cells containing p4A2OE and induced with IPTG (18).
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Figure 1. Nicoiiana eIF-4A 3' Untranslated RNA Structure. Possible stem-loop
structures present in the 3' untranslated region of NeIF-4Al and NeIF-4A3 are
depicted. The structures have AG° values of —41 and -24 kcal/mol. respectively.
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Polypeptides were separated in a 15% SDS-PAGE gel and
transferred to nitrocellulose. The filter was incubated in the
presence of polyclonal antibodies directed against either rabbit
reticulocyte eIF-4A (diluted 1:1000; kindly provided by
A.Thomas) or the yeast TIF protein (diluted 1:1000; kindly
provided by H. Trachsel). Protein-antibody complexes were
detected using 4-chloro-l-naphthol and H2O2-

RESULTS

A root cDNA library from N. plumbaginifolia was probed, at
low stringency, using an internal fragment of the yeast TIF1
genomic clone. A mixture of differentially hybridizing plaques
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Figure 2. Peptide Sequence Alignment of̂ the Nicotiana eIF-4A genes with selected
DEAD box family members. The deduced amino acid sequences of NeIF-4A2
and NeIF-4A3 are aligned with the mouse eIF-4AI and eIF-4AII (4); and the
yeast TIF1/TIF2 (13) proteins which function in translation initiation; p68, a human
nuclear protein involved in cell growth and division (19); PL10, specifically
expressed during mouse spermatogenesis (20); vasa, a Drosophila protein involved
in oogenesis and anterior-posterior orientation of the embryo (21,22); and PRP5,
a yeast protein involved in mRNA splicing (23). Alignments were performed
manually using LINEUP after performing pairwise comparisons with GAP.
Residues which are identical in seven of the nine sequences are shown on the
Consensus line.

were rescreened, in duplicate, with both the yeast TIF1 and
mouse eIF-4AI genes. Three clones, designated NeIF-4Al,
NeIF-4A2, and NeIF-4A3 (N for Nicotiana), hybridizing to both
eIF-4A probes were selected for further study.

DNA and Deduced Amino Acid Sequence Analysis
The DNA and deduced amino acid sequences of the two full
length N plumbaginifolia cDNA clones are not shown but are
available under EMBL accession numbers X61205 and X61206.
NeIF-4Al is a partial cDNA containing a 266 amino acid open
reading frame and a 254 bp 3' untranslated region. The NeIF-4Al
open reading frame differs from NeIF-4A2 at 27 bp which result
in three amino acid substitutions. NeIF-4A2 is a 1,368 bp cDNA
clone consisting of a complete open reading frame of 413 amino
acids, 116 bp of 5' untranslated region and 13 bp of 3'
untranslated region. The 1573 bp NeIF-4A3 cDNA encodes a
complete open reading frame of 391 amino acids and 5' and 3'
untranslated regions of 14 and 386 bp, respectively.

In contrast to all other DEAD box family members, which have
either a DEAD or a DEAH box, NeIF-4A3 contains a DESD
box. The Ala to Ser alteration is a conservative amino acid change
and results from a G to T transversion.

The NeIF-4A2 and NeIF-4A3 open reading frames code for
polypeptides having calculated molecular weights of 46,828 and
44,194, respectively. The difference in amino acid length and
calculated molecular weight between NeIF-4A2 and NeIF-4A3
results primarily from a 23 amino acid addition to the N-terminus
of NeIF-4A2.

The 3' untranslated regions of both NeIF-4Al and NeIF-4A3
have the potential to form extensive secondary structures
(Figure 1). A potential 25 nucleotide stem/4 nucleotide loop with
a single nucleotide bulge having a AG° of —41 kcal/mol is
encoded by bp 892 to 946 of the NeIF-4Al DNA sequence. An
11 nucleotide stem/4 nucleotide loop structure with a AG° of
- 2 4 kcal/mol has the potential to form from bp 1502 to 1527
in NeIF-4A3.

The deduced Nicotiana eIF-4A amino acid sequences have been
aligned with the classical elF^A sequences from mouse and yeast
and a selected subset of DEAD box proteins (Figure 2). The
conserved amino acid domains traditionally associated with the
DEAD box supergene family are obvious in this alignment,
however other domains which are highly conserved between these
sequences are also evident. These domains are conserved not only
in amino acid sequence but also spatially with respect to each
other in the Nicotiana, yeast and mouse eIF-4A genes.

A matrix of identity and similarity between NeIF^A2 and
NeIF-4A3 and the other DEAD box polypeptides indicates that
NeIF-4A2 and NeIF-4A3 are as divergent from each other (64%
identity) as they are from the most closely related DEAD box
members, the mouse eIF-4A and yeast TIF genes (Table 1). The
other DEAD box members all share approximately 30% identity
with the Nicotiana members.

