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Abstract 

A pollen-specific sequence, NelF-4A8, has been isolated from a cDNA library from mature pollen of 
Nicotiana tabacum cv. Samsun. NelF-4A8 is a full-length cDNA whose deduced amino acid sequence 
exhibits high homology to the eucaryotic translation initiation factor elF-4A from mouse, Drosophila and 
tobacco, elF-4A is an RNA helicase which belongs to the supergene family of DEAD-box proteins. 
Northern blot analysis with a gene-specific probe showed strict anther-specific expression of NelF-4A8 
starting at microspore mitosis. With antibodies raised against tobacco elF-4A the presence of abundant 
elF-4A-related proteins in developing anthers and pollen grains was demonstrated. The genomic analysis 
shows that the coding region is split by three introns whereas a large, fourth intron is situated in the 
5'-untranslated region. A promoter construct with 2137 bp of upstream sequence fused to the GUS 
reporter gene was used to confirm that the expression is confined to the haploid cells within the anther. 
NelF-4A8 is a prime candidate for mediating translational control in the developing male gametophyte. 

Introduction 

The life cycle of higher plants is characterized 
by the alteration between a diploid generation 
(sporophyte), and a haploid generation (gameto- 
phyte). The haploid male gametophyte or pollen 
grain is formed within diploid sporangia, the an- 
thers. The meiotic division of pollen mother cells 
leads to the differentiation of haploid microspores 
in a tetrad. After release from the tetrad these free 
unicellular microspores develop further and un- 

dergo a haploid mitosis [25, 7]. In tobacco, this 
leads to mature pollen grains which enclose in 
their strong and durable wall two cells, the gen- 
erative and the vegetative cell. The generative cell 
undergoes a second mitotic division during pollen 
tube growth. 

During the production of pollen, two distinct 
sets of transcripts appear in the developing male 
gametophyte [reviewed 21]. The first set (early 
genes) is present during microspore development, 
reaching a maximal level at the haploid mitosis 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X79004 (NelF-4A8 cDNA) and X79005 (NelF-4A8 genomic). 
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and then decreasing until pollen maturity. The 
second set (late genes) appears with this mitosis 
and increases in its m R N A  amount until matu- 
rity. This second set includes mainly pollen- 
specific genes whose transcripts are thought to be 
translated during pollen germination and pollen 
tube growth. It has been estimated that about 
10~o of the transcripts expressed in pollen are 
pollen-specific. Several attempts have been made 
to isolate such genes [reviewed in 21 and 39]. 

It has been shown by Mascarenhas et al. [24] 
that proteins synthesized early during pollen ger- 
mination are translated from mRNAs that were 
previously stored in the mature pollen grain. In- 
hibitor studies demonstrated that germination of 
pollen grains and early pollen tube growth are 
dependent on translation but not on transcription 
[reviewed in 18, 6]. During this period at least 
230 distinguishable new proteins are synthesized 
which did not exist in the mature pollen grain 
[19]. 

We are interested in the protein factors involved 
in the initiation of translation. In particular, we 
have focused on the translation initiation factor 
elF-4A, a 46 kDa protein that possesses RNA 
unwinding activity. It is part of the cap-binding 
complex and functions in the removal of second- 
ary structure in the mRNA leader. Such RNA 
unwinding is thought to be necessary in order to 
enable the ribosome to scan the mRNA leader 
until it reaches the initiator A U G  [reviewed in 
26]. 

Recently Owttrim et al. [28] reported the first 
characterization of plant eIF-4A genes in Nicoti- 
ana plumbaginifolia. Two of the encoded proteins, 
NeIF-4A1 and NeIF-4A2 were virtually identi- 
cal, whereas the third one, NeIF-4A3 is only 64~o 
identical to NeIF-4A2. These NeIF-4As show no 
more identity with each other at the amino acid 
level than they do with mouse eIF-4AI (73 ~o) and 
yeast TIF1/2 (63~o). Recent experiments in our 
laboratory indicate that at least 10 different 
eIF-4A genes are expressed in tobacco leaves 
[29]. All cDNAs identified so far are more or less 
coordinately expressed and mRNAs could be de- 
tected in all organs. Polyclonal antibodies raised 
against rabbit reticulocyte eIF-4A cross-reacted 

with NelF-4A2 overexpressed in Escherichia coli 
and vice versa. Anti tobacco elF-4A antibodies 
react with eIF-4A from rabbit reticulocytes. This 
again indicates that NeIF-4A1, 2 and 3 are 
tobacco homologues of mammalian and yeast 
eIF-4A. 

Translation initiation factor eIF-4A belongs to 
a large superfamily of proteins which have a num- 
ber of amino acid sequence motifs in common. 
These so-called DEAD-box proteins which have 
been isolated from many different species [re- 
viewed in 32] are not necessarily involved in 
translation initiation. Based on the sequence ho- 
mology to eIF-4A they are thought to be RNA 
helicases, although they have not been character- 
ized biochemically. Of particular interest are the 
Drosophila vasa gene [15] and the mouse PL10 
gene [ 16], which are specifically expressed in the 
germ line. Mutation of vasa leads to a maternal 
effect phenotype, indicating that it has an impor- 
tant function early in development. So far in 
plants no homologies of this subfamily of putative 
RNA helicases have been isolated. 

In order to find DEAD-box type genes that are 
specifically expressed in the male germ line of 
tobacco, we constructed a cDNA library from 
mature tobacco pollen and screened it at low 
stringency with a tobacco elF-4A cDNA probe. 
Here we describe the isolation of the NelF-4A8 
cDNA and the corresponding genomic clone. We 
show that NelF-4A8 is closely related to the pre- 
viously identified NelF-4A2,  yet its expression 
could be detected exclusively late in pollen devel- 
opment. We suggest that this sex- and cell-specific 
translation initiation factor could have a regula- 
tory function during postmitotic pollen develop- 
ment and perhaps during pollen germination. The 
results are discussed in relation to the unique de- 
velopment of pollen and to germ line-specific 
DEAD-box proteins. 

