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Saccharomyces cerevisiae Dis3p, which interacts with Ran/Gsplp, complements Schizo-
saccharomyces pombe dis3-54. Consistent with the functional conservation of Dis3p in S.
cerevisiae and S. pombe, the human ORF (accession number: R27667) was found to be
highly homologous to yeast Dis3p. Based on its nucleotide sequence, we cloned a full-sized
human DIS3 cDNA. The cloned human cDNA partly but significantly restored the tempera-
ture-sensitivity of S. cerevisiae dis3. Thus, Dis3p was found to be structurally and
functionally conserved from yeast to mammals. Consistent with the report that S. cere-
visiae Dis3p is identical to Rrp44p, which comprises the exosome involved in ribosomal
RNA processing, S. cerevisiae Dis3p was found to be localized in the nucleolus. Similar to
S. cerevisiae Dis3p, human Dis3p enhanced RCCl-stimulated nucleotide release from Ran,
in a dose-dependent manner, and bound to GTP- or GDP-Ran.
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Ran is a nuclear Ras-like GTPase required for the nuclear
pore transport function (1). The phenotype of reel, a
temperature-sensitive (ts) mutant of Rcclp, the GDP/GTP
exchanging factor for Ran, however, is pleiotropic (2, 3),
suggesting that Ran may function in nuclear processing in
addition to nuclear protein import and mRNA export (1).
Saccharomyces cerevisiae Ran homologue Gsplp/Cnrlp
has been cloned as a multi-copy suppressor of S. cerevisiae
reel alleles, prp20-l and mtrl-2 (4, 5). S. cerevisiae reel
can be complemented by mammalian RCC1 and vice versa
(6, 7). Thus, the Ran GTPase cycle has been functionally
conserved throughout evolution.

Through analogy with the Ras family, proteins which
specifically bind GTP-Ran will be effectors for Ran (8). In
order to clarify the functions of Ran, proteins which
specifically interact with GTP-Ran have been identified
either biochemically or genetically. They comprise a family
of proteins possessing a domain homologous to RanBPl (3,
9) and importin /3 (10). In contrast to these GTP-Ran
binding proteins, plO/NTF2 specifically binds to GDP-Ran
(11). The finding that overexpression of Ntf2p rescues
temperature-sensitive mutations of Gsplp (12) indicates a
tight interaction between Ran/Gsplp and plO/Ntf2p, while
the role of plO/Ntf2p in the Ran GTPase cycle is known yet.
Previously, we isolated S. cerevisiae Dis3p by means of
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two-hybrid screening of a S. cerevisiae genomic DNA
library using human Ran as a bait (23). While the Ran-
binding proteins thus far mentioned specifically bind GTP-
or GDP-Ran, S. cerevisiae Dis3sc is suggested to bind a
nucleotide-free Ran/Gsplp, thereby, enhances the RCCl-
stimulated nucleotide release from Ran (13).

Dis3p was originally identified as a protein defective in
cold-sensitive Schizosaccharomyces pombe mutant dis3
(14). At the same time, disl and dis2 were isolated. These
mutants are mutually synthetic lethal. Dis2p is the cata-
lytic subunit of a type 1 protein phosphatase (15, 16).
Recently, Dis3sc was reported to be identical to Rrp44p,
which comprises the exosome exhibiting 3' to 5' exoribonu-
clease activity, with other Rrp4, Rrp41, Rrp42, and Rrp43
(17). Thus, Dis3p is suggested to be involved in the 3'
processing of 5.8S rRNA. The human homologue of Rrp4
rescues the S. cerevisiae rrp4-l mutation (17). Similar to
hRrp4, Dis3hs/hRrp44p rescued the temperature-sensi-
tivity of S. cerevisiae dis3. Interestingly, human Dis3p
bound both GTP- and GDP-Ran.

MATERIALS AND METHODS

Strains and Media—The S. cerevisiae strains and plas-
mids used in this study are described in Table I. The S.
cerevisiae strains were transformed by a modified LiCl
method involving DMSO, as described (13). Escherichia
coli strains XLI-blue and BL21(DE3) were used for plas-
mid- engineering and producing recombinant proteins as
described previously (18). The media used respectively for
yeasts and bacteria were described previously (19).

