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Differential Subcellular Localization of Ribosomal
Protein L7 Paralogs in Saccharomyces cerevisiae

Tae-Youl Kim, Cheol Woong Ha, and Won-Ki Huh*

In Saccharomyces cerevisiae, ribosomal protein L7, one of
the ~46 ribosomal proteins of the 60S subunit, is encoded
by paralogous RPL7A and RPL7B genes. The amino acid
sequence identity between Rpl7a and Rpl7b is 97 percent;
they differ by only 5 amino acid residues. Interestingly,
despite the high sequence homology, Rpl7b is detected in
both the cytoplasm and the nucleolus, whereas Rpl7a is
detected exclusively in the cytoplasm. A site-directed
mutagenesis experiment revealed that the change in the
amino acid sequence of Rpl7b does not influence its sub-
cellular localization. In addition, introns of RPL7A and
RPL7B did not affect the subcellular localization of Rpl7a
and Rpl7b. Remarkably, Rpl7b was detected exclusively in
the cytoplasm in rpl7a knockout mutant, and overexpres-
sion of Rpl7a resulted in its accumulation in the nucleolus,
indicating that the subcellular localization of Rpl7a and
Rpl7b is influenced by the intracellular level of Rpl7a.
Rpl7b showed a wide range of localization patterns, from
exclusively cytoplasmic to exclusively nucleolar, in knock-
out mutants for some rRNA-processing factors, nuclear
pore proteins, and large ribosomal subunit assembly fac-
tors. Rpl7a, however, was detected exclusively in the cy-
toplasm in these mutants. Taken together, these results
suggest that although Rpl7a and Rpl7b are paralogous
and functionally replaceable with each other, their precise
physiological roles may not be identical.

INTRODUCTION

In eukaryotes, ribosome biogenesis takes place largely within
the nucleolus in a multistep process. Although eukaryotic ri-
bosomes function in the cytoplasm, the synthesis, processing,
and assembly of the 40S and 60S ribosomal subunits in Sac-
charomyces cerevisiae and higher eukaryotes occur in the
nucleolus. A ribosome is composed of four rRNA species and
~80 ribosomal proteins that are distributed between the 40S
and 60S subunits (Tate and Poole, 2004). The 18S, 5.8S, and
25S rRNAs are derived from a single 35S rRNA precursor that
is synthesized by RNA polymerase | and then processed by a
series of endonucleolytic cleavages (Venema and Tollervey,

1999). The 5S rRNA is synthesized separately by RNA poly-
merase Il and associates with the 60S pre-ribosomal subunit
early in assembly. The mature 40S ribosomal subunit contains
the 18S rRNA and ~32 ribosomal proteins, while the 60S sub-
unit is composed of the 5S, 5.8S, and 25S rRNAs and ~46
ribosomal proteins.

In S. cerevisiae, many ribosomal protein genes are dupli-
cated and encode identical or nearly identical gene products.
Remarkably, 59 of the 78 ribosomal proteins are encoded by
two genomic copies. Following the initial discovery of duplicated
ribosomal protein genes, growth rates were measured in
knockout mutants for the ribosomal protein L16 to determine
whether the paralogous RPL16A and RPL16B genes were
functionally distinct. The correlation between fitness defects
and expression levels of ribosomal proteins, together with the
observation that overexpression of one ribosomal protein gene
rescued the growth defect from the deletion of its paralog, led to
the conclusion that duplicated ribosomal protein genes are
functionally redundant with the more highly expressed paralog
playing more significant roles in cells (Rotenberg et al., 1988).

However, recent studies reveal a more complex relationship
between paralogous ribosomal proteins. Recent high-throughput
analyses have suggested more subtle differences between dupli-
cated ribosomal protein genes, including paralog-specific defects
in sporulation (Enyenihi and Saunders, 2003), actin organization
(Haarer et al., 2007), and bud-site selection (Ni and Snyder,
2001). Although these studies suggest the functional specificity of
duplicated ribosomal protein paralogs, the underlying mecha-
nisms remain unclear.

Protein localization information is a valuable resource in elu-
cidating the function of eukaryotic proteins. Several studies
have proven that alteration in subcellular localization is an im-
portant mechanism for regulating protein function. Based on the
assumption that the functional specificity of duplicated ribo-
somal protein paralogs might be reflected in their subcellular
localization, we checked whether duplicated ribosomal proteins
show differential localization, using the protein localization in-
formation available from the Yeast GFP Fusion Localization
Database (http://yeastgfp.ucsf.edu/) (Huh et al., 2003). From
among several duplicated ribosomal proteins, we found that
Rpl7a and Rpl7b show distinct subcellular localization. Rpl7b is
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detected in both the cytoplasm and the nucleolus, whereas
Rpl7a is detected exclusively in the cytoplasm. In the present
study, we sought to find out the factors that affect the distinct
localization of Rpl7a and Rpl7b. We found that several factors
can differentially affect the subcellular localization of Rpl7a and
Rpl7b. Our results suggest that although Rpl7a and Rpl7b are
paralogous and functionally replaceable with each other, their
physiological roles may not be identical.

MATERIALS AND METHODS

Media and culture conditions

The yeast strains used in this study are listed in Table 1. Rich
medium (1% yeast extract, 2% peptone, 2% glucose; YPD) and
synthetic complete medium (0.67% yeast nitrogen base without
amino acids, 2% glucose; SC medium) lacking appropriate
amino acids for selection were prepared as described previously
(Sherman, 2002). The cells were grown to the mid-logarithmic
phase at 30°C as described previously (Lee and Lee, 2008).

