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The Saccharomyces cerevisiae temperature-sensitive (ts) allele nip7-1 exhibits phenotypes associated with
defects in the translation apparatus, including hypersensitivity to paromomycin and accumulation of halfmer
polysomes. The cloned NIP7* gene complemented the nip7-1 ts growth defect, the paromomycin hypersensi-
tivity, and the halfmer defect. NIP7 encodes a 181-amino-acid protein (21 kDa) with homology to predicted
products of open reading frames from humans, Caenorhabditis elegans, and Arabidopsis thaliana, indicating that
Nip7p function is evolutionarily conserved. Gene disruption analysis demonstrated that NIP7 is essential for
growth. A fraction of Nip7p cosedimented through sucrose gradients with free 60S ribosomal subunits but not
with 80S monosomes or polysomal ribosomes, indicating that it is not a ribosomal protein. Nip7p was found
evenly distributed throughout the cytoplasm and nucleus by indirect immunofluorescence; however, in vivo
localization of a Nip7p-green fluorescent protein fusion protein revealed that a significant amount of Nip7p is
present inside the nucleus, most probably in the nucleolus. Depletion of Nip7-1p resulted in a decrease in
protein synthesis rates, accumulation of halfmers, reduced levels of 60S subunits, and, ultimately, cessation of
growth. Nip7-1p-depleted cells showed defective pre-rRNA processing, including accumulation of the 35S rRNA
precursor, presence of a 23S aberrant precursor, decreased 20S pre-rRNA levels, and accumulation of 27S
pre-rRNA. Delayed processing of 27S pre-rRNA appeared to be the cause of reduced synthesis of 25S rRNA

relative to 18S rRNA, which may be responsible for the deficit of 60S subunits in these cells.

Eukaryotic ribosome biogenesis takes place mainly in the
nucleolus, where approximately 80 ribosomal proteins (rpro-
teins) and 4 rRNAs assemble into 40S and 60S subunits (re-
viewed in reference 66). In eukaryotes, synthesis of rRNAs is
not achieved by transcription of the individual species. Instead,
three of the four rRNAs (18S, 5.8S, and 25 to 28S) are pro-
duced from a single RNA polymerase I transcript (35S in
yeast), which, in addition to the mature rRNAs, contains two
external transcribed spacers, the 5’ ETS and 3’ ETS, and two
internal transcribed spacers, ITS1 and ITS2 (66). The 35S
pre-rRNA, which is covalently modified by methylation and
pseudouridinylation, serves as a template onto which a number
of rproteins and non-rproteins associate and is processed by
endo- and exonucleases. The fourth rRNA species (5S) is tran-
scribed independently by RNA polymerase III (66). Following
assembly in the nucleolus, ribosomal subunits are selectively
exported to the cytoplasm (39).

Ribosome biogenesis has been studied in many eukaryotic
organisms but is best characterized in Saccharomyces cerevi-
siae. In yeast, although the level of total rproteins changes
during various stages of growth, stoichiometric ratios of 40S
rproteins and 60S rproteins are independently maintained. In-
trasubunit stoichiometry is maintained primarily by the coor-
dinate transcription of rprotein genes (38, 66) and by the turn-
over of rproteins that are expressed in excess (10, 30, 61).
Therefore, the depletion or mutation of individual rprotein
genes can result in the decrease of cellular levels of 40S or 60S
subunits, which can lead to imbalances in the 40S/60S subunit
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ratio (8, 32, 33, 44). Imbalances between 40S and 60S subunits
can also result from the depletion or mutation of non-rprotein
factors involved in rRNA processing and ribosome assembly
(16, 26, 42, 46, 55, 65).

Ribosome assembly is not well characterized. Pulse-labeling
analysis indicated that a group of rproteins assembles early on
the pre-rRNA, while another group assembles late on the
mature TRNA (23). Early experiments suggested that 40S sub-
units undergo maturation steps in the cytoplasm, which include
processing of 20S pre-rRNA to 18S rRNA (62). Evidence
supporting ribosome assembly reactions in the cytoplasm was
also reported by Tollervey et al. (59), who showed that newly
synthesized 18S and 25S rRNAs are associated with cytoplas-
mic particles with sucrose gradient mobilities lower than those
of 40S and 60S mature subunits.

For yeast, the processing steps that convert 35S pre-rRNA
into mature rRNAs are relatively well understood (reviewed in
reference 57; see also Fig. 9). The 35S pre-rRNA is initially
cleaved at sites A, A;, and A,, yielding the 20S pre-rRNA and
the 27SA, pre-TRNA. The 20S pre-rRNA is subsequently con-
verted to 18S rRNA after processing at site D. Synthesis of 18S
rRNA has been studied in most detail and requires a number of
trans-acting factors, including small nucleolar RNAs (snoRNAs)
U3, U14, snR10, and snR30 (17, 27, 34, 56), snoRNA-interacting
proteins Noplp, Soflp, and Garlp (12, 19, 58), RNA methylase
Dimlp (25), putative RNA helicase Rrp3p (36), and nucleolar
proteins Nsrlp and Rrp5p (21, 22, 26, 63).

The 27SA, pre-rRNA is processed into mature 5.8S and 25S
rRNAs by two alternative pathways. The major pathway in-
volves cleavage at site A; by RNase MRP (6, 29, 48), followed
by 5'-3’ exonuclease digestion to site Blg, yielding the 27SBg
pre-rTRNA. In the minor pathway, the 27SB; pre-rRNA is
generated by processing at site B1;. Subsequently, both the
27SBg and 27SB; pre-rRNAs are processed identically in
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FIG. 1. Restriction maps of the plasmids used in this study. Complementation (Compl.) of the nip7-1 temperature sensitivity and of nip7::HIS3 disruption is shown
on the right. +, plasmid was able to support growth on agar plates, producing visible colonies after a 2- to 3-day incubation. The DNA sequence flanking NIP7 was
obtained from the Saccharomyces Genome Data Base. The directions of the promoters and relevant restriction enzyme sites are shown. Restriction enzyme
abbreviations: B, BamHI; Bg, Bglll; E, EcoRI; H, HindIll; K, Kpnl; N, Ndel; S, Sall; Se, Spel; Sh, Sphl; X, Xbal. NPy, TIS, and ter in pP3NIP7 correspond, respectively,

to the phage N\ pr promoter, to the translation initiation sequence from the E. coli a

ITS2, producing the 25S rRNA and, respectively, 5.8Sg and
5.85; rRNAs. Processing of the 5.8Sg rRNA 5’ end requires
the function of the exonucleases Xrnlp and Ratlp (15, 54).
Two other exonucleases, Rrp4 and RNase P, are involved in
5.8S rRNA 3’ end formation (5, 31). Although our understand-
ing of 25S rRNA maturation is incomplete, the putative RNA
helicases Sbp4p, Drslp, and Dbp3p (42, 46, 65) and the nu-
cleolar proteins Nop2p and Nop4p/Nop77 (3, 16, 55) were
shown to function specifically in 60S biogenesis. Inactivation or
depletion of any of these proteins impaired processing of the
27S pre-rRNA.

This study describes the identification and functional analy-
sis of the novel S. cerevisiae gene NIP7. NIP7 is essential in
yeast and well conserved among eukaryotes, but it does not
contain recognizable protein sequence motifs or show similar-
ity to other known proteins. The depletion of Nip7-1p resulted
in decreased protein synthesis rates, reduced levels of 60S
subunits, and defects in pre-rRNA processing, especially that
of 27S pre-rRNA. These phenotypes are consistent with a role
for Nip7p in 60S ribosome biogenesis.

tpB gene, and to the phage fd transcription terminator.

