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We isolated two rice cDNA clones (ricl and ric2) encoding proteins homologous to the ras-related small GTP-binding protein. The amino acid
sequences of ricl and ric2 are conserved in four regions involved in GTP binding and hydrolysis which are characteristic in the ras and ras-related
small GTP-binding protein genes. In addition, two consecutive cysteine residues near the carboxyl-terminal end required for membrane anchoring
are also present in ricl and ric2. The ricl and ric2 proteins synthesized in Escherichia coli possessed GTPase activity (i.e. hydrolysis of GTP to
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1. INTRODUCTION

Small GTP-binding proteins identified in a large vari-
ety of evolutionary distinct organisms constitute at least
three subfamilies (ras, rho and rab/ypt) [1]. They are
believed to play a central role in signal transduction, cell
differentiation and membrane vesicle transport [2-5],
though the precise cellular function of most small GTP-
binding proteins has not been defined. Although several
reports have shown the presence of small GTP-binding
proteins in plants [6-12], little is known about their
function in higher plants.

We isolated putative plant genes by random sequenc-
ing of cDNA clones prepared from rice suspension cul-
tured cells [13]. By comparing the partial sequences of
c¢DNA clones to the GenBank database, we found two
¢DNA clones (ricl and ric2) showing homology to small
GTP-binding protein genes. In this paper, we report the
complete nucleotide and deduced amino acid sequences
of ricl and ric2. Furthermore, we demonstrate here that
these small GTP-binding proteins show GTPase activ-

1ty.

2. MATERIALS AND METHODS

2.1. Plant materials

Suspension-cultured cells of rice (Oryza sativa L. var. Yamahoushi)
were maintained in AA liquid medium [14]. The cultures were kept in
a gyratory shaker (100 rpm) at 25°C and subcultured every 2 weeks.
Seedlings (7 days old) were used for RNA extraction.

*Corresponding author. Fax: (81) (3) 3812 2910.
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2.2. RNA preparation and cDNA libraries

Total RNA was prepared from 5-day-old callus treated with 20%
sucrose or 2% NaCl according to a modified method of Palmiter [15].
Poly(A)'RNA was isolated from total RNA by oligotex-dT30
(Roche). cDNA was synthesized from poly{(A)"RNA using the cDNA
synthesis system plus (Amersham) and ZAP-cDNA synthesis kit
(Stratagene). A cDNA library of 20% sucrose-treated callus was con-
structed with pIBI31 and another one for 2% NaCl treated callus was
constructed with pBluescript (Stratagene).

2.3. Nucleotide sequencing

Deletion mutants were generated by exonuclease III digestion using
a Deletion Kit (Takara Co.). The nucleotide sequences of inserts were
determined using the Sequenase Kit (United State Biochemical Co.)
with the M13 universal and reverse primers.

2.4. Southern blot analysis

Total DNA was 1solated from rice calli according to Shure et al. [16].
DNA (3 ug) digested with restriction enzymes (BamHI, EcoRI and
HindlIll) was electrophoresed on a 1.0% agarose gel. The gel was then
treated with 0.4 M NaOH, and denatured DNA was blotted onto a
nylon membrane (Hybond-N Plus, Amersham). Hybridization was
carried out with an a-**P-labeled cDNA probe (the 680 bp HindIII
fragment of ricl and 430 bp X#ol fragment from the 3’ end of ric2)
at 65°C. The nylon membrane was washed at 65°C with 2 x SSC, 0.1%
SDS (2 x 30 min) and then exposed to an X-ray film with intensifying
screen at —80°C.

2.5. Northern blot analysis

Total RNA (10 ug) isolated from rice callus and seedlings was
electrophoresed in 1.2% formamide agarose gel, and transferred to a
nylon membrane, which was then hybridized with a DNA probe (the
680 bp HindIlI fragment of rict and 430 bp Xhol fragment from the
3’ end of ric2) as described in the Southern blot analysis.

