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SUMMARY

Human RagA and RagB is reported to be 52% identical to rnal-1 mutations. These results indicated that RagA and
a putative GTPase ofSaccharomyces cerevisiaéstrlp. RagB® are functional homologues ofS. cervisiaeGtrilp.
According to the reported nucleotide sequence, we Interestingly, while wild-type human RagA and RagB
amplified human RagAand RagB° cDNAs from the human  were localized within the cytoplasm, similar tdS. cerevisiae
B cell cDNA library with PCR. Both cDNAs rescued a cold  Gtrlp, the mutated human Ragt1-11 corresponding to a
sensitivity of S. cerevisiag gtrl-11 Furthermore, we  dominant negative form of RagA was distributed in
introduced into the cloned human RagA cDNA, the  discrete speckles in the nucleus, being localized side by side
mutation ‘T21L corresponding to the gtrl-11 mutation with SC-35, a non-snRNP of the splicing complex. In
which has been reported to suppress not only all g€cl, contrast, a dominant positive form of RagA, Q66L was
temperature-sensitive mutants of Ran/Gsplp GTPase localized in the cytoplasm. Thus, RagA was suggested to
GDP/GTP-exchanging factor, but also rnal-1, a  shuttle between the cytoplasm and the nucleus, depending
temperature-sensitive mutant of Ran/Gsplp GTPase- on the bound nucleotide state.

activating protein. The resulting RagAdt1l-11 cDNA

partially, but significantly, suppressed bothrccl™~ and  Key words: GTR1, RagA, RagB

INTRODUCTION was found to be identical to RaR&-like Nuclear) GTPase
which is localized within the nucleus (Bischoff and Ponstingl,
Mammalian Ras GTPase comprises a large family of small991a).
GTPases which function as a biological switch (Boguski and Previously, we have isolated a cold-sensitive mutant of the
McCormick, 1993). The number of Ras-GTPase families i$&TR1 gene, gtrl-11 as a suppressor ohtrl-2 one of S.
still increasing. Recently, by using degenerate oligonucleotideserevisiae rccl alleles (Nakashima et al., 1996). RCC1
matching the PM1 and PM3 motifs of ADP ribosylation factor(regulator ochromosome&ondensation) (Ohtsubo et al., 1987)
(ARF) as PCR primers, Schirmann et al. (1995) identified twes the GDP/GTP-exchanging factor of Ran GTPase (Bischoff
cDNA clones, RagA and RagB, which are nearly identical andnd Ponstingle, 1991b). Temperature-sensitive (ts) mutations
encode a novel GTPase. Both RagA and RagB, while they haeé RCC1causes multiple phenotypes, such as splicing defect
no homology to the known subfamilies of mammalian Ragprp20) (Aebi, et al., 1990), nuclear accumulation of mRNA
GTPase, have turned out to be similar Saccharomyces (mtr) (Kadowaki et al., 1993), restoration of mating capacity
cerevisiaeGtrlp (Bun-ya et al., 1992). to a receptorless mutarsr(nl (Clark and Sprague, 1989) and
GTR1has been isolated as a gene localized neRhtiB4  defects in cell cycle control (tsBNpim1-d) (Nishimoto et
on the left arm of chromosome XIll &. cerevisiaelt is not  al., 1978; Matsumoto and Beach, 1991; Sazer and Nurse,
essential for growth, but its disruptant is cold-sensitive (Bun1994). Overexpression of tHe cerevisiadRan homologue,
ya et al., 1992; Nakashima et al., 1996). Gtrlp is a protein @&splp, rescues growth defect $f cerevisiae rcclallele
36 kDa which contains three motifs that are conserved in therp20-1, but neithesrm1-1normtrl-2(Kadowaki et al., 1993;
Ras GTPase family. However, Gtrlp does not have the Q-ee et al., 1994). On the other hami&dla cold sensitive
terminal lipid modification site characteristic to Ras GTPasenutant of DED1 encoding a putative ATP-dependent RNA
(Boguski and McCormick, 1993), similar to Ran/Gsplphelicase (Schmid and Linder, 1992; Chuang et al., 1997)
GTPase (Drivas et al., 1990; Bischoff and Ponstingl, 1991auppressesrml-landmtrl-2,but notprp20-1(Hayashi et al.,
Belhumeur et al.,, 1993). Ran was originally cloned usind996). Compared t&SPlanddedl gtrl-11is unique, since
degenerate oligonucleotides that match the amino acidsuppresses not only all 8f cerevisiae rcclalleles, but also
sequence conserved among Ras GTPase family members andl-1a temperature-sensitive mutant&f cerevisiagssplp
had been designated TC4 (Drivas et al., 1990). Later on, TG4TPase activating protein (Bischoff et al.,, 1995) which is
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isolated as a mutant defective in RNA processing (Hutchison Table 1. Yeast strains used in this study

et al., 1969; Hopper et al., 1978). The finding tgal-11 g - Genotype Source

suppresses bothcl~andrnal™ suggests that Gtrlp negatively N7-35  MATa girL-11 ade2 urad leu2 This study

regulates the Ran/Gsplp-GTPase cycle (Nakashima et glg; 10a MATa prp20-1 ura3 his3 leu2 trp1 Hayashi et al. (1996)

