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Human RagA and RagB is reported to be 52% identical to
a putative GTPase of Saccharomyces cerevisiae, Gtr1p.
According to the reported nucleotide sequence, we
amplified human RagAand RagBs cDNAs from the human
B cell cDNA library with PCR. Both cDNAs rescued a cold
sensitivity of S. cerevisiae, gtr1-11. Furthermore, we
introduced into the cloned human RagA cDNA, the
mutation ‘T21L’ corresponding to the gtr1-11 mutation
which has been reported to suppress not only all of rcc1−,
temperature-sensitive mutants of Ran/Gsp1p GTPase
GDP/GTP-exchanging factor, but also rna1-1, a
temperature-sensitive mutant of Ran/Gsp1p GTPase-
activating protein. The resulting RagAgtr1-11 cDNA
partially, but significantly, suppressed both rcc1− and

rna1-1 mutations. These results indicated that RagA and
RagBs are functional homologues of S. cervisiaeGtr1p.
Interestingly, while wild-type human RagA and RagBs
were localized within the cytoplasm, similar to S. cerevisiae
Gtr1p, the mutated human RagAgtr1-11 corresponding to a
dominant negative form of RagA was distributed in
discrete speckles in the nucleus, being localized side by side
with SC-35, a non-snRNP of the splicing complex. In
contrast, a dominant positive form of RagA, Q66L was
localized in the cytoplasm. Thus, RagA was suggested to
shuttle between the cytoplasm and the nucleus, depending
on the bound nucleotide state. 
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INTRODUCTION

Mammalian Ras GTPase comprises a large family of sm
GTPases which function as a biological switch (Boguski a
McCormick, 1993). The number of Ras-GTPase families
still increasing. Recently, by using degenerate oligonucleotid
matching the PM1 and PM3 motifs of ADP ribosylation facto
(ARF) as PCR primers, Schürmann et al. (1995) identified t
cDNA clones, RagA and RagB, which are nearly identical a
encode a novel GTPase. Both RagA and RagB, while they h
no homology to the known subfamilies of mammalian R
GTPase, have turned out to be similar to Saccharomyces
cerevisiaeGtr1p (Bun-ya et al., 1992). 

GTR1has been isolated as a gene localized next to Pho84
on the left arm of chromosome XIII of S. cerevisiae. It is not
essential for growth, but its disruptant is cold-sensitive (Bu
ya et al., 1992; Nakashima et al., 1996). Gtr1p is a protein
36 kDa which contains three motifs that are conserved in 
Ras GTPase family. However, Gtr1p does not have the 
terminal lipid modification site characteristic to Ras GTPa
(Boguski and McCormick, 1993), similar to Ran/Gsp1
GTPase (Drivas et al., 1990; Bischoff and Ponstingl, 199
Belhumeur et al., 1993). Ran was originally cloned usi
degenerate oligonucleotides that match the amino a
sequence conserved among Ras GTPase family members
had been designated TC4 (Drivas et al., 1990). Later on, T
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was found to be identical to Ran (Ras-like Nuclear) GTPase
which is localized within the nucleus (Bischoff and Ponsting
1991a). 

Previously, we have isolated a cold-sensitive mutant of t
GTR1 gene, gtr1-11 as a suppressor of mtr1-2, one of S.
cerevisiae rcc1− alleles (Nakashima et al., 1996). RCC1
(regulator of chromosome condensation) (Ohtsubo et al., 1987
is the GDP/GTP-exchanging factor of Ran GTPase (Bischo
and Ponstingle, 1991b). Temperature-sensitive (ts) mutatio
of RCC1causes multiple phenotypes, such as splicing defe
(prp20) (Aebi, et al., 1990), nuclear accumulation of mRNA
(mtr) (Kadowaki et al., 1993), restoration of mating capacit
to a receptorless mutant (srm1) (Clark and Sprague, 1989) and
defects in cell cycle control (tsBN2; pim1-d1) (Nishimoto et
al., 1978; Matsumoto and Beach, 1991; Sazer and Nur
1994). Overexpression of the S. cerevisiaeRan homologue,
Gsp1p, rescues growth defect of S. cerevisiae rcc1− allele
prp20-1, but neither srm1-1nor mtr1-2(Kadowaki et al., 1993;
Lee et al., 1994). On the other hand, ded1a cold sensitive
mutant of DED1 encoding a putative ATP-dependent RNA
helicase (Schmid and Linder, 1992; Chuang et al., 199
suppresses srm1-1and mtr1-2,but not prp20-1(Hayashi et al.,
1996). Compared to GSP1and ded1, gtr1-11 is unique, since
it suppresses not only all of S. cerevisiae rcc1− alleles, but also
rna1-1 a temperature-sensitive mutant of S. cerevisiaeGsp1p
GTPase activating protein (Bischoff et al., 1995) which 
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Table 1. Yeast strains used in this study
Strain Genotype Source