2.6. Expression of the ric proteins in Escherichia coli

The coding region of ricl was isolated by digestion with HindIII
(position 131 and 811) was blunted with T4 DNA ligase and cloned
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into the Smal site of the pGEX-1 expression vector (Pharmacia). The
coding region of ric2 isolated by digestion with Kpnl (position 68 and
vector) was blunted with T4 DNA ligase and cloned into the Smal site
of the pGEX-3x expression vector (Pharmacia). Clones were then
transferred into E. coli DHSaF’. The expression of GST (glutathione
S-transferase)-ric fusion proteins in E. coli was performed as described
[17] and purified by glutathione Sapphires-4B column chromatogra-
phy (Pharmacia).

2.7. GTPase assay

GTPase activity was determined according to the modified condi-
tions of Wagner [18]. Briefly, the reaction was carried out in a final
volume of 200 ul consisting of 65 mM Tris-HCl (pH 7.5), 10 mM
MgCl,, 0.5 mM DTT, 1 mM NaN,, 4 uM GTP, 33 nM a-*?P-labeled
GTP (3,000 Ci/mmol), 1 mM ATP and 1 uM of GST-ricl and GST-
ric2 fusion proteins at 30°C. Ten-microliter samples were collected at
1 h intervals followed by the addition of 10 ul 0.5 M EDTA to stop
the reaction. Two microliter were spotted onto a PEI-cellulose TLC
plate (Macherey-Nagel), which was then developed in 0.5 M KH,PO,
(pH 3.4). After drying, the plate was exposed to an X-ray film.

3. RESULTS AND DISCUSSION

3.1. Two small GTP-binding protein genes (ricl and
ric2)
c¢DNA libraries of rice callus were constructed using
plasmid vectors pIBI31 and pBluescript. By random
sequencing of these cDNA libraries and computer anal-
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ysis using the GenBank database [13], we obtained two
ras-related small GTP-binding protein genes (ricl and
ric2). Fig. 1 shows the entire nucleotide and deduced
amino acid sequences of ricl and ric2. ricl consists of
955 bases with an ORF of 606 bases. This ORF starts
at base 104 and ends with a TGA stop codon at base
710, capable of encoding for a 202 amino acid polypep-
tide. A consensus polyadenylation signal (AATAAA)
was not found in the 3’-noncoding region. The ric2
consists of 965 bases with an ORF of 651 bases capable
of encoding a polypeptide of 217 amino acids long. The
first ATG codon is located at base 56, and the ORF
ends with a TAA stop codon at base 707. We could not
find any sequence homologous to the polyadenylation
signal (AATAAA).

3.2. Characterization of cDNA

Fig. 2A shows a comparison of deduced amino acid
sequences of ricl, yptm2 [10], ara5 [6] and ypt1 [19]. ricl
shares 83%, 81%, and 71% amino acid identity with
yptm2, ara$ and yptl, respectively. The amino acid se-
quences of ricl are conserved in four regions (shaded
boxes in Fig. 2A) which are now known to be important
for binding and hydrolysis of GTP [1,20]. In addition,
two consecutive cystein residues near the carboxyl-ter-

ricl 1 TCGTGCTCCGCTTTCTCCCCCCAAATTCCTCGCCGCCCTCGGTCETCGCCGCCGCCTCCGCCGCCTCGCCTCCCEGAGATTCGCCGCCTTCGCCGCCGCCGCC
ric2 1 *TCGT***GATT*G* *ACGAG*CTG*ACCTGCA*C** *AGGAGAGGAGA*GA**A
ricl 104 ATGAATCCCGAG-—————=—========== TATGACTACCTCTTCAAGCTTCTGCTCATCGGAGACTCGGGCGTCGGGAAGTCTTGCCTGCTTCTGAGGTTTGCGGACGATTCATATCTG

M N PE~- - - - - - YDYULTFIKILTULTL G DS GV G K s CULLLRFADUDS Y L 34
ricz Y t!tGCGG*G*G!TACCGGGAGGAGGACGAC**Ct*’(*t*!ttt*ttttctcc*ct**it*itc*tkltctt*tt!t*C*'kﬁ**cAA***C*’ICTCCCﬂC**CA*CCG*AtCGAGﬁTCAGC