MATERIALS AND METHODS

DNA analysis, yeast genetic techniques, and media. DNA cloning and elec-
trophoresis analysis were performed as described by Sambrook et al. (47). DNA
sequencing was performed by the Sequenase method (United States Biochemi-
cal). Growth and genetic analysis of yeast strains were performed as described by
Sherman et al. (50, 51). Various carbon sources were added to yeast extract-
peptone (YP) and synthetic complete (SC) media. YPD and SCglu media con-
tained 2% glucose as a carbon source, and YPgal and SCgal contained 1%
galactose plus 1% raffinose as a carbon source. A yeast genomic DNA bank (43)
was acquired from the American Type Culture Collection (ATCC 37415). The
paromomycin sensitivity assay was performed as follows: 100 pl of a cell suspen-
sion (optical density at 600 nm [ODyg,] = 0.1) was spread on YPD plates; then
sterile filter disks (Schleicher & Schuell no. 740-E) containing 10, 2 or 0.4 mg of
paromomycin sulfate were placed on each plate, and the plates were incubated
at 30°C for 2 days. Amino acid sequences were aligned by using the Pileup
program from the Genetics Computer Group package (9).

Plasmids and yeast strains. Plasmids used in this study are shown in Fig. 1.
YCpNIP7 was constructed by transferring a 4.6-kb DNA fragment (HindIII-
BamHI), containing the wild-type NIP7 gene with its original promoter and
terminator, in the vector YCplacl11 (11). In order to construct an HA-tagged
Nip7 protein, a DNA sequence encoding three repeats of the influenza virus
hemagglutinin antigen epitope (HA) was fused with the DNA sequence corre-
sponding to the N terminus of the NIP7 open reading frame (ORF). The
HA-NIP7 fusion was then placed under the control of the GALI promoter in
pRS316-GALI1 (28), generating YCpHANIP7. YCpGNIP7 contains the wild-
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TABLE 1. S. cerevisiae strains

Strain®

Genotype

..................................................................... MATa ade2-1 leu2-3,112 his3-11,15 trpl1-1 ura3-1 canl-100

MATo ade2-1 leu2-3,112 his3-11,15 trpI-1 ura3-1 canl-100

MATa cyc7-67 leu2-3,112 his3-d1 cyh2R ura3-52

MATa CYCI-NLS cyc7-67 lys5-10 ura3-52

..MATa CYCI-NLS cyc7-67 lys5-10 ura3-52 nip7-1

.MATo cyc7-67 leu2-3,112 his3-d1 cyh2r ura3-52 nip7::HIS3 p[lURA3 ARSH4 GALI::HA-NIP7]
.MATo ade2-1 leu2-3,112 trpl-1 ura3-1 nip7::HIS3 p[URA3 ARSH4 GALI1::HA-NIP7)

MATao ade2-1 leu2-3,112 trpl-1 ura3-1 nip7::HIS3 p[LEU2 ARSI NIP7]

MATo ade2-1 leu2-3,112 trpl-1 ura3-1 nip7::HIS3 p[LEU2 ARS1 GALI1::NIP7]

MATao ade2-1 leu2-3,112 trpl-1 ura3-1 nip7::HIS3 p[LEU2 ARSI GALI::nip7-1]
.MATa/MATw ade2-1/ADE?2 leu2-3,112/leu2-3,112 his3-11,15/his3-11,15 trp1-1/TRPI canl-100/

CANI ura3-1/ura3-52 CYC7/cyc7-67 CYH2/cyh2R NIP7/nip7::HIS3

“ Strain DG115 is described in reference 13. All other strains are described in this work.

> A gift from M. Nomura.
¢ A gift from S. Wente.

type NIP7 gene placed under the control of the GALI promoter. This plasmid
was constructed by ligating the vector YCplacl11 digested with EcoRI and Sall,
the GALI promoter digested with EcoRI and BamHI (isolated from pRS316-
GALL1), and the NIP7 gene digested with Bg/II and Sall (isolated from pP3NIP7
[see below]). YCpGnip7-1 carries the temperature-sensitive (ts) nip7-1 allele,
which was amplified by PCR from genomic DNA isolated from strain DG130.
The nip7-1 allele was first inserted between the Ndel and BamHI sites of pCY-
TEXP3 (49). Subsequently, it was inserted in the YCplaclll plasmid, under
control of the GAL1 promoter, by the same strategy used to construct YCpG-
NIP7. In order to construct a Nip7p-green fluorescent protein (Nip7p-GFP)
fusion protein, a BamHI restriction site was created in the vector YCpGNIP7 at
the 3’ end of the NIP7 coding region by PCR. Subsequently, an EcoRI-BamHI
DNA fragment containing the GALI promoter and the NIP7 coding region was
excised from YCpGNIP7 and ligated with a Bgl/II-Xbal DNA fragment contain-
ing the GFP into the vector YCplacl11 digested with EcoRI and Xbal, gener-
ating plasmid YCpNIP7-GFP. Expression of NIP7 in Escherichia coli was
achieved by using the expression vector pPCYTEXP3 (49). The NIP7 ORF was
amplified by PCR, digested with Ndel and BamHI, and inserted in the Ndel and
BamHI sites of pCYTEXP3, generating plasmid pP3NIP7. A nip7::HIS3 null
allele was constructed by removing an internal fragment (Spel-SphlI) of the NIP7
ORF and inserting the HIS3 genetic marker, producing plasmid pP3nip7::HIS3.

S. cerevisiae strains used in this study are listed in Table 1. DG115 (formerly
B-8106) is the parental strain used to isolate the nip mutants (13). DG130 is the
ts nip7-1 strain which was used to clone the wild-type NIP7 gene. DG17 was used
to construct a mutant strain conditional for galactose, generating DG438 (see
Results). DG439 was generated by three sequential backcrosses of DG438 and
either W303-1a or W303« in order to obtain a genetic background similar to
W303. DG440, DG441, and DG442 were generated by transforming DG439 with
the plasmids YCpNIP7, YCpGNIP7, and YCpGnip7-1, respectively, and elimi-
nating the endogenous YCpHANIP7 by plasmid shuffling. DG443 is a diploid
which resulted from a cross between DG438 and W303-1a.

Purification of recombinant Nip7 protein and antiserum production. High
levels of Nip7p expression in E. coli DH5a were achieved by using plasmid
pP3NIP7. In this vector, NIP7 is under the control of the phage \ p, promoter,
which is induced by shifting E. coli cells from 30 to 42°C (2, 49). After a 2-h
induction, Nip7p was found in inclusion bodies, which were isolated as described
previously (47), and solubilized in a buffer containing 20 mM HEPES-KOH (pH
7.4), 2% Triton X-100, 0.2 mM EDTA, 6 M guanidine hydrochloride, and 250
mM dithiothreitol (DTT) at 50°C for 2 h. The solution was allowed to cool to
room temperature and diluted with 1 volume of buffer A (20 mM Tris-Cl [pH
7.4], 100 mM KCI, 1 mM DTT, 0.5 mM EDTA, 10% glycerol). The protein
suspension was dialyzed against buffer A, and the insoluble material was re-
moved by centrifugation. Although the supernatant contained relatively pure
Nip7 protein, Nip7p was purified further by chromatography with a cation-
exchanger resin (Bio-Rex; Bio-Rad). The supernatant was loaded onto a 20-ml
column preequilibrated with buffer A, and the column was eluted with a 0 to 50%
gradient of buffer B (buffer A containing 1 M KCI) over 80 min with a flow rate
of 1 ml/min by using an automated chromatography system (Econo System;
Bio-Rad). Concentrated and about 99% pure Nip7p eluted from the column at
KClI concentrations of between 220 and 250 mM. Fractions containing Nip7p
were pooled and dialyzed against phosphate-buffered saline (47). Rabbit poly-
clonal antiserum against purified recombinant Nip7p was produced by Pocono
Rabbit Farm and Laboratory, Inc. (Canadensis, Pa.).

