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ARBI is an essential yeast protein closely related to members of a subclass of the ATP-binding cassette
(ABC) superfamily of proteins that are known to interact with ribosomes and function in protein synthesis or
ribosome biogenesis. We show that depletion of ARB1 from Saccharomyces cerevisiae cells leads to a deficit in
18S rRNA and 40S subunits that can be attributed to slower cleavage at the A0, Al, and A2 processing sites
in 35S pre-rRNA, delayed processing of 20S rRNA to mature 18S rRNA, and a possible defect in nuclear export
of pre-40S subunits. Depletion of ARB1 also delays rRNA processing events in the 60S biogenesis pathway. We
further demonstrate that ARB1 shuttles from nucleus to cytoplasm, cosediments with 40S, 60S, and 80S/90S
ribosomal species, and is physically associated in vivo with TIF6, LSG1, and other proteins implicated
previously in different aspects of 60S or 40S biogenesis. Mutations of conserved ARB1 residues expected to
function in ATP hydrolysis were lethal. We propose that ARB1 functions as a mechanochemical ATPase to
stimulate multiple steps in the 40S and 60S ribosomal biogenesis pathways.

Ribosome synthesis takes place primarily in the nucleus of
eukaryotic cells and involves the processing of a large precur-
sor TRNA containing the sequences of 18S rRNA, found in
mature 408 subunits, and the 5.8S and 25S rRNAs found in 60S
subunits. A large ensemble of frans-acting factors, the U3
snoRNP complex, and ribosomal proteins (mostly of the 40S
subunit), interact with the pre-rRNA to form the 90S pre-
ribosome, or small subunit processome. Three cleavage reac-
tions that excise the 20S precursor of 18S rRNA from the 35S
rRNA precursor (at sites A0, Al, and A2) (see Fig. 2G) take
place in the >2-MDa 90S complex (reviewed in references 15,
25, and 70). The pre-40S particle released after cleavage at
sites A0-A1-A2 is transported to the cytoplasm with a relatively
small number of factors, some of which also reside in the 90S
complex, while others appear to join with the pre-40S particle
after its separation from the pre-60S particle (62). Cleavage of
20S pre-rRNA to mature 18S rRNA occurs following export of
the pre-40S particle to the cytoplasm.

The pre-60S particle contains 27SA pre-rRNA (see Fig. 2G)
and a large array of trans-acting factors not found in the 90S
particle. It undergoes a series of RNA cleavage reactions that
excise 25S and 5.8S from the 27SA pre-rRNA before being
exported from the nucleus. Only a small number of factors
present in the 90S particle also occur in pre-60S particles, and
it is thought that such factors dissociate from the pre-60S
particle early in its maturation. Hence, there are few factors
found stably associated with both pre-40S and pre-60S particles
(52, 70).
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A number of ATPases of the AAA family and GTPases inter-
act exclusively with pre-60S particles and may catalyze associa-
tion/dissociation reactions or molecular rearrangements during
60S maturation. The GTPase Bsmlp, by contrast, is associated
with the 90S particle and participates in 18S rRNA processing
(70). Putative ATP-dependent RNA helicases have also been
implicated in ribosome biogenesis (10, 26, 40, 52, 76), including
several involved in A0-A1-A2 cleavage, and have been shown to
be physically associated with pre-ribosomal particles.

Most ATPases in the ATP-binding-cassette (ABC) super-
family are membrane transporters that use ATP hydrolysis to
transport solute molecules against a concentration gradient
(48), and, typically, they contain two ABCs and a transmem-
brane domain. The ABC harbors a nucleotide binding domain
with Walker A and B motifs plus an a-helical domain with the
“LSGGQ” signature motif that distinguishes ABC proteins
from other ATPases. ABCs bind ATP as a dimer, sandwiching
two ATP molecules between the dimerized cassettes. Interac-
tions of the ATP y-phosphates with the signature motifs in the
opposing cassettes clamp together the dimerized ABCs. ATP
hydrolysis opens the clamp, and this pivoting movement of the
interacting cassettes is thought to perform the mechanical
work of opening and closing the solute channel formed by the
transmembrane domains (6, 8, 35, 44, 50, 67). A soluble ABC
protein could likewise perform work if the ABCs, or tightly
associated domains, interact with different molecules or differ-
ent segments of the same molecule. For example, it was pro-
posed that the ABCs in Rad50 bind and juxtapose the ends of
broken DNA molecules destined for repair (32).

The yeast proteins GCN20, YEF3, and RLI1 are soluble
ABC proteins in Saccharomyces cerevisiae that interact with
ribosomes and have functions connected with protein synthe-
sis, translational control, or ribosome biogenesis. YEF3 is an
essential translation elongation factor (69), whereas GCN20
is thought to relay the signal of uncharged tRNA in the
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TABLE 1. Plasmids used in this study

Plasmid Description® Reference
pEMBLyex4 he; URA3 leu2-d 4
pGEX vector 4T-2 Expression vector for GST fusions Pharmacia
YCplacll11 sc; LEU2 22
pRS316 Ic; URA3 22
pDH103 he; URA3 P4, -FH-GCN2 in pPEMBLyex4 backbone 12
pGALYERFH he; URA3 Pgy; -FH-ARBI in pPEMBLyex4 backbone This study
pDH22 Ic; URA3 ARBI in pRS316 backbone This study
pDHI129 sc; LEU2 FH-ARBI in YCplacl11 backbone This study
pDH144 sc; LEU2 FH-ARBI-G229D,G230D,G519D in YCplacl11 backbone This study
pDH25-1 sc; LEU2 P 4, -UBI-R-FH-ARBI in YCplacl11 backbone. This study
pTS068 Ic; URA3 NOPI-GFP 59
pFA6a-GFP(S65T)-His3M X6 Construct for one-step tagging of chromosomal alleles with GFP coding sequences 45
pFA6a-13myc-HIS3MX Construct for one-step tagging of chromosomal alleles with myc,; coding sequences 45
pRSRPL25-GFP lc; URA3 RPL25-GFP in pRS316 backbone 49
pRSRPS2-GFP Ic; URA3 RPL25-GFP in pRS316 backbone 62
p3397 sc; LEU2 UBI-Met-NIP9 in YCplac111 backbone 53
pGEX-ARBI1 Full-length ARBI ORF in pGEX 4T-2 This study

“ he, high-copy-number plasmid; lc, low-copy-number plasmid; sc, single-copy plasmid.

ribosomal A site to a protein kinase (GCN2) that down-regu-
lates translation initiation in amino acid-starved cells (46, 47,
73). RLII interacts with 40S subunits and translation initiation
factors elF2, elF3, and elF5 and stimulates assembly of the
43S preinitiation complex containing these and other essential
initiation factors (11). RLI1 also functions in ribosome biogen-
esis, being required for wild-type (WT) rates of pre-rRNA
processing in both the 40S and 60S biogenesis pathways and for
nuclear export of both 40S and 60S subunits (37, 76). The
mammalian soluble ABC protein, ABC50, interacts with ribo-
somal subunits and eIF2 and stimulates the formation of elF2-
GTP-Met-tRNAM*! ternary complexes (71). The X-ray crystal
structure of an archaeal ortholog of RLI1 revealed that its two
ABG s interact to form composite active sites, consistent with
the ATP-driven clamp-like motion described for ABC trans-
porters (35).

