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Molecular characterization of tobacco cDNAs encoding two small
GTP-binding proteins
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Abstract

We have isolated two ¢cDNAs encoding small GTP-binding proteins from leaf cDNA libraries. These
c¢DNAs encode distinct proteins which show considerable homology to members of the ras superfamily.
Np-ypt3, a 1044 bp long Nicotiana plumbaginifolia cDNA, encodes a 24.4 kDa protein which shows 65%,
amino acid sequence similarity to the Schizosaccharomyces pombe ypt3 protein. The N-ypt3 gene is dif-
ferentially expressed in mature flowering plants. Expression of this gene is weak in leaves, higher in stems
and roots, but highest in petals, stigmas and stamens. N#-rab5, a 712 bp long Nicotiana tabacum SR1
cDNA, encodes a 21.9 kDa protein which displays 659, amino acid sequence similarity to mammalian
rab5 proteins. The expression pattern of the Nt-rab5 gene is very similar to that of the Np-ypt3 gene. The
Nt-rab5 gene is virtually not expressed in leaves, higher in stems and roots, and highest in flowers. Both

the Nt-rab5 and Np-ypt3 proteins were expressed in Escherichia coli and shown to bind GTP.

Introduction

In eukaryotic cells a variety of small (21-25 kDa)
GTP-binding proteins have been described that
are thought to regulate diverse cellular responses.
Based on sequence analysis these proteins can be
conveniently divided into three groups: ras and its
close relatives [ 5], rho and its close relatives [ 10],
and the rab family [36,37]. The rab family is
considered to be the human counterpart of the
yeast ypt/secd proteins. Since the discovery of the
yptl gene in Saccharomyces cerevisiae [11] more
than 30 genes encoding small GTP-binding pro-
teins have been cloned from mammals, Dros-
ophila, and yeast (reviewed in Hall [15]). These

genes encode proteins ca. 200 amino acids long
which display significant homology, especially
within the regions involved in GTP binding and
GTP hydrolysis.

The precise physiological functions of proteins
encoded by ras and ras-related genes are not fully
understood. However, increasing evidence sug-
gests that the prototype for this family, the ras
protein, and its close relatives (ra/ and rab pro-
teins) may be involved in signal transduction
pathways [5, 15]. Recent reports indicate that the
ypt/sec proteins are regulatory elements in the
secretory pathway of S. cerevisiae (reviewed in
[4]). The yptl protein, which is presumed to be
associated with Golgi-like structures [32], is an
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essential component for the vesicular transport of
proteins from the endoplasmic reticulum to the
Golgi apparatus [3]. The sec4 protein was found
to be associated with the cytoplasmic face of the
plasma membrane and with post-Golgi-like se-
cretory vesicles. Biochemical evidence shows that
it is involved in regulating protein transport be-
tween the Golgi apparatus and the plasma mem-
brane [30].

By analogy to these yeast proteins, it has been
proposed that the mammalian rab proteins are
also specific regulators of membrane traffic. This
view is consistent with the observation that indi-
vidual rab proteins are located in different intra-
cellular compartments along the endocytic and
exocytic pathways [13, 8]. Moreover, the hyper-
variable C-terminal domain of rab proteins was
shown to act as signals for the proper association
of rab proteins with their specific target mem-
branes in the endocytic pathway [9].

Despite the essential physiological roles of
these proteins in yeast and mammals, little is
known about small GTP-binding proteins in
higher plants. Only a few plant GTP-binding pro-
teins [ 6, 16] or genes encoding GTP-binding pro-
teins have been identified. Recently ras-related
genes from Arabidopsis thaliana [2, 22), Zea mays
[29], and Oryza sativa [31] were reported. Here
we report the characterization of two tobacco
c¢DNAs encoding distinct small GTP-binding
proteins. These cDNAs, Nt-rab5 and Np-ypt3, en-
code proteins very similar in sequence to the
mammalian rab5 and fission yeast ypt3 proteins.
The genes Nt-rab5 and Np-ypt3 exhibit a nearly
identical expression pattern. They are expressed
predominantly in petals, stamens, stigmas and
show only a very low level of expression in leaves
and in young developing tobacco seedlings.

Materials and methods

Design and synthesis of oligonucleotides for poly-
merase chain reactions (PCR)

Small GTP-binding proteins from diverse organ-
isms share highly conserved sequences, including

the motifs WDTAGQ and FMETSA [22, 29].
We have chemically synthesized two degenerate
17-mer oligonucleotides corresponding to these
sequence motifs by using an Applied Bio-
systems 380A DNA Synthesizer. Oligo A, se-
quence 5'-TGGGA[TCJAC[TCGA]GC[TCG-
A]JGG[TCGA]CA, encodes the peptide sequence
WDTAGQ. Oligo B, sequence 5'-GC[TCGA]-
GA[TCGA]GT[TC]TCCATAAA, corresponds
to the peptide sequence FMETSA but in the an-
tisense orientation.