TABLE I . Percent Identity and Similar i ty ( In brackets) between NeIF-4A2, NeIF-4A3 and selected
members of the DEAD box gene family.

NeIF-4A2 NeIF-4A3 eIF-4AI eIF-4AII TIF1/2 vasa PLIO p68 PRP5

NeIF-4A2 -- 64 (77) 73 (83) 69 (81) 62 (78) 32 (53) 33 (54) 32 (53) 28 (50)

NelF-4A3 64 (77) -- 64 (80) 65 (79) 59 (79) 32 (55) 33 (54) 34 (53) 30 (53)
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N. ptumbagr«fc*a
NeF-4A2 N8F-4A3

N. tabacum
NeF-4A2 NeF-4A3
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Figure 3. Southern Blot Analysis of N. plumbaginifolia and N. tabacum Genomic
DNA. Genomic DNA (5 /ig) from each plant was digested with either EcoRl,
(E); HindlU, (H); Xbal, (X); or £coRV, (EV), and size fractionated by
electrophoresis through identical 1 % agarose gels and transferred to nitrocellulose.
The blots were cut in half and each half was hybridized separately with either
the NeIF^tA2 or the NeIF^A3 cDNA insert randomly labelled with 32P-dC-
TP. The positions of faint hybridizing bands are indicated to the right of the lane
by a < . Migration positions of a 1 kb DNA ladder (Gibco BRL) are indicated.

Southern Blot Analysis of Genomic DNA
Southern blot analysis was performed at high stringency to
determine the genomic copy number of the NeIF-4A2 and
NeIF-4A3 genes in N. plumbaginifolia and N. tabacum
(Figure 3). In N. plumbaginifolia, NeIF-4A3 hybridized to fewer
genomic DNA fragments per digest than NeIF-4A2. Although
a few of the bands align, the NeIF-4A2 hybridization pattern is
distinct from the NeIF-4A3 generated pattern. Similar
hybridizations using N. tabacum genomic DNA also indicated
that NeIF-4A3 hybridized to fewer genomic fragments per digest
than did NeIF-4A2. Again the NeIF-4A2 banding pattern differs
from that observed with NeIF-4A3. NeIF-4A2 and NeIF-4A3
both hybridize to a larger number of genomic DNA restriction
fragments in N. tabacum than in N. plumbaginifolia.

Immunological Characterization of the NeIF-4A2 cDNA
Encoded Polypeptide
The NeIF-4A2 cDNA was cloned directly behind the
bacteriophage T7 expression signals and the NeIF-4A2
polypeptide overexpressed in E. coli. A 47 kD polypeptide,
corresponding to the molecular weight of the NeIF-4A2
polypeptide, was only observed in cells transformed with the
NeIF-4A2 coding region in the correct orientation and in a time
dependent manner, after induction with IPTG. Western analysis,
shown in Figure 4, indicates that a polyclonal antibody directed
against rabbit reticulocyte eIF-4A cross reacts with the 47 kD
NeIF-4A2 polypeptide (Lane 1). As expected, a 46 kD
polypeptide present in a rabbit reticulocyte lysate was also
detected (Lane 2). Cross reactivity was not observed between
the NeIF-4A2 polypeptide and an antibody directed against the
yeast TIF polypeptide (data not shown).

NeIF-4A mRNA Transcript Analysis
Northern analysis was performed to determine the size and
abundance of the NeIF-4A2 mRNA transcript in N.
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Figure 4. Western Analysis of the NelF-4A2 Polypeptide. A crude lysate from
E. coli overexpressing the NeIF-4A2 polypeptide (Lane 1) and mammalian eIF-4A
partially purified from rabbit reticulocytes (Lane 2) were separated by SDS-
polyacrylamide gel electrophoresis. The proteins were transferred to nitrocellulose
and immunodecorated with polyclonal antisera raised against rabbit reticulocyte
eIF-4A. Migration of molecular size markers (Bio-Rad) are shown on the left
side: phosphorylase b (97 kDa), bovine serum albumin (66 kDa), ovalbumin (45
kDa), and carbonic anhydrase (31 kDa).
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Figure 5. Northern analysis. Total Nicoliana RNA (5 jig), isolated from the
indicated organs, was separated by agarose gel electrophoresis, after denaturation
in the presence of glyoxal, and transferred to a nylon membrane. The blot was
probed with the complete cDNA inserts from either NeIF-4A2 or NeIF-4A3
labelled with 32P-dCTP. The approximate size of the hybridizing bands are
shown in kb to the left and right and were calculated from the migration of an
RNA ladder (Gibco BRL). PIST + ST represents pistil plus stamen.