YERO036C is a predicted soluble ABC protein in yeast of
unknown function, closely related in sequence to GCN20 and
YEF3. YERO036C is essential (21) and was reported to interact
with IMP4 in a large-scale yeast two-hybrid screen (29) and to
copurify with ARX1 in a global analysis of protein complexes
in yeast (19). IMP4 and ARXI1 are involved in biogenesis of
40S and 60S ribosomal subunits, respectively (42, 52, 74). Ac-
cordingly, we set out to determine whether YERO036C func-
tions in ribosome biogenesis. We show here that depletion of
YERO036C in living cells lowers the steady-state level of mature
40S subunits. This phenotype can be attributed to delays in the
processing of the 35S and 20S precursors of 18S rRNA and a
possible defect in nuclear export of pre-40S particles. Interest-
ingly, rRNA processing reactions in the 60S biogenesis path-
way are also delayed by YERO036C depletion. We find that
YERO036C shuttles from nucleus to cytoplasm and is physically
associated in vivo with 40S, 60S, and 90S ribosomal species and
with various proteins implicated previously in 40S or 60S ribo-
some biogenesis. Hence, YER036C may function directly in
both legs of the ribosome biogenesis pathway. Having estab-
lished that conserved residues in the ABCs are required for the
essential function of YERO036C in vivo, we henceforth desig-
nate this protein ARBI1, for ABC protein involved in ribosome

biogenesis. Our findings support the contention that all soluble
members of the GCN20 subfamily of eukaryotic ABC ATPases
are involved in ribosome biogenesis or protein synthesis.

MATERIALS AND METHODS

Plasmid constructions. The plasmids employed are listed in Table 1. Plasmid
pDH22 was constructed as follows. The ARBI gene, including 528 bp upstream
of the ATG start codon and 274 bp downstream of the stop codon, was amplified
by PCR using the two primers 5'-GGA ATT CCA TTA TAT GCA CAT CTC
CTA A-3' and 5'-CGA TAA GGC AAC GAT GGT CA-3" and genomic DNA
from yeast strain BY4741 as template. The PCR product was cut with EcoRI and
Clal, and the resulting fragment was inserted between the EcoRI and Clal sites
of plasmid pRS316. The DNA sequence of the entire open reading frame (ORF)
was verified, and it was shown that this plasmid complements an arb/A mutant.

To construct plasmid pGalYERFH, a fragment containing the entire ARBI
ORF and the coding sequences for the FLAG-Hiss (FH) tag inserted at the 5’
end of the ORF plus 380 bp downstream of the stop codon was PCR amplified
using primers 5'-CGA CGC GTC CAC CAG TAT CTG CGT CAA AG-3'" and
5'-CAC TGC AGA CGT AGC TGG TCA TAC GGC-3' and genomic DNA
from BY4741 as a template. The resulting fragment was cut with Mlul and Pst1
and used to replace the Mlul-Pst1 fragment in plasmid pDH103 (12). The entire
ARBI OREF and the sequences encoding the FLAG and His, peptides appended
at the 5" end of the ORF were verified by DNA sequencing.

Plasmid pDH129 was constructed in several steps. First, ARB1 sequences from
—528 to the ATG start codon (+1) were PCR amplified using the primers
5'-GGA ATT CCA TTA TAT GCA CAT CTC CTA A-3" and 5'-GC GTC GAC
TGG CAT ATT TGG TTC TG-3' and genomic DNA from BY4741 as a tem-
plate. The PCR product was cut with EcoRI and Sall, and the resulting fragment
was inserted between the EcoRI and Sall sites of plasmid YCplacl11 (22) to
produce the transition plasmid pYER-Pro. Second, the entire ARBI ORF and
coding sequences for the FH tag at the 5’ end of the ORF were PCR amplified
using the primers 5'-GG GTC GAC GAC TAC AAG GAC GAC GAT-3'
and 5'-CAC TGC AGA CGT AGC TGG TCA TAC GG-3' and plasmid
pGALYERFH as a template. The PCR product was cut with Sall and PstI and
inserted between the Sall and Pstl sites of pYER-Pro, resulting in plasmid
pDH129. The DNA sequence of the entire FH-tagged ORF was verified, and it
was shown that pDH129 can complement an arbl A mutant and direct production
of FH-tagged ARBI of the predicted molecular weight in yeast as judged by
Western analysis of whole-cell extracts (WCEs) using antibodies against the Hisg
epitope.

To construct plasmid pDH144, the 1.2-kb BamHI fragment in pDH129 was
removed and inserted at the BamHI site of pBLUESCRIPT, resulting in tran-
sition plasmid pBSabc. The G229D, G230D, and G519D mutations were intro-
duced into pBSabc by site-directed mutagenesis (11), resulting in transition
plasmid pBSabc-m. The sequence of the entire 1.2-kb fragment and the presence
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TABLE 2. Yeast strains used in this study

Strain Genotype Source
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Research Genetics
20168 MATa/MATo his3A1/his3AI leu2A0/leu2A0 met]1SAO/METI1S5 LYS2/lys2A0 ura3AO/ura3A0 ARBI/arbl A Research Genetics
YDH209  MATa his3A1 leu2A0 ura3A0 arblA pDH22[ARBI URA3)] This study
YDH226 ~ MATa his3A1 leu2A0 ura3A0 arblA pDH25-1[P,; -UBI-R-FH-ARBI LEU?2) This study
YDH272  MATa his3A1 leu2A0 ura3A0 arbl A pDH22[ARBI URA3] pDHI129[FH-ARBI LEU2] This study
YDH275  MATa his3A1 leu2A0 ura3A0 arbiA pDH129[FH-ARBI LEU?2) This study
YDH299  MATa his3A1 leu2A0 ura3A0 arblA pDH22[ARBI URA3] pDHI144|FH-ARB1-G229D,G230D G519D LEU2]  This study
Y464 MATa his3 leu2 trpl ura3 crm1A:KAN® pDC-crm1[crm1-T539C LEU2] 51
YDH315  MATa his3A1 leu2A0 ura3A0 pTS068 [NOPI-GFP URA3) 11
YDH338  MATa his3 leu2 trpl ura3 ARBI-GFP HIS3 crm1A::KAN" pDC-crm1[crmI-T539C LEU2] This study
YDH332  MATa his3 leu2 trpl ura3 crm1A:KAN" pDC-crm1[crm1-T539C LEU2] pRSRPL25-GFP[RPL25-GFP URA3]  This study
YDH1007 MATa his3AI leu2A0 met15A0 ura3A0 DEDI1-myc,; HIS3 This study
YDH1008 MATa his3A1 leu2A0 met15A0 ura3A0 ZUOI1-myc ;3 HIS3 This study
YDH1009 MATa his3A1 leu2A0 metl15A0 ura3A0 CBF51-myc,;; HIS3 This study
YDH1010 MATa his3A1 leu2A0 met15A0 ura3A0 TIF6-myc,; HIS3 This study
YDH1011 MATa his3AI leu2A0 met15A0 ura3A0 LSGI-myc,; HIS3 This study
YDH1012  MATa his3A1 leu2A0 met15A0 ura3A0 SCP160-myc,; HIS3 This study
YDH1013 MATa his3AI leu2A0 met15A0 ura3A0 ARX-myc,; HIS3 This study
YDHI1014 MATa his3A1 leu2A0 met15A0 ura3A0 IPM4-myc,; HIS3 This study
F1205 MATa his3A1 leu2A0 met15SA0 ura3A0 ARX1-TAP::HIS3 Open Biosystems
F1207 MATa his3A1 leu2A0 met15A0 ura3A0 RIO2-TAP::HIS3 Open Biosystems
F1208 MATa his3A1 leu2A0 met15SA0 ura3A0 ENPI-TAP::HIS3 Open Biosystems
F1231 MATa his3A1 leu2A0 met15A0 ura3A0 ARBI-TAP::HIS3 Open Biosystems
F1207 MATa his3A1 leu2A0 met15SA0 ura3A0 NSA3-TAP::HIS3 Open Biosystems