Amplification of Human DIS3 cDNA-Fragments—Ac-
cording to the nucleotide sequence of human cDNA (Gen-
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TABLE I. Plasmids and yeast strains used in this study.
Plasmid Relevant markers Description Source or reference

pGAP-DIS3hs

pGAP-DIS3sc

CEN TRR1 PTDH3-DIS3hs

CEN TRR1 PTDm-DIS3sc

pGAP314° with DIS3hs cDNA inserted downstream of TDH3 This study
promoter

pGAP314" with DIS3sc cDNA inserted downstream of TDH3 This study
promoter

pGAP-GSTDIS3sc CEN TRP1 PTOn3-GSTDIS3se pGAP314" with GST-DIS3sc cDNA inserted downstream of TDH3 This study
promoter

pEG-KG-DIS3hs 2/i URA3 Leu2-d pEG-KGb with GST-DIS3hs cDNA inserted downstream of GAL10 This study
PCAiu>-GSTDIS3hs promoter

Yeast Genotype Source or reference
N43 MATa/a ade2/ade2 his3/his3 Ieu2/leu2 LYS2/lys2 trpl/trpl ura3/ura3
YPH501 MATa/a ade2/ade2 his3/his3 Ieu2/leu2 Iys2/lys2 trpl/trpl ura3/ura3
37C19 MATa dis3::HIS3 ade2 his3 Ieu2 Iys2 trpl ura3 [YCpDIS3sc]
37C19-A MATa dis3::HIS3 ade2 his3 Ieu2 Iys2 trpl ura3 [pGAP-GSTDIS3sc]
dis3-81 MATa dis3-81 ade2 his3 Ieu2 trpl ura3 canl

13
33
13
37C19 plasmid shuffled with pGAP-GSTDISA3sc
NBW5C replaced with dis3-81 temperature-

sensitive allele (Noguchi et al., in preparation)
apGAP314 in Ref. 19. bpEG-KG in Ref. 21. CNBW5 in Ref. 19.

Bank accession number: R27667), 5' and 3' primers for
PCR, 5'-TTGTTGCTATTGATGGTTGGCC and 3'-CCTG-
GTGGGTCTACACTACAA, were prepared, respectively.
Using these primers, human cDNA fragments were
amplified from mRNA of HeLa cells by 40 cycles of
reactions; 94°C for 45 s, 55°C for 60 s, and 72°C for 60 s,
using Taq polymerase. The 5' stretch cDNA library of a
human B cell lymphoma (Clontech) was then screened
using the resultant human cDNA as a probe, as described
(20).

Construction of GST-Fused Human DIS cDNA—To
remove the stop codon prior to the first methionine of
human Dis3p, obtained human DIS3 cDNA clone No. 21
was amplified with KOD polymerase (Toyobo) for 30 cycles
of reactions; 98°C for 15 s, 65°C for 2 s, and 72°C for 30 s,
using as the 5' and 3' primers, 5'-GCGGGATCCGGCAAG-
ATGCTCAAGTCCAAG and 3'-ACCACAGAAGATGGT-
GC, respectively. The amplified DNA fragments were
digested with restriction enzymes, BaniHl and Nhel, and
then used to replace the BamHl-Nhel fragment of the
originally cloned human DIS3 cDNA. From the resultant
plasmid, 2.9 kb of DIS3hs was cut out with BamHl and
Xhol, and then inserted into the BamHl/ Xhol sites of
pET32a (Novagen). From the resultant plasmid, DIS3hs
was then cut out with Ncol and Xhol, and then inserted into
the Ncol/Xhol sites of pGEX-KG, resulting in GST-fused
DIS3hs. From the resultant plasmid, DIS3hs was cut out
with Xbal and Xhol, and then inserted into the Xbal/Sall
sites of pEG-KG(2I).

Purification of Human Dis3p—S. cerevisiae strain
NBW5/pEG(KG)-DIS3hs was cultivated up to A660 = 2.0,
and then for another 2 h in the presence of galactose (final,
2%), at 30°C. The cells were spun down, suspended in lysis
buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM
EDTA, 10% glycerol, and 1 mM DTT), lysed by vortexing
with glass beads, and then centrifuged at 28,000 rpm for 1
h. From the supernatant, GST-fused human Dis3p was
purified on a glutathione column as described (13). When
indicated, GST was cut out of GST-Dis3hs by incubation in
the presence of thrombin (1% w/w) at 30°C for 2h as
described (13).

Indirect Immunofluorescence Staining—Cultures of S.
cerevisiae were processed and fixed as described (22). Cells
were stained with polyclonal antibodies to S. cerevisiae
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Fig. 1. Molecular cloning of human DIS3. A: Composite restric-
tion enzyme map of human DIS3. Six cDNA clones were isolated and
mapped on the composite human DIS3 cDNA. The 5' end, designated
as 1 corresponds to the first nucleotide of the No. 21 clone. The ORF
(open box) of human Dis3p comprises 28th to 2,904 nucleotides.
"3576" corresponds to the 3' end of the No. 85 clone. N, iVAel; P,
PflMl; E, EcoBI; H, ffindlll; S, Smal. The stippled box indicates the
position of human ORF R27667, and the black boxes the positions of
the PCR primers used. B: Construction of the full sized human DIS3.
cDNA fragments 21 and 85 were inserted into the Smal and Hindi
sites of the same Bluescript II KS( —), digested with PflMl, and then
ligated with the PflMl fragment of cDNA fragment 19.