* A A G Y R E E D D * * * * * * v v * * * * * * * > * * N * * 5 * * T R N E F 5 40
ricl 206 GAGAGCTATATCAGTACCATCGGCGTTGATTTTAAAATCCGCACTGT TGAGCARGATGGGAAGACAATAAAGCTGCAAATTTGGGATACTGCTGGCCAAGAGCGATTTAGGACCATTACA

Es Yy I s T I GV DV FK 11 RTVEOQDSGI KTTII KTI LU QTIWDTA AGU QET RTFIRTTIT 74
ricz 176 CTCGAG"CC*AGTCC***""******C**G**CGCC*C****’I‘*CC*CC"*GTC*’C**C"""GTCG"C"‘**GCC""G*****'""C**C"‘*C*****G"******ACC’TG*T*“***T

L E S K * * * * * E > a X * I3 L Q v * * * v v * A * * * * * * * * * * Y * A * * 80
riel 326 AGCAGCTACTACCGTGGTGCCCACGGGATCATTGTTGTTTATGATGTGACTGATCAGGAGAGCTTCAACAATGTCAAGCAGTGGCTGAATGAAATTGATAGGTATGCTAGTGAAARTGTG

S s Y YRGAUHGTI IV VY DVTDOQES ST FNU NUVI KU QWILNETIDI RYH ASENUV 114
ricz 296 i*TGCA*tT***ﬂtAt*k*tTGTTt*AGCGT*GCt***C******k*ct*cCGGt’CTCA*C**ﬁTG*G**,ttTGﬁtkGC**iT*t**Gﬂ'i*T*GAGGGACC*tAtAGACCC*t*CA*A

* A * * ¥ * x Yy + A [ *¥ * % « x R {§ S T * E * ¥+ E R * * K * * R D H T D P * I 120
ricl 446 AACAAGCTCTTGGTGGGGAACAAGTGTGATCTAGCTGAGAACAGAGTGGTTTCTTATGAGGCTGGCAAGGCCCTTGCTGATGAGATTGGAATACCATTCCTGGAGACCAGTGCGAAGGAT

N K L L V GG N KCDULAENU RUWYVV S Y EAGI KA ATLA ATDETISGTIU®PFULETSAKD 154
ric2 416 GTTGTCA*GU*AX*TH**CHh ¥k Ak kxChk &k % * ¥ GCGCC*TCTTGT* *C* ¥ * *CAAACCH* ¥ T*AA* *GA * * ¥ * AT *C* *G* *GAGAGAATCGC*CTAT* ¥ ¥A* ¥ ¥ ¥ ¥ X A *x[Chk ¥ 4 *CTC**G

vV V M * %« * *« % g % % R H L V A * Q T D E » * * F * E R E S L Y * M * * x x ] §g 160
rict 566 GCAACAAATGTGGAGAAGGCATTCATGACCATGGCAGGAGAGATAAAGAACAGGATGGCAAGCCAAGGCCGTACAAATGCAAGCAAGCCTGCAACCGTGCAAATGCCGAGGCAACCTGTT

A T NV E KATFMTMAGETII KNI RMASU QG RTNA ASI KU PA ATV QO MZPUROQZPV 194
ric2 536 THCX*XCHACAAT** ¥ A * T x ¥ X% TGCAGAGG*CTTGACCC* * * *CT*CCG* *TCG* *AGC*AGAGGTCAGTCGA*GCA*GTGATG* TG*A*GTT*T*GT*CTGGCAA*G* TG*GAAGA*C

§ *» » * « N * * A E V L T Q * ¥ R I VS KR S V EAGUDU DA AGS G P G KGEIK I 200
riel €86 GCCCAGCAAAGCAGCTGCTGCTCTTGATTATCAATCTAGATCACAATAGTGTGCTTGTTTGTGCACCAAGCAACACTTAATTGGTTGCTCTATCCCTGTAAATTAAGTCTATTAGTACTA

A Q Q s 5 C C 5 * 202
rie2 €56 AATATAA*GGATGATGTT*CGG*GGTGAAGAAGGG*GGCTG* TGCTCG*GC*AAGCTC* * *CTGTATTTTTTTTGGGACC*GT* *GAGCT*G*GTTATCGCCG* TCCAAGCGACTG*GA*

