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Sequence Homologies of GTP-binding Domains of Rab
and Rho between Plants and Yeast/Animals Suggest

Structural and Functional Similarities
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Small GTP-binding proteins are divided into three major groups: Ras, Rho and Ypt/Rab.
They have the conserved regions designated G1 to G5 that are critical in GDP/GTP exchange,
GTP-induced conformational change and GTP hydrolysis. We isolated and characterized
genomic DNA or ¢cDNA fragments encoding G1 to G3 domains of small GTP-binding protein
Rab and Rho from several plant species using two different PCR-based cloning strategies.
Seven rab DNA fragments were isolated from 4 different plants, mung-bean, tobacco, rice and
pepper using two degenerate primers corresponding to the GTP-binding domain G1 and G3
in small GTP-binding proteins. The amino acid sequences among these rab DNA fragments
are very similar, having over 80% identity. Sequence comparison between these DNA frag-
ments and other known small GTP-binding proteins shows that they belong to the Ypt/Rab
family. Six rho DNA fragments were isolated from 5 different plants, mung-bean, rice, Ara-
bidopsis, Allium and Gonyaulax using the nested PCR method that involves four degenerate
primers corresponding to the GTP-binding domain G1, G3 and G4. The rho DNA fragments
cloned show more than 90% homology to each other. Sequence comparison between plant
and other known Rho family genes suggests that they are closely related (67 to 82% amino
acid identity). Sequence analysis and southern blot analysis of rab and rho in mung-bean sug-

gest that these genes are encoded by multigene family in mung-bean,
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GTP-binding proteins play a diverse range of func-
tions for cellular signal transduction and regulation
(Gilman, 1987; Hepler and Gilman, 1992; Terryn et
al., 1993; Ma, 1994). They are divided into het-
erotrimeric G proteins and monomeric small GTP-
binding proteins. In animals and yeast, a variety of
small GTP-binding proteins have been described
that are thought to regulate diverse cellular respons-
es including cell growth, division, differentiation
and vesicle trafficking (Balch, 1990; Hall, 1990; No-
vick and Brennwald, 1993).

Small GTP-binding proteins ranging in molecular
mass from 20,000 to 30,000 referred to as the Ras
superfamily share high amino acid sequence identity
and overall structure, suggesting that they evolved

*Corresponding author: Fax +82-2-360-2385

© 1996 by Botanical Society of Korea, Seoul

"Present address: Samsung Biomedical Research Institute
llwon-dong, Kangnam-ku, Seoul 135-230, Korea

85

from a common ancestral gene. These proteins also
sharc a common mechanism to function as a molec-
ular switch that can be turned on by binding to GTP
and turned off by hydrolyzing GTP to GDP (Down-
ward, 1990; Bourne et al., 1991; Wittinghofer and
Pai, 1991). Based on similarity in amino acid se-
quences and presumed function, small GTP-binding
proteins are gencrally subdivided into three major
groups: Ras, Rho and Ypt/Rab proteins. Sequence
comparison of proteins belonging to the Ras super-
family reveals several regions of high homology.
These regions, designated G1 to (35, are critical in
GDP/GTP exchange, GTP-induced conformational
change and GTP hydrolysis (Bourne, 1991). The am-
ino acid sequence motif, GX,GK(S/T), of the G1 re-
gion is involved in binding to the phosphate moiety
of GTP and appears with variations in many nu-
cleotide triphosphate utilizing enzymes. Amino acid
sequences comresponding to the G2 region are highly
conserved within each GTPase family, but not bet-
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ween different families. Each pupative G2 sequence
contains a conserved threonine residue and its side
chain hydroxyl group is coordinated to Mg** ion
that is essential for GTP hydrolysis. The DX,G se-
quence motif of the G3 region is conserved in all
GTPases and involved in determining guanine nu-
cleotide specificity. And the sequence motif of the
G4 region is characterized by four hydrophobic or
apolar amino acids followed by (N/TYK/Q)XD. These
all conserved regions of the polypeptide chain as-
sociated with loops on one side of the protein, merit
special attention.

In contrast to the extensive knowledge on small
GTP-binding proteins in yeast and mammals, vir-
tually no information is available on such proteins
in plants. Currently, several small GTP-binding pro-
tein genes/cDNAs have been isolated from a variety
of plant species, including Arabidopsis thaliana
(Matsui et al., 1989; Anai et al., 1991; Terryn et al.,
1993; Yi and Guerinet, 1994), rice (Sano and Yous-
sefian, 1991), tobacco (Dallmann ef al., 1952; Haizel
et al., 1995), maize (Palme et al, 1992; Kang et al.,
1995), Plumbaginifolia (Tertyn et al.,, 1992), Pisum
sativum (Sasaki et al., 1991; Drew et al., 1993; Na-
gano et al., 1993), Brassica (Park er al., 1994) and
soybean (Cheon et al., 1993). But, except for the
pea RholPs gene (encoding a Rho-like protein;
Yang et al., 1993), all other plant small GTP-bind-
ing protein genes isolated are Ypt/Rab genes.
Moreover, the precise physiological functions of the
small GTP-binding proteins are not fully understood
in plants.

In this study, to understand the functions of the
small GTP-binding proieins in plants, we isolated
and characterized genomic DNA or c¢cDNA frag-
ments encoding G1 to G3 domains of small GTP-
binding protein Rab and Rho from several plant
species using two different PCR-based cloning stra-
tegies.