Preparation of cDNAs, PCR assays and ¢DNA li-
braries

Poly(A)" RNA, isolated from fully developed
laves of N. tabacum SR1 and N. plumbaginifolia
plants grown in the greenhouse under 16L/8D
conditions, was used to prepare cDNA using the
Amersham cDNA Synthesis Plus kit and proto-
cols. Ca. 100 ng of this cDNA was then used in
PCR amplifications, using Cetus protocols with
oligos A and B, for 30 cycles with an annealing
temperature of 50 °C.

The N. plumbaginifolia leaf cDNA library con-
structed in Agt10 was a generous gift from Dr M.
Mieszczak. The N. tabacum SR1 leaf cDNA li-
brary, constructed in A-ZAPII, was purchased
from Stratagene.

Screening of cDNA libraries, cloning and recombi-
nant DNA techniques

All DNA manipulations were carried out as de-
scribed [21]. 2.5 x 10® recombinant phage from
each of the two cDNA libraries described above
were screened by plaque hybridization using
DNA fragments, encoding selected, PCR-ampli-
fied sequences, labelled with [x-**P]ATP by ran-
dom priming, as probes. Filters were prehybrid-
izedfor4hat 50 °Cin 6 x SSC, 5 x Denhardt’s
solution, 0.1%, SDS, 100 ug/ml denatured
salmon sperm DNA. Hybridization was per-
formed in the same solution supplemented with
5x 107 cpm of probe for 20 h at 52 °C. Filters



were washed with 6 x SSC and 0.1%, SDS for
1 h at room temperature and twice for 10 min at
60 °C with 0.2 x SSC, 0.19 SDS. After wash-
ing, filters were briefly rinsed in sterile H,O, air-
dried and autoradiographed. Positive phage were
isolated and their respective cDNA inserts then
subcloned into either the Eco RI or Not 1 site of
the vector pKS and sequenced using the dideoxy
chain termination method.

RNA isolation and northern hybridization

Total and poly(A)" RNA was isolated from dif-
ferent tissues of mature flowering tobacco plants
grown in a greenhouse under 16L/8D cycles. Al-
ternatively, we isolated RNA from 2-week-old to-
bacco seedlings grown on MS medium without
phytohormones or from callus maintained on MS
medium supplemented with 1.0 ug/ml NAA and
0.1 ug/ml BAP. Total and poly(A)" RNA was
isolated as described [27]. For northern hybrid-
izations, 20 ug of total RNA and/or 2 ug of leaf
poly(A)* RNA were denatured and fractionated
ona 1.59%; formaldehyde-agarose gel. Probes were
labelled with [o-**P]JATP by random priming and
purified on a Sephadex G-50 column. Gels were
blotted onto nylon membrane filter (Hybond-N,
Amersham). After crossing with UV light, the fil-
ters were prehybridized and hybridized as de-
scribed for plaque hybridization. Washing of the
filters hybridized with the full-length cDNA or
with fragments containing the 3'-untranslated re-
gions of the corresponding genomic clones were,
however, performed under more stringent condi-
tions. Northern-blot filters were washed for 1 h at
room temperature and subsequently twice at
65 °C with 0.1 x SSC, 0.1% SDS.

Expression of proteins in Escherichia coli

The GST Gene Fusion System (Pharmacia) [35]
was used to express the proteins encoded by the
plant cDNAs as fusion proteins in E. coli. For
convenient cloning we modified the plant cDNAs
by using PCR with synthetic oligonucleotides
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which introduced Bam HI sites at the start and at
the stop codons. The modified, PCR-amplified
cDNA sequences were then cut with Bam HI and
cloned into the appropriately cut pGEX-2T vec-
tor. Expression of these constructs would result
in the protein of interest fused to the carboxy
terminus of glutathione S-transferase (GST).
Clones containing the plant cDNAs in the sense
and, as controls, antisense orientation were then
transferred into HB101 cells. Growth, induction,
and preparation of cell extracts were performed
as described [35]. The expressed GST plant fu-
sion proteins were then purified from the total
crude bacterial extracts by repeated glutathione
Sepharose 4B column chromatography. The pu-
rified products were then finally analysed by 159,
SDS-PAGE as described [19].

