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A geranium (Pelargonium graveolens) chloroplast trans-
lational elongation factor EF-Tu (fufAd) cDNA was
isolated. The geranium tuf4 cDNA is 1,584 bp long with
20 bp of 5’ untranslated region (UTR) and 139 bp of 3’
UTR. It encodes 474 amino acids including a putative
chloroplast transit peptide of 65 amino acids. The deduced
polypeptides of the geranium fuf4 cDNA contains four
GTP binding sequences in its N-terminal region and two
chloroplast EF-Tu signature regions in the C-terminal
region. The predicted molecular weight of the mature
geranium chloroplast EF-Tu protein was about 45,000
and its amino acid sequence identity with the chloroplast
EF-Tu proteins of tobacco, pea, Arabidopsis, rice, and
soybean ranges from 85% to 91%. The geranium rufA
appears to exist as a single copy gene like Arabidopsis
and rice, whereas other known dicot plants have more
than one copy in their nuclear genomes.
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Elongation Factor

Introduction

The translational elongation factor Tu (EF-Tu) plays a
role in protein synthesis in elongation of the peptide
chain by placing aminoacyl tRNAs on the ribosome
with GTP.

Crystal structure analysis of bacterial EF-Tu showed
that EF-Tu folded into three domains (Kjeldgaard
and Nyborg, 1992; Kjeldgaard et al., 1993). Like many
other GTP binding proteins, there are four specific
amino acid sequences (GxxxGK, DxxG, NKxD, SAL)

* To whom correspondence should be addressed.
Tel: 82-2-3290-3157; Fax: 82-2-923-9522
E-mail: jkkim@kuccenx.korea.ac.kr

that interact with GTP, and these amino acid sequences
are highly conserved throughout most translational
elongation factor proteins (Bourne et al., 1990; 1991).

In the lower photosynthetic eukaryotes, including
Chlamydomonas reinhartii (Baldauf and Palmer, 1990),
FEuglena gracilis (Montadon and Stutz, 1983), and
probably most green algae (Baldauf ez al., 1990), EF-
Tus are encoded by the chloroplast genome. However,
higher plant chloroplast EF-Tus are encoded by nuclear
DNA (Baldauf and Palmer, 1990; Baldauf et al., 1990),
synthesized as a precursor in the cytoplasm, and then
imported into chloroplasts (Keegstra et al., 1989;
Schmidt and Mishkind, 1986).

Several genomic or cDNA clones encoding chlorop-
last EF-Tu have been identified and characterized in a
number of higher plants. A single nuclear ruf4 gene was
identified in Arabidopsis thaliana (Baldauf and Palmer,
1990) and Oryza sativa (Lee et al., 1999). EF-Tu was
encoded by two genes in the Nicotiana sylvestris nuclear
genome (Murayama et al., 1993) and by four genes in
Glycine max (Bonny and Stutz, 1993; Maurer et al.,
1996).

In this study, we isolated geranium chloroplast EF-
Tu cDNA using a method for performing rapid
amplification of cDNA ends (RACE) (Chenchick et al.,
1996) and examined its sequence similarity with the
previously reported plant tufA genes. In addition, the
copy number of the fuf4 gene in the geranium nuclear
genome was examined.

Materials and Methods

Plant material and growth condition Rose geranium (Pelargo-
nium graveolens) was purchased from Nong-Sim Won, Co.
and grown in continuous light at 27°C. Young leaves were
harvested, immediately frozen in liquid nitrogen and stored
at —80°C.
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RNA isolation Total cellular RNA of geranium leaves was
prepared using the method of Schultz ef al. (1994). Poly (A)
mRNAs were isolated using DYNAL beads (DYNAL, USA)
according to the manufacturer’s instructions. From isolated
poly(A) mRNA, adapter-ligated cDNAs were synthesized
using a Marathon cDNA Amplification kit (Clontech, USA)
according to the manufacturer’s instructions.