NN7-3B MATα gtr1-11 ade2 ura3 leu2 This study
N51-10A MATa prp20-1 ura3 his3 leu2 trp1 Hayashi et al. (1996)
SY1115 MATα srm1-1 ura3 his4 leu2-3,112 trp1Clark and Sprague 

(1989)
N48-5D MATα mtr1-2 ade2 ura3 leu2 trp1 This study
NN19-5B MATa rna1-1 ade2 ura3 leu2 his3 trp1 Noguchi et al. (1997)
NOY612 MATa srp1-31 ade2-1 ura3-1 his3-11 Yano et al. (1994)

leu2-3,112 trp1-1 can1-100
NOY388 MATa ade2-1 ura3-1 his3-11 leu2-3,112 Yano et al. (1994)

trp1-1 can1-100
isolated as a mutant defective in RNA processing (Hutchis
et al., 1969; Hopper et al., 1978). The finding that gtr1-11
suppresses both rcc1− and rna1− suggests that Gtr1p negatively
regulates the Ran/Gsp1p-GTPase cycle (Nakashima et 
1996). 

In this paper, we found that human RagA and Bs were
functional homologues of S. cerevisiae Gtr1p. While
Ran/Gsp1p GTPase is localized in the nucleus (Ren et 
1993; Belhumeur et al., 1993), Gtr1p is localized within t
cytoplasm (Nakashima et al., 1996). Similar to Gtr1p, bo
RagA and RagB were localized within the cytoplasm
However, the mutated form of human RagA, RagAgtr1-11,
which suppressed both rcc1− and rna1−, was distributed in
discrete speckles in the nucleus, similar to SC-35, a n
snRNP of the splicing complex (reviewed by Lamm an
Lamond, 1993). 

MATERIALS AND METHODS

Strains, plasmids and media
S. cerevisiaestrains and plasmids in this study are described in Tab
1 and 2, respectively. S. cerevisiaewas transformed by the Li-acetate
method (Nakashima et al., 1996). COS-7 cells derived from the gr
monkey CV-1 cell line (Gluzman, 1981) were cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% calf seru
in a humidified atmosphere containing 10% CO2 at 37.5°C. DNA was
transfected into COS-7 cells using lipofectoamine as descri
previously (Makishima et al., 1997).

Construction of RagA and RagB plasmids
Amplification of human RagA
Using the 5′ primer (SacI-RagA): 5′GCAGAGCTCATGCCAA-
ATACAGCCAT3′ and the 3′ primer (RagA-BamHI): 5′GATGGA-
TCCTCAACGCATAAGGAGAC3′, Human RagA cDNA fragments
were amplified from the human B cell cDNA library (a gift from S
J. Elledge) by Pfu polymerase (Stratagene) in buffer containing
mM Tris-HCl, pH 8.5, 10 mM (NH4)2SO4, 2 mM MgCl2, 100 µg/ml
BSA, 0.1% Triton X-100 and 200 µM dNTP. Amplified DNA
fragments were digested with SacI and BamHI, and then inserted into
the SacI/BamHI sites of pUC29 to be sequenced. RagA was then
Table 2. Yeast and mammali
Plasmid Marker

pL48 2µ URA3 GAL1-10:HA-GTR1 XhoI/SpeI f
RagA-pNV7 2µ URA3 GAL1-10:HA-RagA HA-tag fus
RagBs-pNV7 2µ URA3 GAL1-10:RagBs XhoI/SpeI-t
RagBn-pNV7 2µ URA3 GAL1-10:RagBn XhoI/SpeI-t
T7-RagA-pNV7 2µ URA3 GAL1-10:T7-RagA XbaI fragm
T7-RagBs-pNV7 2µ URA3 GAL1-10:T7-RagBs XbaI/EcoR
T7-RagBn-pNV7 2µ URA3 GAL1-10:T7-RagBn XbaI/EcoR
RagAgtr1-11-pGAP 2µ TRP1 GAP:RagAgtr1-11 BamHI/Eco
RagAgtr1-11-pGAP314 CEN6 TRP1 GAP:RagAgtr1-11 EcoRI/Eco
T7-RagA-pcDEB∆ HBr SRα:T7−RagA XbaI/HindI
T7-RagBs-pcDEB∆ HBr SRα:T7−RagBs XbaI/HindI
T7-RagBn-pcDEB∆ HBr SRα:T7−RagBn XbaI/HindI
T7-RagAgtr1-11-pcDEB∆ HBr SRα:T7−RagAgtr1-11 T7−RagAgt

FLAG-RagAgtr1-11-pcDEB∆ HBr SRα:FLAG−RagAgtr1-11 FLAG-tag 
T7-RagAQ66L-pcDEB∆ HBr SRα:T7−RagAQ66L T7−RagAQ

*pNV7: yeast expression vector containing GAL1-10promotor (Ninomiya-Ts
†pGAP: yeast expression vector containing TDH3promotor (Tanaka et al., 1
‡pGAP314: yeast expression vector containing TDH3promotor (Noguchi et 
§pcDEB∆: mammalian expression vector containing SRα promotor (Nakashi
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subcloned into the NcoI/BamHI sites of pBluescript II TKS+, resulting
in HA-RagA-pBluescript II TKS+. The HA-RagAfragment was cut
out and inserted into theNcoI and BamHI sites downstream of the
GAL1-10 promoter of pNV7, resulting in RagA-pNV7.