MATERIALS AND METHODS
Experimental plants and ¢DNA library

Seven different plants, mung-bean, tobacco, rice,
pepper, Arabidopsis, Allium sativum and Gonyaulax
were used in this study. Genomic DNA from mung-
bean, tobacco, rice, pepper and Allium sativum and
c¢DNA libraries of mung-bean (auxin-treated hy-
pocotyl, obtained from Dr. Woo-Taek Kim of Yon-
sei University), Arabidopsis (leaf, obtained from Dr.
Seong-Ryong Kim of Seogang University), rice (leaf
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and sheath, obtained from Dr. Seong-Ryong Kim of
Seogang University) and Gonyaulax (Lee et al,
1993) were used.

Chemicals

The oligonucleotides for PCR were synthesized
by Korea Biotech. Inc. A sequenase version 2.0
DNA sequencing kit was from United States Bio-
chemical, [*S]dATP was Amersham and [*P]JUTP
for riboprobe was purchased from Dupont NEN.
Nvlon memebrane, Hybond-N, for blotting was from
Amersham. General nucleic acid modifying enzymes
were from Promega, KOSCO, and Amersham. All
other chemicals were from Sigma, which were usu-
ally molecular biology grade or high purity reagent
grade.

Preparation of gemomic DNA and c¢DNA from
c¢DNA libraries

For the isolation of genomic DNA, the method
described by Rogers and Bendich (1988), utilizing
cetyltrimethylammonium bromide (CTAB) to re-
move polysaccharides, was employed with minor
modifications. Frozen cells were ground with liquid
nitrogen in a precooled mortar, the powdered ma-
terial was then transferred to a 50 ml screw-cap cen-
trifuge tube. One volume of hot (65°C) 2x CTAB
buffer (pH 8.0) (2%(w/v) CTAB, 100 mM Tris, 20
mM EDTA, 1.4 M NaCl, and 1% polyvinylpyrroli-
done (Mr 40,000)) was then added, gently mixed
with 1 volume of chloroform/isoamyl aleohol (24 : 1),
and centrifuged at 11,000x g for 30 s and the top
phase was transferred to a new tube. After adding
0.1 volume of 10% CTAB (10% CTAB and 0.7%
Na(l), another extraction with chloroform/isoamyl al-
cohol was performed. To separate nucleic acids from
polysaccharides, 1 volume of CTAB precipitation
buffer (pH 8.0) (10 mM Tris, 1 mM EDTA and 1
M NaCl) and then reprecipitated with 2 volumes of
95% ethanol. The nucleic acid was recovered with a
hooked glass rod, vaccum-dried, and resuspended in
TE buffer. To assure the purity of the DNA, the pre-
paration was treated with RNase A and extracted
successively with phenol, phenol/ chloroform, and
chloroform, followed by ethanol precipitation (Samb-
rook et al., 1989). The pellet was resuspended in TE
buffer and stored at - 20°C.

Preparation of ¢cDNA from cDNA libraries was
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performed according to Sambrook er al. (1989).
Isolation of rab gene fragments

Two degenerate oligonucleotides, OLE 1005; 5'-
GTN GGN GA[C, T] GGN GCN GTN GGN AAJ[A,
G] AC-3, and OLE 1006; 5-TA[A,G] TC[C,T] TC
[CT] TGN CCN GCN GT[A,G] TC-3', encoding
VGDGAVGKT and DTAGQEDY, respectively,
were used as primers for PCR amplification. The
reaction condition used for amplification of genomic
DNA was 40 cycles with denaturation for 30 s at
94°C, annealing for 1 min at 52~58°C and ex-
tension for 1 min at 72°C. Fach reaction, typically
in a 20 pL volume, contained 10 mM Tris-HCI (pH
9.0), 50 mM KCl, 0.1% Triton X-100, 1.9 mM
MgCl,, 200 pM each dNTP, 10~50 pmole of ap-
propriate primers and variable amounts of template
DNA. The reaction was initiated by addition of 1
unit of Tag DNA polymerase. From 50 ng to 200
ng of mung-bean, tobacco, rice and pepper genomic
DNA were used as a template and two degenerate
oligonucleotides, OLE 1005 and OLE 1006 were
used as primers. The product of the PCR am-
plification was analysed on a 1.4% agarose gel.

Isolation of rho gene fragments

Two oligonucleotides, OLE 1007; 5-GAT GGC
GCC GTT GGA AAG ACT CGC [C,T]T[T.G] [C,T]
T[T.G] AT-3' and OLE 1009; 5-CTT ATC ATC
TCT [A,CJA[G,A] ATC [A,CIA[G,A] CTT AGT
TCC AAC-3', encoding DGAVGKTCLLI and
VGTKLDLRDDK, respectively, in addition to OLE
1005 and OLE 1006, were utilized. These amino
acid sequences are located within the nucleotide-
binding and GTPasc domains conserved in all
known Rho proteins. To screen rfio gene of several
representative plant species, a nested PCR strategy
was employed using four different primers, OLE
1005, OLE 1006, OLE 1007 and OLE 1009. Mung-
bean, rice, Arabidopsis and Gonyaulax cDNA pre-
pared from cDNA libraries were used as templates.
Primary PCR using OLE 1005 and 1009 was per-
formed under the following conditions; 30 s at 94°C
for dematuration, 1 min at 36~52°C for annealing
and 1 min at 72°C for extension. The resulting pro-
ducts were separated on a 1.4% agarose gel and 1 or
2 UL volume of gel pieces, corresponding to the
size of DNA fragment by these pairs of primers,
was excised out. The DNA fragment in the gel
pieces was eluted into 50 pl of TE for 30 min at
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room temperature and aliquot of these eluted DNA
solution were used as a template for secondary PCR
amplification. The secondary PCR was performed us-
ing the condition for the primary PCR.