Dis3p, which were prepared in rabbits using as an antigen
the N-terminal part (30 to 274 amino acids) of S. cerevisiae
Dis3p, that was produced in E. coli. When indicated, cells
were doubly stained with a monoclonal antibody (mAb),
YN2C1, to S. cerevisiae nucleolar protein Ssblp (23) (a gift
from Dr. M. Nomura) and the anti-S. cerevisiae Dis3p
antibodies. Cells that had been exposed to the primary
antibodies were treated with the secondary antibodies,
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S.c. MSVPAIAPRRKRLADGLSVTQKVFVRSRNGGATKIVREHYLRSDIPCLSRSCTKCPQIWPDAQNELPKFILSDSPLELSAPIGK--HYWLDTNWLQA
S.p. MS--TVSGLKRPQSSEKNHRDRVFVRATRGKVQKWREQYLRNDIPCQSRACPLCRSKLPKDSRGNVLEPILSEKPMFLEK-FGH--HYLIPDSNIFYHC
C.e. MDLNV KQSGIHSVALHTTYFQN-RSGKVYKRAEERYLRNDLSCGLAQCGTC KDFGTNPLLKIENPVRNAKVGR--HALIVDSTSLIRF
M.m. M-LRS K TFLKKTRAGGWKIVREHYLRDDIGCGAPACSAC GGAHAGPALELQPRDQASSLCPWPHYLLPDTNVLlEp
H.s. M-LKS K TFLKKTRAGGVMKIVREHYLRDDIGCGAPGCAAC GGAHEGPALEPQPQDPASSVCPQPHYLLPDTNVLIEB

S.C.
S . p .
C . e .
M.m.
H . s .

S.c.
S.p.
C.e.
M.m.
H . s .

SCTKCPQIWPDAQNELPKFILSDSPLELSAPIGK--HYWLDTNWLQAIDLLENPNCFFDVIVPQIVLDEVRNKSYPVYTRLRTLCRDSDDHKRFIVF
ACPLCRSKLPKDSRGNVLEPILSEKPMFLEK-FGH--HYLIPDSNIFYHCIDALEHPNNFF0VIILQTVFSEISSKSIPLYNRMKRLCQEKT--KRFTPF
QCGTC KDFGTNPLLKIENPVRNAKVGR--HALIVDSTSLIRFYDLFDSSL-LRDLIVTQTVWEGVKAKAVPAYKKMNSLCYE-DAKDRFHVF
ACSAC GGAHAGPALELQPRDQASSLCPWPHYLLPDTNVLLHQIDVLEHPA-IRNVIVLQTVMQEVRNRSAPIYKRIRDVTNN-QEK-HFYTF
GCAAC GGAHEGPALEPQPQDPASSVCPQPHYLLPDTNVLLHQIDVLEDPA-IRNVIVLQTVLQEVKNRSAPVYKRIRDVTNN-QEK-HFYTF

HNEFSEHTFVERLPNETINDRNDRAIRKTCQWYSEHLKPYD INWLVTNDRLNREAATKEVESNIITKSLVQYIELLPNADDIRDSIPQM-DSFDK
SNEFFVDTFVERLDDESANDRNDRAIRNAASWFASHLASLG IKIVLLTDDR ENARLAAEQGIQVSTLKDYVQYLPDSEILLDMVSAIADAIAS
MNEFHCETFSESSKFEDLS-RGEELLLSTALYLKTHWQKHNV-APWLVFDEDSKKRMENH YQHVM--YL-KEYIQNLEDPGK-QALLDQMA-AYES
THVffeKETYIEQEQGENANDRNDRAIRVAAKWYNEHLKRVAADSQLQVILITNDRKNKEKA VQEGIPAFTCEEYVKEJL--TAN-PELIDRLA-YLSD
TNElflRETYVEQEQGENANDRNDRAIRVAAKWYNEHLKKMSADNQLQVIFITNDRRNKEKA IEEGIPAFTCEEYVI<yiJ--TAN-PELIDRLA-CLSE

S . c .
S . p .
C . e .
M.m.
H . s .

DLERDTFSDFTFPEYYSTARVMGGLKNGVLYQGNIQISEYNFLEGSVSLPRFS KPVLIVGQKNLNRAFNGDQVIVELLPQSEWKAPSSIVLDSEHFD
KEQVESGTKNVYELHWSMSRLLACIKNGEVHKGLINISTYNYLEGSVWPGYN KPVLVSGRENLNRAVQGDIVCIQILPQDQWKT
SGNGNE--KQIFDEYLSHDRIMEGIASGTIKRGNFSVSRENYREATVIID DQLTSWFITG-NNCNRAVNGDTVAVQLLPEDQWTAPEKKI R

