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ABSTRACT

Several ribosomal protein families contain
paralogues whose roles may be equivalent or
specialized to include extra-ribosomal functions.
RpL22e family members rpL22 and rpL22-like are
differentially expressed in Drosophila melanogaster:
rpL22-like mRNA is gonad specific whereas rpL22
is expressed ubiquitously, suggesting distinctive
paralogue functions. To determine if RpL22-like
has a divergent role in gonads, rpL22-like expres-
sion was analysed by qRT-PCR and western blots,
respectively, showing enrichment of rpL22-like
mRNA and a 34 kDa (predicted) protein in testis,
but not in ovary. Immunohistochemistry of the
reproductive tract corroborated testis-specific
expression. RpL22-like detection in 80S/polysome
fractions from males establishes a role for this
tissue-specific paralogue as a ribosomal compo-
nent. Unpredictably, expression profiles revealed a
low abundant, alternative mRNA variant (designated
‘rpL22-like short’) that would encode a novel protein
lacking the C-terminal ribosomal protein signature
but retaining part of the N-terminal domain. This
variant results from splicing of a retained intron
(defined by non-canonical splice sites) within
rpL22-like mRNA. Polysome association and detec-
tion of a low abundant 13.5 kDa (predicted) protein in
testis extracts suggests variant mRNA translation.
Collectively, our data show that alternative splicing
of rpL22-like generates structurally distinct protein
products: ribosomal component RpL22-like and a
novel protein with a role distinct from RpL22-like.

INTRODUCTION

In several ribosomal protein (RP) gene families [most not-
able in certain yeast species and plant systems—reviewed

by ref. (1)], paralogous proteins exist, presumably derived
from duplication events in the evolutionary history of
the gene. Paralogous RPsmay have functionally redundant
roles within the ribosome, or in some instances, their roles
may be specialized in ribosome biogenesis or translation,
contributing to heterogeneity within the ribosome cycle
[e.g. (2)]. Alternatively, specialized roles for paralogous
RPs may include extra-ribosomal or extra-translational
functions [see review by Warner and McIntosh (3) for
some discussion on this issue]. Specialized roles may
be indicated particularly if a paralogue is expressed in a
cell-, tissue- or developmental stage-specific manner.
Recent studies in Saccharomyces cerevisiae have revised

the previously held view that many RP paralogues dually
expressed in that species, are functionally equivalent (4).
Instead, some paralogues are specialized for differential
functions or cellular locations (4,5), leading Komili et al.
(4) to propose a ‘ribosome code’ that regulates translation
of specific mRNAs in different physiological states.
Although less than that reported in yeast and plant
systems, tissue-specific ribosome heterogeneity due to
assembly of RP structural variants into ribosomes has
also recently been reported in rodent mammary gland
and liver for RpL22-like1 and in testis for RpL10- and
RpL39-like (2).
In Drosophila melanogaster, RpL22 and RpL22-like are

members of the conserved RpL22e family specific to eu-
karyotes. Unlike most fly RP paralogues that display
between 65% and 100% amino acid identity (6), RpL22
and RpL22-like are instead only 37% identical (6), sug-
gesting considerable ‘opportunity’ for disparate functions
between family members. RpL22 family members in
Drosophila also exhibit unique structural features at the
N-terminus compared to orthologues in other species. Fly
RpL22e family members contain an N-terminal extension
of unknown function that is homologous to the
C-terminal end of histone H1 [previously described only
for RpL23a and RpL22 by ref. (7)]. Structural divergence
between RpL22 and RpL22-like is most prominent within
the N-terminal extension. Over time the novel domain
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may have specified new functions for these proteins in
addition to their functions in the ribosome cycle.
In addition to considerable amino acids divergence

between these paralogues in D. melanogaster, their expres-
sion patterns are also dissimilar. Transcripts for rpL22 are
ubiquitously expressed. Previous studies have revealed
rpL22-like mRNA expression in embryonic gonads,
adult ovary and germline stem cells by in situ hybridiza-
tion or RT-PCR (8–10). Recent microarray analyses
showed enrichment of rpL22-like in adult testis, but not
in adult ovary [FlyAtlas; (11)]. Shotgun mass spectromet-
ric data support the existence of RpL22-like protein in fly
embryos (www.ebi.ac.uk/pride/Q8T3X3), but no protein
expression data for other developmental stages and/or
specific tissues have been established. Tissue-specificity
of rpL22-like expression suggests that RpL22-like may
have a distinct role compared to its paralogue RpL22, at
least in the embryonic gonad.
Although its position on the 60S subunit has recently