Materials and methods 

Plant material 

Plants of Nicotiana tabacum cv. Samsun were ei- 
ther grown under sterile conditions on MS me- 



dium supplemented with antibiotics or in soil 
under greenhouse conditions. Plant tissue was 
collected and, i f  necessary, stored at -80  °C. 
Flower buds were staged and collected by mea- 
suring flower bud length as described by Kol- 
tunow et al. [ 14] and dissected flower organs were 
frozen in liquid N2 and stored at -80  ° C. Devel- 
opmental stages 1 to 11 were collected as intact 
anthers whereas mature pollen grains were sepa- 
rated from the dehiscent anthers by vortexing or 
for RNA extractions by washing off quickly with 
cold 0.3 M mannitol prior to storage at -80  ° C. 

Extraction of mRNA and Northern blot analysis 

RNA was extracted from various tissues and from 
mature pollen grains essentially as described by 
Schrauwen et al. [33]. The isolation of poly(A) 
RNA from total RNA of mature pollen of Nic- 
otiana tabacum cv. Samsun was essentially as de- 
scribed in Sambrook et al. [31 ]. RNA either was 
stored under ethanol, as a dry pellet, or as an 
aqueous solution at -80  °C. Samples of glyoxal 
denatured total RNA (10 #g) were electrophore- 
sed through 1.2~o agarose gels and further treat- 
ment was essentially as described by Bucher and 
Kuhlemeier [5]. Northern blots hybridized with 
oligonucleotides were washed with SSC buffers 
ranging from 2 x to 0.1 x in concentration, con- 
taining 0.1 ~o SDS. Each washing step was for 5 
min. The last washing step after a hybridization 
at 4 5 ° C w a s  5 m i n a t 3 9 ° C w i t h 0 . 1 x  S S C /  
0.1 ~o SDS. Blots hybridized with riboprobes were 
hybridized overnight at 65 o C. Blots were washed 
as described above, except the washing steps were 
prolonged and the last washing step was at 65 o C 
with 0.1 x SSC / 0.1 ~ S D S .  The relative loads of 
RNA on Northern blots were routinely checked 
by staining with methylene blue. 

Generation of a pollen cDNA library and library 
screening 

For the generation of a cDNA library from ma- 
ture pollen of Nicotiana tabacum cv. Samsun, a 
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Pharmacia cDNA Synthesis Kit (Pharmacia 
LKB) was used according to the manufacturer's 
instructions. Four/~g of poly(A) RNA were used 
to synthesize the cDNA. Eco RI-ended cDNAs 
were ligated into predigested 2 ZAPII/Eco RI 
arms using a 2 ZAPII/Eco RI Cloning Kit (Strat- 
agene, La Jolla, CA). Gigapack II Gold Packag- 
ing Extract (Stratagene) was used for packaging 
the recombinant phage DNA. The library subse- 
quently was titered and amplified once as de- 
scribed in the manufacturer's instructions (Strat- 
agene). 3.5 x 105 pfu of the amplified library were 
used for screening on duplicate plaque filters at 
48 °C with a 32P-labelled fragment of NelF-4A2 
cDNA [28] encompassing the region from the 
G K T  motif to the DEAD-box.  Positive clones 
were isolated and the inserts were visualized in 
agarose gels after digestion with Eco RI. Clones 
of interest were subsequently sequenced and the 
sequences were compared to all tobacco elF-4As 
isolated so far and to other members of the 
DEAD-box family [32]. 

About 1 x 10 6 pfu of a 2EMBL3 genomic li- 
brary of Nicotiana tabacum cv. Samsun (kindly 
provided by R. Fluhr, Rehovot, Israel) were 
screened in the same manner as the cDNA li- 
brary, except that the full-length NelF-4A2 c D N A  
was used as 32p-labelled probe. Isolation of clones 
of interest was supported by Southern blot analy- 
sis. One clone was further analysed by D N A  se- 
quencing and subsequently compared to NelF- 
4A8 as well as to other known elF-4As. 

DNA sequencing was performed by the 
dideoxy chain termination method. For this pur- 
pose either subcloned fragments of the NelF-4A8 
cDNA, or the genomic clone, or nested deletions 
of the genomic clone were used. Analyses of the 
DNA sequence and predicted amino acid se- 
quence were performed using the University of 
Wisconsin Genetics Computer Group (GCG) 
Sequence Analysis Software Package, version 7. 

Preparation of constructs 

2137 bp sequence of NeIF-4A8 upstream of the 
ATG was ligated to the GUS-coding region via 
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an oligonucleotide mediated introduction of a 
Nco I site over the ATG. This changed the 
sequence in Fig. 1 as indicated by double under- 
lining: 5 ' -TAAAGTACGTACATTACAGC C- 
ATGGAGCT-3 ' .  A 970 bp fragment of the 35S 
cauliflower mosaic virus (CaMV) promoter was 
fused to the GUS-coding region, and the NOS 3' 
sequence used as the 3'- terminator. The con- 
structs were transferred into the binary vector 
pMON505 [ 11 ]. 

Transformation of tobacco 

Prior to the transformation of tobacco, Agrobac- 
terium tumefaciens (LBA4404, kindly provided by 
R. VOgeli-Lange, Basel) was transformed via tri- 
parental mating [11]. After selection for trans- 
formed Agrobacterium mutant strains, positive 
clones were grown on solid medium, scratched 
off with a needle and leaf disks were inoculated 
with Agrobacterium by wounding. Sterile plants 
were regenerated from leaf discs on selective MS 
medium as described by Draper et al. [ 11 ]. 

Protein analysis 

Total soluble protein was extracted from plant 
material in a buffer consisting of 100 mM Tris pH 
7.5, 0.1~o 2-mercaptoethanol, 0.2~o PVP, 5~o 
PVPP, directly in a 1.5 ml microfuge tube with a 
pestle fitting the tube (Kontes) and an electric 
drill. Aliquots of 10/~g were separated through a 
12~o SDS-PAGE gel and electroblotted onto ni- 
trocellulose (Schleicher and Schuell). Western 
analysis was performed as described by Bucher 
and Kuhlemeier [ 5] except that the first antibody 
was polyclonal rabbit anti-tobacco elF-4A. Im- 
muno-reacting polypeptides were revealed using 
goat anti-rabbit linked peroxidase. 