GTP-binding assays

For GTP-binding assays either total crude bac-
terial extracts isolated from induced and unin-
duced cells or purified fusion proteins were used.
Aliquots of different extracts were transferred to
a BA 85 nitrocellulose filter by using a Schleicher
& Schuell SRC 96D Minifold I Dot Blotter, Fil-
ters were then incubated with [«-**P]GTP and
washed as described [32]. After washing the fil-
ters were dried and autoradiographed for 10 h at
=70 °C.

Results

Isolation of PCR products with homology to ras-
related proteins

We have used a PCR approach to identify plant
cDNAs which encode small GTP-binding pro-
teins. Leaf cDNA was prepared and used as tem-
plate in PCR amplifications with degenerate oli-
gonucleotides corresponding to the highly
conserved WDTAGQ and FMETSA motifs,
found in members of the ras superfamily, as
primers. The PCR-amplified DNA fragments
obtained, ca.270bp long, were cloned and
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sequenced. Computer databank searches were
then carried out with the deduced amino acid
sequences. Sequences which exhibited more than
50%, homology to known ras-related proteins or
to specific ras-related sequence motifs were then
kept. We have identified so far more than 15 dif-
ferent sequences which show considerable ho-
mology to sequence motifs present in ras or ras-
related proteins. We are presently screening
c¢DNA libraries with these characterized frag-
ments to identify full-length ¢cDNAs encoding
these putative small GTP-binding proteins.
Screening with two such PCR-amplified se-
quences, designated PCR-rabA and PCR-yptA,

has already resulted in the isolation and charac-
terization of several cDNA clones belonging to
two distinct groups: (i) cDNAs encoding proteins
very similar to the mammalian rab$ proteins, and
(il) cDNAs encoding proteins with considerable
homology to the ypt3 protein of S. pombe.

Characterization of Nt-rab5 cDNA

Tobacco is an amphidiploid species believed to
be derived from ancestral species most closely
related to present-day N. sylvestris and N. tomen-
tosiformis. As a consequence, several tobacco gene

1 CTGTCTCTTCCATTAATTTCGTCTCTTAATAGCTTACAACTCAATATCTCAGAAACACAC 60

61 TGTAAATTCTTCATTTTTACCTCATCAGTCATTTGATCATGGCGTCAAGGCGTCACAATA 120

M A S R R H N N

121 ATCTCAATGCAAAACTCGTGTTATTAGGGGACATGGGAGCTGGTAAATCAAGCTTGGTTA 180
L N A KL VL L GD M G A G K S S L Vv I

181 TACGATTCGTCAAGGGTCAATTCCTTGAATTCCAGGAATCGACGATCGGAGCGGCGTTCT 240
R F VvV X 6 Q FL EF Q E 8 T I G A A F F

241 TITCGTCAACGGTGTCAGTTAACAATGCAACGGTGAAGTTTGAGATCTGGGATACTGCTG 300
s 8§ T V 8 V N N A TV K F E I WD T A G

301 GTCAGGAGAGGTACCACAGCTTAGCGCCTATGTACTACAGAGGTGCTGCAGCTGCTATCA 360
Q E R Y H 8 L A P M Y Y R G A A A A I I

361 TCGTGTATGACATCACAAGCACTGAATCACTTGCACGAGCAAAGAAATGGGTTCAAGAGT 420
vV ¥y D I T SsS TUE s L A RAU KU KWV Q E L

421 TGCAGAAGCAAGGTAATCCCAACATGGTCATGGCTCTTGCTGGAAACAAAGCCGATCTAG 480
Q K ¢ 6 N P N M V M A L A ¢ N K A D L E

481 AAGATAAGAGGAAGGTGACTGCAGAAGAAGCACGTCTGTACGCAGAGGAAAACGGTCTTT 540
D K R K VvV T A E E A RL Y A E E NG L F

541 TTTTCATGGAAACCTCTGCCAAAACTGCTACCAATGTCAATGATATTTTCTACGAAATAG 600
F M E T s A K T A T N V N D I F Y E I A

601 CTAAACGGTTGCCTAGAGCTCAACCTGCACAAAATCCGGCAGGAATGGTACTAGAAGACA 660
K R L P R A Q P A O NP A G M V I, E D K

661 AACCAGCGCAAGGATCACAAGCTGCATCATGCTGTACTTAAGTATTATCATG 712
P A Q G 8 Q A A s C Cc T *

Fig. 1. Nucleotide and deduced amino acid sequence of the Nr-rab5 cDNA. The amino acid sequence is indicated by the con-
ventional single-letter code. Degenerate oligonucleotides used in PCR correspond to the underlined regions.