plumbaginifolia and N. tabacum. Total RNA from leaves and
roots of both species was probed with the NeIF-4A2 cDNA. A
single hybridizing band was observed in both organ types and
in both species, however the 1.6 kb transcript observed in N.
tabacum is slightly larger than that observed in N.
plumbaginifolia. NeIF-4A2 transcript levels are also higher in
roots than in leaves in both species (data not shown). To
investigate possible organ specific expression, the Nicotiana
eIF-4A cDNA clones were hybridized separately to equal
amounts of total RNA isolated from six N. tabacum organs
(Figure 5). Single hybridizing transcripts were observed with both
eIF-4A clones although NeIF-4A3 hybridized to a slightly larger
transcript than did NeIF-4A2, 1.7 versus 1.6 kb, respectively.
The overall hybridization pattern indicates that NeIF-4A2 and
NeIF-4A3 are coordinately expressed in each of the organs
examined, however, the level of expression varied between
organs with the lowest expression in leaves and the highest in
root, stem and shoot apex.
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Figure 6. S1 nuclease protection analysis. Total RNA (20 /ig) isolated from the
indicated organs was hybridized with 1 x 105 cpm of ssDNA probes specific for
NeIF-4A2 or NeIF-4A3. A ssDNA probe specific for atp\, the nuclear-encoded
gene for the beta-subunit of the N. plumbaginifolia mitochondrial ATPase, was
included as an internal control in each reaction. Reactions were digested with
50 U SI nuclease, denatured and separated on a 8% polyacrylamide sequencing
gel. The expected 153 and 61 nucleotide protected transcript fragments specific
for NeIF-4A2 and NeIF-4A3, respectively, are shown, as are the multiple bands
expected for the protected aip\ gene transcript (16). YNG LF and PIST + ST
represent young leaf and pistil plus stamen, respectively.

In order to verify that NeIF-4A2 and NeIF-4A3 are
coordinately expressed, quantitative SI nuclease protection
analysis was performed using NeIF-4A2 and NeIF-4A3 specific
ssDNA probes (Figure 6). The resulting data confirm the
coordinate expression of both NeIF-4A2 and NeIF-4A3 in all
N. tabacum organs examined. Absolute transcript levels of the
two genes also vary between organs by the criteria of equivalent
RNA loads. This probably does not reflect organ-specific
variation of expression levels, but is a peculiarity of plant systems
as a result of the high proportion of chloroplastic RNA present
in photosynthetic tissues. Transcript levels for the atpl gene, a
popular control gene for equivalent RNA loading, also vary
between the various organs, being higher when NeIF-4A levels
are high and vice versa. This correspondence holds for all organs
except the shoot apex where atpl levels are low and both
NeIF-4A2 and NeIF-4A3 transcript levels are high.

DISCUSSION

We have isolated and characterized three cDNA clones from the
dicotyledonous plant Nicotiana plumbaginifolia by heterologous
hybridization to both mammalian eIF-4A and yeast TIF genes.
The three Nicotiana clones comprise two distinct gene classes
as NeIF-4Al and NeIF^A2 share high amino acid similarity,
while NeIF-4A3 is only 64% identical to NeIF-4A2. This is in
contrast to other eukaryotic systems where two eIF-4A genes
are also observed but their deduced amino acid sequences are
highly similar, exhibiting 100% identity in yeast (13) and 91%
identity in mouse (4). Thus NeIF-4Al and NeIF-4A2 may be
the plant homologues of the mouse eIF-4AI and eIF-4AII genes
while NeIF-4A3 is clearly different. It is not known whether a
gene corresponding to NeIF-4A3 is present in mammalian cells.
Although the two Nicotiana eIF-4A gene classes are divergent,
they both exhibit significant similarity to the rapidly growing

DEAD box supergene family. This family is characterized by
a series of highly conserved amino acid domains (8), one of
which, the DEAD box motif, has only been observed in this
family. The Nicotiana cDNA clones contain all of the conserved
amino acid domains although, interestingly, a conservative amino
acid substitution converts the DEAD box into a DESD box in
NeIF-4A3, further emphasizing the divergence between
NeIF-4A2 and NeIF^A3.

NeIF-4A2 and NeIF-4A3 exhibit the highest sequence identity
with the mouse eIF-4A and yeast TIF genes which are known
to be involved in the initiation of protein synthesis. The Nicotiana,
mouse and yeast sequences are also spatially conserved over their
entire amino acid sequences and thus encode polypeptides of
approximately the same size. Both spatial and sequence identity
decrease when the Nicotiana eIF-4A genes are compared with
other members of the DEAD box family. The amino acid
conservation existing between all DEAD box family members
is still quite remarkable, however, especially when the diverse
functions performed by these polypeptides is taken into
consideration. The conservation not only spans the six previously
identified DEAD box family domains (8) but exists throughout
the eIF-4A-like region. The high level of conservation observed
within these domains suggests that they perform an essential
structural or functional role.