Analysis of GUS activity 

Transgenic plants containing promoter-GUS 
constructs were analysed qualitatively for the 

presence of GUS activity in various tissues and 
cell types by histochemical analysis [17]. Pollen 
and hand-cut sections (ca. 1 mm) of fresh tissues 
were immediately immersed in 50-500/~1 of fresh 
of X-Gluc substrate solution (1 mM 5-bromo-5- 
chloro-3-indolyl-/3-D-glucuronic-acid [Biosynth], 
50 mM sodium phosphate buffer pH 7.5) in a 
microwell plate (Nunc). The substrate solution 
was supplemented with 0.5 ~o Triton X-100, 2.5 
/~M Fe 2+ CN and 2.5 #M Fe 3 + CN. In our hands 
the addition of 20 ~o methanol [ 17 ] did not affect 
the suppression of artifactual blue colour. Incu- 
bations were at 37 °C for 0.5 to 8 h. After incu- 
bation, the sections were cleared, if necessary, 
from chlorophyll by consecutive incubation in the 
following solutions: 10 min FAA (5~o formalde- 
hyde, 5~o acetic acid, 38~  EtOH), 3 min 50~o 
EtOH, 100~o EtOH until tissue was white, then 
3 min in H20. Sections and pollen grains were 
analysed either under a microscope or under a 
binocular microscope equipped with a polariza- 
tion filter and documented by colour slides. 

Fluorometric analysis was used to quantitate 
GUS activity in different tissues [13]. Protein 
was extracted from fresh tissue by homogenizing 
about 100 mg tissue or pollen grains from 3 to 5 
fowers directly in a microfuge tube containing 
100 #1 pre-cooled extraction buffer consisting of 
50 mM sodium phosphate buffer pH 7, 1 mM 
EDTA, 10 mM 2-mercaptoethanol and 0.1 ~o Tri- 
ton X-100. The homogenizer was washed with 
700 #1 extraction buffer which was combined with 
the homogenate on ice. The cell debris was pel- 
leted for 5 min at room temperature and the pro- 
tein concentration in the clarified supernatant was 
determined with the BioRad protein assay. For 
the enzymatic reaction, 25 #1 supernatant was 
mixed with 250 #1 M U G  substrate solution (1 
mM 4-methylumbelliferyl glucuronide [Serva] in 
extraction buffer). Samples were incubated in a 
37 °C water bath for 45 min. The reaction was 
terminated by adding 1.725 ml 0.2 M Na2CO3. 
Fluorescence at 460 nm was measured in a TKO 
100 mini-fluorometer (Hoefer) or SFM 25 (Kon- 
tron) at an excitation of 365 nm. The values were 
corrected for intrinsic degradation of the substrate 
(MUG) itself over the incubation time of 45 min 



at 37 *C which was 0.03 nmol MU per minute 
per mg protein, and which was exactly the same 
activity as in wild-type tissues and for tissues 
other than pollen of the transformants. 

Results 

Generation of  a pollen cDNA library and screening 
for elF-4A 

A cDNA library derived from poly(A) RNA from 
mature pollen grains of Nicotiana tabacum cv. 
Samsun was generated, resulting in 2.2 × 105 in- 
dependent clones. The amplified library was 
screened with an internal fragment of the isolated 
cDNA NelF-4A2, coding for N. plumbaginifolia 
eIF-4A [28]. This fragment encompassed a re- 
gion (GKT motif to DEAD-box) which has high 
homology in all elF-4As isolated so far from to- 
bacco. The longest clone with a 1.5 kb insert was 
further analysed. Subsequent sequencing and se- 
quence comparisons confirmed that this clone 
contained the entire protein coding region. This 
clone, termed NelF-4A8, was 1497 bp in length, 
consisting of 48 bp 5'-untranslated region and 
210 bp 3'-untranslated region (Fig. 1). The de- 
duced amino acid sequence (Fig. 1) shows strong 
homology throughout the amino acid sequence to 
NeIF-4A2 [28] as well as to other members of the 
DEAD-box supergene family [32, 4]. All five 
conserved boxes that are characteristic for the 
DEAD-box family (GKT, PTRELA, DEAD, 
SAT and HRIGR) are present. In addition, a 
second SAT-box is located between the con- 
served SAT-box and the HRIGR-box. This sec- 
ond SAT-box at this position is observed only in 
plants so far [4]. 

The deduced amino acid sequence of the cDNA 
of NeIF-4A8 (Fig. 1) is a 413 amino acid open 
reading frame that shares 937o identity with 
NeIF-4A2 [28 ] and 68 ~o with the mouse eIF-4AI 
[27]. The protein of NeIF-4A8 has a calculated 
molecular mass of 46.9 kDa and an estimated pI 
of 6.1. Through sequence comparison with other 
members of the NelF-4A gene family in tobacco 
[28, 29], the 5'-untranslated region of NelF-4A8 
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1 GTTTAATTCT CAGTT TT GCTAAAGTTATTATCAT CGTCATT CCGA~CATGGCACGTTTG 60 
~M A R L 

61 GCAC CAGATGGAGCT CAATTT GAT GCCCGT CAATAT GATTCT~AGATC*AACGAT TT~CT T 120 
A P D G A Q F D A R Q Y D S K M N D L L 

121 GCCG CTGATGGA~TT TCT T TACATCATATGACGAAGTT TATGAC~TTTT GAT GCT 180 
A A D G K D F F T S Y D E V Y D S F D A 

181 ATGGGTCTGCA~CCTT CT CAGGGGCATTTAT GCCTAT GGT TT TGAC~CT T CT 240 
M G L Q £ N L L R G I Y A Y G F E K P S 

241 GCAAT TCAACAAACIA~SGTATAGTT CCATT T T GCAA~GGACTTGATGTAAT T CAG~CT 300 
A I Q Q R G I V P F C K G L D V I Q Q A 

301 CAGT C T GGCAC~C~TACTTTTTGTT CTGC9%ATTT T GCAC~CTT GATTAT 360 
Q S G T G K T A T F C S G I L Q Q L D Y 

361 GGTTTAGT TCAATGTCAAGCGTTGGTGTTAG CACCTACT CGT GAACTTGCTCAACAGATT 420 
G L V Q C Q A L V L A P T R E L A Q Q I 

421 GAGAAGGT GAT G CGAC-CACTT GGTG~TACCT TC-GGGTT~GT CCATGCTTGTGTAC-GT 480 
E K V M R A L G D Y L G V K V H A C V G 

481 GGGACT~TGT CB~GGAGGATCAACGTATTCT CGCAGCT GGTGTT CATGTTATTGTT GGC 540 
G T S V R E D Q R I L A A G V H V I V G 

541 ACCCCTGG~DGT GT GT TT GACATGCT GCGAAGACAGTCT CT CCGT CCT GAT TACCTCAGA 6OO 
T P G R V F D M L R R Q S L R P D Y L R 

601 ATGTTTGT G ~ 2 . ~ % G G C T  ~ T  ~ A T G C T  GTC.~2GT GGTTTT~I3GAT~TATAT 660 
M F V L D ~ A D E M L S R G F K D Q I Y 