families studied in detail consist of subfamilies
from both origins [14]. If genes of the two an-
cestral lines are uniformly expressed, one would
expect that isolated cDNA-derived PCR se-
quences will be derived from genes which are
closely related but not identical. Indeed, we have
identified six PCR-derived sequences (each
ca. 270 bp long), which are very similar to the
mammalian rab5 sequences, and belong to two
distinct groups which show more than 959% iden-
tity at nucleotide sequence level (data not shown).
Mismatches were found only at the ‘wobble po-
sition’ and therefore these PCR-derived se-
quences probably represent two very closely re-
lated genes. Full-length cDNAs were identified
using the PCR-rabA fragment as a probe for
cDNA library screening. We have isolated 6
cDNA clones and sequenced the longest cDNA
insert. This ¢cDNA clone, designated Nt-rab5,
contains a 712 bp insert with a 600 bp ORF which
would encode a 200 amino acid long polypeptide
with a molecular mass of 21.9 kDa (Fig. 1). The
putative start codon is placed at position 100 and
the stop codon at position 700. The putative start
codon is preceded by three in-frame stop codons
at positions 27, 30 and 63. The deduced amino
acid sequence of the Nt-rab5 protein showed 65%,
and 619 identity with the human and canine rab3
proteins, respectively. Moreover, the Nt-rab3 pro-
tein also shows 30-40°% homology with other
members of the ras superfamily (data not shown).
The Nt-rab5 protein displayed the highest homol-
ogy to the recently described A. thaliana Rha-1
protein. These two plant proteins show 78%,
amino acid sequence identity (87 %, similarity) and
diverge only towards the C-terminus (Fig. 2). An
amino acid sequence alignment of N#-rab3 protein
with the A. thaliana Rha-1 and human rab5 pro-
teins is shown in Fig. 2. This comparison clearly
demonstrates that regions shown to participate in
the formation of the GTP-binding site [28] are
well conserved among these proteins. Indeed, the
G-X-X-X-X-G-K-S§ (positions 28-35) and D-X-
X-G (positions 76-69) protein motifs involved in
the binding of the phosphoryl residues of GTP as
well as the N-K-X-D (positions 134-137) and
E-T-S-A (162-165) motifs considered to be in-

1 50

Nt-rab5 ..uveena.. MASRRENNLN ARLVLLGDMG AGKSSLVIRF VKGQHLEFQE

Rhal  seerrennans MASSGNENIN ARLVLLGDVG AGKSSLVLRF VKDOFVEFQE

rab5 MANRGATRPN GPNTGNKICQ FKLVLLGESA VIGKSSLVLRF VKGQFHEFQE

........ Ty

51 100

Nt-rab5 STIGAAHFSS [[VSVNNATVK FEIWDTAGOE RYHSLAPNMYY RGHARATIIMY

Rhal STIGAAFFSQ MLAVNDAI'VK FEIWDTAGQE RYHSLAPMYY RGAARATIMF

rab5 STIGARFLTQ {[VCLDDT['VK FEIWDTAGQE RYHSLAPMYY RGAQORALVMY
FERFREFE -

101 150
Nt-rab5 [DITIST —LAE_E_KW_qLI K [0} F‘gﬁpiﬂ NRADLEDK RKVTAEEARL
Rhal DITNOASFER ARKWVOELA [Qonp 1 2lGNRADILDA [RRYSABEAET
rabs DITNEESFAR ARNWYKELGR |JASPNT] Iys NKADIANK AVDFQ@QS

151 200
Nt-rab5 QZEEHGEFFM ETSAKTATNV] NDEFYETAKR L RA%EAQNP AGMVLEDKPA
YEN

Rhal . FIFM ETSAKTAT KDIFYE[AKR LHRVQRAEN? TGMVLPNGPG
rab5s LFM ETSAKTISMNV| NELFMALAKRK LERNEHONPG ANSARGRGVD

ot

=

201 215
Nt-rab5 0GSQAAS[COr
Rhal ATAVSS
rab5s LTERPTQPTRS QFC|SN

Fig. 2. Comparison of the deduced amino acid sequences of
the Rha-1 and rab5 gene products with those of Nz-rab5. Se-
quences are from A. thaliana Rha-1 [2], canine rab5 [8] and
tobacco Nt-rab5. Amino acids residues conserved in all three
proteins are boxed. The putative effector region is indicated by
asterisks. Regions implicated in GTP-binding are underlined
by dashed lines. Numbering refers to residues in Rha-1.

volved in the binding of the guanine moiety are
nearly identical in these three proteins. Moreover,
the two cysteine residues as the C-terminus shown
to be essential for membrane attachment are also
conserved [20]. Finally, the ‘effector binding’ do-
main E-F-Q-E-S-T-I-G-A-A-F [34] between po-
sitions 47-55 which is thought to interact with
other proteins such as the GAP-related proteins
[1] is identical in these proteins. Based on the
amino acido sequence similarity over their full
length and also because of the identical effector
domains, we suggest that the Nt-rab5 and Rha-1
proteins are the functional counterparts of the
mammalian rab5 protein.