S . c . VNDNPDIEAGDDDDNNESSSNTTVISDKQRRLLAKDAMIAQRSKKIQPTAKWYIQRRSWRQYVGQLAPSSV-DPQSSSTQNVFVILMDKCLPKVRIRTR
S.p. —EAEEIADDDEDVWSTAAEPDSARINDLELITK RNAHPTAKWGILKRNWRPYVGHVDNATIAQSKGGSQQTVLLTPMDRRVPKIRFRTR
C . e . LRDVEEYVKTADDMG NEDEENDDENDEP-KAKK SKKMTVSTAKWGIIKRNWREYCGMLLPSTVKGARRH LFCPAERLIPRIRIETE
M.m. LDD EGQN EDDVEKDEERELLLKTAV---SEKMLRPTGRWGIIKKNWRPYCGMLSKSDIKESRRH LFTPADNRIPRIRIEIR
H . s . LHD EGQN EEDVEKEEERERMLKTAV SEKMLKPTGRWGIIKRNWRPYCGMLSKSDIKESRRH LFTPADKRIPRIRIETR

* * * * * * * * * * * *

S.p. QAPRLVGRRIWAIDLWDASSRYPEGHFVRDLGEMETKEAETEALLLEYDVQHRPFPKAVLDCLPEEGHNWKVPAD KTHPLWKNRKDFRDKLI
C . e . QAETLSQQRIWAIDHWPRDSKYPLGHYVRSIGEMGSRETENEVLLLEHDIPHAPFSE3VLDCLPRE--EWEPDLT ENRGPL—PRVDLRDLTI
M.m. QASALEGRRIIVAIDGWPRNSRYPNGHFVKNLGDVGEKETETEVlinLEHDVPHQPFSQAVLSFLPRM--PWSITEE DMKN REDLRHLCV
H . s . Q A S T L E G R R I I V A I D G W P R N S R Y P N G H F V R N L G D V G E K E T E T E V I | I J L E H D V P H Q P F S Q A V L S F L P K M - - P W S I T E K DMKN REDLRHLCI

S . c .
S .p .
C.e .
M.m.
H . S .

CSVDPPGCTDIDDALHCRELSNGNljS/GVHIADVSFHI
CSVDPPGCTDIDDALHCRELENGNI4EJVGVHIADVSHFI

SNALDQESARRGTTVYLCEKRIDMVPELLSSNLCSlJRfeNVDRLAFSCIWEMNHNAEILKT
SNALDQESARRGTTVYLCEKRIDMVPELLSSNLCSlJarDVDRLAFSCIWEMNHNAEILKT

S.c.
S.p.
C.e.
M.m.
H.s.

RFTKSVINSKASLTYAEAQMRIDSAAMNDDITTSLRGLNQLAKILKKGRI
KFTKSVINSKASLTYAEAQLRIDSANMNDDITTSLRGLNKLAKILKKRRI

IALTLSSPEIRFHMDSETHDPIDLQTKELRETNSMVEEFMLLANISVA
iALTLSSPEVRFHMDSETHDPIDLQTKELRETNSMVEEFMLLANISVA

S.C. RKIYDAFPQTAMLRRHAAPPSTNFEILNEMLNTRKNMSISLESSKALADSLDRCVDPEDPYFNTLVRIMSTRCMMAAQYFYSG
S.p. QKIYDAFPQTAVLRRHAAPPLTNFDSLQDILRVCKGMHLKCDTSKSLAKSLDECVDPKEPYFNTLLRILTTRCMLSAEYFCSG
C.e. EKILEEYPDCALLRRHPVPLKESYKPLVEAARH-RGFEIIVESGKGLADSLNRCVDKKNPMLNRLLRMLTTRCMTQAVYFSAGKDGFSDIKLEEKKFFVL
M.m. KKIHEEFSEHALLRKHPAPPPSNYDILVKAAKS-KNLQIKTDTAKSLADSLDRAESPDFPYLNTLLRILATRCMMQAVYFCSGMDN
H.S. KKIHEEFSEHALLRKHPAPPPSNYEILVKAARS-RNLEIKTDTAKSLAESLDQAESPTFPYLNTLLRILATRCMMQAVYFCSGMDN

• * * * * * * * * * * * * * * * * * * * * * * * * *

S.C AYSYPDFRHYGLAVDIYTHFTSPIRRYCDWAHRQLAGAIGYEPLSLTH
S.p. TFAPPDFRHYGLASPIYTHFTSPIRRYADVLAHRQLAAAIDYETINPSL

M.m. • DFHHYGLASPIYTHFTSPIRRYADIIVHRLLAVAIGADCTYPEL
H.S. DFHHYGLASPIYTHFTSPIRRYADVIVHRLLAVAIGADCTYPEL

S . c .
S .p .
C.e .
M.m.
H . s .