Gene manipulation

Gene deletion was carried out by a one-step PCR-based
method (Wach, 1996). The URA3 or KanMX4 gene was used
as a selectable marker to replace the target gene. To construct
chromosomally GFP-tagged strains, gene-specific oligonucleo-
tide primers were synthesized, each of which had been de-
signed to share sequences complementary to the GFP tag-
marker cassette at the 3’ end and contain 40 bp of homology
with a specific gene of interest to allow in-frame fusion of the
GFP tag at the C-terminal coding region of the gene. Gene-
specific cassettes containing a GFP tag and a selection marker
were then generated by PCR using pFA6a-GFP(S65T)-
His3MX6 or pFA6a-GFP(S65T)-KIURA3 as a template (Sung
et al., 2008). Appropriate haploid yeast strains were trans-
formed with the PCR products and selected on SC medium
lacking histidine or uracil. Integration of the cassette by ho-
mologous recombination was verified by genomic PCR of sam-
ples from individual colonies with a primer internal to the GFP
tag and a separate gene-specific primer designed to produce a
product of approximately 500 bp.

Construction of plasmids

For cloning RPL7A-GFP into the pTZ18R vector (Pharmacia,
USA), the RPL7A-GFP sequence was amplified by PCR using
the genomic DNA of a yeast strain expressing GFP-tagged
RPL7A as the template, a forward primer, 5-CAGTCT-
CTAGAACGAGCTAATGTCTTATATCTC-3, containing an Xbal
enzyme recognition site, and a reverse primer, 5-GTCAAAG-
CTTATTCGCTTATTTAGAAGTGG-3', containing a Hindlll en-
zyme recognition site. For cloning RPL7B-GFP into the pTZ18R
vector, the RPL7B-GFP sequence was amplified by PCR using
the genomic DNA of a yeast strain expressing GFP-tagged
RPL7B as the template, a forward primer, 5-CAGTCTCTAGA-
CAATAACGTTCAGTTGTGGTTC-3, containing an Xbal en-
zyme recognition site, and a reverse primer, 5'-GTCAAAGCTT-
ATTCGCTTATTTAGAAGTGG-3', containing a Hindlll enzyme
recognition site. The obtained PCR products were digested
with Xbal and Hindlll and cloned into the Xbal-Hindlll site of the
pTZ18R vector. To generate the URA3 CEN plasmid for the
expression of RPL7A-GFP and RPL7B-GFP in yeast cells, Xbal-
Hindlll fragments from pTZ18R-RPL7A-GFP and pTZ18R-
RPL7B-GFP were cloned into the Xbal-Hindlll site of the
pRS416 vector (Sikorski and Hieter, 1989), yielding pRS416-
RPL7A-GFP and pRS416-RPL7B-GFP, respectively. For ex-
pressing intronless RPL7A-GFP, the total RNA was extracted

and reverse transcription PCR was performed using the forward
primer 5-CTGATCTAGAACCAAGCAAATTAAGATCAC-3' and
the reverse primer 5'-GTCAAAGCTTATTCGCTTATTTAGAAG-
TGG-3'. For expression of intronless RPL7B-GFP, the total RNA
was extracted and reverse transcription PCR was performed
using the forward primer 5-AGACTCTAGATACAAATCTCCAT-
CAACGTC-3 and the reverse primer 5-GTCAAAGCTTATT-
CGCTTATTTAGAAGTGG-3'. The obtained PCR products were
digested with Xbal and Hindlll and cloned into the Xbal-Hindlll
site of the p416ADH vector (Mumberg et al., 1995).

Site-directed mutagenesis

Rpl7b mutants were generated by the QuikChange Multi site-
directed mutagenesis protocols (Stratagene, USA). To gener-
ate each mutant, a mutant strand synthesis reaction was per-
formed using pTZ18R-RPL7B-GFP as the template and muta-
genic oligonucleotide primers. The amplified products were sub-
sequently digested with Dpnl to remove the parental template
DNA and transformed into competent Escherichia coli TG1
cells. For amplification of the mutant plasmid, transformed TG1
cells were inoculated into 5 ml Luria broth with 100 pg/ml am-
picillin. Plasmid DNA was purified from the overnight culture,
using the Plasmid Mini Extraction Kit (Bioneer, Korea). Suc-
cessful mutagenesis was confirmed by sequencing. This proc-
ess was repeated for the 5 different amino acids between
Rpl7a and Rpl7b (S2A, T3A, T16S, 126V, A242S).

Fluorescence microscopic analysis

Fluorescence microscopic analysis was performed as de-
scribed previously (Sung and Huh, 2007). Yeast cells cultured
to the mid-logarithmic phase in SC dropout medium were mi-
croscopically analyzed in 96-well glass bottom microplates
(Whatman, UK) pre-treated with concanavalin A (Sigma, USA)
to ensure cell adhesion. Microscopy was performed on a Zeiss
Axiovert 200M inverted microscope with a Plan-NeoFluar 100x/
1.3 NA oil immersion objective. Images were recorded on a
Zeiss Axiocam MRm with 2 x 2 binning. Fluorescence images
for GFP were captured using a standard fluorescein isothiocy-
anate filter set (excitation band pass filter, 450-490 nm; beam
splitter, 510 nm; emission band pass filter, 515-565 nm).