Characterization of the Np-ypt3 ¢cDNA

Among the isolated, sequenced, PCR-amplified
products obtained from the N. plumbaginifolia leaf
cDNA, we found 5 DNA sequences whose de-
duced amino acid sequences are very similar to
that of the S. pombe ypt3 protein. These products
were completely identical over their 270 bp length
and showed more than 989, homology to PCR
products isolated by using N. tabacumleaf cDNA.
To isolate a full-length ¢cDNA clone we have
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Fig. 3. The nucleotide sequence of he Np-ypr3 cDNA. The deduced amino acid sequence is given by using the conventional

TTGAAGCAGAGTTCTGTGATTTACTTACTTTTTTGCCTAACCAAAAAACACAGAACAAAG

TAAGTATTTTCAACGATGGCAGGTTATAGAGCAGATCATGAGTACGATTACTTATTCAAG
M A G Y R A DD EY D Y L F K

CTAGTGTTGATCGGAGATTCAGCTCTGGGTAAATCAAATCTGCTTTCAAGGTTCACTAAA
L VL. I 6D S G V G K s N L L 8 R F T K

AATGAATTCAATTTGGAGTCTAAGTCTACAATTGGTGTTGAGTTTGCTACCAAAAGTCTC
N E F N L E 8 K 8 T I 6 VvV E F A T K 8 L

AATATTGATAATAAAGTTATTAAAGCTCAGATTTGGGATACTGCTGGCCAAGAAAGATAT
N I D N KV I K A Q I wDTA G Q E R Y

CGTGCCATTACTAGTGCTTATTATCGGGCAGCTCTTGGCCGCTTTGCTCGTATATGATGTA
R A I T S8 A Y Y R G A V GG A L L V Y D V

ACTCGACATGTTACCTATGAGAACGTCACAAGATGGTTGAAGGAATTGAGAGACCATACT
T R H VvV T ¥ ENV T R WL K E UL R D H T

GACCCTAACATTGTAGTTATGCTCATAGGCAACAAGTCAGATCTCCGCCATCTCGTTGCT
D P NI V VML I G N XK S DLURHULV A

GTTTCAACTGATGAGGCTAAAGGTTTGGCAGAGAGGGAGGGCCTATACTTTATGGAGACT
vV 8 T D E A K G L A E R E G L Y F M E T

TCTGCATTAGAAGCAACCAACGTGGAAAATGCATTCACTGAAGCTCTCACGCAGATATAC
S AL E A T NV ENAVF T EAULTOQTI Y

CGGATCGTCAGTAAAAAAGCAGTCGAGGCAGGCGATGAAGGTGCTACTTCATCTGCTCCT
R I v 8 K K AV E A G D E G A T S 8 A P

CCTAAAGGAGAGACGATTAACATCAAAGATGAAGGGTCTTCCTGGAAAAAGTTCGGATGC
P K G E T I NI KDEG S 8 WK KF G C

TGTTCAAGCTAGGGCTCTTGAAAAATGTGCAAGACAGATGCTCAAGCTGTTTTAGTTGTA
¢ 8 85 * *

AATTGTCATTAAATCAATGATTTCCTCCCCCAGTATTCCTTATCCTTTTTCGGTTATCTT
GGTTGTGGGATAAGATTTAAGCTAGCCATGAGAATACACGAAGCAGCCTTCTCATGAARA

ACTCCGAAGGAGCAGGTACCGTTGGTTTCTAATTACAGAATGTGCAAACACGGTCTTAGT

TTTATGTGTTCTGCGATGTTAGCTTGAAAAAATGGACAGTGGCAAGATCTTTCCAATAACA

TGTTACCGGCGGCCGCTCTAGAAC 1044

single-letter code. Degenerate oligonucleotides used in PCR correspond to the underlined sequences.

screened a N. plumbaginifolia leaf cDNA library,
using one of the five identical PCR fragments,
PCR-yptA, as a probe. The longest cDNA clone
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isolated (1044 bp long), designated Np-ypt3, was
sequenced and found to encode a 218 amino acid
long polypeptide, with a molecular mass of