c¢DNA isolation To perform 3-RACE, a degenerate primer
was designed for gene specific primer 2 (GSP2) at a conserved
region of other plant ruf4 genes (5-AAC ACC/T GCC/T
ACC/T GTG/T GAG TAC GAG AC-3) (Lee, 1998). The 3’-
RACE conditions were: 1 cycle of 1 min at 94°C; 5 cycles of
30 s at 94°C and 4 min at 72°C; 5 cycles of 30 s at 94°C and
4 min at 70°C; 25 cycles of 20 s at 94°C and 4 min at 68°C.
The 3’-RACE product was sequenced directly with GSP2 as a
sequencing primer. After confirming that the tuf4 genes were
amplified, 3-RACE products were ligated into TA cloning
vector, pCR-Script Amp (Stratagene, USA). The cloned
3’-RACE products were completely sequenced using Big Dye
(Perkin Elmer, USA) on a ABI Prism 310 genetic analyzer (PE
Applied Biosystems, USA). For the 5-RACE reaction, the
rice tufA gene-specific primer 1 (GSP1) was used (Lee, 1998),
although it has 4 nucleotide mismatches to the geranium ruf4
gene sequence. The 5-RACE condition was the same as the
3’-RACE condition. The 5-RACE product was ligated into a
TA cloning vector, pPGEM EASY T-vector (Promega, USA)
and sequenced.

Nucleotide and predicted peptide sequences were analyzed
using DNASIS (Hitachi, Japan) and the BLAST programs in
non-redundant databases of the National Centre for Biotech-
nology Information (Altschul ez al., 1990). Multiple alignment
of tufA amino acid sequences was analyzed by the CLUSTAL
W program of EMBL and the unrooted phylogenetic tree was
constructed using a treeview program.

Northern blot analysis Twenty micrograms of the denatured
total cellular RNAs from leaves were separated on 1%
agarose-formaldehyde gel and transferred onto a Hybond-N
membrane (Amersham, USA) according to the capillary
method (Sambrook et al., 1989), and then the blots were fixed
by UV irradiation. The blot was probed with the 3-RACE
product that was labeled with [o->2P] dCTP (Amersham, USA)
using a ladderman labeling kit (Takara, Japan). Hybridization
was performed as previously done (Lee ef al., 1999). After
hybridization, the membrane was scanned with a Phosphoim-
age analyzer (Fujifilm, Japan).

Preparation of geranium genomic DNA and Southern blot
analysis The geranium genomic DNA was prepared from
leaves according to the methods described by Porebski et al.
(1997). The twenty micrograms of genomic DNA were
digested with several restriction enzymes and separated on
1% agarose gel. The gel was transferred onto a Hybond-N
membrane (Amersham, USA) and then blots were fixed by UV
irradiation. The blot was probed with the 3’-RACE product
that was wused in the Northern analysis. Hybridization
was performed as previously done (Lee ef al., 1999). After
hybridization, the membrane was scanned with a Phosphoim-
age analyzer (Fujifilm, Japan).

Results and Discussion

Isolation of the geranium tuf4 cDNA and its comparison
to other plant fuf genes The rapid amplification of
cDNA ends (RACE) technique was applied to isolate a
geranium chloroplast translation elongation factor EF-
Tu (tuf4) cDNA. The cDNA clone (Genbank accession
number: AF234537) obtained is 1,584 bp long with
20 bp of the 5 untranslated region (UTR) and 139 bp
of the 3 UTR and one open reading frame (ORF) of
474 codons. There are two ATG codons which could be
translational start codons; however, the latter ATG
codon (GAATGGQC) is in the plant consensus initiation
context for the flanking regions of ATG (Joshi, 1987a).
Therefore, the latter ATG codon was considered as the
translational start codon of our geranium chloroplast
EF-Tu ¢cDNA clone. A consensus polyadenylation
signal (AATAAA) did not exist in the 3> UTR of our
clone. In plants, however, repeated AT-rich sequences
(ATTTAT, TAATAA, ATTAAA and TTAAAT) were
regarded as alternative polyadenylation signals in the
nuclear genes of higher plants (Joshi, 1987b). Therefore,
it is likely that one of several AT-rich sequences existing
in the 3 UTR of our clones would act as a polyade-
nylation signal.