Cloning of PCR product and its characterization

DNA fragments of expected size were excised out
from agarose gels and electroeluted (Chung and Na,
1995). The eluted DNA fragments were cloned into
Smal-linearlized pTZ19U or pTZ18U through blunt-
end ligation. The ligated DNA was transformed into
E. coli IM107 (Sambrook et al., 1989). The plasm-
ids were isolated by the alkaline method (Sambrook
et al., 1989) and its insert sizes were determined by
restriction mapping. The sequences of the insert
were determined using the dideoxy chain-termina-
tion method and were analyzed using the DNasis
and PRosis programs.

Preparation of radioactive probe

To obtain a defined size of labelled probe, the
plasmids for probe were linearized by cutting the
end or close to end of insert (opposite end from T7
promoter) on pTZ plasmid by two restriction en-
zymes to make sure complete linearization. RNA po-
lymerization reaction was performed using [0-"P]
UTP. One pg of template DNA and 50 pCi of [o-
“PJUTP was added to a mixture, which contained
0.2 mM of ATP, CTP and GTP, 5 uM UTP, 10
mM DTT, 1x buffer (40 mM Tris - HC1 (pH 7.9), 6
mM MgCl,, 2 mM spermidine, 10 mM NaCl) and 8
units of RNasin. After adding 15~20 units of T7
RNA polymerase, the reaction mixture was in-
cubated for 3~4 h at 37°C. Then 30 pL of stop
solution (95% formamide, 20 mM EDTA, 0.05%
bromophenol blue, 0.05% xylen cyanol FF) was add-
ed, and stored at 4°C.

Southern blot hybridization

Ten pg of genomic DNA were digested with the
specified restriction enzymes, extracted with phenol/
chloroform and precipitated by 2 volumes of ethanol
and resuspended in TE buffer, run on a 0.8%
agarose gel, and blotted onto Hybond nylon mem-
brane by the capillary mode of transfer. The mem-
branec was probed with a *P-labeled riboprobe (about
170 nt) generated by in vitro transcription from a
mung-bean Rab3 gene or a mung-bean Rhol gene.
The membrane was prehybridized for 30 min at
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42°C and hybridized with the riboprobes overnight
at 42°C. And it was washed twice at room tcm-
perature for 30 min in a solution containing 2x SSC
and 0.5% SDS and twice at 65°C for 15 min in a
solution containing 0.5x SSC and 0.5% SDS. Filters
were exposed for 3 days to X-ray film.

RESULTS AND DISCUSSION

Isolation and sequence amalysis of rab gene frag-
ments from several plant species

To isolate rab gene fragments, two oligonucleo-
tides corresponding to the highly conserved GTP-
binding domains, VGDGAVGKT and DTAGQEDY
peptide sequences were synthesized and used as
primers for PCR amplification. As these primers
were degenerate, many different sets of conditions
with varying amounts of template genomic DNA, or
oligonucleotides and annealing temperatures were
tested to obtain clear PCR products in about 170 bp
in size. The best condition for the amplification was
100 ng of template DNA and 50 pmole of each oli-
gonucleotide, OLE 1005 and OLE 1006 and an-
nealing for 1 min at 58°C in a 20 uL reaction. The
fragments obtained by this PCR reaction were then
cloned on pTZ19U and sequences were analyzed.

wung-lwan Rabi  GTCUROACRACRTATTORETANGACGCAGATICT ABCTAGCT TCGCCAGGAACGAGTTCAGCT TGGACTCCAAGTCCACTATC
VaDeAvVeEXTOILARFARHNEEFSLDSEKSTI
GGTETTEAATTTCAGACECGCACTTTGCTCATCGATCACAATACTHTT ANGHCTC AGATE TEGEATACTGCTGECA AMGAAGAT
€YEPATRTLLIJIDHKXTVKAQIHDTAGAQEDTD

mmg-bean Rah?  GTOGETGATGGRECTETTEETAAGACCTAGCTCCTCRCRIGE TIDTCCASARALT AATTCAACAM BATTCAAAAGCCACCATA
Yya@DpoaAvaeKTAaQLLARFARRKOFNTDSI KA ATI
GGCOTCOAGT TTCADACT AAAACHICTEATCATCGATAACAAAACCG TCANGGITCAAA TATEGG ATACTR T AN
¢ VEFAQTETLIIONKTVEKAQGIWDTAGEG

nung-bean Rabd  GTOIMTGATEGRECTETAGGEAAMACGAACCTCTTGTCTCOATTCACGAAG AACT AR TTCAGTTTEEAATCTAAATCCACCATT
VEDGAYVGEKTHLLSKFTEKNETFS SLESTEKS STH/
GGCETTEARTTGCCACCCE TARCATEEACG TCEACHAC AGATCE TARAGECGCAAATTTGEEACACCGCAGG TCAAGAA
@Y EFATREIHXKVDDRIVEAQINDTAEGOQE