1996). SY1115 MATa srm1-1 ura3 his4 leu2-3,112 trp1 Clark and Sprague
In this paper, we found that human RagA ardwire (1989)

functional homologues ofS. cerevisiae Gtrlp. While  N48-5D  MATa mtrl-2 ade2 uras leu2 trpl This study

; ; ; N19-5B MATarnal-1 ade2 ura3 leu2 his3 trpl Noguchi et al. (1997)
Ran/Gsplp GTPase is localized in the nucleus (Ren et alt:DYelz MATa srp1-31 ade2-1 ura3-1 his3-11 Yano et al. (1994)

1993; Belhumeur et al., 1993), Gtrlp is localized within the leu2-3,112 trp1-1 can1-100
cytoplasm (Nakashima et al., 1996). Similar to Gtrlp, bottnoY3s8 MATaade2-1 ura3-1 his3-11 leu2-3,112Yano et al. (1994)
RagA and RagB were localized within the cytoplasm. trpl-1 can1-100

However, the mutated form of human RagA, R#gAL
which suppressed botftcl™ and rnal”, was distributed in _ _ . .
0m%_ubcloned into thBlcd/BarHI sites of pBluescript Il TKS resulting

discrete speckles in the nucleus, similar to SC-35, a n .

. . n HA-RagA-pBluescript Il TKS. The HA-RagAfragment was cut
SNRNP of the splicing complex (reviewed by Lamm andout and ir?sefted into ?hlﬁcd and BanH| siteg dovx?nstream of the
Lamond, 1993). GAL1-10promoter of pNV7, resulting iRagApNV?7.

In order to express in mammalian cells, 8ad-BanH| fragment
of RagApUC?29 was inserted into ti#ad-BanHlI sites of pET-28a,
resulting in T7-RagA-pET-28a. Thgba-Hindlll fragment of T7-
RagApET-28a was then inserted into théad-Hindlll sites of
pcDERA (Nakashima et al., 1993resulting inT7-RagApcDERA.

MATERIALS AND METHODS

Strains, plasmids and media

S. cerevisiastrains and plasmids in this study are described in TableAmplification of human RagB

1 and 2, respectivels. cerevisiasvas transformed by the Li-acetate From human cDNA librariefiuman RagBDNA was amplified with
method (Nakashima et al., 1996). COS-7 cells derived from the gregsfy polymerase under the same conditions as that of RagA, using the
monkey CV-1 cell line (Gluzman, 1981) were cultured in Dulbecco’ss’ primer, BATGGAAGAATCTGACTC3 and the 3 primer,
modified Eagle medium (DMEM) supplemented with 10% calf seruns' AGTTTAGCGCATGAGAAGAC3. Amplified cDNA fragments

in a humidified atmosphere containing 10%@037.5°C. DNAwas  were directly inserted either into pNV7, resultingRagBpNV?7, or
transfected into COS-7 cells using lipofectoamine as describeghto pET28a, resulting ilRagB-pET28a.RagB of RagB-pET28a
previously (Makishima et al., 1997). was then inserted into tbéba andHindlll sites of pcDER, resulting
Construction of RagA and RagB plasmids In T7-RagB-peDERA.

Amplification of human RagA Site-directed mutagenesis

Using the 5 primer Sad-RagA: 5GCAGAGCTCATGCCAA- RagAwas amplified using the' Jrimer BCAATTCCCCTCTAG-
ATACAGCCAT3 and the 3 primer RagABanHI): 5GATGGA- AAATAATTTTG3' and the 3primer SCCCGATATCTCAACGCAT-
TCCTCAACGCATAAGGAGAC3, HumanRagAcDNA fragments AAGGAGACS3 in Ampligase buffer (20 mM Tris-HCI, pH 8.3, 25
were amplified from the human B cell cDNA library (a gift from S. mM KCI, 15 mM MgChb, 1.5 mM NAD and 0.01% Triton-X-100)
J. Elledge) by Pfu polymerase (Stratagene) in buffer containing 2€ontaining the mutagenic primer p-AGAGCGGGTCGGGGAAGC-
mM Tris-HCI, pH 8.5, 10 mM (Nk&)2SQs, 2 mM MgChb, 100pug/ml TTAGCATGAGGTCGATAAT, dNTP, Ampligase (Epicentre) and
BSA, 0.1% Triton X-100 and 20QM dNTP. Amplified DNA  Tag DNA polymerase, by PCR. Amplified DNA was digested with
fragments were digested wiBad andBanHI, and then inserted into  Xba and EcoRV, and then inserted into théba/EcoRV site of
the Sad/BanHl sites of pUC29 to be sequencd®agAwas then  pcDEBA.