of these mutations in pBSabc-m were both verified. Finally, the 1.2-kb BamHI
fragment in pDHI129 was replaced by the 1.2-kb BamHI fragment from
pBSabc-m, producing pDH144.

Plasmid pDH25-1 was constructed in two steps. First, a fragment containing
the GAL1 promoter upstream of the ubiquitin coding sequences fused to an Arg
codon, and bearing 5’ terminal EcoRI and 3’ terminal Sall sites, was PCR
amplified using primers 5'-CG GAA TTC GTA TAC TAA ACT CAC AAA-3’
and 5'-GC GTC GAC GTG CAT ACC ACC TCT TAG CCT-3' and p3397 (53)
as a template. The resulting fragment was cut with EcoRI and Sall and inserted
between the EcoRI and Sall sites of YCplacl11, producing transition plasmid
pUBI-R. Second, the entire ARBI ORF, containing the coding sequences for the
FH tag at the 5’ end, was PCR-amplified using primers 5'-GC GTC GAC GAC
TAC AAG GAC GAC GAT-3' and 5'-AA CTG CAG GCA CGT AGC TGG
TCA TAC GGC-3' and pGALYERFH as a template. The PCR product was cut
with Sall and Pstl and inserted between the Sall and Pstl sites of pUBI-R,
resulting in pDH25-1. The entire ARBI ORF and the coding sequences for the
ubiquitin-Arg-FLAG-His, peptide were verified by sequencing.

To construct plasmid pGEX-ARBI, the entire ARB1 ORF was PCR-ampli-
fied using primers 5'-GGA ATT CCC CCACCA GTA TCT GCG TCA-3' and
5'-GCG TCG ACA ATT ACA AAA CAA CGT TC-3' and plasmid pDH22 as
a template. The resulting fragment was cut with EcoRI and Sall and inserted
between the EcoRI and Sall sites of plasmid pGEX vector 4T-2 (Pharmacia),
resulting in the plasmid pGEX-ARBI.

Yeast strain constructions. The yeast strains used in this study are listed in
Table 2. To produce strain YDH209, pDH22 was introduced into the ARBI/
arbIA diploid strain 20168, purchased from Research Genetics. The Ura™ trans-
formants were sporulated and subjected to tetrad analysis. YDH209 was identi-
fied as an ascospore clone deleted of chromosomal ARBI and carrying plasmid
pDH22. Strain YDH272 was created by introducing plasmid pDH129 into
YDH209. To produce YDH226, plasmid pDH25-1 was introduced into
YDH209, and the Ura* Leu™ transformants were replica plated on synthetic
complete medium containing galactose (SCg,;) and 5-fluoroorotic acid (5-FOA)
to evict pDH22. To make YDH299, plasmid pDH144 was introduced into
YDH209. To produce YDH275, pDH129 was introduced into YDH209, and
transformants were selected on SC medium containing glucose (SCgy,)-Leu-
Ura. The Ura™ Leu™ transformants were replica plated on 5-FOA medium to
evict pDH22. To construct YDH338, the coding sequences for green fluorescent
protein (GFP) were fused immediately upstream of the stop codon of the chro-
mosomal ARBI allele by one-step homologous recombination (45). We used the
primers 5'-ACC AGA TGG GAC GGA TCC ATT TTG CAA TAT AAG AAC
AAA TTG GCC AAG AAC GTT GTT TTG CGG ATC CCC GGG TTA ATT
AA-3" and 5'-TGC TAT TAA AAT ACA TAA AAG GGG AAG TAA AAA

CGT GCA CGG CGC AGA TCA ACT TCA CAA TTA GAA TTC GAG CTC
GTT TAA AC-3' and plasmid pFA6a-GFP(S65T)-HIS3MX as a template to
PCR amplify the appropriate DNA fragment for transforming strain Y464 to
His™, producing YDH338. The presence of ARBI-GFP was verified by Western
analysis of WCEs using monoclonal antibodies against GFP. Growth of this
strain on yeast extract-peptone-dextrose (YPD) medium was indistinguishable
from that of Y464. YDH332 was made by introducing plasmid pRSRPL25-GFP
into Y464.

To construct the eight myc,s-tagged strains numbered consecutively from
YDH1007 to YDH1014, the coding sequences for myc,; were fused immediately
upstream of the stop codons of the chromosomal DED1, ZUOI, CBF5, TIFo,
LSGI1, SCP160, and ARXI alleles, respectively, in strain BY4741 by one-step
homologous recombination (45), using the eight pairs of primers listed in
Table S1 of the supplemental material and plasmid pFA6a-13myc-HIS3MX as a
template. Western analysis using monoclonal antibodies against c-myc, 5 epitope
was employed to verify these myc,;-tagged strains. Growth of these strains on
YPD medium was indistinguishable from that of BY4741.