24.4kDa (Fig. 3). The putative start codon is
placed at position 75 and the two stop codons at
730 and 740, respectively. The putative start
codon is preceded with an in-frame stop codon at
position 61. The protein encoded by this cDNA
displays 65%, similarity to the S. pombe ypt3 pro-
tein [24], 56% similarity to the protein encoded
by the ras-related ara gene of A. thaliana [22],
57%, similarity to the Zea mays yptm-encoded
protein [29], and 649 homology to the protein
encoded by the rgpl gene of O. sativa [31]. The
Np-ypt3 protein also exibits amino acid sequence
similarity to other ras-related proteins such as
ypr2 (40%) [17] and H-rab (47%) [37]. The ob-
served homology suggested that the Np-ypt3 pro-
tein belongs to the ypt family. An alignment of the
sequences most highly conserved between Np-
ypt3, S. pombe ypt3, and O. sativa rgpl proteins is
shown in Fig. 4. Regions of these proteins which
may be involved in GTP binding and hydrolysis
are well conserved. These regions, G-X-X-X-X-
G-K-S (positions 25-32), D-X-X-G (positions
73-76) as well as the N-K-X-D (positions 140-
144) and E-T-S-A motifs (positions 159-162) are
nearly identical in the three proteins. In contrast,

Np-ypt3 ..... MAGYR ADDEYD
rgpl MSRGGGSYGE VGQKID!
Sp-ypt3 ........ MC QEDEYD

Np-ypt3 IGVE
rgpl IGVE
Sp-ypt3 IGVE

SL Q| IWDTAGQERY RAIT{ISAYYRG AVG,
'I‘L H Q| TRPTAGQERY RAVI'SAYYRG AVG.
KKIKAQ|IW] TAGQERY RAI'SAYYRG AVG.
FRARE o
Np—ypt3 VTYE RWLKELR ; O TV
rgpl QSFD] RWI{EELRGHA IVII
Sp-ypt3 QSSFD RWLIKELR a!‘ aﬁl MIVE ERQ
Np—ypt3 ERE 'i. ﬂi EA GDEGATSSAP
rgpl ERE w w i L NEEVDSSGNS
Sp-ypt3 3! \ RSL GDDGVHPTAG

201
Np-ypt3 PKGETINIKD EGSSWKKFGESS
rgpl SLIRGTKIVV PGQEPAPPTK ASCOMS
Sp-ypt3 QTLNIAPTMN DLNKKESSSQ

=]

Fig. 4. Comparison of the deduced amino acid sequences of
the rgp! and ypi3 genes to those of Np-ypt3. Proteins are from
O. sativa rgpl [31], S. pombe ypt3 [24] and N. plumbaginifolia
Np-ypt3. The identical amino acid residues conserved in all
three proteins are boxed. The putative effector binding domain
is indicated by asterisks. Regions implicated in GTP-binding
are underlined by dashed lines. The numbering refers to the
sequence of the rgp! protein.
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the N- and C-terminal of these proteins are very
different from each other. However, as in other
ras-related proteins the two C-terminal cysteine
residues essential for membrane attachment are
conserved. The two cysteine residues are followed
by SS and MS motifs in the plant protein. Finally,
the ‘effector binding’ domain of these proteins,
S-K-S-T-1-G-V-E-F between positions 47-54,
also shows striking similarity, suggesting that
these proteins interact with identical or very sim-
ilar GAP proteins. The similarity between the
0. sativa rgpl and the Np-ypt3 proteins (65% ) is
lower than the similarity of these plant proteins to
the yeast ypt3 protein. This binding suggests that
in spite of their similarity these plant proteins are
not interchangeable and that their physiological
roles in the cell could differ.