661 GATATTTT TCAGAT GCTGCCTACA~TCCAAGT CGGAGTGTTT TCTGCGACCATGCCA 720 
D I F Q M L P T K V Q V G V F S A T M P 

721 C CAGAAG CCCTTC=ACATCACAAGAAAGTT CATC*AATAAGCCCGTGAGAATCT TGGTTA~A 780 
P E A L D I T R K F M N K P V R I L V K 

781 CGCGAT GAAT TGACACTTGAGGGTATCAAACAGT TTTATGTCAATGTT GATAAGGASGAA 840 
R D E L T L E G I K Q F Y V N V D K E K 

841 TGGAAGCTCGA~JCT CT GC GAT CTAT~EGAGACGCTAC, CAATTACACAGAGTGTCATA 900 
W K L E T L C D L Y E T L A I T Q S V I 

901 TTT GTGAACACCAGGCCCAAGGTTGATTGGTTAACAGACAAAAT GCG~ACGCGT GATCAC 960 
F V N T R R K V D W L T D K M R T R D H 

961 ~CAGTCTCAG CTACACATGGACIATAT GGACCAGAACACT~GGACATJ%ATCATGCGCC~ 1020 
T V S A T H G D M D Q N T R D I I M R E 

1021 T TT C GCT CT GGTT CTTCTCGTGTCCTTATC~CGAT CT GT TGGCTCGT GGTATAG~T 1080 
F R S G S S R V L I T T D L L A R G I D 

1081 GTAC~TAT CACT T GTGATCA%ACTATGAT CTCCCGACTC.AJ3CCAGA~TTATCTC 1140 
V Q Q V S L V I N Y D L P T Q P E N Y L 

1141 CATCGTATTGGAAGA~TGC~T T TGC~GAAAGGAGTTGCTATC~.CTT TGT GACA 1200 
H R I G R S G R F G R K G V A I N F V T 

1201 ACAGAC~ACGA~T GTT GTTCGATATTCA~T TTACAACGTGATAATCGA~ 1260 
T D D E R M L F D I Q K F Y N V I I E E 

1261 CTCCCCTCA~TGTT GCTGAT CTCC T CT GA~TATGTTTGT GC-CTGGAGCTT TA~ 1320 
L P S N V A D L L # 

1321 CAGA~GTAACCATGTTATAGTGT CCACACCATTCCATAC, AAATT~T CTTTTAACTA 1380 

1381 CCATTAT CATCTAGT GT CTAAGACAGACCTGAGGCAGTAATGCTGCT CCAAATTTTGCAG 1440 

1441 TAGCACATTTT GT T TT TCAT TT CCTAAT TCTTAAACTT CTTTGGCATTTTGTAGTTT 1497 

Fig. 1. Nucleotide sequence and deduced amino acid se- 
quence of the tobacco NelF-4A8 cDNA. The five character- 
istic conserved motifs of the DEAD-box family are under- 
lined. * denotes positions of introns; ~ end of coding region 
(TGA). The 5' UTR is double-underlined. The deduced amino 
acid sequence in one-letter code is below the nucleotide se- 
quence. 

(double-underlined), encompassing the position 1 
to 48 (Fig. 1) was determined to be unique for 
NeIF-4A8. 

Northern blot analysis 

The DNA sequence of NelF-4A8 is highly ho- 
mologous to the other members of the NelF-4A 
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family, except for NeIF-4A3. Also in the 3' non- 
coding region there are considerable stretches of 
sequence identity. In the 5 'UTR, however, no 
sequence homology with other elF-4A genes could 
be found. In order to distinguish the NelF-4A8 
mRNA from other elF-4A mRNAs, an oligo- 
nucleotide was synthesized encompassing 36 bp 
of the 5 'UTR (position 9 to 44, Fig. 1) to be used 
as a gene-specific probe for NelF-4A8. It now was 
possible to specifically measure NelF-4A8 mRNA 
levels. An antisense riboprobe made of the cod- 
ing region of a constitutively expressed elF-4A 
gene, NelF-4A2 [4] was used as a (internal) con- 
trol for northern blot analysis. This latter probe 
has high sequence homology to all known mem- 
bers of the NelF-4A family including NelF-4A8. 
Northern blots were prepared as described in 
Materials and methods with equal amounts of 
total RNA isolated from different tobacco organs. 
In order to obtain direct comparisons, northern 
blots were first hybridized with the NelF-4A8 
gene-specific oligonucleotide and, after exposure 
of the blot to the X-ray film, the blot was stripped. 
Subsequently, the NelF-4A2 probe was used for 
detection of all elF-4A-related transcripts. 

The gene-specific oligonucleotide for NelF-4A8 
gave a strong hybridization signal exclusively in 
mRNA preparations containing pollen RNA 
(Fig. 2). Also after overexposure (not shown) sig- 
nals only could be observed in mRNA prepara- 

tions from anthers at stage 11 [ 14] and from ma- 
ture pollen (Fig. 2). In contrast to this pollen- 
specific pattern, the NelF-4A2 probe which 
detects all NelF-4A species, hybridizes to tran- 
scripts in mRNA from all organs of tobacco. 