In order to express in mammalian cells, the SacI-BamHI fragment
of RagA-pUC29 was inserted into the SacI-BamHI sites of pET-28a,
resulting in T7-RagA-pET-28a. The XbaI-HindIII fragment of T7-
RagA-pET-28a was then inserted into the XbaI-HindIII sites of
pcDEB∆ (Nakashima et al., 1993), resulting in T7-RagA-pcDEB∆.

Amplification of human RagB
From human cDNA libraries, human RagBcDNA was amplified with
Pfu polymerase under the same conditions as that of RagA, using
5′ primer, 5′ATGGAAGAATCTGACTC3′ and the 3′ primer,
5′AGTTTAGCGCATGAGAAGAC3′. Amplified cDNA fragments
were directly inserted either into pNV7, resulting in RagB-pNV7, or
into pET28a, resulting in RagBs-pET28a. RagBs of RagBs-pET28a
was then inserted into the XbaI and HindIII sites of pcDEB∆, resulting
in T7-RagBs-pcDEB∆. 

Site-directed mutagenesis
RagA was amplified using the 5′ primer 5′CAATTCCCCTCTAG-
AAATAATTTTG3 ′ and the 3′ primer 5′CCCGATATCTCAACGCAT-
AAGGAGAC3′ in Ampligase buffer (20 mM Tris-HCl, pH 8.3, 25
mM KCl, 15 mM MgCl2, 1.5 mM NAD and 0.01% Triton-X-100)
containing the mutagenic primer p-AGAGCGGGTCGGGGAAGC
TTAGCATGAGGTCGATAAT, dNTP, Ampligase (Epicentre) and
Taq DNA polymerase, by PCR. Amplified DNA was digested wit
XbaI and EcoRV, and then inserted into the XbaI/EcoRV site of
pcDEB∆. 
an plasmids used in this study
Comment Source

ragment from pL46 cloned into pNV7* This study
ed to RagAin frame cloned into pNV7* This study
reated PCR fragment cloned into pNV7* This study
reated PCR fragment cloned into pNV7* This study
ent from RagA-pET-28a cloned into pNV7* This study

V fragment from T7-RagBs-pcDEB∆ cloned into pNV7* This study
V fragment from T7-RagBn-pcDEB∆ cloned into pNV7* This study
RV fragment from RagAgtr1-11-pcDEB∆ cloned into pGAP† This study

RV fragment from RagAgtr1-11-pcDEB∆ cloned into pGAP314‡ This study
II fragment from RagA-pET-28a cloned into pcDEB∆§ This study
II fragment from RagBs-pET-28a cloned into pcDEB∆§ This study
II fragment from RagBn-pET-28a cloned into pcDEB∆§ This study
r1-11 cloned into pcDEB∆§ This study
fused to RagAgtr1-11 (see Materials and Methods) This study
66L cloned into pcDEB∆§ This study

uji et al., 1991).
988).
al., 1997).
ma et al., 1993).
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Fig. 1.Amplified human RagA and RagB. (A) Structure of RagBn:
the nucleotide and amino acid sequences inserted into RagBs are
shown. (B) Expression of amplified Rag cDNAs in COS cells. COS
cells were seeded at a density of 7×105/50 mm dish. The next day, 8
µg of DNA (T7-RagA (lane 1), T7-RagBs (lane 2) and T7-RagBn

(lane 3) carried on pcDEB∆) were transfected into COS cells as
described in Materials and Methods. After incubation at 37°C for 48
hours, transfected cells were harvested and the crude lysates were
prepared. Total cellular proteins were separated by SDS-12.5%
polyacrylamide gel electrophoresis and analysed by immunoblotting
using the mAb to T7-tag. Arrows indicate the positions of expressed
proteins.
Construction of FLAG -RagAgtr1-11-pcDEB∆
XbaI-FLAG (plus): 5′CCCCTCTAGAAATAATTTTGTTTAACT-
TTAAGAAGGAGATATACCATGGACTACAAGGACGACGATGA-
CAAGGGTGGCGGTGGCGGTGAGCTCTAG3′, and XbaI-FLAG
(minus): 5′CTAGAGCTCACCGCCACCGCCACCCTTGTCATCG-
TCGTCCTTGTAGTCCATGGTATATCTCCTTCTTAAAGTTAAAC-
AAAATTATTTCTAGAGGGG3′ (prepared by Greiner Japan) wer
annealed, digested with SacI and then ligated to RagAgtr1-11-pcDEB∆
which had been digested with SacI. The obtained FLAG-tagged
RagAgtr1-11 contains the amino acid sequence of the FLAG ta
MDYDDDDK (Hopp et al., 1988), and of glycine-linker (Guan an
Dixon, 1991) at the N terminus.