been mapped by cryoEM to the base of the subunit on the
most recently published 80S ribosome model (12), the
cellular role for RpL22 has not been completely
characterized (13). Interestingly, partially reconstituted
ribosomes that lack RpL22 are still translation competent,
suggesting that the protein may have a regulatory
or non-ribosomal role (13), or alternatively, function
under different physiological conditions. In Drosophila,
additional roles and interactions for RpL22 have been
proposed [based on high-throughput yeast two hybrid
screens assembled in the Drosophila Interactions
Database version 2010_10 (DroID: http://www.droidb
.org)], awaiting further characterization. Among these
interactions are several putative extra-ribosomal roles
for RpL22, including interactions with a transcriptional
repressor complex in Kc cells (14) and with nuclear
enzyme poly-ADP ribose polymerase [mediated through
the N-terminal histone H1-like domain (7)], for example.
Based on C-terminal homology to RpL22 and its tissue-

specific expression pattern, it is reasonable to hypothesize
that RpL22-like has a gonad-specific ribosomal function,
although other functions cannot be excluded. In fact,
several protein–protein interactions are also catalogued
for RpL22-like in the Drosophila Interactions Database
and none overlap with those proposed for RpL22,
including those that are likely to be non-ribosomal in
nature. Together, this information suggests that RpL22
and RpL22-like have distinct functions, either within the
ribosomal cycle and/or in non-ribosomal pathways. That
one of the functions of RpL22-like is as a ribosomal com-
ponent had not been previously investigated prior to this
study. Such developmental or tissue-specific regulation of
a putative RP is not widely known in animal systems and
is more commonplace in plants (1).
To explore the possibility that RpL22-like functions as

a tissue-specific ribosomal component, we first refined its
developmental and tissue-specific expression pattern to
facilitate its biochemical characterization. By quantitative
(q) RT-PCR, we determined that rpL22-like mRNA is
highly enriched in adult testes compared to ovaries.
Using paralogue-specific antibodies (Abs) in western
blots, we detected a highly abundant protein of the

predicted molecular weight (MW) for RpL22-like in
testes. A higher MW immunoreactive species was also
detected in fly heads. Immunohistochemical (IHC)
analysis of the male reproductive tract shows that
RpL22-like is exclusively found within testes and not
within seminal vesicles or accessory glands. We further
demonstrate that RpL22-like is a ribosomal component
(80S and polysomes), suggesting its incorporation into
actively translating ribosomes.

These studies also led to a novel finding that rpL22-like
is alternatively spliced using non-canonical splice sites to
remove an intron that generates a short form designated
rpL22-like short, found in lower abundance than the full-
length mRNA isoform. Surprisingly, the most abundant
rpL22-like mRNA isoform retains the previously
uncharacterized intron. rpL22-like short mRNA would
encode a protein consisting nearly exclusively of amino
acid residues in the N-terminal domain of RpL22-like
fused in frame to residues at the very end of the
C-terminus, thereby eliminating the majority of the
conserved L22e RP signature. Detection of rpL22-like
short mRNA on polysomes and the presence of a low
abundant protein of the predicted MW in testis extracts
suggest that the spliced variant may be translated. This
study provides the first experimental confirmation that
RpL22-like is a ribosomal component that is enriched in
testis, and that its gene through alternative splicing may
also encode a novel protein (RpL22-like short) with a
novel non-ribosomal function based on its predicted
amino acid structure.

METHODS

Fly stocks

Wild-type Canton S D. melanogaster were used for
polysome profiling (a kind gift from Todd Laverty,
HHMI-JFRC). All other experiments used wild-type
Oregon R D. melanogaster obtained from Carolina
Biological.

Primers

For a list of primers and oligonucleotides (Integrated
DNA Technologies) used in this study, see Table 1.

Antibodies

The following peptide sequences were obtained from
FlyBase (15) and used for polyclonal Ab generation from
GenScript: RpL22: FRISSNDDEDDDAE; RpL22-like:
ADDNGGKTFA. Polyclonal Abs were protein A
purified from rabbit and mouse, respectively. HRP-
conjugated secondary Abs (Promega) were used in
western analysis. Antibody specificity was tested using bac-
terially expressed recombinant RpL22 and RpL22-like
(Supplementary Figure S2). Preimmune sera from rabbit
and mouse were used to confirm the absence of
immunoreactive proteins in fly extracts (Supplementary
Figure S2). Anti-mouse Alexa 488 Fluor and anti-rabbit
Alexa 568 Fluor secondary Abs (Invitrogen) were used
for IHC.
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RNA isolation from fly tissue and cultured cells

Tissues were dissected from wild-type adult flies of mixed
age (2- to 7-day old) in sterile 1X PBS and immediately
frozen on dry ice. S2 cells were cultured under standard
conditions in S2 media (Invitrogen) and collected during
log phase. RNA isolation was completed using TRIzol
reagent (Invitrogen) following manufacturer’s guidelines.
RNase-free glycogen (10 mg; Invitrogen) was used as a
carrier to increase yield. Samples with A260/280 and A260/

230 ratios <1.8 were discarded. Qualitative analysis of
�300 ng total RNA via gel electrophoresis ensured RNA
integrity. Only samples that passed both spectrophotomet-
ric and qualitative analyses were used for further
experiments.