Table 2. Yeast and mammalian plasmids used in this study

Plasmid Marker Comment Source
pL48 21 URA3 GAL1-10:HA-GTR1 Xspé fragment from pL46 cloned into pNV7* This study
RagApNV7 2u URA3 GAL1-10:HA-RagA H#fag fused tdRagAin frame cloned into pNV7* This study
RagB-pNV7 21 URA3 GAL1-10:RagB Xhad/Spé-treated PCR fragment cloned into pNV7* This study
RagB-pNV7 2u URA3 GAL1-10:RagB Xhd/Spé-treated PCR fragment cloned into pNV7* This study
T7-RagApNV7 21 URA3 GAL1-10:T7-RagA Xb&agment fromRagApET-28a cloned into pNV7* This study
T7-RagB-pNV7 20 URA3 GAL1-10:T7-RagB  Xba/EcdRV fragment froml 7-RagB-pcDEBA cloned into pNV7* This study
T7-RagB-pNV7 21 URA3 GAL1-10:T7-RadB  Xba/EcdRV fragment froml' 7-RagB-pcDERA cloned into pNV7* This study
RagAtrl-1lpGAP 21 TRP1 GAP:Rag#1-11 BarHI/EcaRV fragment fromRagAt-1LpcDERA cloned into pGAPT This study
RagArl-1LpGAP314 CENG6 TRP1 GAP:Ragil-11 EcoRI/EcaRV fragment fromRagA"1-1LpcDERA cloned into pGAP3141  This study
T7-RagApcDEBA HB' SRa:T7-RagA Xb#Hindlll fragment fromRagApET-28a cloned into pcDEES This study
T7-RagB-pcDEBRA HB' SRo:T7-RagB Xba/Hindlll fragment fromRagB-pET-28a cloned into pcDEES This study
T7-RagB-pcDEBRA HB' SRa:T7-RagB' Xba/Hindlll fragment fromRagB-pET-28a cloned into pcDHES This study
T7-RagAt1l-1lpcDERA HB'" SRo: T7-RagAitrl-11 T7-RagAt1-11cloned into pcDERS This study
FLAG-RagAtl-1LpcDEBA  HB' SRo:FLAG-RagAti-11 FLAG-tag fused tdRagAt1-11(see Materials and Methods) This study
T7-RagA%6L-pcDERA HB' SRa: T7-Rag/A66L T7-Rag/6L cloned into pcDERS This study

*pNV7: yeast expression vector containi@@L1-10promotor (Ninomiya-Tsuji et al., 1991).
TpGAP: yeast expression vector containliigH3 promotor (Tanaka et al., 1988).
FpGAP314: yeast expression vector contaifiBdd3 promotor (Noguchi et al., 1997).
§pcDEBA: mammalian expression vector containinge§RRomotor (Nakashima et al., 1993).
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Construction of FLAG -RagA9%1-11.ncDEBA A
Xbd-FLAG (plus): BCCCCTCTAGAAATAATTTTGTTTAACT-
TTAAGAAGGAGATATACCATGGACTACAAGGACGACGATGA-
CAAGGGTGGCGGTGGCGGTGAGCTCTAG3 and Xba-FLAG
(minus): 3CTAGAGCTCACCGCCACCGCCACCCTTGTCATCG-  GTA ACC GTG AAT AAG GAT GGA CAT GAC GCA CTG ATA AGA ACC AAC TGC GGT GTG
TCGTCCTTGTAGTCCATGGTATATCTCCTTCTTAAAGTTAAAC- V TV NKDGHDAL I R TNC GV
AAAATTATTTCTAGAGGGGS' (prepared by Greiner Japan) Were AAG GAT GGC AAT ACA TAA CAC GAC CAA AGA CAA TTG GCT AAT CAC AAC ACT GCT
annealed, digested wiad and then ligated tRagAtl-1pcDERA K boa N T

which had been digested witBad. The obtained FLAG-tagged

RagAdtl-11 contains the amino acid sequence of the FLAG tag B

MDYDDDDK (Hopp et al., 1988), and of glycine-linker (Guan and (kDa) 1 2 3

Dixon, 1991) at the N terminus.

184 204 229
SRPLECSCFRTSIWDETLYK AWSSIVYQLIPNVQQLEMNL

67 —
Construction of T7-RagAQ66L-pcDEBA
The Bglll-BanHI fragment ofT7-RagApcDERA was subcloned into 43 — — —=%- RagBs
the BanrHI site of pkF18k and amplified using GACTGTGGCGG- po— -=- RagA
TCTGGACACCTTCATG as the mutagenic primer and the Site- 30 — -

i : ~* RagBn
directed Mutagenesis System (Takara). Xheal-EcoRV fagment of

pkF18k containing the resulting’-fused Rag®66-was then inserted

into pPCDERA. . o
Fig. 1. Amplified human RagA and RagB. (A) Structure of R&gB

Indirect immunochemistry the nucleotide and amino acid sequences inserted into>BegB

Cells were fixed with cold methanet20°C), permeabilized with 1% Shown. (B) Expression of amplified Rag cDNAs in COS cells. COS
Tween-20 and incubated in PBS buffer containing 3% BSA (fractiorells were seeded at a density 816°/50 mm dish. The next day, 8
five; Sigma), 0.5% gelatin (Telestean gelatin; Sigma) and 0.29%9 Of DNA (T7-RagA (lane 1), T7-Rag®lane 2) and T7-RagB
Tween-20. Cells were then exposed to the primary antibody, T7 tddgne 3) carried on pcDEE were transfected into COS cells as
monoclonal antibody (mAb) (Novagen) and then treated with th eSCYIbed n Matel’lals and MethOdS. After |nCUbat|On at 37°C fOI’ 48
secondary antibody, FITC-conjugated goat anti-mouse 1gG antibod?.oursv transfected cells Were_harvested and the crude lysates were
When doubly stained, fixed cells were treated first with the mousirepared. Total cellular proteins were separated by SDS-12.5%
mAb to SC-35 (Pharmingen) and stained with the secondary antibodd?lyacrylamide gel electrophoresis and analysed by immunoblotting
conjugated to fluorochrome. After incubation in blocking PBS bufferusing the mAb to T7-tag. Arrows indicate the positions of expressed
fixed cells were secondarily treated with the anti-FLAG rabbit-Proteins.