Because NeIF-4A8 expression is exclusively de- 
tectable in pollen we were interested in the deter- 
mination of the time course of NelF-4A8 expres- 
sion during pollen development (Fig. 3). 
Therefore both probes, NelF-4A8-specific and 
general NelF-4A probe, were hybridized to a blot 
containing mRNA from 12 different stages of pol- 
len development which range from meiotic mi- 
crospores (stage 1) up to mature pollen (stage 12). 
The staging of pollen development was according 
to Koltunow et al. [14] and the mRNAs were 
prepared from whole anthers except for mature 
pollen which were collected after anthesis and 
thus contained only male gametophytic material. 
The NelF4A2 probe which hybridizes to all 
NelF-4A mRNAs, detects a single mRNA species 
at all stages of anther development. There is an 
increase at stage 6 (haploid microspore mitosis) 
in agreement with other observations that docu- 
ment a general activation of transcription at this 
stage [33]. The NelF-4A8 gene-specific probe hy- 
bridized only to transcripts from anthers that have 
passed microspore mitosis (Fig. 3). Interestingly, 
a decrease of the hybridization signal can be ob- 
served after stage 10, which is not usual for late 

A 

' I "  

_ = 

NelF-4A8 b q . -  1.6 kb 

B 

" B  " = • t • • "--1.6 ,b 

Fig. 2. Express ion  o f  N e l F - 4 A 8  is restricted to anthers  and  mature  pollen grains. A. Nor thern  blot with total R N A  from differ- 
ent  organs  of  tobacco as indicated at the  top o f  each line. 10 /lg of  total R N A  was  loaded per lane and hybridized with the 
gene-specific oligonucleotide for NeIF-4A8.  B. The  same blot as in A after it has  been stripped. The  blot was  hybridized with the 
Ne IF -4A2  riboprobe as an  internal control  in order to detect all tobacco e IF-4A like t ranscr ipts .  
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Fig. 3. Expression of NelF-4A8 is first detectable at microspore mitosis. Total RNA was isolated from tobacco anthers, except 
that the lane pollen contains total RNA from mature pollen grains only (stage 12). Stage 6 corresponds to microspore mitosis as 
indicated. A. Northern blot containing 10/~g total RNA from intact anthers of the stages 1 to l  1 and from mature pollen grains. 
The probe was the gene-specific oligonucleotide for NelF-4A8. B. The same blot as A after stripping and after hybridization with 
the NelF-4A2 riboprobe as internal control in order to detect all tobacco elF-4A like transcripts. 

genes. Thus, NelF-4A8 belongs to the group of 
late genes [36] that are only expressed after mi- 
crospore mitosis and that play a role during the 
development of binucleate pollen and possibly 
during pollen germination. Because in all RNA 
isolations, except for the lane 'pollen' (mature 
pollen only), the RNA was isolated from com- 
plete anthers, the results of Fig. 3 do not show 
whether the detected NelF-4A8 expression is spe- 
cific for a particular cell type within the anther. 

sed (Fig. 4). In pollen two major and one minor 
band, which only differ marginally in size, show 
elF-4A to be an abundant protein in mature pol- 
len grains. NelF-4A immuno-reactive proteins 
from anthers before microspore mitosis are 
slightly smaller than after mitosis. In premitotic 

Immunological characterization of elF-4A proteins 

Messenger RNAs of the late group may not be 
translated immediately. They can be stored as 
transcripts and be used as templates for transla- 
tion during a later stage in the pollen life cycle, 
such as pollen germination and pollen tube growth 
[reviewed in 23]. Therefore we verified the pos- 
sible presence of elF-4A protein in pollen grains 
via Western blotting. Total protein from leaf, an- 
thers before and after microspore mitosis, as well 
as from mature pollen of tobacco were extracted 
and equal amounts of soluble total protein were 
separated on SDS-PAGE gels and transferred to 
nitrocellulose. A polyclonal antibody directed 
against tobacco elF-4A reacted with several pro- 
teins in the range from 45 to 48 kDa, indicating 
that elF-4A protein is present in all tissues analy- 

Fig. 4. Western blot analysis for elF-4A. Total protein from 
different organs and anthers containing microspores at differ- 
ent developmental stages as indicated. 10/~g protein of each 
preparation was loaded and separated on 12% SDS- 
polyacrylamide gel. Immuno-detection was performed with 
rabbit antibodies against Escherichia coli recombinant tobacco 
NelF-4A2. Numbers on the left indicate the molecular mass 
in kDa. 
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anthers an additional, unique eIF-4A-like protein 
is present at 45 kDa. Typically, in samples origi- 
nating from anther tissue a cross-reactive band at 
25 kDa is present. 

Identification of the genomic sequence of NeIF-4A8 

We have previously shown by characterization of 
cDNA clones that at least 10 different eIF-4A 
genes are expressed in tobacco leaves [29]. We 
also screened a 2EMBL3 genomic library of Nic- 
otiana tabacum cv. Samsun and characterised four 
NelF-4A genes [4]. One of these genes corre- 
sponds in sequence to the NelF-4A8 cDNA iso- 
lated from the pollen library. The major part of 
this clone consists of the complete coding 
sequence, ca. 4.4 kb of 5'-flanking region and 386 
bp of 3'-flanking region. The coding part of the 
nucleotide sequence shows 100~o identity to 
NelF-4A8 cDNA. The region coding for NeIF- 
4A8 is split by 3 introns of various length into 4 
exons as indicated by asterisks in Fig. 1 [4]. A 
fourth intron is situated within the 5'-untranslated 
region at position -826 to -2  (Fig. 5). This in- 
tron of 825 bp in length separates the gene-specific 
5'-region of NelF-4A8 (double-underlined) from 
the coding region of NelF-4A8 at position -2  
(Fig. 5). The occurence of an intron within the 
5'-untranslated region is similar to the situation 
found for the translation elongation factor eEF-1 
in Arabidopsis [8, 9] and soybean [1]. 