RT-PCR Analysis

Total RNA (500 ng) from adult tissues and cultured
S2 cells or 100 ng of embryo, larval and adult polyA+
RNA (Clontech) was used in RT-PCR analyses.
SuperScript One-Step RT-PCR System with Platinum
Taq DNA Polymerase (Invitrogen) was used following
manufacturer’s guidelines.

Cloning and Sequencing of rpL22-like cDNAs

Gel-purified RT-PCR products were cloned into pMT/
V5-His-TOPO� (Invitrogen), transformed into One Shot
TOP10 Chemically Competent E. coli (Invitrogen), plated
onto selective media (LB, ampicillin 100 mg/ml) and

plasmid DNAs purified using the miniPrep system
(Qiagen). Multiple clones for rpL22-like cDNAs were
sequenced using an ABI 310 Genetic Analyzer (Applied
Biosystems) or by GeneWay Research Laboratories.

Bacterial recombinant protein expression for western
analysis

Gel-purified RT-PCR amplicons were cloned into E. coli
expression vector pEXP5-CT/TOPO (Invitrogen) follow-
ing manufacturer’s guidelines. Recombinant expression in
transformed OneShot BL21 Star (DE3) Chemically
Competent E. coli (Invitrogen) was induced with 0.5mM
IPTG.

cDNA synthesis and qRT-PCR analysis

Total RNA (1mg) was used in cDNA synthesis using the
SuperScript III First-Strand Synthesis System (Invitrogen)
following manufacturer’s guidelines and cDNAs stored at
�80�C. One microliter of cDNA was used for qRT-PCR
using the ABI 7300 real-time PCR system (Applied
Biosystems) with SYBR green power master mix reagent
(Applied Biosystems). Primers were designed using Primer
Express software (Applied Biosystems). Primers (200 nM
final concentration) were annealed at 55�C in a three-step
amplification stage. Average �CT values obtained for all
genes were normalized to rpL32 (rpL32/rp49) for com-
parison to data by Shigenobu et al. (8). All samples were
run in triplicate with an n=3. Standard deviations for
each sample were calculated using the average �CT of

Table 1. List of primers and oligonucleotides used in experiments described in this article

Name Sequence Experimental use

FDmL22likeBamHI 50-GTCACGGATCCATGAGTTCCCAGACGCAGAAAAAGAATGCTTCCAA-30 RT-PCR and cloning; bridge
RT-PCR; FLAG-tagged
constructs

RDmL22likeBamHI 50-GTCACGGATCCTTAGGCAAAGGTTTTTCCGCCATTGTCGTCGGCAA-30 RT-PCR and cloning; in vitro
transcription

RDmL22likeBamHI_shortened 50-GTCACGGATCCTTAGGCAAAGGTTTTTCCGCCATTG-30 RT-PCR and cloning; bridge
RT-PCR

FL22like_exon1/2 50-GATACTAATTTCTTTGGAGAATG-30 Bridge RT-PCR
RL22like_novel exon2/3 50-TTAGGCAAAGGTTTTTCCGCCATTGTCGTCGGCAAGAGG-30 Bridge RT-PCR; northern

analysis
RDmL22-likeFLAG-BamH1 50-GTCACGGATCCTTACTTGTCATCGTCATCCTTGTAGTCGCCGCGGCCGAT

GGCAAAGGTTTTTCCGCCATTGTCGTCGGCAA-30
FLAG-tagged constructs

FpEXP5-T7 50-CCGCGAAATTAATACGACTCACTATAGGGAGACACACGACGG-30 in vitro transcription
FL22likeFull 50-GCTCAACCAGCTGAAGGATCA-30 qRT-PCR
RL22likeFull 50-GAAGTAGCGCTTGGAGAAGTGC-30 qRT-PCR
FL22likeShort 50-CAGAATGCTTCACGCAAGAACTT-30 qRT-PCR
RL22likeShort 50-AATGTCGTCGGCAAGAAGC-30 qRT-PCR
FBeta2Tubulin 50-GTGCTGAACTGGTGGATTCCGT-30 qRT-PCR
RBeta2Tubulin 50-GGTCAGCTGGAAGCCCTGAA-30 qRT-PCR
FVasa 50-CTGTACGAAAACGAGGATGGTGA-30 qRT-PCR
RVasa 50-ACCACCGTCCCCTCTTTCA-30 qRT-PCR
FrpL32 50-CTAAGCTGTCGCACAAATGG-30 qRT-PCR
RrpL32 50-ACGCACTCTGTTGTCGATACC-30 qRT-PCR
FL22-like_startcodon 50-ATGAGTTCCCAGACGCAGAAAAAGAATGCTTCCAAGGCC-30 Recomb. expression
FL22 50-AAGATGGCTCCTACCGCCAAGACCAACAAGGG-30 Recomb. expression
RL22 50-TTACTCGGCATCGTCGTCCTCATCG-30 Recomb. expression
RL22like_exon1 50-GGAAGCATTCTTTTTCTGCGTCTGGGAACTC-30 Northern analysis
RL22like_exon3 50-TTAGGCAAAGGTTTTTCCGCCATTGTCGTCGGC-30 Northern analysis
RL22like full specific 50-GGCCGTGGACACTACCCGCAACCAATCACGCAGGC-30 Northern analysis
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three runs. ��CT values were calculated using the average
�CT from each sample. Fold differences were calculated
using the comparative CT method (��CT), using fold
difference=2���C