Construction of T7-RagAQ66L-pcDEB∆
The BglII-BamHI fragment of T7-RagA-pcDEB∆ was subcloned into
the BamHI site of pkF18k and amplified using GACTGTGGCGG
TCTGGACACCTTCATG as the mutagenic primer and the Sit
directed Mutagenesis System (Takara). The XbaI-EcoRV fagment of
pkF18k containing the resulting T7-fused RagAQ66Lwas then inserted
into pCDEB∆.

Indirect immunochemistry
Cells were fixed with cold methanol (−20°C), permeabilized with 1%
Tween-20 and incubated in PBS buffer containing 3% BSA (fract
five; Sigma), 0.5% gelatin (Telestean gelatin; Sigma) and 0.
Tween-20. Cells were then exposed to the primary antibody, T7
monoclonal antibody (mAb) (Novagen) and then treated with 
secondary antibody, FITC-conjugated goat anti-mouse IgG antibo
When doubly stained, fixed cells were treated first with the mo
mAb to SC-35 (Pharmingen) and stained with the secondary antib
conjugated to fluorochrome. After incubation in blocking PBS buff
fixed cells were secondarily treated with the anti-FLAG rabb
polyclonal antibodies (Santa Cruz) and stained with the second
antibody conjugated to fluorochrome. The secondary antibodies u
were Texas red-conjugated sheep anti-mouse IgG antib
(Amersham), FITC-conjugated goat anti-mouse IgG antibody (Tag
FITC-conjugated goat anti-rabbit IgG antibody (Tago) and Texas r
conjugated goat anti-rabbit IgG antibody (Amersham). Cells w
finally stained with Hoechst 33342 and then mounted on Vectash
(Vector). 

Microscopy and image analysis
Zeiss Axio Photo was used for sample analysis by the stand
microscopic method. Digital imaging of stained cells was obtain
using the Olympus laser-scanning microscope LSM-GB200 syst
The X-Y scanning was performed and directly transferred to co
reversal films using the film recorder (Avio) FR-3000-SP. Optic
sections of nuclei were obtained in 0.5-micron steps using the X-
scanning mode of LSM-GB200 and printed by pictrography 30
(Fujix) through Adobe PhotoshopTM 3.0J. 

RESULTS

Amplification of RagA and RagB
According to the nucleotide sequence of human RagAand RagB
(GenBank accession numbers X90529 and X905
respectively) (Schürmann et al., 1995), the 5′ and 3′ primers for
PCR were constructed. Using these primers, cDNA fragme
were amplified from the human B cell cDNA library. Afte
sequencing, these cDNA fragments were found to contain s
differences between the obtained and the deposited nucleo
sequences of human RagAand RagB, as follows. 

Amplified RagAcDNA encoded a protein identical to th
human RagA sequence, except that the third nucleotide
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codon 181, cytosine, was found to be thymine in the new
amplified RagAcDNAs, while the amino acid was not changed
On the other hand, amplified RagBs cDNA encoded a protein
which differed from the human RagB reported (Schürmann 
al., 1995) by a single amino acid, valine (codon 309), whic
was changed to methione in the obtained human RagBs. In
addition, the third nucleotide in codon 228, adenine, wa
changed to thymine in the amplified cDNA. The nucleotid
changes mentioned above were found in all of more than
independently isolated cDNA fragments.

The alternative splicing form of RagBl which has been
reported by Schürmann et al. (1995) was not amplified. Inste
we obtained another form of RagB, designated RagBn, which
possessed an extra nucleotide sequence of 108 base p
between codons 204 and 205 of human RagBs (Fig. 1A). Due
to a termination codon within the inserted sequence, the 
terminal tail of RagBn was truncated, similar to that of gtr1-3∆
(Bun-ya et al., 1992). 

Amplified human RagA and RagB cDNA fragments wer
engineered to fuse in frame with the T7-tag at the N terminu
and then expressed in COS cells. Immunoblotting analys
using the monoclonal antibody (mAb) to the T7 tag reveale
that these cDNAs expressed proteins which possess
molecular masses of 40.6 kDa (RagA), 33.2 kDa (RagBn) and
44.3 kDa (RagBs), estimates based on the nucleotide sequen
(Fig. 1B).