To identify possible physiological functions of
Nt-rab5 and Np-ypt3 proteins, we have measured
their mRNA expression levels in different tissues
by northern blot analysis. Total and poly(A)*
RNA isolated from different tissues of mature,
flowering tobacco plants were hybridized with
full-length cDNAs or with fragments containing
the 3’-untranslated regions of the corresponding
genomic clones. (Sequences of the genomic clones
will be published elsewhere.) Figures 5A and 5C
show that both genes hybridized to transcripts of
approximately 1.2 kb. The levels of N#-rab5 and
Np-ypt3 mRNAs were consistently high in petals,
anthers and stigmas, and were expressed only at
a very low level in fully developed leaves and in
young, two-week-old developing seedlings. The
abundance of Nt-rab5 and Np-ypr3 in mRNA from
callus cells was also low. Moreover, the expres-
sion of these mRNAs was not affected by light.
We found that expression patterns by using the
full-length ¢cDNAs or the corresponding 3'-
untranslated regions as probes were identical in
both cases. The differential levels of Np-yip3 and
Nt-rab5 were, however, clearly mRNA-specific
since levels of Cab mRNA, encoding the chloro-
phyll a/b-binding proteins, showed different pat-
terns (Fig. 5B). Expression of the Cab genes was
high in leaves, 10-fold lower in stems and stigmas,
and below detection levels in other tissues. More-
over, consistent with previously reported data the
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Fig. 5. Northern hybridization analysis of the Nz-rab5 and
Np-ypt3 gene expression. The hybridization probes were
(A) full-length Nz-rab5 cDNA, (B) full-length Cabl cDNA and
(C) full-length Np-ypt3 ¢cDNA. Probes were labelled with a
random primer kit. Total RNA samples are from stamens
(lane 1), petals (lane 2), stigmas (lane 3), light-grown leaves
(lanes 4, 7), stems (lane 5), roots (lane 6), dark-adapted leaves
(lane 8), callus (lane 10), and 14-day-old seedlings (lane 11) of
N. tabacum SR1 (A) and of N. plumbaginifolia (C). Each lane,
except lane 9, contains 20 ug of total RNA. Lane 9 contains
2 ug leaf poly(A)*. Lane 12 contains size marker (kb): la-
belled -DNA Hind III-Eco RI digest. B. Each lane contains
20 pg total RNA from stamens (lane 1), stigmas (lane 2), pet-
als (lane 3), roots (lane 4), stems (lane 5), light-grown leaves
(lane 6), dark-adapted leaves (lane 7), and light-grown 24-day-
old tobacco seedlings (lane 8) of tobacco. RNAs used in these
experiments are from the same preparations.

Cab genes were expressed in a light-dependent
manner [26].

GTP-binding activity of Nt-rab5 and Np-ypt3 pro-

teins

To verify that the Nt-rab5 and Np-ppt3 proteins
are indeed GTP-binding proteins we have carried
out in vitro GTP-binding assays. To obtain large
quantities of these proteins we have expressed
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Fig. 6. GTP-binding analysis of the Nt-rab5 and Np-ypt3 pro-
teins. Samples are (1) 100 ug glutathione S-transferase (GST),
(2) 100 ug BSA, (3) total crude extract (100 ug protein) from
induced E. coli cells containing the GST/N¢-rab5 fusion pro-
tein (cDNA expressed in the sense orientation), (4) 10 ug pu-
rified GST/Nt-rab5 fusion protein, (5)total crude extract
(100 pg protein) from induced cells containing the GST/Np-
ypr3 protein (¢cDNA expressed in the sense orientation),
(6) 10 ug purified GST/Np-ypt3 fusion protein. Total crude
extracts (100 ug in each case) from induced and uninduced
cells containing (7 & 8) the Nt-rab5 (cDNA in the antisense
orientation), or (9 & 10) the Mp-yt3 (cDNA in the antisense
orientation). Total crude extracts (100 ug in each) from cells
containing the vector pGEX-2T, (11) after induction, and
(12) uninduced.

their cDNAs in E. coli using the GST gene fusion
system. The fusion proteins obtained were puri-
fied and then transferred to nitrocellulose filters
and incubated with [a-**P]GTP according to
Schmitt et al. [32]. Autoradiography showed that
GST fusion proteins with either the Np-ypz3 or the
Nt-rab5 proteins bind [ «-**P]GTP (Fig. 6, panels
3-6). No GTP-binding activity is shown in con-
trol experiments with wild-type GST (panels
1, 11), bovine serum albumin (panel 2), E. coli ex-
tracts containing control GST hybrid proteins
(panels 7-10), or E. coli extracts not expressing
GST of hybrid proteins (panel 12). The observed
GTP-binding is therefore specific to the Np-ypt3
and Nt-rab5 hybrid proteins.

Discussion

In this paper we describe the isolation and char-
acterization of two plant cDNAs, designated Np-
ypt3 and Nt-rab5. We have shown that these
c¢DNAs encode distinct ras-related small GTP-
binding proteins. The Np-ypt3 and Nt-rabs



cDNAs encode polypeptides containing 218 and
210 amino acids respectively. These cDNAs were
expressed in E. coli and produced proteins which
exhibit GTP-binding activities. The predicted
amino acid sequence of the Np-ypt3 gene is most
closely related to the S. pombe ypt3 protein [24]
and to the recently described O. sativa rgpl pro-
tein [31]. The Nz-rab5 protein shows the highest
sequence homology to the mammalian rab5 pro-
teins and the A. thaliana Rha-1 protein [2]. Con-
served regions believed to be implicated in GTP-
binding and hydrolysis were highly conserved in
both the Nt-rab5 and Np-ypt3 proteins.