rice Rabl ST TOACRCRATEEGG AMACCCAGC TCCT ORI TTCRCC ASAMACS AN TTCAGCECCEATTCAAMAGCCACTATA
VEDAVOETOLLARFARNGOQFSADSKATI
CBTCRASTTTCABACCAAMCECTCATCATCTATAMC AAAACI TCABCTCAAATTGATACECAGGTCAAGAGEAL
O VEFQTXTLITDODNKTSAQIDTAGITED

rice Rah2 GTOBEEAATERUG CETRTRAAGACS AN T T TGCTTECT AGATTTECTAG AGATGAATT TTATCCGAAC TCABARTE ACANTT
¥ 8D 6AVEKTNLLARFARDEFYP®HNSKSTI
GGAGTAGAATTICAGACCCAARAGA TGS ACATCAACGE AAAGG AGETT AAAGCACAGATA TCRRALACTECHNCCANAAGAC.
€ VEFAGQTXTHDINEGEKEYXAQIMWNDTAGOQED?D

prpper Rabl GTTEGARATEEAGCTETTORGAABACTCAGG TET TTOCTAAGAA TCTATTTTGACTOCAAATGTACEATT
YO8 DEAYGKTAOVLERPAKREFGCFEDSKCTI
GETETAGASTTTCAGACT ASGACTG TCTTCATTCAG TCCAAAATCA TCAAAGCLC AGATC TREGACACRGLTGECCAGG ABGAT
G VEFQTRTVYFIQSEKE!IKXAQINDTAGRED

tobaceo Rabl GTTEECEATRECEC TR TRAGARAAC TCAGGETACTTTOCAGGT TTGCTAAGRATEAG T TC TG TTTTEACTCCAAATCTACCATT
VEDOAYBXTAQVLSRFEAKNEFCFDSKSTI
BTG TABCSTTICAGACT AGGACTCTCTCLATTC ABCCAAAGACAARGCCCAGACEGAC ACCTAGTCC AABAAGAT
G YEFQTRTVSIQGQPEKHEKANOGTOITAGSRETD

Fig. 1. Sequence analysis of rab gene fragments from
plants. Nucleotide sequences and the deduced amino acid
sequences of the cloned genes from mung-bean, rice, pepp-
er and tobacco are shown. Primer sequences are um-
derlined.
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Among 70 candidates, 7 candidates from 4 different
species werce used for further characterizations.

We obtained seven partial rab DNA fragments
comresponding to the GTP-binding domains from
four different plants, which are three clones from
mung-bean, two clones from rice and one clone
from pepper and tobacco, respectively. Their nu-
cleotide sequences and the deduced amino acid se-
quences are shown in Fig. 1. The comparison of am-
ino acid sequence of these candidates with those of
all the other known small GTP-binding proteins re-
vealed that they belong to the Ypt/Rab family and
are not previously reported. More than two different
rab genes in rice, tobacco and mung-bean strongly
suggest that rab gene in plants might exist as a mul-
tigene family.

Sequence comparison of rab genes from plants,
animals and yeast

An amino acid alignment of all seven cloned
genes with other proteins in the Ypt/Rab family is
shown in Fig. 2. This comparison clearly demonstrates
that regions shown to participate in the binding and
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Fig. 2. Sequence comparison of rab genes from plants, an-
imals and yeast. Comparison of the amino acid sequences
of rab genes cloned this study with members of the Ypt/
Rab family. Protein sequences are from ara4 (Anai et al,
1991), Np-ypt3 (Dallmann et al., 1992), Nr-Rab6 and Nt-
Rablla (Heizel et al, 1995), rgpl and ric2 (Sano and
Youssefian, 1991), and pra3 (Nagano et al, 1993) in ad-
dition to yeast ypt! (Gallwitz et al., 1983), and human rab
1 (Haubruck er al., 1989). Amino acid residues identical
with those of the uppermost mung-bean Rabl sequence
are indicated by dots. The putative effector-binding
domains (G2) are indicated by asterisks.
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hydrolysis of GTP and in the coordination of the
Mg™ jon for activity are well conserved among
these cloned fragments. Characteristic features of
these clones were observed in several regions. One
region was around residue 30, all of the proteins
have the sequence S-K-S/A-T-1-G-V-E-F around the
30 which is also observed in most of the Ypt/Rab
family genes from animals and plants. This region
(G2 domain) is highly conserved within each sub-
family, but not between different subfamilies, and is
called the effector region (Sigal et al., 1986), which
is thought to interact with other proteins such as the
GAP-related protein (Adari et al., 1988). This strik-
ing similarity suggested that these proteins interact
with identical or very similar GAP proteins. The oth-
er characteristic structure of these clones is a Gln
residue in place of Cys/Asn at aa 10, which is con-
served in other members of Ypt/Rab family proteins.
The third characteristic is a conservation of the resi-
dues 15, 24 and 25, which are observed in all clon-
ed gene, but show variation in other Ypt/Rab pro-
teins. Amino acid sequence comparison of the clon-
ed gene with other proteins in the Ras superfamily
shows that the clones are most highly related to the
proteins in the Ypt/Rab family among the three ma-
jor families of the Ras superfamily proteins. They cx-
hibit 80 to 92 % identity with the plant Ypt/Rab pro-
teins such as arad, Np-ypt3, Nt-Rab6, Nt-Rablla,
rgpl, ric2 and pra3. The amino acid sequence iden-
tity of the clones to the other proteins in the Ypt/
Rab family such as the yeast Yptl and the human
Rabl protein is 71 to 77%. However, the homology
to proteins in the other families such as the human
RhoA and the human Rasl is only 59 to 66% and 55
to 59%, respectively.