Both RagA and RagBs rescued a growth defect of S.
cerevisiae gtr1-11
In order to address the question of whether human RagA a
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RagB are functional homologues of S. cerevisiaeGtr1p, the
obtained human RagAand RagBcDNAs were inserted into a
site downstream of the GAL1-10 promoter of S. cerevisiae
expression vector, pNV7. The resulting RagA- and RagB-
pNV7 were introduced into the S. cerevisiae gtr1-11 strain,
NN7-3B by the Li-acetate method. Transformants we
selected in synthetic medium containing 2% dextrose, 
lacking uracil. Isolated Ura+ transformants grown in the sam
synthetic medium were plated onto synthetic mediu
containing 2% galactose, but lacking uracil, at 14°C, t
nonpermissive temperature and at 30°C, the permis
temperature for NN7-3B cells (Nakashima et al., 199
respectively. 

NN7-3B cells expressing either RagA or RagBs grew well
at 14°C the nonpermissive temperature as well as at 30°C
permissive temperature (Fig. 2A and B). However, RagBn

cDNA encoding a protein lacking the C-terminal tail of Rags

did not seem to rescue the cold sensitivity of gtr1-11(Fig. 2B).
In order to confirm the effect of RagBs and RagBn on gtr1-11,
equal volumes of serially diluted cultures of Ura+

transformants were dropped on plates, and cells were incub
at 14°C. While several colonies papillated from transforma
containing either pL48(GTR1) or RagBs-pNV7(RagBs) after a
1:16 dilution, no NN7-3B cells possessing the RagBn-
Fig. 2.Complementation analysis of gtr1-11by
human RagA, RagBs and RagBn. pL48 (GAL1-10:
GTR1), HA-RagA-pNV7 (GAL1-10: RagA) and
vector alone (pNV7) (A), or pL48 (GAL1-10:
GTR1), RagBs-pNV7 (GAL1-10: RagBs), RagBn-
pNV7 (GAL1-10: RagBn) and vector alone (pNV7)
(B) were introduced into the S. cerevisiaestrain
NN7-3B (gtr1-11). Transformants were selected on
synthetic medium plates containing 2% dextrose,
but lacking uracil, and were re-plated on synthetic
medium plates containing 2% galactose, but
lacking uracil at either 14°C, or 30°C as indicated. 
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pNV7(RagBn) or pNV7 vector alone (Vector) grew after a 1:
dilution (data not shown). Thus, RagA and RagBs cDNAs
complemented the growth defect of gtr1-11, whereas RagBn

did not.

RagA and RagB s are localized within the cytoplasm
S. cerevisiaeGtr1p is localized within the cytoplasm
(Nakashima et al., 1996). In order to examine the localizat
of RagA and RagBs, both T7-tagged RagAand RagBscDNAs,
which rescued the cold sensitivity of gtr1-11 were inserted
into the mammalian expression vector pcDEB∆ and then
transfected into COS cells. Expression of transfected hum
RagA and RagBs was detected from 24 hours afte
transfection by immunoblotting analysis. We fixe
transfected cells at 48 hours after transfection and stai
with the mAb to T7-tag.

In COS cells transfected either with RagAor RagBs cDNA,
the antibody to T7-tag gave rise to punctate staini
throughout the cytoplasm (Fig. 3). In the same visual fie
cells which did not express Rag proteins were not stain
with the mAb to the T7 tag, indicating that the observe
staining is specific to T7-tagged proteins. Taking these res
together, RagA and RagBs were concluded to be localized in
the cytoplasm.
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Human Raggtr1-11 mutant partially rescued S.
cerevisiae rcc1 − and rna1-1
The cold-sensitive mutant of S. cerevisiae, gtr1-11, was
originally isolated by Nakashima et al. (1996), as a suppre
of S. cerevisiae mtr1-2, one of the rcc1− alleles (Kadowaki et
al., 1993). Later on, gtr1-11 has been found to suppress n
only all of the rcc1− alleles, but also rna1-1(Nakashima et al.,
1996). If mammalian RagA and RagBs are real functional
homologues of S. cerevisiaeGtr1p, RagA and RagBs

possessing the mutation corresponding to gtr1-11could rescue
the temperature-sensitive growth defects of S. cerevisiae rcc1−

and rna1−. In order to address this issue, the gtr1-11 mutation,
S20L (N. Nakashima et al., unpublished) was introduced i
the corresponding Thr21 site of human RagAcDNA by site-
directed mutagenesis using Ampligase (Michael, 1994). T
amino acid sequence around the gtr1-11 mutation is identical
between Gtr1p and RagA except for the amino acid residu
mutation site which is chemically conserved (Fig. 4A). T
introduction of the ‘T21L’ mutation into human RagA cDNA
was confirmed by the creation of a HindIII site (Fig. 4A,
AAGCTT) in the RagA open reading frame. The mutate
human RagAcDNA, designated RagAgtr1-11, was inserted into
the single- and multi-copy S. cerevisiaeexpression vectors,
pGAP314 (Noguchi et al., 1997) and pGAP, respectively. T
resulting plasmids were introduced into S. cerevisiae rcc1−