SDS-PAGE and immunoblot analysis. Proteins were analyzed by sodium do-
decyl sulfate-13.5% polyacrylamide gel electrophoresis (SDS-13.5% PAGE)
(24). Following SDS-PAGE, proteins were electroblotted to an Immobilon-P
membrane (Millipore) at 100 V for 1 h (60), using a Mini Trans-Blot transfer
apparatus (Bio-Rad). The Western blot transfer buffer contained 25 mM Tris

base, 192 mM glycine, and 15% methanol. Membranes were blocked with 5%
bovine serum albumin in TST buffer (20 mM Tris-Cl [pH 8.0], 150 mM NaCl, and
0.05% [vol/vol] Tween 20) and then probed with rabbit polyclonal antiserum
raised against Nip7p or eIF-2a (kindly provided by John McCarthy) or with
mouse monoclonal antibodies directed against Temlp (kindly provided by
Jonathan Warner) and Nop1p (kindly provided by John Aris). Subsequently, the
blots were incubated with alkaline phosphatase-conjugated anti-rabbit or anti-
mouse immunoglobulin G (IgG) and visualized by using 5-bromo-4-chloro-3-
indolylphosphate and nitroblue tetrazolium as previously described (47).

Growth curves and analysis of Nip7p depletion. Growth rates of strains
DG440, DG441, and DG442 in YPgal and YPD cultures were analyzed as
follows. Cultures were inoculated in 40 ml of YPgal and incubated to an ODyy,
of about 0.3. Subsequently, cultures were divided into two fractions, and cells
were harvested by centrifugation and resuspended in 100 ml of either YPD or
YPgal. Cultures were incubated at 30°C, and the ODg,, was determined at
various time points. In order to keep cultures in exponential growth, they were
diluted in fresh medium whenever the ODy reached 0.8. Samples (10 ml) were
collected from YPD cultures at various times for the analysis of Nip7p depletion.
For isolation of cell extracts, cells were harvested by centrifugation, resuspended
in 200 pl of breaking buffer {20 mM HEPES-KOH [pH 7.4], 2 mM magnesium
acetate [Mg(OAc),], 100 mM KCl, 1 mM DTT, 0.5 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride [PMSF]}, and disrupted by vortexing in the presence of
1 volume of glass beads. Cell extracts were cleared by centrifugation, and Nip7p
was analyzed by SDS-PAGE and immunoblotting.

Measurement of [3>S]methionine incorporation. Protein synthesis rates were
determined by pulse-chase labeling of total cell protein with [*S]methionine.
Strains DG440 and DG442 were incubated at 30°C in SCgal medium lacking
methionine until an ODg, of about 0.3 was reached. Cells were harvested,
resuspended in SCglu lacking methionine, and incubated at 30°C. At various
time points, samples from each culture were removed and incubated with 20 pCi
of [**S]methionine (DuPont-NEN) per ml at 30°C for 5 min. Unlabeled methi-
onine was then added to a final concentration of 10 mM. Cells were immediately
transferred to an ice bath and lysed with 0.2 M NaOH and 0.85% B-mercapto-
ethanol. Proteins were precipitated with 10% trichloroacetic acid (TCA) as
described previously (47) and resuspended in 200 wl of 50 mM Tris-Cl (pH
6.8)-1% SDS. Proteins were extracted by incubation at 95°C for 5 min, and the
radioactivity was quantified by liquid scintillation counting.

Pulse-chase labeling of rRNA and Northern analysis. The protocol for met-
abolic labeling of rRNA was adapted from that of Sun and Woolford (55).
Exponentially growing cultures of DG440 (NIP7) and DG442 (GAL::nip7-1)
were shifted from SCgal to SCglu supplemented with uracil (20 pg/ml) and
incubated at 30°C for 4 h. Cultures were then divided into two fractions for
pulse-chase labeling with either [*H]uracil or [methyl-*H]methionine (DuPont-
NEN). For labeling with [*H]uracil, cells were harvested by centrifugation, re-
suspended in fresh SCglu lacking uracil, pulse-labeled for 3 min at 30°C with 50
uCi of [*H]uracil per ml, and chased for up to 1 h after addition of unlabeled
uracil to a final concentration of 300 wg/ml. At various times, samples were taken
and quickly frozen in a dry ice-ethanol bath. A similar procedure was used to
label rRNA with [methyl->H]methionine except that the cells were resuspended
in SCglu lacking methionine. Cells were pulse-labeled with 100 wCi of [methyl-
3H]methionine per ml for 2 min and chased with 100 g of unlabeled methionine
per ml. Total RNA was isolated from yeast cells by the hot-phenol method (20).
Small RNA molecules were analyzed by using 6% polyacrylamide gels containing
8.2 M urea. Polyacrylamide gels were fixed in 30% methanol-10% acetic acid for
1 h, incubated in En*Hance (DuPont-NEN), dried, and subjected to autoradiog-
raphy. Large RNA molecules were separated by electrophoresis on 1.2% aga-
rose—6% formaldehyde gels, transferred by Northern blotting to Hybond nylon
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TABLE 2. Paromomycin sensitivity

Paromomycin Sensitivity”
(me) DGL15 (NIP7) DG130 (nip7-1)
0.4 0 4
2.0 3 8
10.0 3 12

“ Results are reported as the radius (in millimeters) of clearing around filter
discs impregnated with paromomycin as described in Materials and Methods

membranes (Amersham) as described previously (47), and subjected to autora-
diography.

For analysis of pre-rRNA steady-state levels, RNA was isolated from strains
DG440 (NIP7) and DG442 (GAL::nip7-1) incubated in YPgal or shifted to YPD.
Samples were collected for RNA extraction at time zero and 12 h after the shift
to YPD for DG440 and at time zero and 4, 8, and 12 h after the shift to YPD for
DG442. RNA was separated by electrophoresis on agarose-formaldehyde gels
and transferred by Northern blotting to nylon membranes as described above.
Membranes were probed with 3?P-labeled oligonucleotides complementary to
regions of rRNAs by using the hybridization conditions described by Tollervey
(56). The oligonucleotides used (see also Fig. 9) were 5’GGTCTCTCTGCTGC
CGGAAATG3' (probe A), 5’GCTCTCATGCTCTTGCCAAAAC3' (probe B),
5'TGTTACCTCTGGGCCCCG3' (probe C), 5'CGTATCGCATTTCGCTGCG
TTC3' (probe D), 5’GGCCAGCAATTTCAAGTTAAC3’ (probe E), and 5'G
TTCGCCTAGACGCTCTCTTC3’ (probe F).