N I K DDV S AV K KGGT CTC S G * 217
ricl 806 TCAARAAAGCTTGATGTGTTCTGTGTCGGATATTATTGGAAAAAGTCTGTCCCCTAACTGTAACGAAGCGGCAGATGCTGTGGGCCTGTTTTAACTGCCTGTTCATATTTCTATGTTTCAA
ric2 176 ATTGTT**TAGT**TA*CAACT*C*AT*T**CGTAGA**GTTTA*TGC*ATAACTGARAGGTTTGGC*A*ATC*GTT*AGACTT*CTA**GTTG*ATGGTC* *CGCGGCAAC**GGG** T
riecl 926 GTGGCATCGATGTTCGACTTTAAAAAARAAAR
ric2 896 *GT*TTGGTT*TCAT*TGAA*CC*TTGC* *CCATGCTTGAACTGTTGAATCAAAAAAAAAAAAAAAAAAA

Fig. 1. The nucleotide and deduced amino acid sequences of ricl and ric2. Identical amino acid residues are indicated by asterisks. Gaps are
introduced to obtain maximum similarity. The nucleotide sequence data of ricl and ric2 appear in the DDBJ, EMBL and GenBank database under

the accession numbers D10436 and D13758, respectively.
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(a)

ricl 1 MNPEYDYLFK LLLIGDSGVG KSCLLLRFAD DSYLEQYIST IGVDHKIRTV EQDGKTIKLQ IWDTAGQERF RTITSSYYRG

yptm2 1 kkkkkkkkkdk RwwkkRARAR KANF xR Ahkn KARADHAAIR KAAANKAAK* KRAKKKR AKX KANKKARRRE Rk ok kg kk

ara$ 1 ARkkkkkhkk AnrNAGDRAh HAAARIAX RN RKKYTANRAA R KAARMAR A AT KARKIRRA KK AARWARAAKR Kkhkdkkkdk

yptl 1 *kkk AR KkkKk AR NFRODAAR Kkkrwhkkwk APRTRA ARKAR XLBE*XAAThkE, XokkhdRhkkhkk kkkhrkkhkk

GxxxxG KS DxxG

ricl 81 AHGIIVVYDV TDQESFNNVK QWLNEIDRYA SENVNKLLVG NKCDLAENRV VSYEAGKALA DEIGIPFLET SAKDATNVEK

yptm2 81 KAEAXTAKKE XAKKKKKKKR KAKKXAAKIH ADAKKKAKA K, RAGAXTAXKE XATHTAXKE* *kMA kX kME s TREN* X XQQ

ara% Bl kA KThkkk KAEAXKXAAK *kXGRIKIXK KDk XKKkKk ERERAThAK] TPAATARKER *kxxkkkxpMisk HRAKKK K AKQ)

yptl 81  KAXAXTkkhk XXADXKXKKX AXKQhhkkkk YAGRARAA** FAZHMVDKK* *E*SVA*EF* *SLN***kkk ERKKGh A KO

NKxD ET Sa

ricl 161 AFMTMAGEIK NRMASQGRTN ASKPATVQMP RQP-VAQQSS -CCS

yptm2 161  AXAA*XAGK* DAXAX¥PAAA NARA*A*XIR Gr¥*~*NXKTX -x*%g

ara$ 161  ***A*SAS** EX**x*¥DAG* NAR*P***IR G**~Xx**KNG —X***T

yptl 161 **L**SRQ** E**GNNTFAS SNAKSS*KVG QGTN*S*S** Nx*

(B)

ric2 1 M---AAGYRE ~EDDYDYLFK VVLIGDSGVG KSNLLSRFTR NEFSL) IGVEHAXRSL QVDGKVVKAQ IWDTAGQERY

ara? 1 %Xk kD _DEEXXAAAA LA ARFIIAKS RIXRAXRARR KAANKAXAX X AAxXAXTKTT KAE*K*kkkkk Axhxkhkhhdn

ypt3 1 KermmCQmwrmm ~KAEXRAkkAk Thoekkwkx bk kkxkrMrirk AXANT Kk kX NNTRANT VLANYKI** % xxkkhkkdkx

rgpl 1 *SRGGGS*G* VGQKIX*YA* skwxkxxpdd k*QkrAGKAK *XANX QT*T* HI*ART***% SSRPA**kkx