Biochemical and imaging techniques. Polysome analysis using extracts from
cells treated with cycloheximide was conducted as described previously (72).
Northern analysis was conducted as described previously (39) using the following
oligonucleotides described in Fig. 2G as probes: probe 1, 5'-GGT CTC TCT
GCT GCC GGA; probe 2, 5'-CAT GGC TTA ATC TTT GAG AC; probe 3,
5'-CGG TTT TAA TTG TCC TA; probe 4, 5'-AAT TTC CAG TTA CGA AAA
TTC TTG; probe 5, 5'-GGC CAG CAA TTT CAA GTT A; probe 6, 5'-CTC
CGC TTA TTG ATA TGC. The sequence of the 5S probe is CGG ACG GGA
AAC GGT GCT TTC TGG TAG ATA TGG CCG. Analysis of pre-rRNAs
associated with the tandem affinity purification (TAP)-tagged proteins was per-
formed after immunoprecipitation with immunoglobulin G beads as described
(10). Pulse-chase labeling analysis of rRNA was carried out as described previ-
ously (39). FH-ARBI protein was purified from strain BY4741 harboring plas-
mid pGALYERFH as previously described (12), except that 2% galactose was
the carbon source and 3-aminotriazole was omitted. Imaging of GFP-tagged
fusion proteins in yeast cells was conducted as described previously (68). TAP-
tagged ARBI protein was purified, and the copurifying proteins were analyzed by
mass spectrometry essentially as described previously (19, 43). To identify the
purified proteins, the TAP-ARB1 complexes were digested with trypsin and
analyzed by multidimensional microcapillary liquid chromatography coupled
with electrospray ionization-tandem mass spectrometry (43, 58). Only canonical
tryptic peptides with SEQUEST cross-correlation scores greater than 2.0 were
used for protein identification (14, 43). To estimate the relative abundance of a
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FIG. 1. Depletion of ARB1 reduces abundance of 40S ribosomal subunits. (A) The P, -UBI-R-FH-ARBI strain YDH226 was grown in
SCg,-Leu medium to an A, of ~1.2 (lane 1), and a portion of the culture was shifted to SCg,,,-Leu medium for 1 h (lane 2) or 2 h (lane 3). Twenty
micrograms of WCEs (lanes 1 to 3) and 0.1 pg of pure FH-ARBI1 (lane 4) were subjected to Western analysis with antibodies against the His,
epitope. (B) Serial dilutions of YDH226 and WT strain BY4741 were spotted on yeast extract-peptone containing galactose (YPGal) and yeast
extract-peptone containing glucose (YPGlu). (C to F) Strains BY4741 (C) and YDH226 (D to F) were grown in SCg,; medium to an A, of ~1.2
and shifted to SCg,,, medium for the times indicated in each panel. Cycloheximide was added at 50 pg/ml 5 min before harvesting, and WCEs were
prepared in the presence of 10 mM Mg*? and resolved by velocity sedimentation through 7 to 47% sucrose gradients. Positions of 40S, 60S, 80S, and
polysomes are indicated on the A4,s, tracings. (G and H) BY4741 (WT) and YDH226 were grown in SCg,,-Leu for 18 h as described for panels C to F
except that cycloheximide was omitted and WCEs were prepared in the absence of Mg*? and resolved by velocity sedimentation through 15 to 30%
sucrose gradients. The mean ratios of total 40S/60S subunits determined from replicate experiments are indicated with their standard errors.

protein in the TAP-ARBI and control purifications, a protein abundance factor molecular weight of the cognate protein (10*). The PAFs were used to rank and
(PAF) was calculated for each protein identified by the mass spectrometry compare proteins by their relative abundance from the TAP-ARBI1 and control
analysis (57). A protein’s PAF value is expressed as the total number of nonre- experiments. Coimmunoprecipitation analysis of myc-tagged proteins was per-

dundant spectra that correlate significantly to each ORF normalized to the formed as described previously (17).
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Antibodies. To produce antibodies against ARBI, the glutathione transferase
(GST)-ARBI fusion protein encoded by pGEX-ARB1 was expressed in Esche-
richia coli strain BL21 and purified using glutathione-Sepharose 4B beads ac-
cording to the vendor’s instructions (Pharmacia). The purified GST-ARBI fu-
sion protein was resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (6% gels) and excised in a gel slice. Rabbits were injected with
the GST-ARBI in gel, and the serum containing polyclonal antibodies against
ARBI was obtained commercially from Covance Research Products (Denver,
PA). Antibodies against GCD11 (55) and RPL39 (1) used in this study were
described previously. Antibodies against the TAP, myc and His, tags were pur-
chased from Open Biosystems (item CAB1001) and Santa Cruz Biotechnology,
Inc. (items SC40 and SC803), respectively.

RESULTS

Depletion of ARB1 leads to a deficit of 18S rRNA and 40S
subunits in vivo. To examine the requirement for ARBI1 in
ribosome biogenesis, we constructed a yeast strain (YDH226)
in which the sole form of ARBI is unstable due to attachment
of ubiquitin coding sequences, followed by an arginine codon,
to the N terminus of the ARBI ORF. (The coding sequences
for FLAG and His, affinity tags [FH] were also added in
tandem for purposes of purification and immunodetection.)
The ubiquitin is cotranslationally cleaved, leading to rapid
proteosomal degradation of the remaining R-FH-ARBI1 moi-
ety by the N-end rule pathway (53). Transcription of this allele,
P, ., -UBI-R-FH-ARBI, is regulated by the galactose-inducible
GALI promoter and, hence, repressed in cells growing with
glucose as carbon source.

Western analysis of extracts prepared from YDH226 cells
using anti-His, antibodies showed that shifting the culture
from galactose to glucose for 2 h greatly reduced R-FH-ARBI1
expression (Fig. 1A). (The lower band in the Western blot is an
unknown protein that cross-reacts with anti-His, antibodies,
serving as a loading control.) In a separate experiment, we
found that the level of R-FH-ARB1 in YDH226 cells grown on
galactose was only ~20% of the level of FH-tagged (but oth-
erwise WT) ARB1 (FH-ARBI) expressed from the native pro-
moter in strain YDH275 (data not shown). Thus, the unstable
R-FH-ARBI protein, even when induced, is probably present
at levels below that of native ARBI1. Despite the marked de-
pletion of R-FH-ARBI1 in glucose medium, YDH226 cells
continued to grow for several generations with a doubling time
about twofold greater than that of the WT parental strain,
BY4741 (data not shown). Moreover, YDH226 can form small
colonies from single cells on glucose medium after prolonged
incubation (Fig. 1B). Thus, although deletion of ARBI in
BY4741 is lethal (see below), apparently only a very small
fraction of the WT level of ARBI protein can sustain a slow
rate of cell growth.

Although ARBI1-depleted cells are capable of dividing, anal-
ysis of polysome profiles revealed an obvious increase in free
60S versus 40S subunits by 4 h or 8 h after shifting strain
YDH?226 from galactose to glucose medium (Fig. 1E and F).
By contrast, the ratio of free 60S:40S subunits during growth of
this mutant on galactose medium (Fig. 1D, 0 h on glucose) was
indistinguishable from that of WT strain BY4741 cultured on
glucose medium (Fig. 1C). These results suggest that depletion
of ARBI leads to a specific deficit in 40S subunits. To confirm
this conclusion, we measured the total 40S:60S subunit ratio in
strain YDH226 after depleting UBI-R-FH-ARBI for 18 h on
glucose medium and resolving the extract in a Mg">free
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buffer where 80S monosomes and polysomes dissociate into
free subunits. In several replicate experiments, the 40S:60S
ratio was lower by ~30% in strain YDH226 compared to that
measured in the WT strain under the same conditions (0.27 =
.005 versus 0.40 = .005, respectively) (Fig. 1G and H).

Depletion of ARB1 impedes the first steps in 35S pre-rRNA
processing. We wished to determine whether the deficit in 40S
subunits produced by ARB1 depletion is associated with de-
fects in processing of 35S pre-rRNA at the A0-A1-A2 cleavage
sites and a reduction in steady-state levels of 18S rRNA
(Fig. 2G). Toward this end, we conducted Northern analysis of
the mature rRNAs and their precursors after depleting UBI-
R-FH-ARBLI in YDH226 for different lengths of time. Deple-
tion of UBI-R-FH-ARBI for 18 h led to a marked reduction
(~48%) in the ratio of mature 18S:25S rRNA versus the cor-
responding ratio in the WT, as visualized by hybridization with
probes 2 and 6 (Fig. 2B; refer to panel G for locations of
probes). This last finding is in reasonable agreement with the
33% reduction in levels of mature 40S subunits on ARBI
depletion shown in Fig. 1G and H. Hybridization with probes
1, 3, 4, and 5, which allows visualization of various precursor
rRNAs, revealed accumulation of 35S pre-rRNA on depletion
of UBI-R-FH-ARBI, indicating reduced cleavage at the pri-
mary processing sites A0-A1-A2 (Fig. 2A, C, D, and E). Con-
sistent with this conclusion, we observed accumulation of the
aberrant 23S species (Fig. 2A, C, and D), thought to be pro-
duced by cleavage at site A3 prior to cleavage at A0, Al, and
A2 (42) (Fig. 2G).