Polysome profile analysis and isolation of ribosomal subunits. Standard poly-
some profile analysis was performed by a protocol adapted from that of Prow-
eller and Butler (40). Cell extracts were isolated from 300-ml cultures grown to
mid-exponential phase. Following addition of 3 ml of cycloheximide (10 mg/ml)
to the cultures, cells were harvested by centrifugation and resuspended in 0.5 ml
of breaking buffer [20 mM HEPES-KOH (pH 7.4), 2 mM Mg(OAc),, 100 mM
KCl, 1 mM DTT, 1 mM PMSF, 100 pg of cycloheximide per ml]. One volume of
glass beads was added, the cells were disrupted by vortexing eight times for 20 s,
and extracts were cleared by centrifugation at 8,000 X g for 5 min. Totals of 20
OD,s, units were loaded onto 12-ml linear sucrose gradients prepared in poly-
some buffer [10 mM Tris-Cl (pH 7.4), 70 mM NH,4(OAc), 4 mM Mg(OAc),].
Polysomes were separated by centrifugation at 40,000 rpm for 4 h at 4°C with a
Beckman SW41 rotor. Gradients were fractionated with a Buchler Auto-densi-
flow IIC fractionator and monitored at 254 nm with a UA-5 Absorbance/Fluo-
rescence monitor (ISCO). For immunoblotting analysis, proteins were precipi-
tated with 10% TCA as described previously (47) and resuspended in protein
sample buffer (24). Polysome profile analyses with different KCI concentrations
were performed as described for the standard polysome profile analysis except
that the breaking buffer contained 20 mM HEPES-KOH (pH 7.4), 3 mM
Mg(OAc),, 10 mM KCI, 1 mM DTT, and 1 mM PMSF and the polysome buffer
contained 10 mM Tris-Cl (pH 7.4), 4 mM Mg(OAc),, and 10 mM KCI. The KCl
concentration in both breaking and polysome buffers was increased to 100, 250,
or 500 mM, as indicated.

Ribosomal subunits were isolated from mid-exponential-phase cultures by a
protocol adapted from the method described by Raué et al. (41). A 4-h Nip7p
depletion period prior to ribosome isolation was performed as described for the
growth experiments. Cell extracts were prepared in buffer A (20 mM Tris-Cl [pH
7.4], 16 mM MgCl,, 50 mM KCI, 1 mM DTT, 0.2 mM EDTA, 1 mM PMSF) as
described above and cleared by centrifugation with a Beckman TLS-55 rotor at
15,000 rpm for 15 min in a Beckman TL-100 ultracentrifuge. Four hundred
microliters of the supernatant was layered on 1.6 ml of a 0.5 M sucrose cushion
in buffer A and centrifuged at 50,000 rpm for 2.5 h with a Beckman TLS-55 rotor.
Ribosomal pellets were resuspended in 200 wl of buffer A. Ribosome dissocia-
tion was achieved by adding 200 pl of 2X dissociation buffer (1X dissociation
buffer contains 20 mM Tris-Cl [pH 7.4], 16 mM MgCl,, 1 M KCI, 12 mM
B-mercaptoethanol, and 0.2 mM EDTA) to the suspension, which was incubated
overnight on ice. Insoluble material was pelleted by centrifugation at 14,000 rpm
for 5 min in a Microfuge at 4°C. Eight OD,s, units was loaded on 12-ml linear
sucrose gradients prepared in 1X dissociation buffer. Gradient centrifugation
and fractionation was performed as described for standard polysome profile
analysis.

Immunofluorescence analysis, subcellular fractionation of yeast cells, and
NIP7-GFP fusion. Yeast cells were prepared for immunofluorescence essentially
as previously described (13). Rabbit polyclonal antiserum raised against Nip7p
was incubated with fixed and permeabilized cells overnight at room temperature,
using a 1:3,000 dilution. Subsequently, the cells were incubated with fluorescein-
conjugated goat anti-rabbit IgG for 6 h at room temperature. Nuclei were stained
with 4',6-diamino-2-phenylindole (DAPI) (1 wg/ml). For subcellular fraction-
ation, nuclei were separated from cytoplasmic fractions by using sucrose step
gradients (18). Proteins of the subcellular fractions were precipitated with 10%
TCA and analyzed by SDS-PAGE and immunoblotting as described above. The
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subcellular localization of Nip7p was also analyzed by monitoring the fluorescent
signal produced by a fusion of GFP to the carboxy terminus of Nip7p. The
Nip7p-GFP fusion protein was expressed by plasmid YCpNIP7-GFP (Fig. 1)
transformed into strain W303-1a. Plasmid pDN291 (35) expressing GFP was
used as a control.

RESULTS

Cloning of the NIP7 gene. The ts allele nip7-1 was isolated
with the genetic screen described by Gu et al. (13) and initially
analyzed in strain DG130. nip7-1 cells were hypersensitive to
paromomycin (Table 2), an aminoglycoside antibiotic known
to interfere with translation (7, 37, 53), and accumulated
halfmer-containing polysomes (14) at both permissive (28°C)
and nonpermissive (37°C) temperatures (Fig. 2). Both paro-
momycin sensitivity and halfmer accumulation cosegregated
with the ts growth defect in tetrad analysis (data not shown).
The NIP7* gene was cloned by complementing the nip7-1 ts
growth defect with a yeast genomic DNA bank (43). Sequence
and database analyses revealed that the 10.4-kb insert in the
complementing plasmid YCp50N7 (Fig. 1) contained five ORFs
located on chromosome XVI. The ORF YPL211W was suffi-
cient to complement both the nip7-1 ts growth defect and the
halfmer defect (Fig. 1 and 2). YPL211W, named NIP7, was
placed under the control of the GALI promoter of pRS316
(28) to generate YCpHANIP7. As expected, nip7-1 cells trans-
formed with YCpHANIP7 grew at 37°C when cultured in SCgal
but not when cultured in SCglu (data not shown).

NIP7* encodes a 181-amino-acid protein with a predicted
molecular mass of 20,381 Da and a calculated isoelectric point
of 9.28. Recombinant Nip7p migrated as a 22- to 23-kDa pro-
tein in SDS-PAGE (not shown). Rabbit polyclonal antiserum
raised against recombinant Nip7p recognized a polypeptide in
yeast whole-cell extracts with an electrophoretic mobility iden-
tical to that of the recombinant protein (see Fig. 7).

A BLAST search of protein sequence databases did not
identify any Nip7p homologs. However, a search of expressed-
sequence tags identified ORFs with high similarity at the amino
acid level in humans, Caenorhabditis elegans, and Arabidopsis
thaliana (Fig. 3). Yeast and human Nip7p proteins are 52.5%
identical and 68.75% similar. This high degree of sequence
conservation indicates that Nip7p function is evolutionarily con-
served among eukaryotes. A search for consensus sequences
failed to identify any motifs which might suggest a possible
function for Nip7p. Two independent PCR-generated clones
of the ts nip7-1 allele were sequenced and revealed a G-to-A
transition at nucleotide 212, resulting in the substitution of
aspartic acid for the conserved glycine at position 71 (Fig. 3).