GxxxxG KS DxxG

ric2 77 RAITSAYYRG AVGALLVYDV TRHSTFENVE RWLKELRDHT DPNIVVMLVG NKSDLRHLVA VQTDEGKAFA ERESLYFMET

ara? TE  KAKRKAKEhK KAKKKKTHAK KXKRAKKKPD XK KRAKKGR® XA KARAXRTX AKCAAKAKKK A GHEAANK Ak Rk KXk hekkd

ypt3 T3 AR AKRAERE AAKAKTHIX] KRKQXSGADAXG *XKKXKKEA] XGhAA A% AXPAXLXARX XGXEXAQ*** AENN*S*XIH*

rgpl Bl RAVKKRKKKRX XANXMAAXX] ¥KRQSADHAA **¥XEXXXGKR AKAA*Ir*[* RARKXGTARY APAEDAXE** *AANAFXT**
NKxD ET

ric2 157 SALESTNVEN AFAEVLTQIY RIVSKRSVEA GDD----AGS GPGKGEKINI KDDVSAVKKG GCCSG

ara2 156 A®ADAAXXAAKX XKTARXAKXNXY KAX¥XAXADG *GE=-~~=SAD L*¥¥***TX*V *EXGXVL*RM *X*X*N

ypt3 153 #*MDAS**%E *XQT***EXF ¥ XX ¥N**Lk¥ *kk_——__ *Y HXTA*QTL** APTMNDLN*K KSSSQCC

rgpl 161 FFAKXXKLAX KAXMTAXAXEX* X kXX XKNLV* NEEVDSSGN* SLL**T**VV PGQEPAPPTK ASCCMS

SA

Fig. 2. Alignment of the amino acid sequences of ricl, yptm2, ara5 and yptl (A). Alignment of amino acid sequences of ric2, ara2, ypt3 and rgpl

(B). Each amino acid sequence is represented by the standard single letter code. Identical amino acid residues are indicated by asterisks. Gaps are

introduced to obtain maximum similarity. The shaded boxes indicate highly conserved regions in all the ras and ras-related small GTP-binding

protein genes characteristic for GTP binding and hydrolysis; the consensus amino acid sequences are shown at the bottom. Two consecutive cystemne

residues near the carboxyl-terminal end required for membrane anchoring are underlined. The region corresponding to the effector domain of
mammalian H-ras protein is boxed.

minal end are conserved in ricl. These cysteine residues
required for geranylgeranylation and subsequent mem-
brane anchoring are also seen in the rab/ypt subfamily
of small GTP-binding protein genes [21]. The region of
amino acid residues 37-45 (boxed in Fig. 2A) corre-
sponds to amino acids 32-40 in the mammalian H-ras
protein, known as the effector region interacting with
GTPase-activating proteins (GAPs) [22]. The amino
acid sequences of ricl, yptm2, ara5 and yptl are weli

ara2 (Arabidopsis)
F—E_: ric2 (Rice)
ypt3(SP)
1 gpl (Rice)
yptm2 (Marze)
ara$ (Arabidopsis)
ricl (Rice)
yptl (SP)
ypt2 (SP)
Sec4(SC)

— a A i 1 1 " L L )

0 10 20 30 40 50 60 70 80 90 100 (%)

Fig. 3. The evolutional tree of ras-related small GTP-binding proteins.
The scale on the bottom shows homology % of amino acid sequences.
SP, Schizosaccharomyces pombe; SC, Saccharomyces cerevisiae.
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conserved except for 40 amino acids at the C-terminus.
Fig. 2B shows a comparison of deduced amino acid
sequences of ric2, ara2 [6], ypt3 [19] and rgpl [11]. ric2
shares 79%, 68% and 58% amino acid identity with
ara2, ypt3 and rgpl, respectively. The amino acid se-
guences of ric2 are conserved in four regions (shaded
boxes in Fig. 2B) required for binding and hydrolysis
of GTP. In addition, two consecutive cysteine residues
near the carboxyl-terminal end are conserved in ric2.
Furthermore, the region interacting with GTPase-acti-
vating proteins is also seen in these four genes (boxed
in Fig. 2B).