Sequencing of 2137 bp of 5'-flanking region of 
NelF-4A8 and subsequent analysis of the se- 
quence not only revealed the first exon (= 5' UTR) 
but also various putative cis-acting elements 
which are thought to be involved in gene expres- 
sion in pollen. In Fig. 5 only the motifs are indi- 
cated (bold face) which, by mutational analysis, 
have been shown to play a role in pollen gene 
expression [38]. In NelF-4A8 the pollen-box mo- 
tifs (PB) were identified as at least 85 ~o matches 
to the core motif at seven positions (Fig. 5). In- 
terestingly an additional eighth PB motif which is 
100 go identical to the consensus sequence is situ- 
ated within the first intron at position -291 
(Fig. 5). Other cis-acting elements like the 52/56 

56/59 
-2137 AAGCTTT CTAAAT CCTGGTAATAAAG CGGTAGGTAATGATAAAAAC C A G T ~ G T  -2078 

52/56 
-2077 AAATCATT GAAT TACTTGATCCAGC T GTAGGCTGTAGTAATAGAAGGAT TT GCTGTA~CT -2018 

-2017 T T TC.nFaAAAGTAACTCCTCAT T TT GTGATATTATCTT CCTT CTG C CGTC GAGACCTCT CT -1958 

-1957 ATAACAGT TAT CATT TATAA~GACACTT CATTATAATGATTAAAT T TT CT TTGGAACAAT -1888 
PB 

-1897 TTT TTATGGTTAGGTTATAATATATAT T CT T TATAACAGCACT T CACTATAATATCCAAA -1838 
PB 

-1637 AAATATAAGAACAA~CGAGACT GAGAGATTTG~I'TGTACCGT GTATTATTAAT TAC9%AAG -1778 

-1777 T CTT TAAT TATT GTT T T TTACCATACTTT TAGAGTTCCTTAT GTAAATGCTAAAGTACGG -1718 
PB 

-1717 TATATGCATAT TT CAT GACCTGTCGTTTATT T T CT TTTTT TAGT GGGAATG GATT T CTAA -1658 
56/59 

-1657 TAT T TT CCTT TAT CT CT T TAGT T CA~T GT TCT CTT GGAAAACTCT CGTGGATTGTTAGT -1598 

-1597 AAATTTGTTATTATCTTAGCGCGAAGGCCAAATATACTCTTTTACTATGAGAAAATATTA -1538 
52/56 

-1537 AATATATATTTCGTTATATTTTGGGTT CAAATATACT TCGC-CCGTAATACTATT~T T CA -1478 

-1477 AATATACCTT CT TCTGTTAAGT T TGT CTAAGTT GAACAT CGAATCATAC GTGGCACTGAT -1418 
56/59 56/59 

-1417 ATTTGATGA~GTGGATGCCACATGCATGAATTGC~ACCTCAACGCCTCTAATCCATTTTA -1358 

-1357 CCCACAT GGGGCGAGAGGT GGCAAT CCATGTGACAT CCACATCAT CAAATAT CAAGTGCC -1298 

-1297 ACGAAG GATT GGATGTCACT T TGGACAAAC T TAACGGGAAAn~F*AATATATTCGAACCAAT -1258 

-1237 ATTATAAC4%ACAGGGGTATATATAAACTTAAAATATAACC4%AT GGTACATTTAAST CTTT -1178 

-1177 TT TGATAGTACGGATATAT T TGGCCAT TTT CCGTTATCTTAAT GATGTAATTAT GGGT TT -1118 
56/59 

-1117 AAATTATAATACAATAT GAGCAATGT ~ A C T C  TAAT CAAACT TATACGCTA -1058 

-1057 GT GTAAAACTTTACTAATACACTATT TAC GT GGGGGG~CAGCAAACGAATT GCA -998 
56/59 

-997 T GAAAT GT T GTGTTGACACCT GTCTTCAGACCCGTTT TATAT G C T T T T ~  -938 

-937 GCCT CGTTTCT T CAGCTCCT CACT CAGACCCCATCT TGATAGCT CTAT CAAACAGAAAAT -878 
51UTR 56/59 

-877 T TT CT GTT TAAT T CT CAGT TTTGCTAAAGTTATTATCAT CGTCATT~TTQAACT -818 

-817 CAT TAAAT CTT GT CTTT T TCT T CAT T TTT GCAT GTTAAT TACATCT CAT T T GTT TGTTAA -758 

-757 T TAACGTT GCCT T CT GGATTATAT CT GT T TGTT GT C GAATGT TTT GTCT TCT GAT CGCT G -698 
56/59 

-697 AGAAAAT CAT GGAGAAATTT~2TACAKACT CT TTAATTCT TTCATT TACAT TGTT T T GGG -638 

-637 AT GTAT T TCT T GT CGATCTTAT T TT GTTGGCTTT GGAACATCGGAGAGTGGAGAASATCA -578 

-577 ACCTT TT CAT TAGGTGCAG~.CAGTGGCGAAACCAGGCATTT CGTTAAGT GTGT TCAAGAT -516 
56/59 56/59 56/59 

-517 TTAATTTA~ATGTATAAAAAA~TGTAATTTTTAAT TCATATACAT GCACTATAAT T T TTT -450 

-457 GTAAATATACAGTACAATTT TACGAT GAAGGGT GT TCAACTGAT TATCCTTCAT TATATG -398 
PB PB 52/56 

-397 TG~CTACACCATT GGGT GCAGAGAAAGCACTTAGTTGTGGTAATG~AGAGTGTTGTAT GT -338 
PB 

-337 TCT GTTCGCGACAGATACTAT TAGAGGAATGT CCT T TGATCAGTGATGTGGTTGTGAGAT -278 
PB 

-277 CT GATAGT T T CAGAAGATATATAGTTATTGAAAT GAATGAGATCTGTAG/ETTAAGGT T CG -218 
PB 

-217 CAAAA~GTAT CCATTTT GTGTAE~TT GTGA~AT C CATTAAAATAGGAGCGATGTAACAAA -158 

-157 AKTT CTT T T T GTCT GTTAAG GT T TACAGAATCATAT TT GTTTT GGSAGGGT TGACAAGAA -98 
56/59 56/59 

-97 T CAATCATTTTGAGAT TCTAT T T CACTTATTG GT T CP~CATTTTGAT CTATGGGCGATAC -38 

-37 TAGTAT TTACTGATGCATAAAGTACGTACATTACAGT==~TG +3 

Fig. 5. Nucleotide sequence of the Y-flanking region in the 
NeIF-4A8 genomic clone. Positions +1 to +3 are the trans- 
lation start codon ATG, the double underlined sequence is the 
first exon which corresponds to the 5 'UTR.  The putative 
TATA-box is underlined and cis-acting elements involved in 
pollen gene expression (PB; 52/56; 56/59) are in bold face as 
indicated in the superscript. 

motif is present three times as 75~o matches and 
the 56/59 motif could be identified 13 times as 
77~o matches [38]. Interestingly, 13 out of these 
24 putative cis-acting elements for pollen gene 
expression situated in the 5'-flanking region, re- 
side within the first intron. This may indicate that 
the intron possesses regulatory functions for 
NelF-4A8 gene expression, as it has been dem- 
onstrated for eEF-le [9]. 