Southern hybridization analysis (data not
shown), under stringent conditions, indicates the
presence of one rab5 and yps3 type gene per hap-
loid genome in N. plumbaginifolia. Hybridization
analysis under increasingly moderate conditions
finally revealed about ten hybridizing bands. It is
likely, however, that some of the hybridizing
bands (because of the low stringency conditions)
will represent members of other subfamilies of the
ras superfamily present in higher plants. These
observations, together with the large number of
PCR-generated ras-related sequences, clearly in-
dicate a high complexity of genes encoding small
GTP-binding proteins, but the exact number of
the ypt/rab type genes remains to be seen.

So far, including the two cDNAs described
here, six plant cDNAs encoding small GTP-
binding proteins have been isolated. The very
significant amino acid sequence homology may
indicate that these proteins are the plant coun-
terplants of the ypt/rab type proteins. Comple-
mentation experiments with the described plant
genes can support this hypothesis and provide
further information about the biological function
of these plant genes. At present, by analogy to the
yptirab proteins we anticipate similar biological
roles for the plant GTP-binding proteins. Conse-
quently, it is conceivable that the Nr-rab5 and
Rha-1 proteins are involved in the endocytic
pathway in plant cells. Although endocytosis is
poorly understood in plants, it has been demon-
strated to occur in root hairs [7]. Likewise,
receptor-mediated endocytosis has been de-
scribed in plant suspension cultures [18]. The
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high-level expression of the A. thaliana Rha-1 gene
in roots correlates well with these findings and
with the proposed function of this protein in en-
docytosis [2]. Interestingly, the Nt-rab5 gene, en-
coding a protein which displays 789, indentity to
the Rha-1 protein, exhibits a different expression
pattern. The tobacco gene shows the highest level
of expression in petals, stigmas and anthers but
itis also expressed at a fairly high level in root and
stem. Despite the different expression patterns
(which may represent only different growth con-
ditions) we assume that Nz-rab5 protein is the
tobacco equivalent of the A. thaliana Rha-1 gene
product and that probably both proteins are the
functional counterparts of the Rab5 proteins of
mammals.

It is more difficult to assess the function of
those plant genes, including the Np-ypr3, which
show the highest homology to the S. pombe yptl
protein. In contrast to the relatively well charac-
terized ypt3 and sec4 proteins the physiological
function of the S. pombe ypt3 protein is unknown.
Complementation experiments with the S. pombe
ypt3 protein has a unique physiological role in
yeast cells [24]. The O. sativa rgpl gene with 659
homology to the S. pombe ypt3 gene showed de-
velopmentally regulated expression in young,
growing O. sativa seedlings; moreover, its expres-
sion was strongly reduced in S5-azacytidine-
induced dwarf plants. Based on the correlation
between the dwarf phenotype and the suppressed
expression of the rgp! gene, it has been speculated
that the rgpl type proteins are engaged in trans-
porting essential compounds (i.e., lectins, hemi-
cellulose) to the outside of the plasma membrane
[31]. Although this hypothesis is attractive we are
hesitant to suggest a similar role for the Np-ypi3
gene. First, the C-terminus region of the O. sativa
protein is very divergent from that of the Np-ypt3
protein. In fact, within the last 30 amino acids the
homology is reduced to only 30%. The lack of
obvious homology in the hypervariable C-termi-
nus region which was shown to act as targeting
signal in mammalian systems suggests a different
location, i.e. different functions for these proteins.
Second, the tissue-specific distribution of the Np-
ypt3 mRNA is very characteristic in flowering,
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mature tobacco plants. As we have described pre-
viously, its expression is markedly higher in pet-
als, stamens and stigmas than in other tissues,
while its expression is low in leaves and in young
(14-day-old) tobacco seedlings. There is no infor-
mation available yet about the tissue specificity of
the O. sativa rgpl gene expression. Based on the
available data, we suggest the following specula-
tive model. The tobacco Np-ypt3 and O. sativa
rgpl proteins are probably both engaged in trans-
porting cell wall components but differ due to
distinct tissue specificities and developmental ex-
pression patterns. We are presently raising anti-
bodies against the Nt-rab5 and Np-ypt3 proteins.
We hope that experiments using these antibodies
will facilitate the localization of these proteins to
specific intracellular compartments.
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