RESULTS AND DISCUSSION

Rpl7a and Rpl7b show differential subcellular localization
It is believed that the S. cerevisiae genome carries 137 genes
encoding the cytoplasmic ribosomal proteins (Planta and
Mager, 1998). We retrieved the subcellular localization informa-
tion for all the 137 ribosomal proteins available from the Yeast
GFP Fusion Localization Database (http://yeastgfp.ucsf.edu/)
(Huh et al., 2003) and classified the proteins according to their
subcellular localization (Table 2). Except the 21 proteins for
which subcellular localization has not been determined, most of
the GFP-fused ribosomal proteins (107 out of 137) are detected
in the cytoplasm. Among the 9 other proteins, 3 are detected in
both the cytoplasm and the nucleolus, 2 in the nucleolus, 2 in
the nucleus, 1 in both the cytoplasm and the nucleus, and 1 in
both the nucleolus and the nucleus. Taking into account that
the information available from the Yeast GFP Fusion Localiza-
tion Database represents the steady-state localization, these
localization patterns suggest that the majority of the GFP-fused
ribosomal proteins are found in the cytoplasm, presumably as
components of the mature ribosome.

Ribosomal protein L7 is encoded by two duplicated genes,
namely, RPL7A (YGL076C) and RPL7B (YPL198W), in S.
cerevisiae (Mizuta et al., 1992). RPL7A is located on chromo-
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Strain Genotype Source
BY4741 MATa his341 leu240 met1540 ura340 Research Genetics
KY0101 BY4741 RPL7A-GFP::His3MX6 Huh et al. (2003)
KY0102 BY4741 RPL7B-GFP::His3MX6 Huh et al. (2003)
KY0103 BY4741 RPL7B-GFP::His3MX6 (pRS416-NOP56-RFP) This study
KYO111 BY4741 mpl7bA::KanMX4 (pRS416-RPL7B(S2A)-GFP) This study
KY0112 BY4741 rpl7b4::KanMX4 (pRS416-RPL7B(T3A)-GFP) This study
KY0113 BY4741 rpl7bA::KanMX4 (pRS416-RPL7B(T16S)-GFP) This study
KYO0114 BY4741 rpl7bA::KanMX4 (pRS416-RPL7B(126V)-GFP) This study
KYO0115 BY4741 rpl7bA::KanMX4 (pRS416-RPL7B(A242S)-GFP) This study
KY0116 BY4741 rpl7bA::KanMX4 (pRS416-RPL7B(S2A/T3A/T16A/126V/A242S)-GFP) This study
HY0622 BY4741 rpl7bA:KIURA3 RPL7A-GFP::His3MX6 This study
HY0623 BY4741 mpl7aA:KIURA3 RPL7B-GFP::His3MX6 This study
HY0624 BY4741 (pRS416-RPL7A-GFP) This study
HY0625 BY4741 (pRS416-RPL7A-GFP) This study
HY0628 BY4741 rpl7ad::KanMX4 (p416ADH-RPL7A-GFP) This study
HY0629 BY4741 rpl7b4::KanMX4 (p416ADH-RPL7B-GFP) This study
HY0636 BY4741 kap1204::KanMX4 RPL7A-GFP::KIURA3 This study
HY0637 BY4741 kap1204::KanMX4 RPL7B-GFP::KIURA3 This study
HY0638 BY4741 kap1234::KanMX4 RPL7A-GFP::KIURA3 This study
HY0639 BY4741 kap1234::KanMX4 RPL7B-GFP::KIURA3 This study
HY0640 BY4741 nup1704:KanMX4 RPL7A-GFP::KIURA3 This study
HY0641 BY4741 nup1704:KanMX4 RPL7B-GFP::KIURA3 This study
HY0642 BY4741 cgr14:KanMX4 RPL7A-GFP::KIURA3 This study
HY0643 BY4741 cgr14::KanMX4 RPL7B-GFP::KIURA3 This study
HY0646 BY4741 kap1144::KanMX4 RPL7A-GFP::KIURA3 This study
HY0647 BY4741 kap1144::KanMX4 RPL7B-GFP::KIURA3 This study
HY0648 BY4741 loc14::KanMX4 RPL7A-GFP::KIURA3 This study
HY0649 BY4741 loc14::KanMX4 RPL7B-GFP::KIURA3 This study
HY0650 BY4741 los14::KanMX4 RPL7A-GFP::KIURA3 This study
HY0651 BY4741 los14::KanMX4 RPL7B-GFP::KIURA3 This study
HY0652 BY4741 msn5A::KanMX4 RPL7A-GFP::KIURA3 This study
HY0653 BY4741 msn54::KanMX4 RPL7B-GFP::KIURA3 This study
HY0654 BY4741 npl34:KanMX4 RPL7A-GFP::KIURA3 This study
HY0655 BY4741 npl34:KanMX4 RPL7B-GFP::KIURA3 This study
HY0658 BY4741 nsr14::KanMX4 RPL7A-GFP::KIURA3 This study
HY0659 BY4741 nsr14::KanMX4 RPL7B-GFP::KIURA3 This study
HY0660 BY4741 nup24::KanMX4 RPL7A-GFP::KIURA3 This study
HY0661 BY4741 nup24::KanMX4 RPL7B-GFP::KIURA3 This study
HY0682 BY4741 nup424::KanMX4 RPL7A-GFP::KIURA3 This study
HY0683 BY4741 nup424::KanMX4 RPL7B-GFP::KIURA3 This study
HY0684 BY4741 nup844::KanMX4 RPL7A-GFP::KIURA3 This study
HY0685 BY4741 nup844::KanMX4 RPL7B-GFP::KIURA3 This study
HY0686 BY4741 nup1004::KanMX4 RPL7A-GFP::KIURA3 This study
HY0687 BY4741 nup1004::KanMX4 RPL7B-GFP::KIURA3 This study
HY0688 BY4741 nup1204:KanMX4 RPL7A-GFP::KIURA3 This study
HY0689 BY4741 nup1204:KanMX4 RPL7B-GFP::KIURA3 This study
HY0690 BY4741 nup1334:KanMX4 RPL7A-GFP::KIURA3 This study
HY0691 BY4741 nup1334:KanMX4 RPL7B-GFP::KIURA3 This study
HY0692 BY4741 puf6A::KanMX4 RPL7A-GFP::KIURA3 This study
HY0693 BY4741 puf6A::KanMX4 RPL7B-GFP::KIURA3 This study
HY0694 BY4741 six94::KanMX4 RPL7A-GFP::KIURA3 This study
HY0695 BY4741 six94::KanMX4 RPL7B-GFP::KIURA3 This study
HY0696 BY4741 sxm14::KanMX4 RPL7A-GFP::KIURA3 This study
HY0697 BY4741 sxm1A4::KanMX4 RPL7B-GFP::KIURA3 This study
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Table 2. Subcellular localization of ribosomal proteins in S. cerevisiae