Gene disruption analysis and construction of a conditional
lethal mutation of NIP7. A null allele of NIP7 was constructed
by removing a 111-bp internal fragment of the NIP7 ORF and
replacing it with the HIS3 gene (Fig. 1). The resulting nip7::
HIS3 fusion was used to transform a haploid wild-type strain
carrying a functional copy of NIP7 on a URA3 plasmid
(YCpHANIP7). Clones with stable HIS3 and URA3 markers
were screened for galactose-dependent growth, since the NIP7
gene on the YCpHANIP7 plasmid is under the control of the
GAL]I promoter (Fig. 1). Nine of 45 Ura™ His™" transformants
grew only on galactose-containing medium. None of these nine
colonies grew on medium containing 1 mg of 5-fluoro-orotic
acid per ml (52), indicating that their growth was dependent on
YCpHANIP7. One of these strains, DG438, was selected and
crossed to W303-1a. The resulting diploid strain, DG443, lost
the URA3 marker when grown on nonselective medium and
was able to grow on 5-fluoro-orotic acid plates, but it retained
the HIS3 marker. The insertion of the nip7::HIS3 disruption
into the genome was confirmed by PCR analysis (data not
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FIG. 2. nip7-1 cells accumulate halfmer polysomes. Polysomes from strains DG115 (NIP7*) (A and B), DG130 (nip7-1) (C and D), and DG130 (nip7-1) carrying
CEN plasmid YCpNIP7, which contains a copy of the wild type NIP7 gene (E and F), were analyzed. Extracts were prepared from cells grown at 28°C (A, C, and E)
or shifted to 37°C for 4 h (B, D, and F). Polysomes were sedimented through 15 to 50% linear sucrose gradients as described in Materials and Methods.

shown). DG443 was sporulated for tetrad analysis. Thirty of 32
tetrads produced by sporulating DG443 yielded two viable
spores, and two tetrads produced only one viable spore (data
not shown). The viable spores were His~. We conclude that
NIP7 is an essential single-copy gene, which is consistent with

the presence of only one copy of this gene in the yeast genome
sequence.

The gene disruption analysis described above was performed
with a haploid strain that was maintained by a plasmid encod-
ing a copy of NIP7 (YCpHANIP7) so that derivatives from this
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FIG. 3. Alignment of S. cerevisiae Nip7p amino acid sequence with ex-
pressed-sequence tags. At, A. thaliana; Ce, C. elegans; Hu, human; Sc, S. cerevi-
siae. The A. thaliana and human sequences lack, respectively, N- and C-terminal
sequences. Asterisks indicate identity; periods indicate conserved substitutions.
An arrow indicates the conserved glycine 71, which is replaced by aspartic acid
in the ts nip7-1 allele. The sequences were aligned by using Pileup (Genetics
Computer Group package).

strain could be generated by substituting other NIP7-contain-
ing plasmids by plasmid shuffling. DG440 was generated by
transforming DG439 (nip7::HIS3 GAL::HA-NIP7) (see Mate-
rials and Methods) with YCpNIP7, which contains a copy of
the NIP7 gene under the control of its own promoter (Fig. 1).
YCpHANIP7 was then eliminated by plasmid shuffling. DG439
(HA-NIP7) grew slower in YPgal (doubling time, 190 min)
than DG440 (NIP7) (doubling time, 165 min), possibly either
because the HA tag reduced Nip7p function or because overex-
pression of HA-Nip7p was deleterious for cell growth. There-
fore, YCpGNIP7, which lacks the HA tag, was constructed and
used to produce DG441 (Fig. 1). As shown in Fig. 4, DG440
(NIP7) and DG441 (GAL::NIP7) grew at similar rates in
YPgal, but DG441 expressed Nip7p at levels that far exceeded
those expressed in DG440. A substantial reduction in the lev-
el of Nip7p required a 12-h incubation in YPD (Fig. 4B). To
avoid possible secondary effects of a long depletion time, an-
other construction was used to more efficiently deplete Nip7p.
We had previously observed that nip7-1 cell extracts contained
less Nip7 protein than wild-type extracts. Thus, we constructed
DG442, which carries the nip7-1 allele under control of the
GALI promoter (YCpGnip7-1) but is otherwise isogenic to
DG440 and DG441. In YPgal, DG442, DG440, and DG441
grew at comparable rates (Fig. 4A). However, growth of DG442
slowed soon after cells were shifted from YPgal to YPD and
ceased after 8 h in YPD (Fig. 4A). Moreover, in DG442, Nip7-
1p levels were reduced to barely detectable levels within 4 h in
YPD (Fig. 4B).

Depletion of Nip7-1p causes a decrease in protein synthesis
rates and in 60S ribosome levels. Because nip7-1 cells are
hypersensitive to paromomycin and accumulate halfmer poly-
somes, we hypothesized that Nip7p probably functions in some
aspect of protein synthesis or ribosome biogenesis. Protein
synthesis rates were measured by quantifying [*>S]methionine
incorporation after shifting DG440 (NIP7) and DG442
(GALI::nip7-1) to SCglu. As shown in Fig. 5, protein synthesis
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FIG. 4. Nip7-1p depletion causes growth arrest. (A) Growth curves of strains
DG440 (NIP7), DG441 (GAL::NIP7), and DG442 (GALI::nip7-1) grown on
YPgal and shifted to YPD at 30°C. ODy, values are plotted as log OD,/OD,,
where ¢ is time in hours after shifting the medium. (B) Immunoblot analysis of
Nip7p and Nip7-1p depletion time courses in YPD. Each lane contains total
protein isolated from equivalent amounts of cells.
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FIG. 5. Protein synthesis rates decline in Nip7-1p-depleted cells. Strains
DG440 (NIP7) and DG442 (GALI::nip7-1) were grown in SCgal lacking methi-
onine to mid-exponential phase and then shifted to SCglu lacking methionine
plus [>>S]methionine. Protein synthesis rates were determined as described in
Materials and Methods.

rates following the shift to SCglu remained relatively constant
in DG440 but decreased significantly in DG442.

Polysome profiles of DG440 (NIP7) and DG442 (GALI:
nip7-1) were analyzed by using cells maintained in YPgal or
shifted to YPD for 5 h. DG440 showed normal polysome profiles
in both YPD and YPgal (Fig. 6A). In YPgal, DG442 polysome
profiles contained a higher proportion of 80S monosomes rel-
ative to polysomes when compared to DG440 polysome pro-
files, and the free 60S peak appeared to be slightly abnormal
(Fig. 6A). This indicated that complementation of the nip7::
HIS3 disruption by nip7-1 was not complete even though
DG442 and DG440 grew at similar rates in YPgal. After de-
pletion of Nip7-1p for 5 h in YPD, DG442 showed a reduction
in the amount of polysomes, 80S monosomes, and free 60S
subunits and also accumulated halfmer polysomes (compare
Fig. 2 and 6A). The reduction in the amount of free 60S
subunits indicated an imbalance in the ratio of 40S to 60S
subunits, which led us to analyze the amount of 60S subunits in
DG442 cells depleted of Nip7-1p for 5 h. In these cells, the
level of 60S subunits was reduced by about one-third relative to
60S subunit levels in DG442 growing in YPgal or in DG440
shifted to YPD for 5 h (Fig. 6B). These results suggest that the
accumulation of halfmer polysomes was probably due to the
decrease in the 60S/40S ratio.