RDKNKMDMICRNINRKHRNAQFAGRASIEYYVGQVMRN-NESTETGYVIKVFNNGIWLVPKFGVEGLIRLDN LTE--DPNSAAFDEV
SDKSRLIEICNGINYRHRMAQMAGRASIEYYVGQALKG-GVAEEDAYVIKVFKNGFWFIARFGLEGIVYTKS LSSVLEPN-VEYVED
I^QARCTKICTNINYRHKQAQYAGRASVQLNVVRYFKGK-VETCEGFVMGVRN>K3IQVFVPKYGLESIIVLffrSAASGTTIDVEEMSVKVN-GDVVIKEL
TdB«LSDICKNLNFRHKMAQYAQRASVAFHTQLFFKSKGIVSEEAYILFVRKNAIVVLIPKYGLEGTVFFEEKDKPKPRLAYDDEIPSLRIEGTVFHVF
TCM1KLADI

S . C . E-YKLTFVPTNSDKPRD-VYV--FDK VEVQVRSVMDPITSKRKAEL-LLK
s.p. E-YKLNIEIRDQPKPQT-VQIQMFQQ VRVRVTTVRDEHSGKQKVQITLVY Fig. 2. Alignment of Dis3p. The amino acid sequence of
C.e. EPVTVRISVKEKNQQRPRVELQLIKPAIPGLSV DFDLSSSEG LGL human_Dis3p presently obtained was aligned with those of S.
M.m. DKVKVKITLDSSNLQHQKIRMALVEPQIPGINIPPNVADKALTAPGGKKRKLEK cerevisiae (S. c), S. pombe (S. p), Caenorhabditis elegans (C. e),
H.s. DKVKVKIMLDSSNLQHQKIRMSLVEPQIPGISIPTDTSNMDLNGPKKKKMKLGK ^ M"s musculus (M. m) Dis3p, the GenBank accession numbers

. . . . . . of which are YSPDIS3P, D76430, CEC04G2.6, and prf:
2311380A, respectively. The nucleotide sequence data for human

(Homo sapiens, H. s) DIS3 reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases under the
accession number, AB001743. The amino acids in squares were found to differ from those of human Dis3p reported by Lim et al. (25).
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rhodamine-conjugated goat anti-mouse antibodies (CAPP-
EL) and FITC-conjugated goat anti-rabbit IgG antibodies
(TAGO). Cells were finally stained with Hoechst 33342 and
then mounted on Vectashield (Vector).

Zeiss Axio Photo was used for sample analysis by the
standard microscopic method. Digital imaging of stained
cells was performed with a Zeiss confocal laser scan
microscope, LSM310.

Guanine Nucleotide Release Assay—E. coli produced
human Ran and Rcclp were purified and [3H]GDP-Ran was
prepared, as described (2, 13). Two pmol of [3H]GDP-Ran
was mixed with human Dis3p in GEF buffer (25 mM
Tris-HCl, pH7.5, 50 mM NaCl, 20 mM MgCl2, 1 mM
DTT, 1 mM CHAPS, and 2 mM GDP). After incubation at
30°C for 3 min, 20 fmol of Rcclp was added and the reaction
was carried out as described (13). The radioactivity re-
maining on Ran was counted with a liquid scintillation
counter.

Biosensor Analysis—Real-time interaction analysis of
the binding between human Dis3p and Ran was performed
with a BIAcore biosensor instrument (Pharmacia Biosensor
AB) as described (24). CM5 sensor chips and amine
coupling kits were obtained from Pharmacia Biosensor AB.
The mAb to GST (Pharmacia Biosensor AB) was immo-
bilized on the CM5 sensor chip of the BIA core as recom-
mended by the manufacturers, using HBS buffer (20 mM
HEPES, pH 7.4, 150 mM NaCl, 5 mM EDTA, and 0.005%
Tween 20) as the running buffer. GST-RanGMPPNP, GST-
RanGDP and, as a control, glutathione S-transferase were
trapped.

Binding experiments were performed with injection of
increasing amounts (jxM) of human Dis3p in buffer com-
prising 20 mM potassium phosphate (pH7.6), 50 mM
NaCl, 5 mM MgCl2, and 0.005% Tween 20. Evaluation and
calculation of the binding parameters were carried out
according to the manual BIA evaluation software type 1
model provided by Pharmacia Biosensor AB.

RESULTS

Cloning of Human DIS3 cDNA—The finding that Dis3p
is structurally and functionally well conserved in S. cere-
visiae and S. pombe (13) indicates that Dis3p plays an
important role in cell proliferation. Consistent with this
notion, we found that there is a human cDNA fragment
(accession number: R27667) of which the amino acid
sequence is highly homologous to that of yeast Dis3p. In
order to prove the functional conservation of Dis3p
throughout evolution, we isolated the full sized human
Dis3p.