polyclonal antibodies (Santa Cruz) and stained with the secondary

antibody conjugated to fluorochrome. The secondary antibodies used

were Texas red-conjugated sheep anti-mouse IgG antibodyodon 181, cytosine, was found to be thymine in the newly
(Amersham), FITC-conjugated goat anti-mouse IgG antibody (TagopmplifiedRagAcDNAs, while the amino acid was not changed.
FITC-conjugated goat anti-rabbit IgG antibody (Tago) and Texas reddn the other hand, amplififélagB cDNA encoded a protein
conjugated goat anti-rabbit IgG antibody (Amersham). Cells wergvhich differed from the human RagB reported (Schiirmann et
finally stained with Hoechst 33342 and then mounted on Vectashielg|  1995) by a single amino acid, valine (codon 309), which
(Vector). was changed to methione in the obtained human RdgB
Microscopy and image analysis addition, the third nucleotide in codon 228, adenine, was

Zeiss Axio Photo was used for sample analysis by the standa&ﬂanged to thymlne in the amplified CD.NA' The nucleotide
microscopic method. Digital imaging of stained cells was obtaine¢hanges mentioned above were found in all of more than 6

using the Olympus laser-scanning microscope LSM-GB200 systenfidependently isolated cDNA fragments.
The X-Y scanning was performed and directly transferred to color The alternative splicing form of RagBvhich has been
reversal films using the film recorder (Avio) FR-3000-SP. Opticalreported by Schirmann et al. (1995) was not amplified. Instead,
sections of nuclei were obtained in 0.5-micron steps using the X-Y-Zve obtained another form of RagB, designd&RedB', which
scanning mode of LSM-GB200 and printed by pictrography 300(hossessed an extra nucleotide sequence of 108 base pairs
(Fujix) through Adobe Photosh& 3.0J. between codons 204 and 205 of human R4§R#. 1A). Due
to a termination codon within the inserted sequence, the C-
terminal tail ofRagB' was truncated, similar to that gir1-3A

RESULTS (Bun-ya et al., 1992).
o Amplified human RagA and RagB cDNA fragments were
Amplification of RagA and RagB engineered to fuse in frame with the T7-tag at the N terminus,

According to the nucleotide sequence of huRagAandRagB  and then expressed in COS cells. Immunoblotting analysis

(GenBank accession numbers X90529 and X9053Q4sing the monoclonal antibody (mAb) to the T7 tag revealed

respectively) (Schirmann et al., 1995), tharfsl 3 primers for  that these cDNAs expressed proteins which possessed

PCR were constructed. Using these primers, cDNA fragmentaolecular masses of 40.6 kDa (RagA), 33.2 kDa (RpgBd

were amplified from the human B cell cDNA library. After 44.3 kDa (RagB, estimates based on the nucleotide sequence

sequencing, these cDNA fragments were found to contain son(Eig. 1B).

differences between the obtained and the deposited nucleotide

sequences of humdtagAandRagB,as follows. Both _R_agA and RagBsS rescued a growth defect of S.
Amplified RagAcDNA encoded a protein identical to the cerevisiae gtr1-11

human RagA sequence, except that the third nucleotide ¢f order to address the question of whether human RagA and
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RagB are functional homologues 8f cerevisiagstrlp, the pNV7(RagB) or pNV7 vector alone (Vector) grew after a 1:4
obtained humamagAand RagBcDNAs were inserted into a dilution (data not shown). ThufRagA and RagE cDNAs
site downstream of th&AL1-10 promoter ofS. cerevisiae complemented the growth defect gif1-11, whereasRagB'
expression vector, pNV7. The resultiitpgA and RagB  did not.
pNV7 were introduced into th8. cerevisiae gtrl-1%train, . o
NN7-3B by the Li-acetate method. Transformants werdRagA and RagB ® are localized within the cytoplasm
selected in synthetic medium containing 2% dextrose, bus. cerevisiaeGtrlp is localized within the cytoplasm
lacking uracil. Isolated Utaransformants grown in the same (Nakashima et al., 1996). In order to examine the localization
synthetic medium were plated onto synthetic mediunof RagA and RagB both T7-tagge®RagAandRagB cDNAs,
containing 2% galactose, but lacking uracil, at 14°C, thevhich rescued the cold sensitivity gfr1-11 were inserted
nonpermissive temperature and at 30°C, the permissiiato the mammalian expression vector pcZEBnd then
temperature for NN7-3B cells (Nakashima et al.,, 1996)transfected into COS cells. Expression of transfected human
respectively. RagA and RagB was detected from 24 hours after
NN7-3B cells expressing either RagA or RagBew well  transfection by immunoblotting analysis. We fixed
at 14°C the nonpermissive temperature as well as at 30°C, ttransfected cells at 48 hours after transfection and stained
permissive temperature (Fig. 2A and B). HowewagB'  with the mAb to T7-tag.
cDNA encoding a protein lacking the C-terminal tail of RagB In COS cells transfected either witagAor RagB cDNA,
did not seem to rescue the cold sensitivitgtof-11 (Fig. 2B). the antibody to T7-tag gave rise to punctate staining
In order to confirm the effect of Rag&nd RagB ongtrl-11,  throughout the cytoplasm (Fig. 3). In the same visual field,
equal volumes of serially diluted cultures of Yra cells which did not express Rag proteins were not stained
transformants were dropped on plates, and cells were incubateith the mAb to the T7 tag, indicating that the observed
at 14°C. While several colonies papillated from transformantstaining is specific to T7-tagged proteins. Taking these results
containing either pL4&TRJ or RagB-pNV7(RagB) after a  together, RagA and Ra§iere concluded to be localized in
1:16 dilution, no NN7-3B cells possessing tiRagB- the cytoplasm.