A fraction of Nip7p cosediments with free 60S ribosomal
subunits in a salt-sensitive fashion. In the previous section it
was shown that depletion of Nip7p led to a decrease in 60S
subunit levels. Often, the depletion of individual rproteins
leads to a coordinated reduction in the levels of other rproteins
that are associated with the same subunit, resulting in an im-
balance between 40S and 60S subunits (8, 32, 33, 44). This
notion led us to investigate whether Nip7p is a normal com-
ponent of cytoplasmic 60S subunits. Cell extracts were isolated
from W303-1a and fractionated over 15 to 35% linear sucrose
gradients (Fig. 7A). The protein compositions of gradient frac-
tions were analyzed by immunoblotting. Tcm1p, which is rpro-
tein L3, was used as a marker for the sedimentation of 60S
rproteins. Tem1p was found within the regions of the gradient
containing 60S subunits, 80S monosomes, and polysomal ribo-
somes but was absent from fractions containing free 40S sub-
units (Fig. 7B). By contrast, the bulk of Nip7p cosedimented
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with free 60S subunits, although a moderate amount of Nip7p
sedimented near the top of the gradient (Fig. 7B). Fractions
containing the 60S peak and the 80S peak were pooled and
resedimented. As shown in Fig. 7C, Nip7p cosedimented with
60S subunits but was absent from fractions containing 80S
ribosomes. This result indicates that Nip7p is associated with
60S ribosomes but must dissociate before or upon 40S-60S
subunit joining and is not, therefore, a permanent component
of 60S subunits. The effect of increasing KCl concentrations on
the 60S-Nip7p complex was investigated (Fig. 8). In gradients
containing 10 mM KClI, equivalent amounts of Nip7p appeared
in fractions 2 to 6, which contained non-ribosome-associated
proteins, and in fractions 9 to 12, which contained free 60S
subunits. A fraction of Nip7p was released from free 60S sub-
units in 100 mM KCI, and most of the protein was found in the
lighter fractions (fractions 2 to 6) in 250 and 500 mM KCIL.

Pre-rRNA processing is defective in cells depleted of Nip7-
1p. Because Nip7p is not an rprotein and it is therefore un-
likely that the deficiency of 60S subunits in nip7-1 cells is due
to the underexpression of rproteins, we investigated the pos-
sibility that Nip7p may play a direct role in 60S subunit bio-
genesis. Since pre-rRNA processing and ribosomal subunit
assembly are concerted reactions, the study of pre-rRNA pro-
cessing by using metabolic labeling and Northern blot analysis
has been a powerful approach to detect defects in ribosome
biogenesis (16, 55, 56, 58, 59). The pre-rRNA processing path-
way in yeast is shown in Fig. 9. For metabolic labeling, cultures
of DG440 (NIP7) and DG442 (GAL::nip7-1) were shifted from
SCgal to SCglu and pulse-chase labeled with either [*H]uracil
or [methyl->H]methionine. Since the pool of S-adenosylmethi-
onine is rapidly saturated and quickly chased (64), shorter
periods of labeling and chase times were used in experiments
with [methyl->H]methionine.

Both pulse-chase labeling experiments showed similar re-
sults. In DG440, 35S pre-rRNA and the 27S and 20S precur-
sors were rapidly chased, indicating a rapid conversion of pre-
cursors to mature TRNA, as expected (Fig. 10). In contrast,
Nip7-1p-depleted DG442 cells accumulated 35S pre-rRNA
and 27S pre-rRNA (most probably 27SB) and were deficient in
both 25S rRNA and 18S rRNA (Fig. 10A). The greater defi-
ciency of 25S rRNA relative to 18S rRNA, which was more
clearly noted in the [methyl-*H]methionine labeling, can be
attributed to the accumulation of 27S pre-rRNA (Fig. 10A).
Cells depleted of Nip7-1p also accumulated a weakly labeled
23S pre-rRNA. This unusual pre-rRNA was more evident with
[methyl->H]methionine labeling. With [*H]uracil, this band
was probably masked by the background produced by la-
beled mRNAs and nascent transcripts. The levels of [methyl-
*H]methionine labeling are similar in control and Nip7-1p-
depleted cells and thus do not indicate a direct role for Nip7p
in pre-rRNA methylation.

An analysis of low-molecular-weight rRNAs from the
[*H]uracil labeling experiment revealed that 5.8Sg and 5.8S;
rRNA synthesis was reduced in Nip7p-depleted cells (Fig.
10B). As in the case of lower 25S rRNA synthesis, the kinetic
delay in 5.8Sg and 5.8S; rRNA formation was probably due to
slow 27S pre-rRNA processing. No alteration in the ratio of
5.85¢ to 5.8S, rRNAs was detected. The synthesis of 5SS rRNA
and tRNA was not significantly affected, although DG442 de-
pleted of Nip7-1p showed a lower overall incorporation of
[PH]uracil than DG440 (Fig. 10B).

The steady-state levels of pre-rRNAs were determined by
hybridization with oligonucleotide probes complementary to
5" ETS, ITS1, ITS2, and 5.8S rRNA of the 35S pre-rRNA
(Fig. 9). RNA was purified from DG440 (NIP7) and DG442
(GAL::nip7-1) incubated in YPgal or shifted to YPD for
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FIG. 6. Nip7-1p depletion results in halfmer accumulation and a decrease in 60S subunit levels. (A) Polysome profiles from strains DG440 (NIP7) (a and b) and
DG442 (GALI::nip7-1) (c and d) were analyzed. Cultures were grown to mid-exponential phase in YPgal, and then portions were either maintained in YPgal for 5 h
(a and c) or switched to YPD for 5 h (b and d). Polysomes were sedimented through 15 to 50% sucrose gradients. (B) Total ribosomes were isolated from strains DG440
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various times. Ethidium bromide staining of total RNA re-
vealed a significant decline in the amounts of both 25S and 18S
rRNAs upon depletion of Nip7-1p (not shown). As shown in
Fig. 11, all of the probes used in the Northern analysis detected
large amounts of 35S pre-rRNA in DG442 depleted of Nip7-
1p, whereas this pre-rRNA was hardly detectable in DG442

incubated in YPgal or in the control strain (DG440). Northern
analysis confirmed the presence of the unusual 23S pre-rRNA
in Nip7-1p-depleted cells (Fig. 10A). 23S pre-rRNA was either
not visible or barely visible in DG440 or in DG442 expressing
Nip7-1p. This 23S pre-rRNA probably spans from the 5’ end of
the 5’ ETS to cleavage site A;, since it was detected by probes
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FIG. 8. Effect of salt on Nip7p cosedimentation with 60S ribosomal subunits.
W303-1a cells were lysed and sedimented through 15 to 50% sucrose gradients
containing either 10, 100, 250, or 500 mM KCI. Fractions were collected, pre-
cipitated with 10% TCA, and analyzed by SDS-PAGE and immunoblotting.
Temlp was used as a marker for 60S subunit sedimentation. Only the regions of
the immunoblot containing Nip7p and Tcmlp are shown.

A (upstream A,), B (upstream A,), and C (downstream A,)
but was not detected by probe D (in 5.8S) (Fig. 11A to D).
Also, a band of approximately 21S was detected by probe A in
Nip7p-depleted cells (Fig. 11A). This unusual pre-rRNA prob-
ably extends from the 5" ETS to the 18S rRNA 3’ end. In
normal cells, 35S pre-rRNA is rapidly converted to 32S pre-
rRNA after processing at A, and cleavage at A,. The accumu-
lation of the 35S pre-rRNA and presence of the unusual 23S
pre-rRNA in Nip7-1p-depleted cells indicate that processing at
these sites was defective. Finally, probe B, complementary to
the region downstream of the 18S rRNA 3’ end and upstream
site A,, revealed a decline in the level of 20S pre-rRNA (Fig.
11B), which was probably due to defects in the processing of
35S pre-rRNA and the unusual 23S pre-rRNA.