First, we amplified cDNA from mRNA of HeLa cells
using as primers nucleotides prepared according to the
sequence of cDNA R27667 (Fig. 1A, primers 1 and 2). The
resultant human cDNA fragments were used as probes for
the screening of the cDNA library of a human B cell
lymphoma (Clontech) as described (20). Out of the 400,000
plaques screened, three cDNA fragments, Nos. 11, 13, and
15, were obtained. Using No. 11 cDNA as a probe, 600,000
plaques of the cDN A library were screened and two positive
clones, Nos. 19 and 21 were obtained. Finally, using the
C-terminal fragment of cDNA clone No. 19 as a probe, we
obtained the No. 85 cDNA clone out of 600,000 plaques.
The cDNA fragments obtained were mapped in the open

reading frame of human DIS3 cDNA (Fig. 1A).
A linear cDNA encoding the whole human Dis3p was

constructed as follows. First, cDNA fragment Nos. 21 and
85 were inserted into the Smal and Hindi sites of the same
Bluscript II KS( —) plasmid (Stratagene), respectively,
resulting in plasmid KS (-)-21/85 (Fig. IB). Both human
DIS3 cDNA fragments, Nos. 21 and 85, were found to
possess a single restriction enzyme site, PflMl (P in Fig.
1 A), so the resultant plasmid DN A was digested with PflMl
in order to remove the intermediate nucleotide between the
No. 21 and 85 regions of KS (-)-21/85, and then ligated
with 1.5 kb of the PflMl fragment of the No. 19 cDNA, as
shown in Fig. IB.

The resultant human DIS3 cDNA possessed an open
reading frame of 2,874 nucleotide pairs. The nucleotide
sequence data reported in this paper will appear in the
DDBJ/EMBL/GenBank nucleotide sequence databases
under the accession number, AB001743. After cloning of
the full sized human DIS3 cDNA, Lim et al. (25) reported
the sequences of full sized murine and human DIS3 cDNA.
The amino acid sequence estimated from our cDNA clone
was mostly identical to the sequence of the reported human
Dis3p, except for the 75th, 127th, 200th, 434th, 501th,
515th, 552th, 627th, and 807th amino acid residues (Fig.
2). In comparison with the sequence of the reported murine
Dis3p, the estimated amino acid sequence of the presently
cloned DIS3hs was found to be identical with that of the
murine Dis3p, except for the 552th amino acid residue.
Based on our sequence, human Dis3p is 90.4% identical to
the murine one.

Human Dis3p Is a Functional Homologue of S. cere-
visiae Dis3p—In order to clarify the functional conserva-

DIS3hs

DIS3sc Vector

3TX:

Fig. 3. Human DIS3 complements S. cerevisiae dis3. DIS3hs
(Dis3hs) and DIS3sc (Dis3sc) carried on S. cerevisiae expression
vector pGAP314, and the vector alone (Vector) were introduced into
S. cerevisiae strain dis3-81 by a modified LiCl method involving
DMSO. Transformants were selected on synthetic medium plates
(trp~), streaked onto synthetic medium plates (trp~), and then
incubated for 4 days at the indicated temperatures.

J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Human Dis3p 887

tion in human and S. cerevisiae Dis3p, the human DIS3
cDNA was inserted into the S. cerevisiae expression vector,
pGAP314 {TRP1, CEN, TDH3 promoter) (22). The resul-
tant pGAP-DIS3hs was introduced into a temperature-
sensitive mutant of S. cerevisiae strain NBW5, dis3-81, in
which the DIS3 gene was replaced by the dis3-81 allele
(Noguchi et al., in preparation). As controls, pGAP-DIS3sc
and the vector alone were introduced into dis3-81, as well.

Transformants expressing human DIS3 were selected in
medium lacking tryptophan, and then cultured at 26, 35, or
37°C as indicated (Fig. 3). dis3-81 cells grew at 26°C, but
not at 35 or 37°C (Fig. 3, vector). Transformants expressing
human DIS3 grew at 35°C, but not at 37°C, while S.
cerevisiae DIS3 rescued the growth defect of dis3-81 even
at 37°C. These results indicated that the function of human
Dis3p partially but significantly overlapps that of S.
cervisiae Dis3p.

Localization of Dis3p—Previously, we found that S.
pombe Dis3p forms a complex with S. pombe RCC1
homologue Pimlp, which is located on chromatin (13, 26,
27). Consistent with this fact, S. pombe Dis3p is enriched
in the nuclear fraction (13). In order to determine the
cellular localization of S. cerevisiae Dis3p, we prepared
antibodies to E. co/i-produced Dis3sc fragment. The anti-
Dis3sc antibodies prepared recognized proteins of the same
molecular mass in strain 37C19 {/}dis3 [YCpDIS3sc]} as
in endogenous Dis3p (Fig. 4A, compare lanes 1 and 3), but
recognized proteins of 140 kDa corresponding to GST-
fused Dis3sc in strain 37C19-A {Adis3 [pGAP-GSTDIS-
3sc]} (Fig. 4A, lane 2). Thus, the anti-Dis3sc antibodies
prepared specifically recognized S. cerevisiae Dis3p.