The similarity observed between NeIF-4A2 and the mammalian
eIF-4A genes exists not only on the deduced amino acid level
but also with respect to immunological cross reactivity. The 47
kD NeIF-4A2 polypeptide cross reacts with antisera raised against
the rabbit reticulocyte eIF-4A protein but not with anti-TIF
antisera. Immunological cross reactivity is not always detected
between eIF-4A proteins from diverse organisms (24), an
observation which emphasizes the similarity between mammalian
eIF-4A and the NeIF-4A2 clone.

Therefore, on the basis of both sequence similarity and
immunological cross reactivity we believe that the two classes
of Nicotiana genes characterized in this paper represent genuine
eIF-4As involved in translation initiation. Whether NeIF-4A3
performs a different role in plant translation initiation than do
NeIF-4Al and NeIF-4A2 remains to be determined.

The distinct genomic Southern hybridization patterns produced
by NeIF-4A2 and NeIF-4A3 within each Nicotiana species
indicates that the two genes belong to separate gene families in
Nicotiana. The presence of multiple hybridizing bands suggests
that both families are composed of more than one member.
NeIF-4A2 is a representative of a small multigene family and
NeIF-4A3 is a member of a gene family containing one or at most
two members in N. plumbaginifolia, while both Nicotiana eIF-4A
genes are members of small multigene families in TV. tabacum.
The NeIF-4A2 family appears to contain more members than that
of NeIF-4A3, although the exact number of family members is
unknown as the intron/exon arrangement within each family has
not been exactly determined. Preliminary sequence data suggests
that only three small introns occur in a Nicotiana genomic eIF-4A
clone which is a member of the NeIF-4A2 family (Brander,
Owttrim and Kuhlemeier, unpublished observation). The
observation that more family members are present in N. tabacum,
than in N. plumbaginifolia can be explained by the evolutionary
origin of the two species. N. plumbaginifolia is a diploid species
while N. tabacum is an amphiploid species whose genome
complement was formed by the fusion of two diploid Nicotiana
species, N. sylvestris and N. tomentosiformis (25). N. tabacum
would therefore be expected to contain more gene family members,
as is evident from the Southern blot analysis presented here.
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It has recently been suggested that mammalian translation factor
genes are present as duplicate, highly conserved copies (5). The
results presented here indicate that this generalization does not
extend to Nicotiana eIF-4A genes, as NeIF-4A2 and NeIF-4A3
are highly divergent and both are representatives of small
multigene families. This raises the possibility that mammalian
systems may also contain other eIF-4A-like genes which are so
divergent that they may not be detectable by routine screening
procedures.

The two Nicotiana eIF-4A gene classes are coordinately
expressed in each organ examined with the ratio of NeIF-4A2
to NeIF~4A3 expression remaining approximately constant. The
relative level of expression of each gene class changes
considerably, however, between organs; the lowest levels are
observed in the sepals and leaves while the highest levels occur
in the root, stem and shoot apex, on the basis of total RNA. When
compared to the expression levels of the atpl housekeeping gene,
however, NeIF-4A transcript levels are significantly elevated only
in the shoot apex. The apical region dictates the formation and
development of the aerial portion of a plant and therefore
represents a region of high metabolic activity and cell division.
Elevated expression of protein translation initiation factors may
thus be required to complement the high metabolic requirements
in the apical region, with different eIF-4A gene products possibly
contributing to the switch from one developmental pathway to
another. We are currently investigating the possibility that
additional eIF-4A gene products are expressed in the apex in
contrast to other Nicotiana organs.

The stability and processing of RNA coding for the two classes
of Nicotiana eIF-4A genes may be controlled by RNA secondary
structure present in the 3' noncoding regions. Similar RNA stem-
loop structures are required for 3' end formation and mRNA
stability of both mammalian histone genes (26) and numerous
chloroplast encoded genes (27). These structures may therefore
play a role in dictating when during the cell cycle or
developmental program various eIF-4A members are themselves
translated.

The presence of two divergent Nicotiana eIF-4A genes is also
interesting in light of the biochemical analysis of wheat germ
in which only one eIF-4A polypeptide is observed (10). The 50
kD wheat germ eIF-4A polypeptide is significantly larger than
the 47 and 44 kD NeIF-4A2 and NeIF-4A3 polypeptides. The
eIF-4A polypeptides required for the initiation of protein synthesis
may differ between dormant wheat germ and actively growing
mature plants as a result of the different developmental states
of the two systems. It is tempting to speculate that, in vivo, the
single wheat germ eIF-4A polypeptide initiates translation of
mRNA transcripts required to maintain the quiescent state, while
the expression of additional eIF-4A genes may be specifically
correlated with later stages of development. Nicotiana is an
excellent system in which to observe differential eIF-4A function
because of the divergence between the two eIF-4A genes which
we have characterized in this paper.
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