Isolation and sequence analysis of rho gene frag-
ments from several plant species

To isolate rho gene fragments, two more oli-
gonucleotides, OLE 1007 and OLE 1009, encoding
DGAVGKTCLLI and VGTKLDLRDDK, respec-
tively, in addition to OLE 1005 and OLE 1006,
were utilized. OLE 1007 and OLE 1009 are made
by considering the codon usage in plants to reduce
the degeneracy. Best conditions for the PCR am-
plification were detcrmined by changing annealing
temperature from 36°C to 52°C and by changing the
amount of template and oligonucleotides. The op-
timized conditions were 40 cycles with denaturation
for 30 s at 94°C, annealing for 1 min at 36°C and ex-
tension for 1 min at 72°C. Five, fifty or five hundr-
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eds ng of the ¢cDNA ecxtracted from libraries of
mung-bean, rice, Arabidopsis, Gonyaulax was used
as a template. In case of Allium, genomic DNA was
uscd instead.

PCR amplification was performed by two steps.
The primary PCR was carried out using OLE 1005
and OLE 1009 as primers and resulted in several
DNA products. As DNA fragments of about 350 bp
in size were expected with this pair of primers, these
portion of gel were excised out and eluted. The iso-
lated DNA was used as templates for the secondary
PCR. Two internal oligonucleotides, OLE 1006 and
OLE 1007, were used as primers in the second reac-
tion and gave rise to the results as shown in Fig. 3
for Arabidopsis and rice. Fragments of about 160 bp
in size obtained by secondary PCR were then cloned
on pTZ18U and their sequences were analyzed.

Six partial rho DNA fragments corresponding to
the GTP-binding domain, one clone from mung-
bean, rice, Arabidopsis and Gonyaulax, two clones
from Allium, were obtained. Nucleotide sequences
and the deduced amino acid sequences of these clon-
ed rho genes were shown in Fig. 4.

Sequence comparison of rho genes from plants,
animals and yeast

An alignment of the sequences between plant rho
cDNA fragments, human Rho protcin, and yeast
Rho proteins is shown in Fig. 5. The protcins en-

Arabidopsis Tice

e 1 ™
primer 1005-1009  1006-1007  1005-1005  1006-1007
template 5 80 50 10%10% 10" 55 500 107 107 107

ng of cDNA  of eluted (350bp) ng of cHNA  of cluted (350bp)

size marker

(kb)

056 =~

013 ---

Fig. 3. PCR products amplified by nested PCR. PCR am-
plification was performed by two steps; OLE 1005 and
OLE 1009 were used in the primary PCR, OLE 1006 and
OLE 1007 were used in the secondary PCR. Forty cycles
of 30 s at 94°C, 1 min at 36°C and 1 min at 72°C was
used.
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wmg-bean Rhol  GATEGCBOTHTTGGAAAGACTCTRY TETYTATATCCTATACCAGCAACACUTTICCCACUOAT TATG TTCRAACTETETTTUAC
DeAVYAKTRLPFIEYTSNTFPTDYVYPTVFD
AATTTTATTOCTAATGTAACTGTCBGACGT AGCACTGTGARTCT T TATAGGACACROCTEGTCARG AGGAT
NEFSANVTYEBRSETYHNLGELNDTABGQED

rice Rhol BATOCOCCETTEEAAMBACTCECNT LT TTATC TEETACACC TECANCACCTTCTRE TBT TTTTOAT
DO AVEKTRLFISYTSHNTFFTDYYPTYVED
AACTTCAGTECAAATET TR TG TCAATGEAAGCACTETEAAC T TGE 06 TTG TORGAZACORCADGACAGGAGGAT
HESANVVYY NOSTYHRLGLWDTAGAED

Arabidopsix Rhol GATGOCBCUGTIGIAAGACTCRCCTTTTTATTTCTTACACAAGTAACACTTTON TACBEATTATETOCCTACCATTT ICRAT
DGEAYVERTRLPFISYTSKTFPTDYVPETVYIED
MTTTCAGTECCARTGT TG T TAATGGARGCACTETE AR TCT TRCAT TU UGG ACACTOCAGGACAGG AGGAT
NFP$ANVYYVKNG@STYHLOELEDTAGGED

Gobysuley Rhol  GATEGCOCCATTGGAAAGACTCRCTTTTHTATT TCATACACCAGCAATACTTTCCCTACOOATTATS TURLEAC TRTATTTEAT
DEAVEKTRFFISYTSNTFPTDYYFPTVED
AATTTCAGTECAAATGTTGT TG TCAATEGEAGCACTETCAMCCTAGEG T TR TRFIAT A LOCOMCAIGAGON;
WFSANYVYYROSTVHLELWDTPGBOED