Subcellular localization

Ribosomal proteins

RpsOa, RpsOb, Rpsia, Rps1b, Rps4a, Rps4b, Rps6a, Rps6b, Rps7a, Rps7b, Rps8a, Rps8b, Rps9a, Rps9b,

Rps10a*, Rps10b, Rpsi1a, Rps11b, Rpsi16a, Rps16b, Rps17a, Rps17b, Rps18a, Rps18b, Rps19a, Rps19b,
Rps21a, Rps21b, Rps23a, Rps23b, Rps24a, Rps24b, Rps25a, Rps25b, Rps26a, Rps26b, Rps27a, Rps27b,
Rps28a, Rps28b, Rps29a, Rps29b, Rps30a, Rps30b, Rppla, Rpplb, Rpp2a, Rpp2b, Rpl1a, Rplib, Rpl2a,
Rpl3, Rpl4a, Rpl4b, Rpl5, Rpl6a, Rpl6b, Rpl7a, Rpl8a, Rpl8b, Rpl9a, Rpl9b, Rpl10, Rpl11a, Rpl11b, Rpl12a,
Rpl12b, Rpl13a, Rpl13b, Rpl14a, Rpl14b, Rpl16a, Rpl17a, Rpl17b, Rpl18b, Rpl19a, Rpl19b, Rpl20a, Rpl20b,
Rpl21a, Rpl21b, Rpl22a, Rpl22b, Rpl24a, Rpl24b, Rpl26a, Rpl26b, Rpl27b, Rpl29, Rpl31b, Rpl33b, Rpl34a,
Rpl34b, Rpl35a, Rpl35b, Rpl36a, Rpl36b, Rpl37a, Rpl37b, Rpl38, Rpl40b, Rpl41a, Rpl41b, Rpl42a, Rpl42b,

Cytoplasm

Rpl43a, Rpl43b
Cytoplasm/Nucleolus Rps14b, Rpl7b, Rpl27a
Cytoplasm/Nucleus Rpl40a
Nucleolus Rps22a, Rps22b
Nucleus Rpl23a, Rpl23b
Nucleolus/Nucleus Rpl15b

Not determined

Rps2, Rps3, Rps5, Rps12, Rps13, Rpsi4a, Rps15, Rps20, Rps31, Rpp0, Rpl2b, Rpl15a, Rpl16b, Rpl18a,

Rpl25, Rpl28, Rpl30, Rpl31a, Rpl32, Rpl33a, Rpl39

*Subcellular localization of Rps10a is wrongly assigned as “Nucleolus/Nucleus” in the Yeast GFP Fusion Localization Database (data not shown).

some VII, while RPL7B is located on chromosome XVI. Disrup-
tion of both these genes is lethal. Unlike other duplicated ribo-
somal protein genes, these genes are interrupted by two in-
trons containing long conserved sequences. Two of the small
nucleolar RNAs (snoRNAs), snR39 and snR59, are embedded
in the introns of the RPL7A and RPL7B genes, respectively
(Ghazal et al., 2005). The expression level of Rpl7a is about 14
times that of Rpl7b (Ghaemmaghami et al., 2003). A compari-
son of amino acid sequences revealed that Rpl7a and Rpl7b
are 97% identical and differ only in 5 amino acids at residues 2,
3, 16, 26, and 242 (Fig. 1A). Interestingly, despite the high se-
quence homology between Rpl7a and Rpl7b, the Rpl7b-GFP
fusion protein was detected in both the cytoplasm and the nu-
cleolus, whereas Rpl7a-GFP fusion protein was detected ex-
clusively in the cytoplasm (Fig. 1B).