Levels of 27SA, pre-rRNA did not increase upon Nip7-1p
depletion (Fig. 11C). However, a significant increase in levels
of other 27S pre-rRNAs was detected with the three probes
complementary to the region comprising both the 5.8S rRNA
(probe D) and ITS2 (probes E and F) (Fig. 11D, E, and F).
These results suggest that the processing defect in Nip7-1p-
depleted cells occurs after 27SA, pre-rRNA is converted to
27SA; or 27SB. Increased levels of these pre-rRNAs are con-
sistent with results obtained with pulse-chase labeling experi-
ments showing accumulation of a 27S pre-rRNA and reduced
synthesis of 25S rRNA and 5.8S rRNA. No aberrant precursors
containing 5.8S rRNAs were detected. In addition, both in vivo
labeling (Fig. 10B) and ethidium bromide staining (not shown)
showed that the ratio of 5.8Sg to 5.8S; was not affected by
Nip7-1p depletion. In conclusion, Northern blot analysis sug-
gests that pathways leading both to 25S and 18S formation are
affected by Nip7-1p depletion.

Nip7p localizes to both the cytoplasm and the nucleus. Con-
sidering the biochemical evidence that Nip7p is required for
pre-rRNA processing, one would predict that Nip7p should
function in the nucleolus and not in the cytoplasm as suggested
by its cosedimentation with 60S subunits (see above). There-
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fore, the localization of Nip7p was determined by three meth-
ods. As determined by indirect immunofluorescence with a
rabbit polyclonal antiserum, Nip7p was distributed evenly in
the cytoplasm and nucleus (Fig. 12A). A similar pattern of
localization was observed in cells overexpressing Nip7p (Fig.
12E) or Nip7-1p (Fig. 12G). In control experiments, cells in-
cubated with preimmune serum (Fig. 12C) or cells depleted of
Nip7-1p incubated with immune serum (Fig. 12I) showed only
background fluorescence. These results indicate that Nip7p is
at least partly localized in the cytoplasm, which is consistent
with the cosedimentation of Nip7p with 60S subunits. Cell
fractionation analysis indicated that the bulk of Nip7p was
associated with nuclear fractions (Fig. 13). Fractions were also
probed with antibodies directed against the translation initia-
tion factor elF-2a, the nucleolar protein 1 (Noplp), and the
60S subunit ribosomal protein 3 (Temlp). Noplp, which was
previously localized to the nucleolus (1), was detected mostly
in association with nuclear fractions. As expected for a trans-
lation factor, eIF-2a was found predominately in cytoplasmic
fractions. Unexpectedly, though, a significant amount of Tcm1p
was found in nuclear fractions (Fig. 13), suggesting that the
nuclear fractions might be contaminated with cytoplasmic pro-
teins. Were Nip7p a cytoplasmic protein, the contamination of
nuclear fractions with cytoplasm might lead to the artifactual
conclusion that large amounts of Nip7p are nuclear. In order
to directly visualize Nip7p subcellular localization, a fusion pro-
tein between Nip7p and GFP was constructed. Interestingly,
the Nip7p-GFP fusion protein produced an intense crescent-
shaped fluorescence signal that is consistent with nucleolar
localization (Fig. 14). Less-intense fluorescence was observed
in the cytoplasm. Unfortunately, despite the fact that the lo-
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FIG. 9. Organization and major processing pathways of yeast pre-rRNA. The
35S pre-rRNA comprises the sequences of the mature 188, 5.8S, and 25S rRNAs
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FIG. 10. Pulse-chase labeling analysis of pre-rRNAs in cells depleted of Nip7-1p. Processing of rRNA precursors in strains DG440 (NIP7) and DG442
(GALI::nip7-1) shifted from SCgal to SCglu for 4 h was assayed. After the 4 h, cultures were divided into two fractions for pulse-chase labeling. Cultures were
pulse-labeled with either [*HJuracil or [methyl-*H]methionine and chased with an excess of unlabeled uracil or methionine, respectively, for the indicated times. RNA
samples were extracted and analyzed as described in Materials and Methods. (A) Analysis of high-molecular-weight rRNAs labeled with [*H]uracil (*H-URA) or
[methyl-*H]methionine (*H-MET). (B) Analysis of low-molecular-weight rRNAs labeled with [*H]uracil. The same amount of total RNA (8 pg) was loaded in each

lane. The positions of major pre-rRNAs and rRNAs are indicated.

calization of the fusion protein was consistent with the dem-
onstrated role for Nip7p in nucleolar pre-rRNA processing,
the Nip7p-GFP fusion protein did not complement the nip7::
HIS3 disruption. In summary, cell fractionation and GFP flu-
orescence suggest that a substantial amount of Nip7p is pres-
ent inside the nucleus, possibly in the nucleolus, but indirect
immunofluorescence and cosedimentation analysis suggest that a
fraction of Nip7p is located in the cytoplasm in association with
free 60S subunits.

DISCUSSION

NIP7 encodes an essential 21-kDa protein that is conserved
among eukaryotes (Fig. 3). To assess the effect of depleting
Nip7p in yeast, the ts allele nip7-1 was placed on a plasmid
under the control of the GALI promoter in a NIP7A strain.
Depletion of Nip7-1p resulted in decreased protein synthesis
rates, reduced 60S subunit levels, accumulation of halfmer
polysomes, and defects in pre-rRNA processing. Decreased
protein synthesis rates and accumulation of halfmer polysomes
were most probably due to the reduction in 60S subunit levels.
Reductions in 60S subunit levels have previously been reported
for depletion or mutation of several 60S subunit rproteins,
such as L1, L16, and L46 (8, 32, 33, 44). Nip7p, however, does
not behave as a permanent component of the 60S subunit,
because it was found in association with free 60S subunits but
not with 80S monosomes or with polysomes. In addition, Nip7p
was released from 60S subunits by relatively low salt concen-
trations (100 to 250 mM KCl) (Fig. 8) that are typically insuf-
ficient to dissociate bona fide rproteins (41). The protocol
employed in these experiments was developed for the analysis
of cytoplasmic ribosomal subunits and polysomes. Although
there may be some leakage from the nucleus during cell extract

preparation, which we cannot rule out, it is likely that the
Nip7p-containing 60S subunits were cytoplasmic.

Association of Nip7p with free cytoplasmic 60S subunits is
most consistent with the results obtained by indirect immuno-
fluorescence, which provided the strongest evidence for the
presence of Nip7p in the cytoplasm of fixed cells. The mostly
nuclear localization of a Nip7p-GFP fusion protein in living
cells can be explained if we postulate that nucleolar Nip7p is
inaccessible to anti-Nip7p antibodies. Together, the localiza-
tion data are consistent with the model that Nip7p is exported
from the nucleus in association with 60S subunits and is re-
leased from 60S subunits upon or after binding to the 40S
subunit. Possibly, Nip7 participates in some aspect of 60S sub-
unit assembly in the cytoplasm, which is consistent with data
reported by Tollervey et al. (59) showing that 60S subunits
undergo late assembling steps in the cytoplasm. On the other
hand, the presence of Nip7p in the nucleolus, as indicated by
the localization of the Nip7p-GFP fusion protein, also supports
a role for this protein in pre-rRNA processing or ribosome
assembly. Although Nip7p does not contain a canonical nu-
clear localization sequence (NLS), it could either contain an
atypical NLS or be imported piggyback fashion in a complex
with other NLS-containing proteins.