3.3. Evolutional comparison

Recently, many ras-related small GTP-binding pro-
tein genes were identified in various organisms includ-
ing plants (6-12]. To analyze an evolutional relationship
between ricl and other ras-related small GTP-binding
protein genes [3,6,11,19,23,24] an evolutional tree on
the basis of amino acid homology was made (Fig. 3).
Apparently, ricl belongs to a group of genes including
Zea mays yptm2 [10], Arabidopsis thaliana ara5 {6] and
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Schizosaccharomyces pombe yptl [19]. ric2 shows simi-
larity to A. thaliana ara2 [6), S. pombe ypt3 [19] and O.
sativa 1gpl [11].

3.4, Southern and Northern blot analysis

Both ricl and ric2 hybridized to multiple bands of
BamHI, EcoRI and HindIIl digested DNA (Fig. 4).
This result shows that ras-related small GTP-binding
protein genes of rice form a multiple gene family. We
also isolated mRNA from callus and seedlings for
Northern blot analysis. As seen in Fig. 5, both ricl and
ric2 showed the expected transcript size of 1.0 kb. Con-
cerning the level of transcripts, ric2 was expressed at
least five times higher than ric2 in both tissues. Interest-
ingly enough, the level of ric mRNA expression was
much higher in callus than in seedlings.

3.5. GTPase activity

Several instances demonstrating that plant ras-related
small GTP- binding proteins are capable of GTP bind-
ing have been presented [7,8,11]). These experiments
were carried out by incubating membranes containing
proteins with [a-**PJGTP. Here, we have tried to dem-
onstrate GTPase activity of the RIC1 and RIC2 pro-
tein. For this purpose, we made a fusion protein of
GST-RIC1 and GST-RIC2 (Fig. 6A). The free form of
GDP was increased as the incubation progressed,
whereas without proteins no such reaction was observed
(Fig. 6B). The hydrolysis rate of GST-RIC1 and GST-
RIC2 GTPase was about 0.002 min~', which is lower
than the hydrolysis rate of 0.006 min~' determined for
the yeast YPT1 protein [18]. To our knowledge, this is
the first report demonstrating that two plant small
GTP-binding proteins show GTPase activity in vitro.

(A) (B)
1
123 (Kbp) 23 (Kbp)
— — 19,
'é 19.3 “h‘ 3
#
— 717 e - 17
« = 62 *g. - 62
— 42 q - a2
N o3 b — 35
[ T - 27 - - 27
= 19 - 19
®- -
- 09 - 09

Fig. 4. Southern blot analysis of ricl (A) and ric2 (B) in tota) rice
DNA. Total DNA was digested with BamHI (lane 1), EcoRI (lane 2)
and HindIII (lane 3). a-**P-labeled DNA (680 bp HindIII fragment of
ricl and 430 bp Xhol fragment from the 3’ end of ric2) was used as
a probe. ADNA digested with EcoT141 was used as a size maker.
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Fig. 5. Northern blot analysis of RNA from rice seedlings (7-day-old)

and callus (5-day-old). a-*’P-labeled cDNA (the 680 bp HindIII frag-

ment of ricl and 430 bp Xhol fragment from the 3’ end of ric2) was

used as a probe. The dark background in ric2 as a probe was due to

the relatively long exposure time, since the ric2 mRNA level was much
lower than that of ricl.

(A)
(kDa)
800 ~—
2 GST-RIC2
495 — [ _/
GST-RIC1
325 —
275 — [
(B)
GST-RIC1 GST-RIC2 control
GDP 149 H

- W

012 30123012 3(Mm

Fig. 6. GTP hydrolysis by GST-ricl and GST-ric2 protein. SDS-

PAGE (12.5%) of purified GST-RIC1 and GST-RIC2 proteins (A).

Purified proteins were incubated with [a-*?PJGTP at 30°C. Reaction

mixtures were separated into GTP and GDP on a PEI-cellulose TLC
plate and visualized by autoradiography (B).
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