strains N51-10A (prp20-1, trp1), SY115 (srm1-1, trp1) and
N48-5D (mtr1-2, trp1), and the rna1− strain, NN19-5B (rna1-
1, trp1). Transformants were selected in synthetic medi
containing 2% dextrose, but lacking tryptophan. 
Fig. 3.Localization of human RagA and RagBs in COS cells. T7-RagA
cells. After incubation at 37°C for 48 hours, transfected cells were
then with FITC-conjugated goat anti-mouse IgG antibody as desc
33342. Cells within the same visual field are demonstrated by T7-
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Trp+ transformants of rcc1− strains were plated onto the
same synthetic medium either at 30.5-31°C, the nonpermiss
temperature or at 23-26°C, the permissive temperature,
indicated in Fig. 4B. RagAgtr1-11 carried on the multicopy
vector pGAP rescued the temperature-sensitive growth defe
of all of the S. cerevisiae rcc1− alleles examined, whereas the
vector alone did not. The suppression of rcc1− by RagAgtr1-11

is dependent upon the expressed dose of RagAgtr1-11, since
RagAgtr1-11 carried on a single-copy plasmid did not rescue t
growth defect of any rcc1− alleles (data not shown).
Furthermore, overexpression of RagAgtr1-11 rescued the
temperature sensitive growth defect of rna1-1 at 28°C (Fig.
4C). Taking the above results together, RagAgtr1-11 partly but
significantly rescued the temperature-sensitive growth defe
of both rcc1− and rna1− strains. 

The next question is whether overexpression of RagAgtr1-11

can rescue defects in the nuclear pore transport functi
since both rcc1− and rna1− have defects in the
nuclear/cytoplasmic transport of macromolecules (review
by Sazer, 1996; Seki et al., 1996). In order to address 
issue, RagAgtr1-11cDNA was introduced into the S. cerevisiae
srp1-31 strain NOY612, a ts mutant of the S. cerevisiae
importin α homologue (Yano et al., 1994) and as a contro
into the parental strain NOY388. While parental strain
carrying RagAgtr1-11-pGAP grew well either at 23°C, the
permissive temperature, or at 30°C, the nonpermiss
temperature, srp1-31 carring RagAgtr1-11-pGAP did not grow
at 30°C (Fig. 4D). Thus, RagAgtr1-11cDNA could not rescue
a growth-defect of srp1-31 strain.
(A-C) and T7-RagBs (D-F)-pcDEB∆ DNAs were transfected into COS
 fixed with cold methanol (−20°C), stained first with the mAb to T7 tag, and
ribed in Materials and Methods. Finally cells were stained with Hoechst
tag staining (FITC), Hoechst and phase-contrast. Bar, 20 µm.
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Fig. 4. Human RagAgtr1-11 partially rescued the
growth of S. cerevisiae rcc1− and rna1-1strains,
but not not srp1-31. (A) ‘T21L’ mutation
corresponding to the ‘S20L’ of gtr1-11mutation
was introduced into human RagAas shown,
creating a new HindIII site (AAGCTT).
(B) RagAgtr1-11-pGAP and as a control, vector
alone were separately introduced into S.
cerevisiae rcc1− strains, prp20-1, mtr1-2and
srm1-1as described in Materials and Methods.
Trp+ transformants were selected on synthetic
medium plates containing 2% dextrose but
lacking tryptophan and then replated on synthetic
medium plates containing 2% dextrose, but
lacking tryptophan at the indicated temperature.
(C) RagAgtr1-11-pGAP and as a control, vector
alone were separately introduced into S.
cerevisiae NN19-5B (rna1-1). 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) RagAgtr1-11-pGAP plasmid was introduced
into S. cerevisiae strains; NOY388(SRP1) and
NOY612 (srp1-31). 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 30°C.

30°C23°C

30.5°C23°C

31°C26°C

31°C26°C

28°C23°C
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Fig. 5. Localization of human RagAgtr1-11in COS cells. T7-RagAgtr1-11-pcDEB∆ was transfected into COS cells. After incubation at 37°C for
48 hours, transfected cells were fixed with cold methanol (−20°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 same visual field are
demonstrated by T7-tag staining (FITC), Hoechst and phase-contrast. Bar, 20 µm.
Mutated human RagA accumulated adjacent to SC35
in the nucleus
In order to clarify the mechanism by which gtr1-11suppresses
rcc1− and rna1−, we investigated the localization o
RagAgtr1-11. To do that, T7-tag was fused in frame at the 
terminus of human RagAgtr1-11 cDNA. The resultant T7-
RagAgtr1-11cDNA was inserted into the mammalian expressi
vector, pcDEB∆ and transfected into COS cells. Transfect
RagAgtr1-11 was expressed in COS cells with a kinetics simi
to that of wild-type T7-RagA. Expression of RagAgtr1-11 was
detected at 24 hours after transfection and became a pla
after 48 hours, by immunoblotting analysis (data not show
At 48 hours after transfection, cells were fixed and these fi
cells were treated with the mAb to T7-tag. In contrast to wi
type RagA which was localized in the cytoplasm, mutat
human RagAgtr1-11proteins were localized in the nucleus (Fig
5). Interestingly, in the nucleus, RagAgtr1-11 proteins were
distributed in speckles similar to those of splicing complex
(Xing et al., 1993; Misteli and Spector, 1997). 