14T 30T

gtr1-11
(Vector)

gtri-11
(GTR1)

Fig. 2. Complementation analysis gfr1-11by
human RagA, RagBand RagB. pL48 (GAL1-10

GTRJ, HA-RagApNV7 (GAL1-10 RagA and 14T 30T
vector alone (pNV7) (A), or pL4&3AL1-10 gtr1-11 gir1-11
GTRJ, RagB-pNV7 (GAL1-10 RagB), RagB- (RagB") (RagBs®)

pNV7 (GAL1-10 RagB') and vector alone (pNV7)
(B) were introduced into th®. cerevisiastrain
NN7-3B (gtrl-11). Transformants were selected on
synthetic medium plates containing 2% dextrose, gtr1-11 gir1-11
but lacking uracil, and were re-plated on synthetic (Vector) (GTR1)
medium plates containing 2% galactose, but
lacking uracil at either 14°C, or 30°C as indicated.
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Human Rag9t1-11 mutant partially rescued S. Trp* transformants oficcl™ strains were plated onto the
cerevisiae rccl ~and rnal-1 same synthetic medium either at 30.5-31°C, the nonpermissive
The cold-sensitive mutant oB. cerevisiae gtrl-11, was temperature or at 23-26°C, the permissive temperature, as
originally isolated by Nakashima et al. (1996), as a suppressodicated in Fig. 4B.RagA"l-11 carried on the multicopy

of S. cerevisiae mtrl;Dne of theccl™ alleles (Kadowaki et vector pGAP rescued the temperature-sensitive growth defects
al., 1993). Later ongtrl-11 has been found to suppress notof all of theS. cerevisiae rcclalleles examined, whereas the
only all of thercc1-alleles, but alsonal-1(Nakashima et al., vector alone did not. The suppressiorraafl~ by RagAtl-11
1996). If mammalian RagA and RayBre real functional is dependent upon the expressed dose of REdA since
homologues of S. cerevisiae Gtrlp, RagA and RagB RagAUl-llcarried on a single-copy plasmid did not rescue the
possessing the mutation correspondingttd-11could rescue growth defect of anyrccl™ alleles (data not shown).
the temperature-sensitive growth defectSoterevisiae rccl  Furthermore, overexpression of R&JALL rescued the
andrnal™. In order to address this issue, thtel-11mutation, temperature sensitive growth defectrofl-1 at 28°C (Fig.
S20L (N. Nakashima et al., unpublished) was introduced intdC). Taking the above results togetHeagAt1-11 partly but

the corresponding TRk site of humarRagAcDNA by site-  significantly rescued the temperature-sensitive growth defects
directed mutagenesis using Ampligase (Michael, 1994). Thef bothrccl™ andrnal” strains.

amino acid sequence around tjtel-11 mutation is identical The next question is whether overexpression of REgAL
between Gtrlp and RagA except for the amino acid residue ofin rescue defects in the nuclear pore transport function,
mutation site which is chemically conserved (Fig. 4A). Thesince both rccl~ and rnal~ have defects in the
introduction of the ‘T21L’ mutation into human RagA cDNA nuclear/cytoplasmic transport of macromolecules (reviewed
was confirmed by the creation ofHindlll site (Fig. 4A, by Sazer, 1996; Seki et al., 1996). In order to address this
AAGCTY in the RagA open reading frame. The mutated issue,RagAt1-11cDNA was introduced into th®. cerevisiae
humanRagAcDNA, designate®Rag®1-11 was inserted into srpl-31 strain NOY612, a ts mutant of th®. cerevisiae

the single- and multi-cops. cerevisiaeexpression vectors, importin a homologue (Yano et al., 1994) and as a control,
pGAP314 (Noguchi et al., 1997) and pGAP, respectively. Theto the parental strain NOY388. While parental strains
resulting plasmids were introduced info cerevisiae rccl  carrying Rag@t-1L.pGAP grew well either at 23°C, the
strains N51-10A (frp20-1 trpl), SY115 érml-] trpl) and  permissive temperature, or at 30°C, the nonpermissive
N48-5D (mtr1-2 trpl), and thernal™ strain, NN19-5B1nhal- temperaturesrpl-31lcarringRagAt1-11pGAP did not grow

1, trpl). Transformants were selected in synthetic mediunat 30°C (Fig. 4D). ThusRagAt1-11cDNA could not rescue
containing 2% dextrose, but lacking tryptophan. a growth-defect ofrp1-31strain.