A delay in cleavage at sites A0-A1-A2 would be expected
to reduce the steady-state levels of 20S and 27SA2 pre-rRNAs
(Fig. 2G). This was not observed in cells depleted of ARB1, how-
ever, using probes 3 and 4 designed to measure the levels of these
two precursor rRNAs (Fig. 2C and D). Relative to the level of Pol
III-transcribed 5S RNA analyzed as an internal control (Fig. 2F),
we calculated that the level of 20S pre-rRNA was essentially
unchanged while the abundance of 27SA2 pre-rRNA increased
about twofold after depleting ARB1 for 8 h in strain YDH226.
Similarly, we observed a ~1.5-fold increase in the ratio of 7S
pre-rRNA to 5S RNA upon ARBI depletion (Fig. 2F). The 7S
species is the immediate precursor of 5.8S rRNA (Fig. 2G). To
explain these findings it could be proposed that the rates of
processing of 20S to 18S and of 27SA2 to 5.8S and 25S rRNAs are
reduced in cells depleted of ARBI, thereby compensating for the
decreased production of 20S and 27SA2 pre-rRNAs expected
from the delay in A0-A1-A2 cleavage.

Support for this last interpretation was provided by pulse-
chase labeling analysis of pre-rRNA processing. In WT cells,
the [methyl->H]methionine-labeled 35S rRNA precursor was
too short-lived to be detected, and the 27S and 20S precursors
were rapidly chased to mature 25S and 18S rRNAs (Fig. 3,
lanes 1 to 4), all as expected. In contrast, processing of pre-
rRNA intermediates was slower in cells depleted of ARB1. We
observed marked accumulation of the 35S precursor and a two-
to threefold increase in the 20S:18S ratio in the mutant cells at
0 and 2 min of chase, indicating slower cleavage at the AO-
A1-A2 sites in 35S pre-rRNA and at site D in 20S pre-rRNA,
respectively (Fig. 3, lanes 5 to 8). (With a darker exposure, the
presence of the short-lived aberrant 23S RNA can also be seen
at 0 min in the mutant cells [Fig. 3, lanes 9 and 10]). Impor-
tantly, there was an increased 27S:25S ratio at all four time
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FIG. 2. Depletion of ARBI leads to defects in 35S pre-rRNA processing and a deficit of 18S rRNA. (A to F) Strains BY4741 (WT) and
YDH226 (P4, -UBI-R-FH-ARBI) were cultured as described in the legend of Fig. 1 for the indicated times in SCg,,, (Glu) medium, and total RNA
was extracted and subjected to Northern analysis using the probes indicated along the side of each blot. (G) Schematic diagram of the pre-rRNA
processing pathway. The 35S pre-rRNA contains the sequences for mature 18S, 5.8S, and 25S rRNAs, separated by the two internal transcribed
spaces (ITS) and flanked by the external transcribed spaces (ETS). The processing sites are indicated by uppercase letters A to E. The annealing
positions of probes 1 to 6 are depicted beneath all of the rRNA species which they detect.

points in the mutant, confirming that a key processing reaction
in the 60S biogenesis pathway occurs more slowly in ARBI1-
depleted cells (Fig. 3). A 35% reduction in the 18S:25S ratio
was evident after 15 min of chase in the mutant versus WT cells
(18S:25S ratios of 0.35 versus 0.54, respectively), in accordance
with the Northern data in Fig. 2B and the 40S:60S subunit
ratios shown in Fig. 1H.

It is noteworthy that the rate of appearance of mature 18S
rRNA between 0 and 5 min of chase was reduced in the
ARBI1-depleted cells compared to WT (Fig. 3). The reductions
in amounts of labeled 18S rRNA present at 0, 2, and 5 min are

comparable to those seen after 15 min of chase and also to the
steady-state reduction in 18S rRNA measured by Northern
analysis in ARB1-depleted cells (Fig. 2B). The nearly identical
labeling of 25S rRNA after 15 min of chase in the WT and
ARBI-depleted cells insures that equivalent labeling of com-
parable numbers of cells was achieved for the two strains in this
experiment, thus permitting a comparison of their rates of 18S
rRNA accumulation. This comparison indicates that the de-
creased rate of mature 18S rRNA production in ARB1-de-
pleted cells is sufficient to account for the steady-state reduc-
tion in 40S subunits.
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FIG. 3. Pulse-chase analysis further shows defective pre-rRNA processing in ARB1 depletion cells. Strains YDH209 (WT) and YDH226
(Par-UBI-R-FH-ARBI) were grown in SCg,-Met medium to an A, of 1.2, then shifted to SCg,,-Met medium for 18 h. Cells were labeled with
[methyl->H]methionine for 2 min and subsequently chased with 4 ml of 1 mg/ml unlabeled methionine for the time points indicated. Total RNA
was isolated, and samples containing 70,000 dpm were separated on a 1.2% agarose-formaldehyde gel, transferred to a nylon membrane, and
exposed to film. Lanes 9 and 10 depict a longer exposure of lanes 5 and 6.

We presume that the decrease in the steady-state level of 18S
rRNA observed in the mutant cells results from degradation of at
least a portion of the aberrant 23S RNA generated by premature
cleavage at site A3. A relatively greater proportion of the 27S
precursors must be converted to mature 25S rRNA, despite
slower processing in the 60S pathway, to yield the reduced 18S:
25S rRNA ratio seen in the ARB1-depleted cells.

ARBI1 shuttles from nucleus to cytoplasm. If ARB1 plays a
direct role in stimulating the A0-A1-A2 processing steps in the
90S particle and in processing 27S rRNA in the 60S precursor,
it should be found in the nucleus (70). Visualization of a
functional ARB1-GFP fusion expressed from the normal chro-
mosomal locus in strain YDH338 revealed a nearly uniform
distribution of this protein throughout the cells (Fig. 4A,
row 1). This strain harbors the crmi1-T539C allele, encoding
a leptomycin B (LMB)-sensitive form of XPO1, a major
B-karyopherin for nuclear export of proteins. Treatment of
YDH338 with LMB led to an obvious nuclear accumulation of
ARBI1-GFP (Fig. 4A, row 2). As expected from previous find-
ings (16, 31), a GFP fusion to the 60S subunit protein RPL25
expressed in the same strain exhibited a similar response to
LMB (Fig. 4A, rows 3 and 4), and a NOP1-GFP fusion showed
the expected nuclear localization independent of LMB treat-
ment (Fig. 4A, row 5) (70). These results indicate that ARB1
shuttles between nucleus and cytoplasm and becomes trapped
in the nucleus when XPO1 function is inhibited by LMB.