The change in the amino acid sequence of Rpl7b does not
influence its subcellular localization

We first assumed that the difference in the amino acid se-
quence might lead to the differential subcellular localization of
Rpl7a and Rpl7b. To examine this possibility, the RPL7B-
GFP sequence was cloned into the pTZ18R vector and site-
directed mutagenesis was performed for the 5 amino acid
residues of Rpl7b that are different from Rpl7a. The mutated
RPL7B-GFP sequence was confirmed by sequencing, sub-
cloned into the pRS416 vector, and expressed in the rpl7bA
cells. Unexpectedly, none of the five mutants (Rpl7b(S2A),
Rpl7b(T3A), Rpl7b(T16S), Rpl7b(126V), or Rpl7b(A242S))
showed alteration in subcellular localization (Fig. 2A). The
Rpl7b mutants derived from the double, triple, or quadruple
site-directed mutagenesis also did not show alteration in sub-
cellular localization (data not shown). Next, we mutated all the
5 amino acid residues of Rpl7b so that the amino acid se-
quence of the mutated Rpl7b could be identical to that of
Rpl7a. Notably, even this Rpl7b mutant, with the same amino
acid sequence as that of Rpl7a, continued to show the same
localization pattern as wild-type Rpl7b (Fig. 2A). This result

Rpl7a 1

Rpl7b 1

RplTa 51

Rpi7Tb 51

Rpl7a 101

Rpl7b 101

Rpl7a 151

RplTb 151

Rpl7a 201

Rpl7b 201

B GFP DAPI Merge DIC

o . . . .
Merge DIC

GFP RFP
- ..-

Fig. 1. Rpl7a and Rpl7b share high sequence homology but show
differential subcellular localization. (A) Alignment of the amino acid
sequences of Rpl7a and Rpl7b. The numbers on the left side refer
to the amino acid positions in each sequence. Identical residues are
shown against a black background and similar residues are shaded
in gray. (B) Fluorescence microscopic analysis of subcellular local-
ization of Rpl7a and Rpl7b. RFP-tagged Nop56 was used as a
nucleolar marker (Huh et al.,, 2003). Fluorescence microscopic
images for Rpl7a-GFP and Rpl7b-GFP were captured using a
standard fluorescein isothiocyanate filter set and merged with im-
ages for DAPI or Nop56-RFP.
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A GFP DIC

RpI7b(S2A)

Rpl7b(T3A)

Rpl7b(T16S)

Rpl7b(126V)

Rpl7b(A242S)

Rpl7b(S2A/T3A/
T16S/126V/IA242S)

B GFP DIC

Intronless Rpl7a

Intronless Rpl7b

Fig. 2. The change in the amino acid sequence of Rpl7b does not
influence its subcellular localization. (A) Fluorescence microscopic
analysis of the subcellular localization of site-directed mutagenized
Rpl7b. The mutated Rpl7b-GFP was expressed under its own pro-
moter on pRS416 in rpl7bA cells. (B) Fluorescence microscopic

analysis of the subcellular localization of intronless Rpl7a and Rpl7b.

cDNAs for Rpl7a-GFP and Rpl7b-GFP were expressed under the
ADH1 promoter on pRS416 in rpl7aA and rpl7bA cells, respectively.

suggested that Rpl7a can have the localization characteristic
similar to that of Rpl7b when Rpl7a is expressed in the envi-
ronment of RPL7B gene.

Introns of RPL7A and RPL7B do not affect subcellular
localization of Rpl7a and Rpl7b

Unlike other duplicated ribosomal protein genes, the RPL7A
and RPL7B genes are interrupted by two introns, which contain
snoRNAs-snR39 and snR59, respectively (Ghazal et al., 2005).
To determine if the presence of the introns or snoRNAs em-

A GFP [][o
R . .
o - .

B GFP Dic

e )
Rpl7a (1pi7bA) ) ik
' )

Rpl7b (rpi7an)

Fig. 3. The expression level of Rpl7a affects its subcellular localiza-
tion and that of Rpl7b. (A) Fluorescence microscopic analysis of
subcellular localization of overexpressed Rpl7a and Rpl7b. Rpl7a-
GFP and Rpl7b-GFP were expressed under their own promoters
on pRS416 in wild-type cells. (B) Fluorescence microscopic analy-
sis of subcellular localization of Rpl7a and Rpl7b in mutants for their
respective paralog. Subcellular localization of Rpl7a and Rpl7b was
monitored in rpl7bA and rpl7aA cells, respectively.

bedded in the introns might affect the subcellular localization of
Rpl7a and Rpl7b, we cloned and expressed the cDNAs of
RPL7A and RPL7B under the ADH1 promoter in rpl7aA and
rol7bA cells, respectively. These intronless Rpl7a and Rpl7b
still showed the same localization patterns as wild-type Rpl7a
and Rpl7b, respectively; intronless Rpl7a was detected in the
cytoplasm, and intronless Rpl7b was detected in both the cyto-
plasm and the nucleolus (Fig. 2B). This result indicated that the
presence of introns or snoRNAs embedded in the introns does
not affect the subcellular localization of Rpl7a and Rpl7b nor
does it have any bearing on their differential subcellular local-
ization.