Analysis of NelF-4A8 expression with the GUS re- 
porter gene system 

In order to determine the expression pattern 
within the anther and to delineate the DNA se- 
quences that control this pattern ofNelF-4A8 gene 
expression, we combined the 5'-upstream region 
of NelF-4A8 with the GUS reporter gene system 
[13] by making an exact fusion at the ATG 
(Figs. 5 and 6). This construct, containing 2137 
bp of upstream region was fused to GUS. The 
cauliflower mosaic virus 35S promoter (35S 
CaMV) fused to GUS was used as positive con- 
trol. The resulting constructs were introduced into 
the same tobacco cultivar (cv. Samsun) via 
Agrobacterium-mediated gene transfer. From each 
construct 22 individual independent transgenic 
tobacco plants were grown and seeds were col- 
lected for a detailed analysis of the stably trans- 
formed F1 generation. 

Several authors have recently pointed out that 
the GUS reporter gene system may be prone to 
artefacts [12, 40] especially in pollen [22, 30]. 
For this reason we carefully tested and calibrated 
both the histochemical and fluorometrical assays. 
The pH was set to 7.5 because lower pHs gave 
rise to faint histochemical GUS (-like) activity 
even in wild-type pollen [ 35], particularly in com- 
bination with 50 mM ascorbate. A pH shift up to 
pH 8 generally suppressed GUS activities and 
was therefore not suitable for plants with low 
expression. The addition of 20~o methanol [17] 
did not remove endogenous activity in wild-type 
pollen, but gave less contrast in the blue colour of 
transgenic pollen grains. To prevent glucuronide 
leakage of the pollen grains during incubation, 

-2137 

5' UTR ATG 

ATG 
35S CaMV 

-950 

Fig. 6. GUS  fusions with the upstream region of NelF-4A8 
and 35S CaMV promoter. Cartoon of the exact ATG fusions 
of NelF-4A8 upstream sequence and the 35S promoter, each 
fused to the GUS reporter gene (not drawn to scale). The 
black box indicates the 5' UTR of NelF-4A8. 
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addition of ferric cyanide [ 10] was necessary. Due 
to the relatively high GUS-activity in the pollen 
grains, the incubation times (0.5-8 h) were rather 
short for the -2137-GU S construct. Histochemi- 
cal assays showed variations in the intensity of 
the blue staining of the pollen grains, probably 
due to the non-synchronous pollen development 
[33]. The direct transformants (F0) were only 
assayed for roughly localizing GUS expression 
and for optimizing histochemical and fluorometri- 
cal GUS assays. 22 direct transformants were 
assayed histochemically in leaves, roots, etc. 
GUS expression could exclusively be detected in 
pollen grains of these plants. For the next gen- 
eration of plants (F1), five plants were chosen 
which had shown blue pollen in the F0 generation 
and 5 parallel plants were grown of each. 

Plants of the F1 generation were assayed fluo- 
rometrically for GUS activity in pollen as well as 
in other tissues. Because of the variability within 
a pollen population, for the fluorometric assay 
pollen from 3 to 5 flowers were used for extrac- 
tion and determination of GUS activity (Fig. 7) 
which was linear over an incubation time from 5 
to over 70 min. 

Through fluorometric GUS assays we could 
confirm the findings of the Northern blot analy- 
sis. In plants harboring the -2137-GUS con- 
struct, GUS activity could only be detected in 
mature pollen grains (Fig. 7A). In a closer inspec- 
tion of pollen development, GUS expression was 
detectable starting at microspore mitosis 
(Fig. 7B). These findings again support the late 
gene character of pollen-specific expression of 
NelF-4A8. 35S-GUS plants showed enzyme ac- 
tivity in histochemical and fluorometric assays in 
all organs tested, but the average GUS activity in 
mature pollen grains was 85 times lower than in 
the -2137 construct and only 3 times higher than 
in pollen of wild-type Nicotiana tabacum cv. Sam- 
sun (Fig. 7A). This low transcription from the 
35S promoter in pollen is in agreement with the 
finding of Twell et al. [37]. 

In order to obtain not only quantitative results 
but also to obtain insight into the cellular speci- 
ficity of GUS gene expression we performed his- 
tochemical assays. Figure 8 shows the results of 
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Fig. 7. GUS  activity in different organs and at different stages 
of pollen development. A. Average G U S  activity in leaves, 
roots and pollen of plants with the -2137-GUS,  the 35S- 
GUS  construct as well as from wild type (WT). All values 
represent the average enzyme activity for each construct and 
organ studied. The values have been corrected with the intrin- 
sic degradation of the substrate (0.03 nmol M U  per minute per 
mg protein). B. For representing the G U  S activity in the course 
of pollen development one -2137-GUS plant was chosen. 
Whole anthers including the microspores were extracted ex- 
cept for lane 'Pollen' which is from mature pollen grains only. 
Numbers indicate the developmental stages. Microspore mi- 
tosis is at stage 6. Values were again corrected to the standard 
activity as described above. 

ananalysis of anthers from a plant containing the 
-2137-GUS construct. A positive, strong blue 
colour can be observed only in the pollen grains 

Fig. 8. Histochemical localization of G U S activity. A. Cross- 
section of an anther at stage 10, incubated in the substrate 
solution for 6 h at 37 °C. B. Pollen grains from the same plant 
collected just after anthesis and incubated in the substrate 
solution at 37 °C for 4 h. C. Anther from the same plant, 
cleared of pollen grains prior to an overnight incubation at 
37 °C. 

with a very faint signal detectable in the connec- 
tive tissue (Fig. 8A). An analysis of pollen grains 
from the same transformant but separated from 
their anther prior to incubation in order to pre- 
vent artefactual blue colour into the surrounding 
anther tissue, caused by diffusion of the glucu- 
ronide [22], shows GUS expression to be re- 
stricted to the pollen grains (Figs. 8B, 8C). Other 
tissues of transgenic tobacco which were his- 



tochemically assayed for G U S  gene expression 
also did not show any blue staining (data not 
shown). These data are strong supporting evi- 
dence for the pollen specificity of NelF-4A8 gene 
expression. 