The predicted amino acid sequences of our gerani-
um cDNA clone were compared to those of the
other plant chloroplast and mitochondrial EF-Tus
from O. sativa, G. max, A. thaliana, N. sylvestris,
and Pisum sativum (Fig. 1). In geranium fuf4 amino
acid sequences, there are four GTP binding sites
(GHVDHK, DCPG, NKQD and SAL) and two
chloroplast translational elongation factor Tu signa-
ture regions (ALMANPAIKR and KDEES) which
are well conserved characteristics of other known
chloroplast EF-Tus (Delwiche et al., 1995; Kuhlman
and Palmer, 1995). Second, the overall amino acid
identity of our geranium clone excluding the putative
transit peptides with the chloroplast EF-Tu of
0. sativa, G. max, A. thaliana, N. sylvestris, and
P. sativum are 85%, 91%, 88%, 90%, and 88%,
respectively. However, our geranium clone shares
only 65% and 27% amino acid identity, respectively,
with Arabidopsis mitochondrial EF-Tu and cytosolic
EF-1a. These results indicate that our geranium clone
encodes the chloroplast EF-Tu (fufA4), but neither the
mitochondrial EF-Tu nor its cytosolic counterpart
EF-1la.

The first 65 amino acid residues of our geranium
cDNA clone were rich in serine, threonine, and basic
amino acids suggesting that this region might be a
transit peptide. As expected, these regions have no
specific homology to other transit peptides of the known
chloroplast elongation factor Tu (Fig. 1). Any highly
conserved motif is not known for chloroplast targeted
transit peptide, so several prediction programs are
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MALPAISAKLLCPHASPSPLSTLS
MAVSSATASSKLILLPHASSSSSLNSTPF
Pea tufA MALSSTAATTSSKLKLSNPPSLSHTFTASASASVSNST
Tobacco tufA MASISAATATSSTKLVSSNSTNPLLPSS
Rice MASLASASASTSLVFSTS
Arabidopsis tufA MAISAPAACSSSSRILCSYSSPSPSL
Arabidosis tufM MEEPVDREDIDLRVSSTDIGWNEFAAASKRL

Geranium tufA
Soybean tufA

LPSTSFSTKPSILTPTNLSSTSLNPSTAAISTRRRRAF TYRAARGKFERKKPHVNIGT
RSSTTNTHKLTPLSSSFLHPTTVLRRTPSSTTTPRRTFT/RAARGKFERKKPHVNIGT
SFRPKLTLTRLSSSFLNPSTILHLTPSQRTNRPSSSPFTVRAARGKFERKKPHLNIGT
TKPSKLILSSSFTPNCSTLFLHSPATPSSTATHRHRRF TVRAARGKFERKKPHVNIGT
SSKPRLGSSVGF SSPARFRRTAAAAASKGTGRRAGL L YMRAAARGKFERTKPHVNIGT
CPAISTSGKLKTLTLSSSFLPSYSLTTTSASQSTRRSF TVRAARGKFERKKPHVNIGT
VPFSSQIYSRCGASVTSSYSISHSIGGDDLSSSTFGTSSFWRSMATFTRNKPHVNVGT

* K kkk Kk kk

TGHVDHGKTTLTAALTMALASL GNSAPKKYDE IDAAPEERARGI TINTATVEYETENR

TGHVDHGKTTLTAATTKVLAEEGKAKATAFDE TDKAPEEKKRGLT IATAHVEYETAKR
,kkkkkkkkkkkkk Kk  kk ok dkkk kkkk  khkkk kk kkkkk Xk
HYAHVDCPGHADYVKNMI TGAAQMDGAT LVVSGADGPMPQTKEHT LLAKQVGVPNMVY
HYAHVDCPGHADYVKNMITGAAGMDGAT LVVSGADGPMPQTKEHT ILAKQUGVPNMVY
HYAHVBCPGHADYVKNMI TGAAGMDGAT LVVSGADGPMPQTKEHT LLAKQVGVPSVVY
HADYVKNMI TGAAQMDGAT LVCSGADGPMPQTKEHI LLAKQVGVPNMVY