Allim Mol GATEETOCAFTBEGAAAACTTGNTE, TTATTTRCTATACCASCARTARATT TCCAACTOATTATO TUCE TAC TR TG TTTGAT

DEAYGKTCMLICYTSNEFFTDYVPTVFD

AATTTTAGTOCAAATG T TCGTOGAAGGT AT TT TG TCAATT TOCBAC T TOORAC ACT THOCE MAGGAC

NFSANVSVEGNFYNLELHWDTAGOED

Allim Bz (A TR TTTOGTAAGACTTGCA TR LT ATTTGCTACACCACE TATAMTTTTCAATTR TTTATGTGCCTACTCTOTT TGAT

DEAYEBETCHKLICYTTYRKFSTIVYVEFETLFD

AATTTCAFTOCAAATATETCTETGEATEGAAACATIGTCARTTTGAGATT TROGACACASCAGOCCAGG AAGAT

NPSANMSVDGNIVNLRLWEDTAGGED

Fig. 4. Sequence analysis of rho gene fragments from
plants. Nucleotide sequences and the deduced amino acid
sequences of the cloned genes from mung-bean, rice, Ara-
bidopsis, Gonyaulax and Allium were shown. Primer se-
quences are underlined.
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rlee Rhol  [rerernerndieee e e R S
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Fig. 5. Sequence comparison of rho genes from plants, an-
imals and yeast. Comparison of the amino acid sequences
of rho genes cloned in this study with members of the
Rho family. Protein sequences are from RholPs (Yang
and Watson, 1993), yeast Rhol and Rho2 (Madaule et al.,
1987), Rho3 and Rho4 (Matsui et al, 1989), human
RhoA (Yeramian et al., 1987), RhoB and RhoC (Chardin
et al., 1988). Amino acid residues identical with those of
the uppermost mung-bean Rhol sequence are indicated by
dots. The putative effector-binding domains (G2) are in-
dicated by asterisks.

coded by these rho genes display 86 to 98% sim-
jlarity to the Pisum sativum RholPs, the plant rho
gene isolated previously, and 67 to 82% similarity
to the yeast Rhol, Rho2, Rho3 and Rho4 protein,
respectively. The cloned ¢cDNAs also exhibit amino
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Fig. 6. Southern blot analysis of the mung-bean rab gene
(a) and rho gene (b). Mung-bean genomic DNA was dig-
ested with BamHI (lane 1), EcoRI (lane 2), HindIIl (lane
3), BgllI (lane 4) and Xbal (lane 5), fractionated in a 0.8%
agarose gel, transferred to a nylon membrane. Hy-
bridization was carried out using a riboprobe from mung-
bean Rab3 clone or mung-bean Rhol clone.

acid sequence similarity to other Rho-related pro-
teins such as §. cerevisiae CDC42 (80 to 83%) and
human Rho proteins (75 to 79%). The observed
homology suggests that the cloned cDNAs from vari-
ous plants belong to the Rho family. An amino acid
alignment of the cloned cDNA fragment with its
homologs from other species demonstrates that re-
gions participating in GTP binding and hydrolysis
are well conserved among these proteins. Indeed,
the G1 (GDGASVGK), G2 (PYVEFDNF), and G3
(WDTAGQE) domains are almost identical. The
homology included not only these sequence motifs,
but also along most of 160 bp segments. But, in sev-
eral amino acid residues, characteristic features spec-
ific to plants were observed. These are Asp at resi-
due 28, Phe at residue 30, and Gly at residue 44,
whose comresponding amino acids in yeast and an-
imals are Glu, Tyr, and Ala, respectively. Generally,
amino acid sequences of yeast and animal Rho pro-
teins are less conserved than those of plant Rho pro-
teins.

Genomic Southern amalysis of rab and rho gene
in mung-bean

To examine the genomic complexity of the rab
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and rho gene, Southern blot analysis was performed.
Ten pg of restricted genomic DNA as specified in
Figure 6 hybridized with *P-labeled riboprobe of
mung-bean Rab3 clone. Figure 6(a) shows that
strongly hybridized fragments in the genomic DNA
of mung-bean upon digestion by BamHtl, EcoRl],
HindIll, Bglll and Xbal existed, respectively. In ad-
dition to these strongly hybridizing fragments, three
or four weakly hybridizing fragmenis were detected
in each lanes. The results suggest that rab con-
stitutes a multigene family in the mung-bean geno-
me. These conclusions agree with the facts that there
are three cloned rab genes as shown in Figure 2.

The same blot was hybridized with *P-labeled ri-
boprobe of mung-bean Rhol clone. Figure 6(b)
shows that there exist one or two strongly hy-
bridizing fragments and several weakly hybridizing
fragments in each lane. Some of these strongly hy-
bridizing bands are also detected by mung-bean Rab3
probe as shown in Figure 6(a), but the number and
intensity of hybtidizing fragments are different from
gach other. It is, therefore, suggested that there is a
certain number of mung-bean Rhol-related genes in
the genome and that rho constitutes a multigene fam-
ily in mung-bean, like rab in mung-bean.