Our findings that ARB1 shuttles from nucleus to cytoplasm
and that conversion of 20S pre-rRNA to mature 18S rRNA
occurred at a lower rate in ARB1-depleted cells could both be
explained by proposing that ARB1 stimulates 20S to 18S pro-
cessing in pre-40S particles, as this reaction occurs in the cy-
toplasm. Alternatively, ARB1 may participate in nuclear ex-
port of pre-40S ribosomes and accompany the latter to the

cytoplasm. Consistent with this second possibility, we found
that depletion of ARBI led to nuclear accumulation of a GFP
fusion to 40S subunit protein RPS2. In ~14% of the cells, we
observed a bright fluorescent spot restricted to one sector of
the nuclear DNA (Fig. 4B and C). This structure was found
in another ~20% of ARBI1-depleted cells when we employed
a confocal laser microscope to visualize multiple sections
through the cell images (see Fig. S1 in the supplemental ma-
terial). Thus, we estimate that approximately one-third of cells
depleted of ARBI exhibit a concentrated accumulation of pre-
40S particles at a discrete location in the nucleus. This struc-
ture was never observed for the RPL25-GFP fusion under
exactly the same conditions (data not shown), suggesting that
export of 60S subunits is relatively unaffected in cells depleted
of ARBI. Thus, it is possible that ARB1 is required for an
optimal rate of nuclear export of pre-40S particles.

While our results are consistent with a role for ARBI in
nuclear export of 40S subunits, we cannot exclude the possi-
bility that ARB1 depletion leads to accumulation of RPS2-
GFP in an aberrant pre-40S particle that is not competent for
nuclear export. Moreover, whether ARBI directly stimulates
20S to 18S conversion in the cytoplasm or promotes this reac-
tion merely by enhancing nuclear export of pre-40S particles
cannot be determined from our results.

ARBI is physically associated with ribosomal particles and
proteins involved in ribosome biogenesis in vivo. To provide
further evidence that ARBI1 functions directly in ribosome
biogenesis, we asked whether ARB1 physically interacts with
pre-ribosomal particles in vivo. In the first approach, we
determined the sedimentation profile in sucrose gradients of
native ARBI in cell extracts of strains encoding myc,; or TAP-
tagged versions of IMP4, RIO2, and ARX1 proteins reported
to associate with 90S, 40S, or 60S preribosomes, respectively
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FIG. 4. Evidence that ARB1-GFP shuttles from nucleus to cytoplasm and is required for nuclear export of pre-40S ribosomes. (A) The LMB-sensitive
strain crmI-T539C containing chromosomal ARBI-GFP (YDH338) (rows 1 and 2) was grown in YPD to an A, of ~0.5. The crm1-T539C strain carrying
plasmid-borne RPL25-GFP (YDH332) (rows 3 and 4) and a CRM1 strain carrying NOPI-GFP on a low-copy-number plasmid (YDH315) (row 5) were
grown in SCg,,-Ura to an A, of 1.0 and then diluted in YPD at an A, of 0.1 and grown to an A, of ~0.5. The cells were incubated for 15 min in
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(52, 62, 74). We observed that proportions of ARB1 were
present in the fractions containing 40S, 60S, and 80S ribo-
somes, with peak abundance in the 80S to 90S region of the
gradient (Fig. 5A to C). The latter corresponds to the peak
fractions occupied by the known 90S component IMP4 (Fig.
5C). There was also a pool of ARBI that sedimented with
lower s values visible in the upper fractions of the gradient. By
contrast, the majority of RIO2-TAP cosedimented with 40S
subunits and virtually all of the ARX1-TAP cosedimented with
60S subunits (Fig. 5A and B), in accordance with previous
findings (52, 62). Thus, it appears that ARBI is more broadly
distributed among ribosomal species than either RIO2 or
ARX1 and shows a sedimentation profile quite similar to that
observed for IMP4. This last conclusion is consistent with the
fact that IMP4 was found to interact with ARBI1 in the yeast
two-hybrid assay (29).

The fact that ARBL is very abundant in the fractions containing
80S monosomes but present at low levels in the large polysome
fractions (Fig. 5A to C) likely indicates that ARBI binds to 90S
preribosomes in the nucleus rather than functional 80S ribosomes
in the cytoplasm, although we cannot rule out the possibility that
ARBI binds to cytoplasmic 80S couples that are not engaged in
translation. While we cannot discern a distinct peak of ARBI in
the 60S fractions, it is noteworthy that ARB1 does not exhibit the
low abundance in the 60S region displayed by the 40S ribosomal
subunit protein RPS22 (Fig. 5B). Moreover, ARB1 abundance
does not sharply decline in the 40S region in the manner observed
for the 60S subunit protein RPL39 (Fig. 5B). Thus, it is likely that
ARBI cosediments specifically with 40S, 60S, and 90S preriboso-
mal particles.

We asked next whether ARBI1 is associated in vivo with
proteins implicated previously in preribosomal processing. To-
ward this end, we conducted a stringent TAP of functional
TAP-tagged ARB1 expressed under the control of the chro-
mosomal ARBI promoter. A mock purification using an un-
tagged strain was conducted in parallel to control for nonspe-
cific interactions. The proteins copurifying with TAP-ARBI1
were identified by multidimensional microcapillary liquid chro-
matography coupled with electrospray ionization-tandem mass
spectrometry (43). We identified 43 proteins with a PAF of 3 or
greater for the tagged sample and a PAF of 0 for the untagged
control sample (see Table S2 in the supplemental material)
(3,5,9,13, 18, 23, 27, 28, 36, 41, 54, 56, 60, 64, 75, 77, 78). The
PAF expresses the number of nonredundant peptides identi-
fied by mass spectrometry normalized for the molecular weight
of the cognate protein. Ten of the 43 proteins that satisfy these
criteria are components of mature 60S or 40S ribosomal sub-
units, consistent with our conclusion that ARB1 directly inter-
acts with ribosomal species. Importantly, 15 proteins are non-
ribosomal factors shown previously to participate in ribosome
biogenesis or to be physically associated with a known ribo-
some biogenesis factor or preribosomal particle. Five of the
remaining proteins are known or predicted translation factors,
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and the remaining 13 proteins have functions unrelated to
ribosomes or have unknown functions.

We wished to verify the association of ARB1 with ribosomal
processing factors that copurified with TAP-ARB1. Toward
this end, we constructed myc, ;-tagged chromosomal alleles in
WT strain BY4741 for 10 of the genes encoding putative
ARBIl-interacting factors with known or suspected functions in
ribosome biogenesis: DEDI, ZUOI1, TIF6, CBF5, LSGI,
ARXI, SOF1, NOP58, UTP7, and SCP160. WCEs from these
strains were immunoprecipitated with monoclonal antibodies
against the myc epitope, and immune complexes were probed
with polyclonal ARBI1 antibodies. As shown in Fig. 6A and B,
a substantial amount of ARBI1 specifically coimmunoprecipi-
tated with myc-tagged TIF6, ZUO1, and LSG1.