In order to investigate the relationship between RagAgtr1-11

and the splicing complex, the FLAG-tag instead of the T7-t
was fused in frame to the N terminus of RagAgtr1-11cDNA. In
this way, we could doubly stain cells with the mou
monoclonal antibody against a marker of splicing complex
and with the rabbit antibody to the FLAG-tag. The resulta
FLAG-RagAgtr1-11 cDNA was inserted into a mammalian
expression vector pcDEB∆ and then introduced into COS cells
Transfected COS cells were fixed after incubation for 48 ho
and the fixed cells were doubly stained with the anti-FLA
tagged antibody and the mAb to SC-35, a non-snRNP of 
splicing complex (Fu and Maniatis, 1990). Thre
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representative figures are shown in Fig. 6A. In the top pan
red and green fluorescence were used to stain RagAgtr1-11 and
SC-35, respectively. In the middle and bottom panels, gre
and red fluorescence were used to stain RagAgtr1-11and SC-35,
respectively. In the nucleus, FLAG-tagged RagAgtr1-11 and SC-
35 were distributed non-homogeneously in speckles. Wh
superimposed, speckles of RagAgtr1-11 were found to be co-
located (top and bottom panels) and overlapping (midd
panel), with those of SC-35. 

In order to further confirm the spatial relationship betwee
RagAgtr1-11 and SC-35, the area squared in Fig. 6B wa
optically cut at 1.0-micron intervals in the Z-axis using digita
imaging microscopy and was then aligned from the bottom 
the top along the Z-axis (Fig. 6C). Except for a few area
RagAgtr1-11does not occupy the same area as SC-35. As sho
in both a and b of Fig. 6C, SC-35 and RagAgtr1-11 were
localized side by side on the same optical sections. SC-35 w
not co-immunoprecipitated with RagAgtr1-11 by the antibody to
T7 tag, and RagAgtr1-11 was not immunoprecipitated by the
antibody to SC-35 (data not shown). Thus, there seemed to
no direct interaction between SC-35 and RagAgtr1-11.

Cellular localization of RagA changed depending on
the nucleotide bound form
The gtr1-11 mutation, S20L corresponds to a dominant negativ
form of Ran, T24N (N. Nakashima et al., unpublished). Th
difference in cellular localization between the wild-type RagA
and the mutant RagAgtr1-11, thus, may depend on the bound
nucleotide state of RagA. In order to address this issue, 
constructed the Q66L mutant of RagA corresponding to 
dominant positive form of Ran Q69L. Three different forms o
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Fig. 6. Human RagAgtr1-11localized side by side with SC-35. (A) COS cells
were transfected with FLAG-RagAgtr1-11cDNA. After incubation at 37°C for 48
hours, transfected cells were fixed with methanol (−20°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 stained
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 and
Methods. (B and C) The area squared in B was optically cut from bottom to top,
along the Z-axis under the same optical condition and figures obtained at 1.0-
micron intervals are shown in C. Bars: (A) 5 µm; (B) 10 µm; (C) 5 µm.
T7-fused RagA, wild-type RagA, RagAgtr1-11 and RagAQ66L,
were introduced into hamster BHK21 cells. Transfected ce
were stained with the anti-T7 antibody. As shown in Fig. 7, bo
wild-type RagA and RagAQ66L were localized in the cytoplasm
but RagAgtr1-11was localized in the nucleus as speckles simi
to COS cells expressing RagAgtr1-11. These results suggeste
that the cellular localization of RagA changed depending on 
bound nucleotide state. 

The close similarity of the staining pattern between SC-
and RagAgtr1-11 suggested that RagAgtr1-11 might be involved
in mRNA splicing. However, the cytoplasmic localization o
wild-type RagA in BHK21 cells did not change in the presen
lls
th

,
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d
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35
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of actinomycin D, the concentration of which caused th
cytoplasmic accumulation of A1 (data not shown) as reporte
(Pinol-Roma and Dreyfuss, 1992). Thus, the shuttling of Rag
did not seem to be correlated with mRNA metabolism.