The expression level of Rpl7a affects its subcellular
localization and that of Rpl7b

Although the amino acid sequences of Rpl7a and Rpl7b are
almost identical, their expression levels are quite different; the
level of Rpl7a is about 14 times that of Rpl7b (Ghaemmaghami
et al., 2003). We checked if the expression levels of Rpl7a and
Rpl7b could affect their localization. The RPL7A-GFP se-
quence was cloned into the pRS416 vector and expressed
under its own promoter in wild-type cells so that Rpl7a could be
expressed at a level about twice the normal. Remarkably, in
these Rpl7a-overexpressing cells, Rpl7a was detected not only
in the cytoplasm but also in the nucleolus (Fig. 3A, upper panel).
We also expressed RPL7B-GFP sequence under its own pro-
moter in wild-type cells so that Rpl7b could be about twice
more expressed than its natural level. These Rpl7b-overex-
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Table 3. Factors affecting subcellular localization of Rpl7b

rRNA-processing factors Nuclear pore proteins

Ribosomal large subunit

Nuclear transport factors
assembly factors

Mutants in which Rpl7b was exclusively localized to the cytoplasm
los1A, nup2A, nup170A

Mutants in which Rpl7b was exclusively localized to the nucleolus

cgriA, nsriA, six9A

Mutants in which subcellular localization of Rpl7b was not altered

nup42A, nup84A, nup100A,
nup120A, nup133A

loc1A, puf6A

kap114A, kap120A, kap123A,
msn5A, npl3A, sxm1A

pressing cells showed the same localization pattern as the cells
with normal Rpl7b levels (Fig. 3A, lower panel). Next, we exam-
ined if the absence of Rpl7a or Rpl7b could affect the subcellu-
lar localization of its paralog. We first deleted the RPL7B gene
in cells chromosomally expressing RPL7A-GFP and monitored
the subcellular localization of Rpl7a. Rpl7a in these rpl7bA cells
showed the same localization pattern as that in wild-type cells
(Fig. 3B, upper panel). We then deleted the RPL7A gene in
cells chromosomally expressing RPL7B-GFP and monitored
the subcellular localization of Rpl7b. Remarkably, in these
rol7aA cells, Rpl7b was detected exclusively in the cytoplasm
(Fig. 3B, lower panel). Taken together, these results demon-
strated that the expression level of Rpl7a, the major form of
ribosomal protein L7, influences its own subcellular localization
and that of Rpl7b.

Rpl7a appears to be more preferentially incorporated into
the 60S ribosomal subunit than RpI7b

To check whether the GFP-fused ribosomal protein L7 is incor-
porated into the ribosome complex, the growth rate of the cells
expressing Rpl7a-GFP or Rpl7b-GFP was measured and com-
pared with that of rpl/7aA or rpl7bA cells. As expected, rpl7aA
cells showed significant retarded growth, while rpl7bA cells
showed a growth pattern indistinguishable from wild-type cells
(data not shown). This observation correlated with the fact that
the endogenous protein level of Rpl7a is about 14 times higher
than that of Rpl7b (Ghaemmaghami et al., 2003). The cells
expressing Rpl7b-GFP also showed a growth pattern similar to
that of wild-type cells. Surprisingly, the cells expressing Rpl7a-
GFP showed very retarded growth; their growth was even
slower than that of rpl7aA cells. This result suggested that the
GFP fusion interferes with the function of Rpl7a and thus inhib-
its the activity of ribosome. It appears that the GFP-fused Rpl7a
is incorporated into the mature ribosome complex, because if
Rpl7a-GFP is not incorporated into the ribosome complex and
thus does not affect the ribosomal function, the cells expressing
Rpl7a-GFP would show a growth pattern similar to that of
rpl7aA cells.

Ribosomal protein genes are responsible for nearly 40% of
the RNA polymerase |l transcription initiation events and the
most coordinately regulated cluster of genes in S. cerevisiae
(DeRisi et al., 1997; Gasch et al., 2000). Through tight regula-
tion, ribosomal proteins are supposedly synthesized on an
equimolar basis. The newly synthesized ribosomal proteins are
imported into the nucleus; they then accumulate in the nucleo-
lus and assemble with the rRNAs to form ribosome subunits. A
recent study reported that ribosomal proteins are expressed at

high levels, beyond those required for typical ribosomal subunit
production and accumulate in the nucleolus more quickly than
other nucleolar components. This is balanced by continual
degradation of the unassembled ribosomal proteins in the nu-
cleoplasm, thereby providing a mechanism for cells to ensure
that ribosomal protein levels are never rate-limiting for the effi-
cient assembly of ribosome subunits (Lam et al., 2007). Our
results correlate with this report. When overexpressed, Rpl7a
was detected not only in the cytoplasm but also in the nucleolus
(Fig. 3A, upper panel). Detection of overexpressed Rpl7a in the
nucleolus as well as the cytoplasm seems to be due to the
accumulation of Rpl7a in the nucleolus as it was synthesized
beyond the normally required level. In contrast, Rpl7b, whether
overexpressed or not, was detected in the cytoplasm and the
nucleolus (Fig. 3A, lower panel). We hypothesize that Rpl7a is
more preferentially incorporated into the 60S ribosomal subunit
than Rpl7b. This hypothesis explains why Rpl7b is detected
exclusively in the cytoplasm in rp/7aA cells (Fig. 3B, lower
panel). In wild-type cells where both Rpl7a and Rpl7b are nor-
mally expressed, Rpl7a is preferentially incorporated into the
60S subunit and the redundant Rpl7b is accumulated in the
nucleolus. In rpl7aA cells, however, Rpl7a is not synthesized
and Rpl7b can now be incorporated into the 60S subunit as a
sole ribosomal protein L7 present in cells.