TIF6 has been shown to shuttle between nucleus and cyto-
plasm (65) and is associated with 60S ribosomal species (65,
66) and the pre-60S processing factor NOG1 (61). Depletion
of TIF6 impairs conversion of 27SB to 25S rRNA and leads to
a strong reduction in 60S subunits; however, it also affects the
A0-A1-A2 cleavage of 35S pre-RNA (2). LSGI1 is a 60S-asso-
ciated GTPase required for WT accumulation of 60S subunits
(34). It is restricted to the cytoplasm and is needed to recycle
the 60S nuclear export factor NMD3 following export to the
cytoplasm (30). Thus, ARBI is tightly associated with two
factors implicated previously in various aspects of 40S or 60S
biogenesis. (There is no definitive evidence in the literature
linking ZUOL1 to pre-ribosome processing.) Note that we can-
not distinguish between a direct interaction between ARBI1
and these proteins and the possibility that ARB1 merely inter-
acts with preribosomal particles containing TIF6 or LSG1.

Although much smaller amounts of ARB1 coimmunopre-
cipitated with tagged ARX1, DED1, and SCP160, these results
may still be significant because no detectable ARB1 was im-
munoprecipitated from the untagged extract or from extracts
containing myc-tagged CBFS5, SOF1, NOPS8, or UTP7
(Fig. 6A and B and data not shown). In addition, ARB1 was
found to interact with ARX1 in a previous genome-wide anal-
ysis of protein-protein interactions in yeast (19). ARX1 is as-
sociated with pre-60S particles (52), DED1 is associated with
both pre-40S and pre-60S particles (62, 76), and SCP160 is
associated with DED1 and other pre-40S processing factors
(62). These considerations lend additional support to the idea
that ARBI1 stimulates processing reactions in both the 40S and
60S biogenesis pathways.

Finally, we asked whether pre-rRNAs found in pre-60S or
pre-40S subunits could be coimmunoprecipitated with TAP-
tagged ARB1 by conducting Northern analysis of RNA ex-
tracted from the immune complexes using probes specific for
27S, 7S, and 20S pre-rRNAs. Strains harboring TAP-tagged
ENP1 or TAP-NSA3 were analyzed in parallel as controls of
proteins known to be associated with 20S (7, 24) and 27S
pre-TRNAs (26, 52), respectively. Under conditions where the
known interactions of ENP1 and NSA3 with pre-rRNAs were

the presence or absence of LMB, fixed, and incubated with DAPI (4',6'-diamidino-2-phenylindole) to stain the nuclear DNA. The GFP fusion
proteins were visualized by fluorescence microscopy of living cells. Nomarski, phase-contrast imaging of cells. (B) The P, -UBI-R-FH-ARBI
strain YDH226 carrying plasmid-borne RPS2-GFP was grown in SCg,-Ura medium to an A, of ~1.2, and half of the culture was shifted to
SCgi-Leu medium for ~18 h. Fluorescence microscopy was conducted as described for panel A. Arrows indicate the fluorescent foci in the nuclei.
(C) Enlarged view by confocal laser microscopy of the cells cultured in SCg,,-Leu medium and described in panel B.
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FIG. 6. ARBI is physically associated with 40S and 60S processing
factors. WT BY4741 or its derivatives containing chromosomal DEDI-
myc,;3, ZUOI-myc 5, CBF5-myc 3, or TIF6-myc,;; (A) or LSG1-myc 3,
SCP160-myc, 3, or ARX1-myc,; (B) were grown to an A4y, of ~1.5 in
YPD medium. WCEs were immunoprecipitated with anti-myc anti-
bodies, and the immune complexes were subjected to Western analysis
using antibodies against ARBI1, myc epitope, GCD11, or 60S subunit
protein RPL39, as indicated on the right. I, 1/100 of the input WCE
extract; P, pellet fraction. The molecular sizes in kilodaltons are indi-
cated on the left.

clearly evident, we did not observe significant coimmunopre-
cipitation of 27S, 7S, or 20S pre-rRNAs with TAP-ARBI (see
Fig. S2 in the supplemental material). However, we note that
coimmunoprecipitation of pre-rRNAs has not been reported
for any of the three proteins that coimmunoprecipitated at
high levels with myc-tagged ARB1, namely TIF6, LSG1, and
ZUO1 (Fig. 6). Indeed, this would not be expected for LSG1
considering its cytoplasmic function in recycling NMD3 after
nuclear export of nascent 60S subunits (30). We speculate that
the association of TAP-ARBI1 with immature ribosomal parti-
cles containing these pre-rRNAs is too labile to survive the
immunoprecipitation regimen, whereas the interactions of
TAP-ARBI1 with TIF6 and LSG1 can be maintained free of
ribosomes.

Conserved residues in the ABC cassettes of ARB1 are re-
quired for its essential function in vivo. To address whether
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the predicted ATPase activity of ARBI1 is required for its
essential function in vivo, we mutagenized three of the con-
served Gly residues in the LSGGQ signature motifs of its two
ABCs (G229D, G230E, and G519D) (Fig. 7A). Mutations in
the corresponding residues of certain ABC transporter pro-
teins were shown to inactivate transporter function in vivo and
ATPase activity in vitro (38, 63). The FH-ARBI allele contain-
ing these mutations was unable to support growth of an arbIA
strain following eviction of WT plasmid-borne FH-ARBI
(Fig. 7B). Western analysis of viable strains harboring the mu-
tant or WT FH-ARBI alleles together with untagged ARBI
showed that the mutations did not affect the steady-state level
of ARBI1 (Fig. 7C). Hence, conserved residues involved in
ATP binding and/or hydrolysis in other ABC transporters are
critical for the essential function of ARBI in vivo.

DISCUSSION

In this report we provide evidence that the essential protein
YERO036C/ARBI in the GCN20 subfamily of ABC proteins is
involved in the biogenesis of both 40S and 60S ribosomal
subunits. Depletion of ARBLI in vivo led to a 30% to 40%
reduction in the steady-state level of mature 18S rRNA and
40S subunits relative to 25S rRNA and 60S subunits. This
deficit in 40S subunits can be attributed at least partly to a
reduced rate of cleavage at the AO-A1-A2 sites in 35S pre-
rRNA that produces the 20S precursor of 18S rRNA. Thus,
depletion of ARBI1 led to steady-state accumulation of 35S
pre-TRNA and the aberrant 23S transcript that is generated by
inappropriate cleavage at site A3 prior to A0-A1-A2 cleavage.
We confirmed by pulse-chase analysis that the processing of
35S pre-RNA at the A0-A1-A2 sites is delayed in ARBI-
depleted cells, and we also detected a diminished rate of 20S to
18S conversion in the same cells. We presume that both of
these processing defects contribute to the overall ~40% re-
duction in the synthesis of mature 18S seen in ARB1-depleted
cells, but it is difficult to assess their relative contributions to
the defect in 40S biogenesis.

Apart from these defects in the rRNA processing reactions
that produce 18S rRNA, we observed accumulation of the
RPS2-GFP fusion protein in nuclear foci (one per cell) in
roughly one-third of the ARBI1-depleted cells, suggesting a
partial defect in nuclear export of pre-40S particles. It is un-
clear whether ARBI1 functions directly to stimulate 40S export
or whether the apparent delay in export is an indirect conse-
quence of the accumulation of aberrant pre-40S complexes in
ARBI-depleted cells that are incompetent for nuclear export.
As 20S to 18S rRNA processing clearly continues, albeit at
reduced rates, in ARB1-depleted cells (Fig. 3), the proposed
defect in nuclear export of pre-40S particles would amount to
a delay rather than a tight block of pre-40S export from the
nucleus. However, such a delay in nuclear export could be
responsible for the reduced rate of 20S to 18S rRNA process-
ing detected in the pulse-chase analysis shown in Fig. 3. ARB1
could also enhance 20S to 18S conversion more directly by
associating with pre-40S particles in the cytoplasm, as ARB1
itself is exported to the cytoplasm (Fig. 4). In any event, it
seems clear that ARBI1 stimulates multiple steps of the 40S
biogenesis pathway.