Discussion 

A cDNA library was prepared from poly(A) RNA 
isolated from mature pollen of Nicotiana tabacum 
cv. Samsun and screened with an internal frag- 
ment of the ubiquitously expressed NelF-4A2 
clone [28]. This resulted in the isolation of a full- 
length cDNA with high sequence similarity to 
NelF-4A2 (93~o) and mouse elF-4AI (73~o), as 
well as to other elF-4As. Sequence comparisons 
revealed that this was a novel c D N A  and that it 
was not present in a tobacco leaf c D N A  library, 
which we had screened extensively [29]. 

It has been estimated that in pollen ca. 20 000 
genes are expressed of which only about 10 ~o are 
pollen-specific [20]. Many genes described in the 
literature are expressed predominantly in the ga- 
metophyte, but on closer inspection sporophytic 
expression is often also observed [39]. We set out 
to prove rigorously that the expression of NelF- 
4A8 is limited to developing and mature pollen 
grains of tobacco. Northern blot analysis with a 
NeIF-4A8-specific probe showed expression only 
in anthers at developmental stages after mi- 
crospore mitosis. When the NelF-4A8 promoter 
was fused to the G U S  reporter gene, G U S  ac- 
tivity was restricted to the pollen grains. Indi- 
vidual transgenic plants showed variability in the 
level of enzyme activity of the introduced G U S  
(data not shown). This fact is well documented 
[40] for many transgenes including the LAT52- 
GUS construct in pollen of tobacco [38]. In the 
case of NelF-4A8, only quantative but no quali- 
tative changes in the gene expression were ob- 
served. Thus NelF-4A8 gene expression was de- 
tected exclusively during late pollen development. 

Several reports in the literature indicate that 
gene expression during male gametophyte devel- 
opment is at least partially under translational 
control. In the case of the LA T52 gene, sequences 
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in the 5'-untranslated region strongly enhance 
translation upon transient expression in pollen 
[39]. Could NelF-4A8, a putative translation ini- 
tiation factor, be itself under translational con- 
trol? The fusion with the G U  S reporter gene was 
made exactly at the initiator A U G  and any pos- 
sible translational control elements in the 5' UTR 
would therefore be present in the G U S  mRNA. 
Comparison of Figs. 3 and 7B shows that the 
pattern of G U S  activity closely matches the pro- 
file of mRNA expression. Thus at present there is 
no evidence to suggest that NelF-4A8 expression 
is controlled at the level of translation. 

Polyclonal antibodies raised against a ubiqui- 
tously expressed tobacco elF-4A reacted with 
several polypeptides of ca. 46 kDa in leaves, an- 
thers and pollen. Because of the high sequence 
similarity between all NelF-4As characterized to 
date, we assume that this antibody cross-reacts 
with NelF-4A8. Some of the bands seen in Fig. 4 
appear to be pollen-specific. We do not know yet, 
if these multiple bands reflect different gene prod- 
ucts or if they result from post-translational modi- 
fications. If one of these protein species is the 
product of a separate gene, it could very well 
represent NelF-4A8. It should be kept in mind, 
however, that although no evidence for posttrans- 
lational modification of elF-4A has been obtained 
in yeast and mammalian systems, in maize it has 
been reported that elF-4A can be phosphorylated 
[41]. We are presently testing whether NelF-4A8 
is phosphorylated in pollen. 

NelF-4A8 is highly related in sequence to ca- 
nonical elF-4A. And thus it seems reasonable to 
assume that it functions as a translation initiation 
factor. Yet its expression pattern is reminiscent of 
that observed for mouse PL10 [ 16] and Droso- 
phila vasa which are germ line-specific; vasa is 
expressed in cells of both sexes but null mutants 
of vasa have no effect in the male [15]. PL10 is 
present with high levels of transcripts during the 
meiotic and haploid stages of mouse spermato- 
genesis. Both vasa and PL10 are members of the 
DEAD-box family which are putative RNA he- 
licases, but to none of them a defined function has 
been ascribed yet. 

We can envisage two different ways in which 
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NelF-4A8 could function. First, its enzymatic 
properties could be similar to those of ubiqui- 
tously expressed elF-4A proteins. The extra elF- 
4A, represented by NelF-4A8 would be required 
to meet an increased demand for elF-4A activity. 
In Xenopus oocytes it was demonstrated by Audet 
et al. [2] that an injection of elF-4A protein led 
to an increased translational activity, whereas no 
other translation factor could enhance protein 
synthesis. In the Xenopus experiment the elF-4A 
concentration and the degree of secondary struc- 
ture of the mRNA leaders could be the crucial 
factors determining whether the transcripts are 
translated or not. There is reason to believe that 
elF-4A could be limiting in pollen as well. Be- 
tween microspore mitosis and pollen maturity the 
protein content of the pollen grain rises more than 
threefold [42]. Extra elF-4A could be required to 
sustain the high translational activity. In addition 
during pollen maturation the potassium ion con- 
centration can reach values up to 280 mM at 
pollen maturity, Such a high concentration is sub- 
optimal for translation [3 ], most likely because of 
an increase in RNA secondary structure [34]. 
This may lead to a reduced efficiency of mRNA 
translation that has to be counteracted by 
increased NelF-4A8. 

Second, NelF-4A8 could be functionally dis- 
tinct from other elF-4A species. It could be im- 
portant for the selective translation of pollen- 
specific mRNAs during postmitotic pollen 
development as well as later during pollen germi- 
nation. Tobacco pollen germination is dependent 
on protein synthesis and only in a later stage on 
both transcription and translation [ 19]. In ger- 
minating pollen grains of NelF-4A8-GUS plants, 
the GUS activity remained at the same high level 
over more than 30 h of in vitro germination (data 
not shown), as it was determined for mature pol- 
len grains. Expression of GU S activity could also 
be measured after transient introduction of the 
NelF-4A8-GUS construct into pollen via bom- 
bardment and subsequent pollen germination 
(data not shown). In this second scenario, NelF- 
4A8 would be especially important during the 
early phase of pollen-pistil interaction. 
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