DISCUSSION

Using primers which are constructed according to the report
nucleotide sequence, human RagA and RagBcDNAs were
amplified by PCR from the human B cell library. Whereas 
single form of RagAwas amplified, two forms of RagB, RagBn
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Fig. 7. Localization of RagA depending on the nucleotide bound form. 2×105 cells of BHK21 cell line were seeded on a slide cover glass in a
35 mm tissue culture dish. After 24 hours incubation, 2 µg/dish of each pcDEB∆ DNAs which were mixed with 6 µl of lipofectamine reagent
(Gibco BRL) was introduced into cells: wild-type RagA (Wild) (A,B,C), RagAgtr1-11(T21L) (D,E,F), RagAQ66L (Q66L) (G,H,I). After
incubation of 5 hours, medium was replaced with fresh one containing 10% FCS. Cells were fixed 43 hours later with methanol, doubly stained
with anti-T7 antibody and then FITC-conjugated anti-mouse IgG (A,D,G) and DNA was stained with Hoechst dye (B,E,H) as described in
Materials and Methods. Photographs were taken with the fluorescent microscope, and phase contrast image of cells (C,F,I). Bars, 15 µm. 
and RagBs were obtained. RagBs corresponds to the previously
reported human RagBs, however, RagBn is a new form of
RagB. It may be produced by an alternative splicing of Ra
mRNA as reported in the case of RagBl which has been thought
to be produced by an alternative splicing of RagBmRNA
(Schürman et al., 1995). Taking these previous reports toge
our present results indicate that the splicing of RagB mRNA
alternative, whereas that of RagA is not. 

Both RagAand RagBs cDNAs rescue the cold sensitivity o
gtr1-11, but RagBn cDNA does not. The inability of RagBn

cDNA to rescue gtr1-11 is consistent with previous report
showing that S. cerevisiae gtr1-3∆ which corresponds to RagBn

is cold sensitive for growth (Bun-ya et al., 1992; Nakashima
al., 1996). Thus, RagBn may have no biological activity at
14°C, the nonpermissive temperature for gtr1-11. Taking these
findings together, human RagAand RagBs can be concluded to
rescue the cold sensitivity of gtr1-11, and therefore they are
functional mammalian homologues of S. cerevisiae GTR1. The
gB

ther,
 is

f

s

 et

functional conservation between human RagA and Gtr1p 
further confirmed in another way. Previously, we reported th
the cold-sensitive mutation of GTR1, gtr1-11, suppressed both
rcc1− and rna1− of S. cerevisiae. Furthermore, overexpression
of Gtr1-11p partly, but significantly, rescues rcc1− mutants
(Nakashima et al., 1996). Based on these findings, w
introduced the gtr1-11 mutation into the corresponding site of
the human RagA. The resultant mutated human RagAgtr1-11

partly but significantly suppressed all of the rcc1− alleles
examined and also rna1-1, but not srp1-31, similar to gtr1-11.
Thus, RagA and RagB are functional homologues ofS.
cerevisiaeGtr1p.

Similar to Gtr1p, human RagA and RagBs are localized in
the cytoplasm of COS cells. However, a dominant negati
mutated form of RagA, RagAgtr1-11, is localized in the nucleus
and is distributed in speckles similar to SC-35, a non-snRN
of the splicing complex (reviewed by Lamm and Lamond
1993). Speckles of both RagAgtr1-11 and SC-35 seem to be
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randomly distributed in the nucleus. When speckles 
RagAgtr1-11 and SC-35 are superimposed, however, SC-35
juxtaposed to RagAgtr1-11. No co-immunoprecipitation of
RagAgtr1-11 with SC-35 indicates that there is no direc
interaction between them. 

The mutation of RagAgtr1-11corresponds to the GDP-bound
form of Ran-GTPase mutant, T24N, which tightly binds 
RCC1, so that T24N Ran is concentrated in the nucleus wh
RCC1 is localized (Dasso et al., 1994). Therefore, t
accumulation of mutated Gtr1-11p near the splicing complex
may suggest that the GDP/GTP exchange of RagA occurs n
the spliceosome to regulate mRNA maturation. In this conte
we investigated whether actinomycin D, an inhibitor of RN
transcription caused an accumulation of wild-type RagA in t
nucleus. But there was no clear accumulation of Rag
Interestingly, the GTP-bound form of RagAQ66L is localized in
the cytoplasm. While the functional relationship betwee
RagA and SC-35 remains to be determined, thus, RagA se
to shuttle between the nucleus and the cytoplasm, depen
on the bound nucleotide state. Recently, a nuclear dom
designated ND10 (Maul et al., 1996), also referred to as P
(Weiss et al., 1994) is reported to be localized side by side w
SC-35 (Ishov et al., 1997). ND10/PML are multiprotei
complexes of the nucleus, which are upregulated by interfer
(Lavau et al., 1995). The reported distribution of ND10/PM
is quite similar to that of RagAgtr1-11. We are currently
investigating the relationship between ND10/PML and th
speckles of RagAgtr1-11.
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