Exponentially growing cultures of S. cerevisiae N43 were
fixed and stained with the anti-Dis3sc antibodies. DNA was
stained with Hoechst 33342. As shown in Fig. 4B, the

B

67

43

30"

phase

Hoechst

Dis3p

DIS3

Ssbip

merge

Fig. 4. 5. cerevisiae Dis.3p is localized in the
nucleolus. A: Characterization of the anti-Dis3sc
antibodies. Crude extracts of S. cerevisiae strains
37C19 {Adis3 [YCpDIS3sc]} (lane 1), 37C19-A
{ddis3 [pGAP-GSTDIS3sc]} (lane 2), and YPH501
(lane 3) were prepared by vortexing with glass beads,
and then subjected to 7.5% SDS-PAGE, transferred to
PVDF membrane and immunoblotted with the anti-
Dis3sc antibodies, as described (13). B: Exponential-
ly growing cultures of S. cerevisiae N43 were fixed
and stained with the antibodies to S. cerevisiae Dis3p.
DNA was stained with Hoechst 33342 (DNA). Scale
bar: 10//m. C: Exponentially growing cultures of S.
cerevisiae N43 were fixed and doubly stained with the
antibodies to S. cerevisiae Dis3p (Dis3p) and the mAb
to Ssblp, and then treated with rhodamine-con-
jugated goat anti-mouse and FITC-conjugated goat
anti-rabbit IgG antibodies as indicated. Digital
images of stained cells obtained on confocal laser
scanning microscopy were superimposed by electronic
image processing.
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Fig. 5. Dis3p binds to both
GDP- and GTP-Ran. A: SDS-
polyacrylamide gel electropho-
retic analysis of purified GST-
fused human Dis3p. About 80
ix% of GST-fused human Dis3p
was digested with thrombin and
then the beads were spun down.
GST-fused human Dis3p, and
proteins in the supernatant and
on the beads were electropho-
resed on SDS-polyacrylamide
(10%) gels and then stained with
Coomassie Brilliant Blue. Lane
1: GST-human Dis3p. Lane 2:
human Dis3p digested with
thrombin. Lane 3: GST-beads.
B: Enhancement of RCC1-
stimulated nucleotide release by

human Dis3p. Two picomoles of [3H]GDP-Ran was pre-incubated
with 0.05 (•), 0.1 (•), 0.2 (•), 0.4 (A), or 1.0 pmol (A) of human
Dis3p or without Dis3p (x), for 3 min at 30°C, and was then mixed
with 20 fmol of human RCC1, as indicated. At the indicated times,
the reaction was stopped and the remaining radioactivity on Ran was
counted by liquid scintillation counting. As controls, 2 pmol of
[3H]GDP-Ran was mixed with 1.0 pmol of human Dis3p alone (•),
and with buffer alone (O), and then incubated as indicated. C: Real
time interaction analysis of GDP- and GTP-Ran binding to human
Dis3p. The mAb to GST was immobilized on the sensor chip and then
0.1 /xM of either GST-RanGMPPNP, GST-RanGDP, or GST, as a
control, was trapped on the sensor chip through the mAb to GST. The
purified human Dis3p was then injected at the concentration of 0.025
(lines 1 and 2) or 0.05 //M (lines 3 and 4). The relative response units
of GST-RanGMPPNP (lines 2 and 4) and GST-RanGDP (lines 1 and
3) from which the relative response units of GST alone had been
subtracted are shown.

10
Time (min)

15 20

staining pattern of Dis3p appeared to be that of the
nucleolus. In order to prove this, cells were doubly stained
with the anti-Dis3sc antibodies and, as a nuclolus-specific
probe, with the monoclonal antibody (mAb) to S. cerevisiae
nucleolar protein Ssblp (a single-stranded nucleic acid-
binding protein) {23). When superimposed, the staining
patterns of Ssblp and Dis3p well overlapped (Fig. 4C).
Thus, Dis3p is localized in the nucleolus, consistent with the
report of Rad et al. (28).

Human Dis3p Binds Both GTP- and GDP-Ran—Previ-
ously, we found that S. cerevisiae Dis3p could enhance
RCCl-stimulated nucleotide release (13). In order to
confirm that this finding is also true for human Dis3p, we
expressed human Dis3p in S. cerevisiae and purified it on a
glutathione column. The purified GST-fused human Dis3p
was finally digested with thrombin to obtain GST-free
human Dis3p (Fig. 5A, lane 2). Increasing amounts of the
purified human Dis3p were then mixed with [3H] GDP-Ran,
followed by incubation with Rcclp. The radioactivity
remaining on Ran was counted with a liquid scintillation
counter. As previously reported (13), human Dis3p en-
hanced RCCl-stimulated nucleotide release from GDP-Ran
in a dose-dependent manner (Fig. 5B). Since we could not
obtain a large amount of the purified human Dis3p, the
kinetic parameters could not be calculated. Instead, we
used [3H] GDP-Ran containing a lot of cold GDT-Ran.
Under such conditions, the nucleotide-exchange activity of
Rcclp could be reduced, so the enhancement of RCCl-

stimulated nucleotide exchange with Dis3p was clearly
observed. Since human Dis3p by itself did not release
[3H]GDP from Ran, even at the concentration of 1.0 pmol,
which strongly enhanced the GEF activity of Rcclp (Fig.
5B), our human Dis3p preparation did not contain detect-
able activity of S. cerevisiae RCCl homologue Prp20p.