FITC HOECHST PHASE

Fig. 3. Localization of human RagA and RagB COS cellsT7-RagA(A-C) andT7-RagB (D-F)-pcDEBA DNAs were transfected into COS
cells. After incubation at 37°C for 48 hours, transfected cells were fixed with cold meth20fl), stained first with the mAb to T7 tag, and
then with FITC-conjugated goat anti-mouse 1gG antibody as described in Materials and Methods. Finally cells were staioechsith H
33342. Cells within the same visual field are demonstrated by T7-tag staining (FITC), Hoechst and phase-contrasn.Bar, 20
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A
S. cerevisiae
Gtr1-11p Leu
GGC TCC GGT AAA TCG TCA ATG
Gtrip Gly Ser Gly Lys Ser Ser Met
Human
RagA Gly Ser Gly Lys Thr Ser Met
GGG TCG GGG AAG ACC AGC ATG
23°C 30.5°C
RagA gtr1-11 GGG TCG GGG AAG CTT AGC ATG prp20-1 prp20-1
Leu (RagAgiri-11) (Vector)

26°C 31°C
mtr1-2 mir1-2
(RagAgr1-11) (Vector)

26°C 31°C

Fig. 4. Human RagAt'-1partially rescued the srmi-1 it
growth ofS. cerevisiae rcclandrnal-1strains, (incior] RagAPrt)
but not notsrp1-31 (A) ‘T21L" mutation
corresponding to the ‘S20L gftrl-11mutation
was introduced into humdRagAas shown,
creating a newindlll site (AAGCTT).

(B) RagA"1-11LpGAP and as a control, vector
alone were separately introduced iSto
cerevisiae rcclstrains prp20-1, mtrl-2nd
srml-1las described in Materials and Methods.
Trp* transformants were selected on synthetic
medium plates containing 2% dextrose but
lacking tryptophan and then replated on synthetic iy e
medium plates containing 2% dextrose, but (RagAgiri-11) (Vector)
lacking tryptophan at the indicated temperature.
(C) RagA-11LpGAP and as a control, vector
alone were separately introduced iSto
cerevisiaeNN19-5B (nal-1). Trp* transformants
selected on synthetic medium plates containing
2% dextrose but lacking tryptophan, were plated
on synthetic medium plates containing 2%
dextrose but lacking tryptophan at 23°C or 28°C.
(D) RagAr1-1.pGAP plasmid was introduced
into S. cerevisiastrains; NOY3886RP) and
NOY612 6rpl-3). Trp" transformants selected
on synthetic medium plates containing 2% 23°C 30°C
dextrose but lacking tryptophan were plated on MRS e o I

synthetic medium plates containing 2% dextrose (RagAsr™) Lino g

but lacking tryptophan at 23°C or 30°C.
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A B C

FITC HOECHST PHASE

Fig. 5.Localization of human Ragi&1-11in COS cellsT7-RagA1-11pcDERA was transfected into COS cells. After incubation at 37°C for
48 hours, transfected cells were fixed with cold methatif)°C), treated with T7-tag mAb and then with FITC-conjugated goat anti-mouse
IgG antibody as described in Materials and Methods. Finally cells were stained with Hoechst 33342. Cells in the samd wisual fiel
demonstrated by T7-tag staining (FITC), Hoechst and phase-contrast. Bar, 20

Mutated human RagA accumulated adjacent to SC35 representative figures are shown in Fig. 6A. In the top panel,
in the nucleus red and green fluorescence were used to stain ®&ghand
In order to clarify the mechanism by whighrl-11suppresses SC-35, respectively. In the middle and bottom panels, green
rccl- and rnal,, we investigated the localization of and red fluorescence were used to stain R&gHand SC-35,
RagAdtrl-11 To do that, T7-tag was fused in frame at the Nrespectively. In the nucleus, FLAG-tagged R&gAlland SC-
terminus of human Ragi!"1l1 cDNA. The resultant T7- 35 were distributed non-homogeneously in speckles. When
RagAt1-11cDNA was inserted into the mammalian expressiorsuperimposed, speckles of R&§A!!l were found to be co-
vector, pcDER and transfected into COS cells. Transfectedocated (top and bottom panels) and overlapping (middle
RagA"1-11was expressed in COS cells with a kinetics similapanel), with those of SC-35.
to that of wild-typeT7-RagA Expression oRagAU1-11 was In order to further confirm the spatial relationship between
detected at 24 hours after transfection and became a platgaagA?"1-11 and SC-35, the area squared in Fig. 6B was
after 48 hours, by immunoblotting analysis (data not shown)ptically cut at 1.0-micron intervals in the Z-axis using digital
At 48 hours after transfection, cells were fixed and these fixeithaging microscopy and was then aligned from the bottom to
cells were treated with the mAb to T7-tag. In contrast to wildthe top along the Z-axis (Fig. 6C). Except for a few areas,
type RagA which was localized in the cytoplasm, mutatedRagAdtl-11does not occupy the same area as SC-35. As shown
human RagAtl-11proteins were localized in the nucleus (Fig.in both a and b of Fig. 6C, SC-35 and R&§all were
5). Interestingly, in the nucleus, Ra@A1l proteins were localized side by side on the same optical sections. SC-35 was
distributed in speckles similar to those of splicing complexesot co-immunoprecipitated with RagiN-11by the antibody to
(Xing et al., 1993; Misteli and Spector, 1997). T7 tag, and Rag®1-11 was not immunoprecipitated by the