The subcellular localization of Rpl7b is affected by several
factors

A recent study showed that paralogous ribosomal proteins
exhibit differences in their subcellular localization in mutants for
ribosomal assembly factors (Komili et al., 2007). This paralog-
specific effect among ribosomal proteins led us to question
whether the subcellular localization of Rpl7a and Rpl7b would
also be affected by various extrinsic factors, such as rRNA-
processing factors, nuclear pore proteins, nuclear transport
factors, and large ribosomal subunit assembly factors. To ad-
dress this question, RPL7A-GFP and RPL7B-GFP were chro-
mosomally expressed under their own promoters in a panel of
mutant strains for the above mentioned factors (Table 3) and
the effect of each mutation was monitored on the subcellular
localization of Rpl7a and Rpl7b. In all the mutants, Rpl7a was
detected exclusively in the cytoplasm as in wild-type cells (Fig.
4A; data not shown), indicating that the subcellular localization
of Rpl7a is not influenced by these mutations. However, Rpl7b
showed a wide range of localization patterns, from exclusively
cytoplasmic to exclusively nucleolar, in these mutants. For ex-
ample, in a knockout mutant for Nup170, an abundant subunit
of the nuclear pore complex, Rpl7b was detected exclusively in
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A

Rpl7a (nup170A)

Rpl7a (loc1A)

Rpl7b (nup170A)

Rpl7b (loc14)

Fig. 4. The subcellular localization of Rpl7b is affected by several
factors. (A) Fluorescence microscopic analysis of subcellular local-
ization of Rpl7a in mutants for Nup170 and Loc1. Subcellular local-
ization of Rpl7a was monitored in nup170A (upper panel) and loc1A
cells (lower panel). (B) Fluorescence microscopic analysis of the
subcellular localization of Rpl7b in mutants for Nup170 and Loc1.
Subcellular localization of Rpl7b was monitored in nup170A (upper
panel) and loc1A cells (lower panel).

the cytoplasm (Fig. 4B, upper panel). In contrast, Rpl7b was
detected almost exclusively in the nucleolus in a knockout mu-
tant for Loc1, a large ribosomal subunit assembly factor (Fig.
4B, lower panel). The effects of all mutations on the subcellular
localization of Rpl7b are summarized in Table 3.

It is surprising that the subcellular localization of Rpl7b was
affected by several factors, whereas that of Rpl7a was not. Our
results show that some rRNA-processing factors, nuclear pore
proteins, and large ribosomal subunit assembly factors can
differentially affect the subcellular localization of ribosomal pro-
tein L7 paralogs. This raises the possibility that nuclear trans-
port, interaction with rRNA, or ribosomal assembly of Rpl7a
may occur in a manner different from that of Rpl7b and al-
though Rpl7a and Rpl7b are paralogous, their precise physio-
logical roles may not be identical. Several recent studies sup-
porting this notion have reported that paralogous ribosomal
proteins are functionally distinct (Degenhardt and Bonham-
Smith, 2008; Enyenihi and Saunders, 2003; Haarer et al., 2007;
Ni and Snyder, 2001). Furthermore, a line of evidence suggests
that several ribosomal proteins have extraribosomal functions
other than conventional protein synthesis (Amsterdam et al.,
2004; Draptchinskaia et al., 1999; Dresios et al., 2006; Enerly
et al., 2003; Lohrum et al., 2003; Mazumder et al., 2003; Wool,
1996). Thus, a further study into the functional specificity of
duplicated ribosomal proteins would provide a new level of
understanding of the functions of ribosomal proteins.

ACKNOWLEDGMENTS

This work was supported by the Basic Research Promotion Fund
of the Korea Research Foundation (KRF-2007-314-E00036) and
the 21C Frontier Functional Proteomics Project (FPRO8A1-060)
funded by the Ministry of Education, Science and Technology,
Republic of Korea. T.Y.K. and C.W.H. were supported by the
BK21 Research Fellowship from the Ministry of Education, Sci-
ence and Technology, Republic of Korea.

REFERENCES

Amsterdam, A., Sadler, K.C., Lai, K., Farrington, S., Bronson, R.T.,
Lees, J.A., and Hopkins, N. (2004). Many ribosomal protein
genes are cancer genes in zebrafish. PLoS Biol. 2, E139.

Degenhardt, R.F., and Bonham-Smith, P.C. (2008). Arabidopsis
ribosomal proteins RPL23aA and RPL23aB are differentially
targeted to the nucleolus and are desperately required for nor-
mal development. Plant Physiol. 147, 128-142.

DeRisi, J.L., lyer, V.R., and Brown, P.O. (1997). Exploring the
metabolic and genetic control of gene expression on a genomic
scale. Science 278, 680-686.

Draptchinskaia, N., Gustavsson, P., Andersson, B., Pettersson, M.,
Willig, T.N., Dianzani, |., Ball, S., Tchernia, G., Klar, J., Matsson,
H., et al. (1999). The gene encoding ribosomal protein S19 is
mutated in Diamond-Blackfan anaemia. Nat. Genet 27, 169-175.

Dresios, J., Panopoulos, P., and Synetos, D. (2006). Eukaryotic
ribosomal proteins lacking a eubacterial counterpart: important
players in ribosomal function. Mol. Microbiol. 59, 1651-1663.

Enerly, E., Larsson, J., and Lambertsson, A. (2003). Silencing the
Drosophila ribosomal protein L14 gene using targeted RNA in-
terference causes distinct somatic anomalies. Gene 320, 41-48.