The high levels of sequence similarity between
plant Rab and Rho proteins with their homologues
in animals and yeast suggest that these group of pro-
teins also perform highly conserved basic cellular
functions in plants. Recently, many approaches to
understand small GTP-binding proteins in plants
have been attempted. In addition to expression analy-
sis and biochemical study, functional complementa-
tion of yeast mutants and functional analysis using
transgenic plants were used as a mean of studying
the function of these proteins. For example, Ara-
bidopsis thaliana A.t.Rab6 gene whose protein pro-
duct is homologous to the mammalian Rab6 and
yeast Ryhl/Ypt6 protein was able to complement the
temperature-sensitive phenotype of the YP76 null
mutant in yeast (Bednarck er al., 1994) and bra, a
cDNA clope isolated from Brassica napus can com-
plement the . cold-sepsitive yeast mutation yptI-I
with defects at the early stage of the vesicle tran-
sport (Park et al, 1994). Sequence homology and
functional complementation in yeast strongly sug-
gest that Rab proteins are likely to be involved in
the vesicle transport in plants.

The function of the Rho proteins in plants is not
known at all. However, existence of these rho genes
in various plant species from lower to higher plant
species and its striking similarity in amino acid se-
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quence and conservation of functional domains sug-
gest that these Rho proteins could be the functional
counterpart of animal and yeast Rho proteins. In
plants, the evidence that the actin cytoskeleton plays
a key role in the spatial control of cell growth, div-
ision and cell morphogenesis has now been in-
creased (Seagull et al., 1987, Wick, 1991). So the
possibility that Rho proteins regulate various cellular
processes linked to the actin cytoskeleton is ex-
pected.

The DNA fragments isolated in this study are
identificd to be parts of a member of the Ypt/Rab or
Rho family. It is intriguing that the Ras proteins,
one of the small GTP-binding protein, have not been
identified in plants so far. The reason of the failure
to identify plant Ras proteins is thought to be that
proteins similar to Ras in function are also present
in plants, but they are not similar to those in an-
imals and simple eukaryotes at the sequence level
(Ma, 1994).

ACKNOWLEDGEMENTS

We thanks to Dr. Woo-Taek Kim of Yonsei Univ-
ersity and Dr. Seong-Ryong Kim of Seogang Univ-
ersity for their kind gift of ¢cDNA libraries of mung-
bean and Arabidopsis/rice, respectively. This work
was supported by the Basic Science Research In-
stitute Program, Ministry of Education of Korea, No.
BSRI-94-4422

LITERATURE CITED

Anai, T., K. Hasegawa, Y. Watanabe, H. Uchimiya, R.
Ishizaki and M. Matsni, 1991. Isolation and analysis
of ¢DNAs encoding small GTP-binding proteins of
Arabidopsis thaliana. Gene 108: 259-264.

Balch, W. E. 1990. Small GTP-binding proteins in vesi-
cle transport. Trends in Biol. Sci. 15: 473-477.

Bednarek, S., T.L. Reynolds, M. Schroeder, R. Gra-
bowski, L. Hengst, D. Gallwitz and N. V. Raikhel.
1994. A small GTP-binding protein from Arabidopsis
thaligna functionally complements the yeast YPT6
null mutant. Plant Physiol. 104: 591-596.

Bourne, H.R., D.A. Sanders and F. McCormick. 1991.
The GTPase superfamily: conserved structure and
molecular mechanism. Nature 349: 117-126.

Chardin, P,, P. Madaule and A. Tavitian. 1988. Coding
sequence of human rho cDNAs clone 6 and clone 9.
Nucleic Acids Res. 16: 2717.

Cheon, C.L., N.G. Lee, A.M. Siddique, A.K. Bal and D.
P. Verma. 1993. Roles of plant homologs of Rablp
and Rab7p in the biogenesis of the peribacteroid mem-
brane, a subcellular compartment formed de nove dur-



92 Ji-Yeon Lee and Dong-Hee Lee

ing root nodule symbiosis. EMBO J. 12: 4125-4135.

Chung, Y.B. and W.J. Na. 1995. Flectroelution into an
agarose-plugged salt channel. Mol. Cells 3: 243-247.

Dallmann, G., L. Sticher, C. Marshallsay and F. Nagy.
1992. Molecular characterization of tobacco cDNAs
encoding two small GTP-binding proteins. Plant Mol
Biol. 19: 847-857.

Downward, J. The ras superfamily of small GTP-binding
proteins. 1990. Trends in Biol. Sci. 15: 469-472.

Drew, J.E., D. Bown and J.A. Gatehouse. 1993. Se-
quence of a novel planl ras-related cDNA from
Pisum sativum. Plant Mol. Biol. 21: 1195-1199.

Gallwitz, D., C. Donath and C. Sander. 1983, A yeast
gene encoding a protein homologous to the human c-
has/bas proto-oncogene product. Nature 306: 704-707.

Gilman, A.G. 1987. G proteins : transducers of receptor-
gencrated signals. Ann. Rev. Biochem. 56: 615-649.

Haizel, T., T. Merkle, F. Turck and F. Nagy. 1995.
Characierization of membrane-bound small GTP-bind-
ing proteins from Nicotiana tabacum. Plant Physiol.
108: 59-67.

Hall, A. 1990. The cellular functions of small GTP-bind-
ing proteins. Science 249: 635-640.

Haubruck, H., R. Prange, C. Vorgias and D. Gallwitz.
1989. The ras-related mouse yptl proiein can func-
tionally replace the YPT! gene product in yeast.
EMBO J. 8: 1427-1432. )

Hepler, J.R. and A.G. Gilman. 1992. G proteins. Trends
in Biol. Sci. 17: 383-387.