HADYVKNMI TGAAQMDGGI L VVSGPDGPMPQTKEHILLARQVGVPSLVC

Fekkk ke Kk Kk *hkkE Kk hkkkk ok
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*kkk k kkk kkk kkk k Kk kxk %

E----- NQWVDKIFSLMDSVDSYIPLPQRQTDLPFLLAVEDVFSITGRGTVATGRVER
D----- NEWVDKIFQLMDEVDNYIPIPQRQTDLPFLLAVEDVFSITGRGTVATGRVER
N----- NQWVDKIYQLMDEVDKYIPIPQRQTELPFLLAIEDVFSITXRGTVATGRIER
E----- NQWVDKIYELMDAVDSYIPIPVRQTELPFLMAIEDVFSITGRGTVATGRVER
D----- DEWVDGIFSLIDSVDNYIPVPQRQTDLPFLLAVEDVFSITGRGTVATGRIER
D----- NKWVDKIYELMDAVDDYIPIPQRQTELPFLLAVEDVFSITGRGTVATGRVER
TNDEIG- - -RQAILKLMDAVDEYIPDPVRVLDKPFLMPIEDVFSIQGRGTVATGRIEQ
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GTVRIGETVEIVGLRD- - - TRSVTVTGVEMFQKTLDEALAGDNVGLLLRGVQKEDITR
GTIKVGETVDLVGLRE - - - TRNTTVTGVEMFQKILDEALAGDNVGLLLRGVQKTDIQR
GLVKVGDVVDLVGLRE - - - TRNTTVTGVEMFQKILDDAMAGDNVGLLLRGIQKIDIQR
GTVRIGDTVDIVGLKD- - - TRSTTVTGVEMFQKILDEAMAGDNVGLLLRGIQKIDIQR
GTVKVGDTVDIVGIRE - - - TRNCTVTGVEMFQKTMDDAMAGDNVGLLLRGMQKDDIER
GTVKVGETVDLVGLRE - - - TRSYTVTGVEMFQKILDEALAGDNVGLLLRGIQKADIQR

GVIKVGEEVE [L GLREGGCSTKSTVTGVEMFKKILDNGQAGDNVGLLLRGLKREDIQR
* * % *% kkkkkkkk * * Fkkkkkkkkkk *%k &
GMVLAKPGT ITPHTKF SATVYVLKKEEGGRHSPFFAGYRPQFFVRTTDVTGKVATIMN
GMVLAKPGT ITPHTKFSATVYVLKKEEGGRHSPFFAGYRPQFYMRTTDVTGKVTSIMN
GMVLAKPGT ITPHSKFSATVYVLKKEEGGRHSPFFAGYRPQFYMRTTDVTGKVTSIMN
GMVLAKPGT ITPHTKFEATVYVLKKEEGGRHSPFFSGYRPQFYMRTTDVTGKVTSITT
GMVLAKPASI TPHTKFDAVVYVLKKDEGGRHSPFFPGYRPQFYMRTTDVTGNVPKIMN
GMVLAKPGSITPHTKFEAL IYVLKKEEGGRHSPFFAGYRPQFYMRTTDVTGKVTKIMN
GMVIAKPGSCKTYKKFEAE IYVL TKDEGGRHTAFF SNYRPQF YLRTADITGKVELPEN
kkk kkk *k ok k Kk ok kdkkkk kk kkkdkk dkk ok kk X
MVMPGDRVKMVVEL I1PTACEQGMRFAIREGGKTVGAGVISSIIE

DKDEE STMVLPGDRVKMVVEL IVPVACEQGMRFAIREGEKTVGAGVIQST IE

DKDEE SKMVHPGDRVKIVVEL IVPVATEQGMRFAIREGGKTVGAGVIGAT IE
DKGEE SKMVMPGDRVNLVVEL IMPVACEQGMRFAIREGGKTVGAGVIQKI IE
DKDEEAKMCHPGDRVKMVVEL IQPVACEQGMRFATPEGGKTVGAGVINTILK
DEESKMVMPGDRVKIVVEL IVPVACEQGMRFAIREGGKTVGAGVIGTILE