In Nip7-1p-depleted cells the reduction of 60S subunit levels
appeared to be caused by a primary defect in pre-rRNA pro-
cessing. Pulse-chase labeling showed that synthesis of the 25S
and 5.8S rRNAs was kinetically delayed at the level of 27S
pre-rRNA processing. This result was confirmed by Northern
analysis, which showed an increase in 27S pre-rRNA steady-
state levels. The pre-rRNA processing defects observed in
Nip7-1p-depleted cells are similar to the defects described for
drsI cells and for cells depleted of Dbp3p and Nop2p, which
were shown to specifically affect 60S subunit biogenesis (16, 42,
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FIG. 11. Effect of Nip7-1p depletion on pre-rRNA steady-state level. RNA was extracted from strain DG440 (NIP7) at time zero and 12 h after transfer to YPD
and from strain DG442 (GALI::nip7-1) at time zero and 4, 8, and 12 h after transfer to YPD. RNAs were separated on agarose gels and analyzed by Northern
hybridization with oligonucleotides complementary to different regions of the 35S pre-RNA (Fig. 9). (A) Probe A, upstream site A, in the 5’ ETS; (B) probe B,
downstream 18S rRNA 3’ end/upstream site A, in ITS1; (C) probe C, between sites A, and A; in ITS1; (D) probe D, in the 5.8S rRNA; (E) probe E, upstream site
C, in ITS2; (F) probe F, between sites C, and C; in ITS2. The positions of the major precursors as well as the 25S and 18S rRNAs are indicated.

65). In these three cases, inhibition of 25S rRNA synthesis and
accumulation of 27S pre-rRNA were noted. Cells depleted of
Dbp3p, a putative RNA helicase, are defective for processing
at site A;, which results in accumulation of the 27SA, pre-
rRNA (65), whereas cells depleted of Nop2p, a protein con-
taining conserved methylase motifs, accumulated 27SB pre-
rRNA (16). In Nip7p-depleted cells, the steady-state level of
the 27SA, pre-rRNA was not affected, indicating that process-
ing is impaired after the 27SA, pre-rRNA is converted to
27SA; or 27SB pre-rRNA. Both 27SBg and 27SB; pre-rRNA
processing seemed to be inhibited to the same extent, since no
alteration in the 5.8S¢/5.8S; ratio was observed. Another nu-

cleolar protein whose depletion resulted in accumulation of
27S pre-rRNA is Nop3p/Npl3p. However, depletion of this
protein also blocked 18S rRNA synthesis (4, 45). Mutation of
SBP4 and depletion of Nop4/Nop77p also impaired 25S rRNA
synthesis, but in these cases the pre-rRNA processing defect
involved destabilization of the 27S pre-rRNA (3, 46, 55).
Cells depleted of Nip7-1p also accumulated 35S pre-rRNA
and an unusual 23S pre-rRNA. The 23S pre-rRNA is formed
by direct cleavage of the 35S pre-rRNA at site A; when pro-
cessing at sites A, A, and A, is inhibited, which appears to be
part of an alternative pathway to 18S rRNA (45). Although it
is not clear whether accumulation of 35S and 23S pre-rRNAs
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FIG. 12. Indirect immunofluorescence analysis of Nip7p localization. Indi-
rect immunofluorescence was performed with W303-1a incubated with immune
serum (A) and preimmune serum (C), with W303-1a carrying plasmid YCpG-
NIP7, and overexpressing Nip7p, incubated with immune serum (E), and with
DG442 (GALI::nip7-1), overexpressing Nip7-1p (G) or depleted of Nip7-1p in
YPD for 4 h (I), incubated with immune serum. Cells were incubated with a
1:3,000 dilution of preimmune serum or antiserum followed by fluorescein-
conjugated anti-rabbit IgG. Panels B, D, F, H, and J show the same cells as in
panels A, C, E, G, and I, respectively, double stained with DAPI.
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FIG. 13. Analysis of Nip7p distribution in subcellular fraction. W303-1a cells
were subfractionated by using sucrose step gradients into eight fractions: total
cell homogenate (HOM), supernatant (containing nuclei) without cell debris
(which was removed by low-speed centrifugation) (SUP), postnuclear superna-
tant (PNS), crude nuclear pellet (NP), and four nuclear subfractions produced by
further fractionation of the NP on sucrose step gradients (I, soluble proteins; II,
mitochondria; IIT and IV, nuclei). Fractions were probed by immunoblotting
with rabbit antibodies directed against Nip7p and eIF-2a and mouse monoclonal
antibodies raised against Tcm1p and Nop1p. Equivalent amounts of protein from
each fraction was loaded on the gel. The gels used for immunoblot analysis
contained the same amount of protein.

was caused by a direct effect of Nip7-1p depletion, these results
potentially implicate Nip7p in 18S rRNA synthesis. However,
considering that both the steady-state level of 40S subunits and
18S rRNA synthesis were not as drastically affected as the level
of 60S subunits and 25S rRNA synthesis in Nip7-1p-depleted
cells, we favor the hypothesis that the accumulation of 35S and
23S pre-rRNAs is a consequence of defective 27S pre-rRNA

Nip7p-GFP Hoechst
Hoechst

FIG. 14. Localization of Nip7p-GFP. GFP and Hoechst fluorescence of
W303-1a cells expressing Nip7p-GFP (A) or GFP (B) is shown.
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processing rather than a direct processing defect caused by
Nip7-1p depletion. This hypothesis is consistent with the re-
sults reported for depletion of Dbp3p, Nop2p, and Nop4p/
Nop77p, which have been shown to specifically affect 25S
rRNA synthesis (3, 16, 55, 65). Depletion of any of these
proteins also resulted in reduced processing of 35S pre-rRNA
and presence of the unusual 23S pre-rRNA, which were attrib-
uted to a generalized reduction in the processing rate caused
by defective 27S pre-rRNA processing (3, 16, 55, 65).

The results obtained with [methyl-*H]methionine labeling do
not implicate Nip7p in pre-rRNA methylation. The levels of
pre-rRNA labeling in control and in Nip7-1p-depleted cells
were similar. The reduced level of 25S rRNA in Nip7-1p-
depleted cells can be explained by the delay in 25S rRNA
synthesis due to defective 27S pre-rRNAs processing. This
interpretation is supported by results obtained with [*H]uracil
labeling, which also revealed a delay in 27S pre-rRNA process-
ing in Nip7-1p-depleted cells.

NIP7 is a novel gene that is conserved among eukaryotes
from yeast to humans. The depletion of Nip7-1p causes a
significant defect in pre-rRNA processing which, we argue,
leads to the depletion of 60S subunits relative to 40S subunits.
The putative localization of a significant fraction of Nip7p-
GFP fusion protein to the nucleolus is consistent with this
model. However, the localization of some Nip7p in the cyto-
plasm, where it associates with free 60S subunits, suggests that
Nip7p also functions during late 60S maturation stages in the
cytoplasm or in either early stages of translation initiation or
late stages of termination. Genetic and biochemical studies
aimed at identifying Nip7p-associated cellular factors should
further elucidate Nip7p function.
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