Upon the mixing of GST-fused S. cerevisiae Dis3p with
guanine nucleotide-bound Ran, nucleotide-free Ran was
co-precipitated with GST fused Dis3p (13), although S.
cerevisiae or human Dis3p by itself has no ability to release
nucleotides from Ran (23 and Fig. 5B, Dis3p alone). This
finding suggested that Dis3p first bound to the nucleotide-
bound Ran and then the nucleotide was released from Ran
during sedimentation with beads. In order to determine
whether or not the nucleotide-bound Ran can directly bind
human Dis3p, we analyzed the interaction between human
Dis3p and the nucleotide-bound Ran by real time interac-
tion analysis using BIAcore (24).

The mAb to GST was immobilized on the sensor chip of
the BIA core to trap GST-fused Ran-GMPPNP, Ran-GDP,
or GST alone. The interaction of human Dis3p with
nucleotide-bound Ran was then determined by injecting
increasing amounts (/<M) of human Dis3p. The relative
response units obtained with GST alone were subtracted as
the background from those of GST-fused Ran. As shown in
Fig. 5C, both GTP- and GDP-Ran significantly bound to
both GMPPNP- and GDP-Ran. The calculated affinity
constants of Ran-GMPPNP and Ran-GDP were 1.9X109
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(M"1) and 3.4xlO8 (M"1), respectively. Thus, Dis3p was
indicated to be able to bind to both GTP- and GDP-Ran,
while GTP-Ran binds to Dis3p more efficiently.

DISCUSSION

Previously, we obtained the C-terminal fragment of S.
cerevisiae DIS3 by means of the two-hybrid method using
human Ran as a bait, and subsequently cloned the full-sized
ORF of S. cerevisiae Dis3p (13). S. cerevisiae DIS3
obtained complements S. pombe dis3, indicating that both
S. cerevisiae and S. pombe Dis3p are functionally con-
served. In this study, we have cloned human DIS3 cDNA.
The encoded human Dis3p is highly homologous to S.
cerevisiae and S. pombe Dis3p, as reported (25), and was
found to be able to complement S. cerevisiae dis3. Thus,
Dis3p is structurally and functionally conserved throughout
evolution.

In both S. pombe and S. cerevisiae, Dis3p comprises a
large molecular complex (13, 16). Recently, Dis3p was
shown to be identical to Rrp44p, which comprises the
exosome with Rrp4p, Rrp41p, Rrp42p, and Rrp43p (17).
The exosome possessing the multiple 3'-5' exonuclease
activities is supposed to be required for the 3' processing of
5.8S rRNA, which occurs in the nucleolus. Consistent with
this finding, S. cerevisiae Dis3p is localized in the nucleolus.

Taken together with the previous report that the human
homologue of S. cerevisiae Rrp4p, which comprises the
exosome, complements the S. cerevisiae rrp4-l mutation
(17), the present results indicate that the function of the
exosome is conserved throughout evolution. One of the
major phenotypes observed in reel is a defect in RNA
processing (2, 3, 29). Indeed, rnal-1, a ts mutant of
RanGTPase-activating protein Rnalp, was isolated as a
mutant defective in ribosomal RNA processing (30-32).
Through analogy with the Ras family (8), the function of
Ran may be carried out by proteins to which GTP-Ran
specifically binds. In this regard, our present finding that
both GDP- and GTP-Ran bind human Dis3p is striking. This
may indicate that Dis3p does not function as an effector for
Ran. The other question raised by the finding that S.
cerevisiae Dis3p is identical to Rrp44p (18) is whether or
not the activity of the exosome is regulated by Ran. In this
regard, it could be possible that the exosome, as a whole
complex, binds to GTP-, but not GDP-Ran, through
Rrp44p/Dis3p. While this is an attractive idea, the findings
that Rrp44p/Dis3p has exoribonuclease activity (18) and
that Dis3p enhances the nucleotide exchanging activity of
Rcclp (13) suggest another possibility that the role of
Dis3p in the Ran GTPase cycle differs from that in the RNA
processing pathway. In order to clarify this issue, we are
currently isolating a series of ts mutants of S. cerevisiae
Dis3p.

We wish to thank Dr. Y. Azuma for the technical assistance in the
BIAcore assay and Dr. M. Nomura for providing the mAb to Ssblp.
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