Kang, KK., LS. Nou, H.Y. Lee, S.H. Lee and K.
Toshijaki. 1995. Isolation and nucleotide sequence
analysis of maize cDNA clones encoding small GTP-
binding proteins. Mol. Cells 5: 30-34.

Lebas, M. and M. Axelos. 1994. A cDNA encoding a
new GTP-binding protein of the ADP-ribosylation fa-
tor family from Arabidopsis. Plant Physiol. 106: 809-
810.

Lee, D.-H., M. Mittag, S. Sczekan, D. Morse and J.W.
Hastings. 1993. Molecular cloning and genomic or-
ganization of a gene for luciferin-binding protein
from the dinoflagellate Gonyaulax polyedra. J. Biol.
Chem.. 268: 8842-8850.

Ma, H. 1994. GTP-binding proteins in plants: new memb-
ers of an old family. Plant Mol Biol. 26: 1611-1636.

Matsui, M., 8. Sasamoto, T. Kunieda, N. Nomura and
R. Ishizaki. 1989. Cloning of ara, a putative Ara-
bidopsis thaliana gene homologous to the ras-related
gene family. Gene 76: 313-319.

Nagano, Y., N. Murai, R. Matsuno and Y. Sasaki. 1993
Isolation and characterization of cDNAs that cncode
eleven small GTP-binding proteins from Pisum sa-
tivum. Plant Cell Physiol. 34: 447-455.

Novick, P. and P. Brennwald. 1993. Friends and family :
The role of the Rab GTPases in vesicular traffic. Cell
75: 597-601.

Palme, K., T. Diefenthal, M. Vingron, C. Sander and J.
Schell. 1992. Molecular cloning and structural ana-
lysis of genes from Zea mays(L.) coding for members
of the rag-related ypt gene family. Proc. Natl. Acad.

J. Plant Biol.,, Vol. 39, No. 2

Sci. USA 89: 787-791.

Park, Y.S5.,, O.K. Song, J.M. Kwak, 5.W. Hong, H.H.
Lee and H.G. Nam. 1994. Functional complementa-
tion of a yeast vesicular transport mutation yptl-1 by
a Brassica napus cDNA clone encoding a small GTP-
binding protein. Plant Mol. Biol. 26: 1725-1735.

Rogers, S.0. and A.J. Bendich. 1988. Plant Molecular
Biology Manual A6: 1-11, Kluwer Academic Pub-
lishers, Dordrecht, Netherlands.

Sambrook, J., E.F. Frotsch and T. Maniatis. 1989.
Molecular cloning: A laboratory manual, 2nd Ed.,
Cold Spring Harbor Laboratory, Cold spring Harbor,
NY.

Sano, H. and S. Youssefian. 1991. A novel ras-related
rgpl gene encoding a GTP-binding protein has reduc-
ed expression in S5-azacytidine-induced dwarf rice.
Mol. Gen. Genet. 228: 227-232,

Sasaki, Y., K. Sekiguchi, Y. Nagano and R. Matsuno.
1991. Detection of small GTP-binding proteins in the
outer envelope membrane of pea chloroplasts. FEBS
Leit. 293: 124-126.

Seagull, RW., M.M. Falconer and C.A. Weerdenburg.
1987. Microfilaments: dynamic arrays in higher plant
cells. J. Cell Biol. 104: 995-1004.

Sigal, LS., J.B. Gibbs, J.S. D'Alonzo, G.L. Temeles, B.
S. Wolanski, S.H. Socher and E.M. Scolnick. 1986.
Muiant ras-encoded proteins with altered nucleotide
binding exerl dominant biological effects. Proc. Natl.
Acad. Sci. USA 83: 952-956.

Terryn, N., A. Anuntalabhochai, M. Van Montagu and
D. Inze. 1992. Anylysis of a Nicotiana plum-
baginifolia cDNA encoding a novel small GTP-bind-
ing protein. FEBS Lett. 299: 287-290.

Terryn, N., M.B. Arias, G. Engler, C. Tire, R. Vil-
larroel, M. Van Montagu and D. Inze. 1993. rhal,
a gene encoding a small GTP binding protein from
Arabidopsis, is expressed primarily in developing
guard cells. Plant Cell 5: 1761-1769.

Terryn, N., M. Van Montagu and D. Inze. 1993. GTP-
binding proteins in plants. Plant Mol. Biol 22: 143-
152.

Wick, S.M. 1991. Spatial aspects of cytikinesis in plant
cells. Curr. Opin. Cell Biol. 3: 253-260.

Wittinghofer, A. and E.F. Pai. 1991. The structure of
Ras protein: a model for a universal molecular switch.
Trends in Biol. Sci. 16: 382-387.

Yang, Z. and J. C. Watson. 1993 Molcular cloning and
characterization of rho, a ras-related small GTP-bind-
ing protein from the garden pea. Proc. Natl Acad.
Sci. USA 90: 8732-8736.

Yeramian, P., P. Chardin, P. Madaule and A. Tavitian.
1987. Nucleotide sequence of human rho cDNA
clone 12. Nucleic Acids Res. 15: 1869.

Yi, Y. and M.L. Guerinot. 1994. A new member of the
small GTP-binding protein family in Arabidopsis
thaliana. Plant Physiol. 104: 295-296,

(Received May 7, 1996)