The A0-A1-A2 processing events occur in the 90S pre-ribo-
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FIG. 7. Signature sequences in the ABCs of ARBI are essential in vivo. (A) The primary structure of ARBI1 is depicted schematically with
amino acid positions and the locations of mutations made in conserved residues (in italics) shown at the top, regions of sequence similarity to
ATP-binding domains in other ABC proteins are shaded, and locations of the Walker A and B motifs and signature sequences (S) are indicated
with black (ABC1) or white (ABC2) rectangles. The predicted interactions that would stabilize formation of a dimer between ABC1 and ABC2,
sandwiching two molecules of ATP, are indicted with arrows. (B) Patches of an arbIA strain containing ARB1 URA3 plasmid pDH22 and LEU2
plasmids YCplacl11 (empty vector; row 1), pDH144 (containing FH-ARBI-G229D-G230E-G519D; row 2), or pDH129 (containing FH-ARBI;
row 3), were replica plated to SCg,,-Leu-Ura (left panel) and medium containing 5-FOA (right panel). (C) WCE:s of the strains described in panel
B were grown in SCg-Leu-Ura to an Ay, of ~1.2, and 10 or 20 pg of WCE from cells containing pDH129 (lanes 1 and 2), pDH144
(lanes 4 and 5), or empty vector (lane 3) in addition to pDH22 were subjected to Western analysis with anti-His, antibodies. mt, mutant.

somal particle. The fact that the majority of ARBI in cell
extracts cosediments through sucrose gradients with IMP4 at a
position corresponding to ~90S particles (Fig. 5C) is consis-
tent with the possibility that ARB1 directly stimulates these
cleavage reactions in the 90S preribosome. We also obtained
evidence consistent with the possibility that ARB1 functions
directly in pre-40S particles to stimulate nuclear export or to
enhance 20S to 18S processing in the cytoplasm. Thus, we
showed that ARBI1 shuttles from nucleus to cytoplasm, and
we observed that a fraction of ARBI in cell extracts cosedi-
ments with 40S subunits. In addition, we found that ARBI1 is
weakly associated with DED1 and SCP160, both of which
copurify with processing factors present in pre-40S particles
(62) and with 20S pre-rRNA (for DED1) (76). If ARB1 is
associated with 90S pre-ribosomes, as suggested above, it
could remain bound to the pre-40S particle after cleavage of
35S pre-rRNA at the A0-A1-A2 sites and subsequently ac-
company the pre-40S to the cytoplasm. Alternatively, ARB1
could interact transiently with 90S and 40S preribosomal par-
ticles at various points along the processing pathway. The latter
possibility is more consistent with the fact that ARB1 was not
identified previously as a stable constituent of any preribo-
somal particles.

It is intriguing that depletion of ARB1 also produced a delay
in processing of 27S pre-rRNA to 25S rRNA, leading to
steady-state accumulation of 27S precursors. Accumulation of
the 7S precursor to 5.8S rRNA was also evident in cells lacking
ARBI. However, we did not observe a defect in nuclear export
of GFP-RPL25 nor reduced steady-state levels of either 25S
rRNA or 60S subunits in ARB1-depleted cells. Thus, while

ARBI is required for a WT rate of 60S biogenesis, it seems
that all of the 27S pre-rRNA is eventually converted to 25S
rRNA so that a normal steady-state level of 60S subunits is
achieved in ARBI1-depleted cells.

Several observations support the possibility that ARB1 also
functions directly in pre-60S particles to stimulate processing
of 278 and 7S pre-rRNAs. First, we found that a fraction of
ARBI1 cosediments with 60S ribosomal particles. Second,
ARBI is tightly associated with TIF6 and LSG1 and weakly
associated with ARX1, all of which interact with pre-60S sub-
units and stimulate different aspects of 60S biogenesis. It is
interesting that LSG1 appears to interact with pre-60S subunits
only in the cytoplasm (30), whereas ARX1 resides in nuclear
pre-60S particles at a stage just prior to nuclear export (52).
Although TIF6 shuttles to the cytoplasm (65), its function is
also required further upstream in the 60S biogenesis pathway
for efficient conversion of 27SB to 25S rRNA. Based on its
physical association with these three factors, it is possible that
ARBI interacts with pre-60S subunits in both the nucleus and
cytoplasm and, similar to TIF6 (65), may accompany pre-60S
subunits during export from the nucleus.

Most ribosome biogenesis factors present in the 90S preri-
bosome are not stable constituents of 60S or 40S preribosomal
particles, and many factors join the pre-40S or pre-60S parti-
cles after cleavage of 35S pre-rRNA in the 90S particle. Thus,
the majority of biogenesis factors seem to function exclusively
in pre-40S or pre-60S particles (24). ARB1 belongs to a small
group of factors that stimulate steps in both the pre-40S and
pre-60S pathways, as well as the initial cleavage of 35S rRNA
in the 90S particle. Interestingly, DED1, which interacts with
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ARBY, is associated with both pre-40S and pre-60S particles. It
is also intriguing that RLI1, another soluble ABC protein, is a
shuttling factor that interacts with pre-40S and pre-60S parti-
cles, enhances pre-rRNA processing reactions in both path-
ways, and stimulates export of both pre-40S and pre-60S par-
ticles (37, 76).

A number of GTPases and AAA-type ATPases have been
implicated in 60S processing, but only the GTPase BMS1 (20)
and the ABC ATPase RLI1 (37, 76) have been identified in the
40S processing pathway (20, 70). Our genetic analysis indicates
that the ATPase activity of ARBI is required for its essential
function in ribosome biogenesis. By analogy with other ABC
proteins, and RLI1 in particular (35), it can be predicted that
binding of ATP will tightly clamp together the ABCs in ARBI,
whereas ATP hydrolysis will lead to partial dissociation of the
two cassettes. The opening and closing of this clamp could
produce conformational changes in segments of the preribo-
somes or in ribosome-associated factors that stimulate rRNA
processing or subunit assembly reactions. Given that ribosomal
subunit export is energy dependent (33), ATP hydrolysis by
ARBI might also perform work connected with the nuclear
export of 40S preribosomes.

All of the previously characterized soluble ABC proteins in
the GCN20 subfamily were shown to interact with ribosomes
and to function in translation initiation (RLI1 and ABC50),
translation elongation (YEF3), translational control (GCN20),
or ribosome biogenesis (RLI1). Our findings allow us to extend
this generalization to ARB1. Moreover, preliminary results
indicate that the last uncharacterized member of this subfamily
in yeast, NEWI, is also involved in ribosome biogenesis
(J. Dong and A. G. Hinnebusch, unpublished observations). It
will be interesting to identify the molecular features of the
members of this subfamily of ABC proteins that dictate their
interactions with ribosomes and identify the nature of the
mechanical work they carry out to promote ribosome biogen-
esis or protein synthesis.
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