In order to investigate the relationship between REYAL  antibody to SC-35 (data not shown). Thus, there seemed to be
and the splicing complex, the FLAG-tag instead of the T7-tagno direct interaction between SC-35 and R#gAL
was fused in frame to the N terminusRdgAt1-11cDNA. In o _
this way, we could doubly stain cells with the mouseCellular localization of RagA changed depending on
monoclonal antibody against a marker of splicing complexete nucleotide bound form
and with the rabbit antibody to the FLAG-tag. The resultanfhegtrl-11mutation, S20L corresponds to a dominant negative
FLAG-RagA1-11 cDNA was inserted into a mammalian form of Ran, T24N (N. Nakashima et al., unpublished). The
expression vector pcDEBand then introduced into COS cells. difference in cellular localization between the wild-type RagA
Transfected COS cells were fixed after incubation for 48 houand the mutant Rag&l-11 thus, may depend on the bound
and the fixed cells were doubly stained with the anti-FLAGhucleotide state of RagA. In order to address this issue, we
tagged antibody and the mAb to SC-35, a non-snRNP of theonstructed the Q66L mutant of RagA corresponding to a
splicing complex (Fu and Maniatis, 1990). Threedominant positive form of Ran Q69L. Three different forms of
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B

RagAgtr1-11g5C-35

Fig. 6. Human RagAt1-11l|ocalized side by side with SC-35. (A) COS cells
were transfected witRLAG-Rag/t1-11cDNA. After incubation at 37°C for 48
hours, transfected cells were fixed with methan@D¢C), treated first with the
mouse mAb to SC-35, either stained with FITC-conjugated anti-mouse IgG
antibody and secondary with the rabbit anti-FLAG antibody which was staine
with Texas red-conjugated rabbit IgG antibody (top panels), or stained with
Texas red-conjugated anti-mouse IgG antibody and secondary with the rabbit
anti-FLAG antibody which was stained with FITC-conjugated rabbit IgG
antibodies (middle and bottom panels). Both stainings were captured
simultaneously and then separated into each color as described in Materials
Methods. (B and C) The area squared in B was optically cut from bottom to to
along the Z-axis under the same optical condition and figures obtained at 1.0-
micron intervals are shown in C. Bars: (Ajf; (B) 10um; (C) Sum.

T7-fused RagA, wild-type RagA, Rag®11 and RagR%6L,  of actinomycin D, the concentration of which caused the
were introduced into hamster BHK21 cells. Transfected cellsytoplasmic accumulation of Al (data not shown) as reported
were stained with the anti-T7 antibody. As shown in Fig. 7, botliPinol-Roma and Dreyfuss, 1992). Thus, the shuttling of RagA
wild-type RagA and Rag®66Lwere localized in the cytoplasm, did not seem to be correlated with mRNA metabolism.
but RagA-11was localized in the nucleus as speckles similar
to COS cells expressing Ragi& 1L These results suggested
that the cellular localization of RagA changed depending on thBISCUSSION
bound nucleotide state.

The close similarity of the staining pattern between SC-3%Jsing primers which are constructed according to the reported
and RagAtl-11suggested that Ragil-11 might be involved nucleotide sequence, humd&agA and RagBcDNAs were
in mRNA splicing. However, the cytoplasmic localization of amplified by PCR from the human B cell library. Whereas a
wild-type RagA in BHK21 cells did not change in the presencaingle form ofRagAwas amplified, two forms dRagB RagB'
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Fig. 7.Localization of RagA depending on the nucleotide bound fowh02cells of BHK21 cell line were seeded on a slide cover glass in a
35 mm tissue culture dish. After 24 hours incubatiopg/2lish of each pcDEBDNASs which were mixed with @l of lipofectamine reagent
(Gibco BRL) was introduced into cells: wild-type RagA (Wild) (A,B,C), R&gAl1(T21L) (D,E,F), RagR%8L (Q66L) (G,H,l). After

incubation of 5 hours, medium was replaced with fresh one containing 10% FCS. Cells were fixed 43 hours later with mehasatajrdml
with anti-T7 antibody and then FITC-conjugated anti-mouse IgG (A,D,G) and DNA was stained with Hoechst dye (B,E,H) asidescribed
Materials and Methods. Photographs were taken with the fluorescent microscope, and phase contrast image of cells (5. Bars,