Enyenihi, A.H., and Saunders, W.S. (2003). Large-scale functional
genomic analysis of sporulation and meiosis in Saccharomyces
cerevisiae. Genetics 163, 47-54.

Gasch, A.P., Spellman, P.T., Kao, C.M., Carmel-Harel, O., Eisen,
M.B., Storz, G., Botstein, D., and Brown, P.O. (2000). Genomic
expression programs in the response of yeast cells to environ-
mental changes. Mol. Biol. Cell 11, 4241-4257.

Ghaemmaghami, S., Huh, W.K., Bower, K., Howson, R.W., Belle,
A., Dephoure, N., O'Shea, E.K., and Weissman, J.S. (2003).
Global analysis of protein expression in yeast. Nature 425, 737-
741.

Ghazal, G., Ge, D., Gervais-Bird, J., Gagnon, J., and Abou Elela, S.
(2005). Genome-wide prediction and analysis of yeast RNase
Ill-dependent snoRNA processing signals. Mol. Cell. Biol. 25,
2981-2994.

Haarer, B., Viggiano, S., Hibbs, M.A., Troyanskaya, O.G., and Am-
berg, D.C. (2007). Modeling complex genetic interactions in a
simple eukaryotic genome: actin displays a rich spectrum of
complex haploinsufficiencies. Genes Dev. 21, 148-159.

Huh, WK, Falvo, J.V., Gerke, L.C., Carroll, A.S., Howson, R.W.,
Weissman, J.S., and O’Shea, E.K. (2003). Global analysis of
protein localization in budding yeast. Nature 425, 686-691.

Komili, S., Farny, N.G., Roth, F.P., and Silver, P.A. (2007). Func-
tional specificity among ribosomal proteins regulates gene ex-
pression. Cell 131, 557-571.

Lam, Y.W., Lamond, A.l, Mann, M., and Andersen, J.S. (2007).
Analysis of nucleolar protein dynamics reveals the nuclear deg-
radation of ribosomal proteins. Curr. Biol. 17, 749-760.

Lee, Y.L., and Lee, C.K. (2008). Transcriptional response according
to strength of calorie restriction in Saccharomyces cerevisiae.
Mol. Cells 26, 299-307.

Lohrum, M.A., Ludwig, R.L., Kubbutat, M.H., Hanlon, M., and
Vousden, K.H. (2003). Regulation of HDM2 activity by the ribo-
somal protein L11. Cancer Cell 3, 577-587.

Mazumder, B., Sampath, P., Seshadri, V., Maitra, R.K., DiCorleto,
P.E., and Fox, P.L. (2003). Regulated release of L13a from the
60S ribosomal subunit as a mechanism of transcript-specific
translational control. Cell 715, 187-198.

Mizuta, K., Hashimoto, T., and Otaka, E. (1992). Yeast ribosomal
proteins: XIlll. Saccharomyces cerevisiae YL8A gene, inter-
rupted with two introns, encodes a homolog of mammalian L7.
Nucleic Acids Res. 20, 1011-1016.

Mumberg, D., Muller, R., and Funk, M. (1995). Yeast vectors for the
controlled expression of heterologous proteins in different ge-



546 Differential Localization of Ribosomal Protein L7 Paralogs

netic backgrounds. Gene 156, 119-122.

Ni, L., and Snyder, M. (2001). A genomic study of the bipolar bud
site selection pattern in Saccharomyces cerevisiae. Mol. Biol.
Cell 12,2147-2170.

Planta, R.J., and Mager, W.H. (1998). The list of cytoplasmic ribo-
somal proteins of Saccharomyces cerevisiae. Yeast 14, 471-
477.

Rotenberg, M.O., Moritz, M., and Woolford, J.L. Jr. (1988). Deple-
tion of Saccharomyces cerevisiae ribosomal protein L16 causes
a decrease in 60S ribosomal subunits and formation of half-mer
polyribosomes. Genes Dev. 2, 160-172.

Sherman, F. (2002). Getting started with yeast. Methods Enzymol.
350, 3-41.

Sikorski, R.S., and Hieter, P. (1989). A system of shuttle vectors
and yeast host strains designed for efficient manipulation of
DNA in Saccharomyces cerevisiae. Genetics 122, 19-27.

Sung, M.K., and Huh, W.K. (2007). Bimolecular fluorescence com-
plementation analysis system for in vivo detection of protein-
protein interaction in Saccharomyces cerevisiae. Yeast 24, 767-
775.

Sung, M.K., Ha, C.W., and Huh, W.K. (2008). A vector system for
efficient and economical switching of C-terminal epitope tags in
Saccharomyces cerevisiae. Yeast 25, 301-311.

Tate, W.P., and Poole, E.S. (2004). The ribosome: lifting the veil
from a fascinating organelle. Bioessays 26, 582-588.

Venema, J., and Tollervey, D. (1999). Ribosome synthesis in Sac-
charomyces cerevisiae. Annu. Rev. Genet. 33, 261-311.

Wach, A. (1996). PCR-synthesis of marker cassettes with long
flanking homology regions for gene disruptions in S. cerevisiae.
Yeast 12, 259-265.

Wool, I.G. (1996). Extraribosomal functions of ribosomal proteins.
Trends Biochem. Sci. 21, 164-165.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [225 225]
  /PageSize [595.276 841.890]
>> setpagedevice