V- - - - -KMUMPGDNVTAVFEL IMPVPLETGQRFALREGGRTVGAGVVSKVMT

*  kkk k  k kkk * * k kkk  kkk khkkkk

a8

available for searching this specific feature. A computer
analysis using neural network method (ChloroP)
(Emanuelsson et al., 1999) was used for searching
transit peptide of geranium tuf4. This program predicted
that this region is the transit peptide necessary for

<

Fig. 1. Multiple alignment of geranium chloroplast EF-Tu
(Genbank accession number: AF234537) with other EF-Tus of
various plants [A4. thaliana tufA (X52256) and tufM (X89227),
G.max tufAl (X66062), P. sativum tuf4 (Y14561), N. tabacum
tufA (M94204), O. sativa tufA (AF145053)] by CLUSTAL W.
Transit peptides were not aligned and are printed in italic. GTP
binding sequences were shaded and chloroplast EF-Tu signature
sequences were boxed.

protein import to the chloroplasts. The predicted transit
peptide cleavage site (CGTVRI AARG) of this gera-
nium tufA gene is also the same as those of other ruf4
genes.

The unrooted phylogenetic tree inferred from the
amino acid sequences of chloroplast EF-Tu is shown in
Fig. 2. The tree was obtained by the Neighbor-Joining
method (Saitou and Nei, 1987) based on the amino acid
alignments with gaps included using the CLUSTAL W
program (Thompson et al., 1994). In this phylogenetic
tree, all chloroplast elongation factor Tu (fufA4) genes
were clustered together and show an evolutionary
distance from the mitochondrial elongation factor Tu
(tufM) gene of Arabidopsis. There were some nodes in
the phylogenetic tree that tell us about the evolutionary
meaning of the gene transfer to the nuclear genome
from the chloroplast genome, in both dicots and
monocots. The divergence of the monocot tuf4 gene
occurred at an earlier stage of eukaryotic evolution than
that of dicot ruf4 genes (Lee et al., 1999). The geranium

Soybean
Tobacco

Geranjum

Arabidopsis tufA

#A® Chloroplast EF-Tu
Pea™  Monocot

Arabidopsis tufM

Fig. 2. The unrooted phylogenetic tree inferred from the amino
acid sequences of elongation factor Tu. The tree was obtained by
the Neighbor-Joining method based on the amino acid alignment
using the Clustal W program. The scale bar indicates a
divergence of 0.1 amino acid substitutions per site. Arrows
indicate nodes.
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Fig. 3. A. Geranium genomic Southern hybridization. Genomic
DNA from geranium, P. graveolens, was digested with EcoRI(E),
EcoRV(R), BamHI(B), Xhol(X), and HindIII(H). The 3’-RACE
product was used as a probe. Approximate sizes (kb) of the
signal are shown on the left. The A DNA/HindIII fragment size
marker was used. B. Northern Hybridization of geranium total
RNA. Twenty micrograms of geranium total RNA were loaded.
The 3"-RACE product was used as a probe.

tufA gene revealed higher homology to the rufA gene of
soybean than other plant fufA4 genes.

The copy number and transcript size of the geranium rufA
gene In Arabidopsis and rice, there is one fuf4 gene in
the nuclear genome; but in other known plants there are
more than one in their nuclear genomes. To determine
the copy number of the fuf4 gene in the geranium
genome, Southern blot analysis was performed
(Fig. 3A). Genomic DNAs digested with enzymes
(BamHI, Xhol and HindIIl) that have no restriction
site on the geranium rufA cDNA showed one signal, but
enzymes (EcoRI and EcoRV) that have one restriction
site produced two signals. In addition, all 18 clones of

the RACE-PCR products have the same DNA sequenc-
es. Data from both genomic Southern hybridization and
DNA sequencing of the RACE-PCR products suggest
that a single copy of the ruf4 gene may exist in the
geranium nuclear genome. Considering that in the
geranium chloroplast genome, there is a duplication of
10 protein genes present only once in the chloroplast
genomes of all other land plants, it is interesting that
there is only one copy of the fufdA gene. Northern
hybridization data suggested that the transcript size of
tufA was about 1.7 kb (Fig. 3B), as predicted from its
cDNA sequence.
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