andRagB were obtained. Ragiorresponds to the previously functional conservation between human RagA and Gtrlp is
reported human RagBhowever, RagBis a new form of further confirmed in another way. Previously, we reported that
RagB. It may be produced by an alternative splicing of Ragkhe cold-sensitive mutation &TR1, gtrl-11, suppressed both
mRNA as reported in the case of RagRich has been thought rccl-andrnal™ of S. cerevisiaeFurthermore, overexpression
to be produced by an alternative splicing RAgBmRNA  of Gtrl-11p partly, but significantly, rescuescl™ mutants
(Schirman et al., 1995). Taking these previous reports togethéiakashima et al.,, 1996). Based on these findings, we
our present results indicate that the splicing of RagB mRNA igtroduced thaytrl-11 mutation into the corresponding site of
alternative, whereas that of RagA is not. the human RagA. The resultant mutated human REga
Both RagAandRagB cDNAs rescue the cold sensitivity of partly but significantly suppressed all of thecl™ alleles
gtrl-11, but RagB' cDNA does not. The inability oRagB'  examined and alsmal-1, but notsrp1-31 similar togtrl-11
cDNA to rescuegtrl-11 is consistent with previous reports Thus, RagA and RagB are functional homologuesSof
showing tha6. cerevisiae gtr1/8which corresponds teagB'  cerevisiaeGtrip.
is cold sensitive for growth (Bun-ya et al., 1992; Nakashima et Similar to Gtrlp, human RagA and R&gBe localized in
al., 1996). Thus, RagBmay have no biological activity at the cytoplasm of COS cells. However, a dominant negative
14°C, the nonpermissive temperaturedoi-11 Taking these mutated form of RagA, Rag&! 1L is localized in the nucleus
findings together, humaRagAandRagB can be concluded to and is distributed in speckles similar to SC-35, a non-snRNP
rescue the cold sensitivity ofirl-11, and therefore they are of the splicing complex (reviewed by Lamm and Lamond,
functional mammalian homologues®fcerevisiae GTRThe  1993). Speckles of both Ragt-1land SC-35 seem to be
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randomly distributed in the nucleus. When speckles oflark, K. L. and Sprague, G. F. Jr (1989). Yeast pheromone response
RagAdrl-1land SC-35 are superimposed, however, SC-35 is pathway: characterization of a suppressor that restores mating to receptorless
juxtaposed to Rag®l1L No co-immunoprecipitation of _ MutantsMol. Cell. Biol.9, 2682-2694.

. . . . Dasso, M., Seki, T., Azuma, Y., Ohba, T. and Nishimoto, 11994). A mutant
trl-11 .
RagAdr with SC-35 indicates that there is no direct form of the Ran/TC4 protein disrupts nuclear function in Xenopus laevis egg

interaction between them. extracts by inhibiting the RCC1 protein, a regulator of chromosome
The mutation of Rag®*-11corresponds to the GDP-bound  condensatiorEMBO J.13, 5732-5744. _
form of Ran-GTPase mutant, T24N, which tightly binds toPrivas, G. T., Shih, A., Coutavas, E., Rush, M. G. and D’Eustachio, P.

RCC1, so that T24N Ran is concentrated in the nucleus whereglugn?gz] tgrg?gigtrg'nzjﬁ]g”cgﬁ Jﬂ;rolm(’:\f”' ggﬁlrglige&_gl%%sl expressed in a

RCC1 is _|0ca|ized (Dasso et al., 1994). Therefore, they, x. and Maniatis, T. (1990). Factor required for mammalian splicesome
accumulation of mutated Gtr1-11p near the splicing complexes assembly is localized to discrete regions in the nudiatsre343 437-441.

may suggest that the GDP/GTP exchange of RagA occurs néafan, K. and Dixon, J. E. (1991). Eukaryotic proteins expressed in

; ; ; Escherichia coli: an improved thrombin cleavage and purification procedure
the _sphce_osome to regulate mRNA maturat|o_n. I_n_th|s context, of fusion proteins with glutathione S-transferaseal. Biochem192, 262-
we investigated whether actinomycin D, an inhibitor of RNA 557

transcription caused an accumulation of wild-type RagA in th&luzman, Y. (1981). SV40-transformed simian cells support the replication of
nucleus. But there was no clear accumulation of RagA. early SV40 mutanCell 23, 175-182.
Interestingly, the GTP-bound form of Ra@@ﬁ'— is localized in  Havashi, N., Seino, H., Irie, K., Watanabe, M., Clark, K. L., Matsumoto, K.

. . . - and Nishimoto, T.(1996). Genetical interaction BEED1 encoding a putative
the cytoplasm. While the functional relationship between ATP-dependent RNA helicase witBRM1encoding a mammalian RCC1

RagA and SC-35 remains to be determined, thus, RagA SeeM%omologue irBaccharomyces cerevisiae. Mol. Gen. Getg.49-156.
to shuttle between the nucleus and the cytoplasm, dependiAgpp, T. P., Prickett, K. S., Price, V. L., Libby, R. T., March, C. J., Cerretti,
on the bound nucleotide state. Recently, a nuclear domainD- P- Urdal, D. L. and Conlon, P. J(1988). A short polypeptide marker

; sequence useful for recombinant protein identification and purification.
designated ND10 (Maul et al., 1996), also referred to as PML Biotechnology, 1204-1210,

(Weiss et al., 1994) is reported to be localized side by.Side Wimbpper, A. K., Banks, F. and Evangelidis, \(1978). A yeast mutant which
SC-35 (Ishov et al., 1997). ND10/PML are multiprotein accumulates precursor tRN&ell 19, 211-219.
complexes of the nucleus, which are upregulated by interferomiitchison, H. T., Hartwell, L. H. and McLaughlin, C. S. (1969).

(Lavau et al., 1995). The reported distribution of ND10/PML Temperature-sensitive yeast mutant defective in ribonucleic acid production.
¥ ) J. Bacteriol 99, 807-814.

is quite similar to that of Ragi"'L We are currently |50, "A M ‘Stenberg. R. M. and Maul, G. G.(1997). Human

investigating the relationship between ND10/PML and the cytomegalovirus immediate early interaction with host nuclear structures:

speckles of Rag#1-11 definition of an immediate transcript environmeniCell Biol.138, 5-16.
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