T, as directed by the ABI 7300
qRT-PCR manual.

Protein extract preparation, SDS–PAGE and western
blotting

Drosophila tissues were dissected in 0.7� PBS supple-
mented with Mini Complete protease inhibitor cocktail
without EDTA (Roche) and immediately frozen on dry
ice. S2 cells were cultured as described above. Pelleted
S2 cells were homogenized and lysed in RIPA buffer sup-
plemented with Mini Complete protease inhibitor cocktail
without EDTA (Roche) and microcentrifuged at
maximum speed for 5min. Soluble fractions were
quantitated using the DC protein assay system (BioRad).
Soluble extract (10–15 mg) or insoluble fractions were

mixed with reducing SDS-sample buffer and proteins
separated by SDS–PAGE (5% stacking gel; 12.5%
separating gel) at 200V and electro-transferred onto
0.2mm Westran S PVDF membrane (Whatman) at 100V
for 1 h. After blocking with 5% non-fat dry milk (NFDM)
in 1� PBS with 0.1% Tween-20 (5% NFDM) for 1 h,
membranes were incubated overnight with primary Ab
(1:1000 in 3% NFDM) at 4�C. HRP-conjugated second-
ary Abs (1:50 000) were incubated at 4�C for 2 h.
Chemilluminescent detection was achieved using ECL-
Plus (GE Healthcare) and BioMax Chemilluminescence
film (Kodak).

Northern analysis

Embryonic, larval, and adult poly(A+) mRNAs (15mg;
Clontech) were resolved on a 1.5% formaldehyde
agarose gel in MOPS buffer and blotted onto a 0.2 mm
Optitran nitrocellulose membrane. Filters were hybridized
with 32P-labelled oligonucleotide probes complementary
to coding regions within rpL22-like (Table 1) according
to hybridization conditions in Sambrook et al. (16).
RNAs were visualized by phosphorimaging. Filters were
stripped in boiling 0.1% SDS and re-hybridized as above.
Size estimates for detected RNAs were determined using
RNA markers (Promega or Invitrogen).

Immunohistochemistry

Testis squashes and IHC preparation was performed as
previously reported (17,18) with minor modifications.
Testes from mature adult wild-type flies of mixed age
(2–7-day old) were dissected in 0.7% saline, squashed
and quickly frozen on dry ice. Tissues were fixed and
permeablized in ice-cold ethanol for 10min and in 4%
formaldehyde (in 1� PBS) for 7min at room temperature
(RT), followed by 2� 15min washes in PBS with 0.3%
Triton X-100 and 0.3% sodium deoxycholate and a single
wash of PBT (PBS with 0.1% Triton X-100). Blocking
occurred for 1 h with PBTB (PBT with 3% BSA) at RT.
Squashes were incubated overnight at 4�C with primary
Ab (1:100 in PBTB) in a humid chamber and washed four
times for 15min in PBTB at RT. Alexa Fluor-conjugated
secondary Abs (1:200 in PBTB) were incubated at 4�C in a

humid chamber for 1 h and then washed four times for
10min in PBTB at RT. DAPI staining (0.2 mg/ml in
PBS) was performed after final Ab washes for 5min,
washed twice for 1min in PBS and mounted in Cytoseal
60 (Richard-Allan Scientific). Fluorescent micrographs
were taken using Nikon Eclipse TE200U inverted fluores-
cence microscope coupled to a digital CCD camera.

Polysome analysis

Ribosome extracts were prepared using modified proced-
ures from Qin et al. (19), Houmani and Ruf (20) and
Pelczar and Filipowicz (21). Adult male Canton S flies
(2.37g) were homogenized in lysis buffer [1:5 w/v; (19)]
and homogenates clarified by centrifugation at 10K rpm
for 10min. Approximately 100 OD260U/ml were loaded
onto a 10–50% linear sucrose gradient [prepared by the
horizontal method described in ref. (20)] and spun at 35K
rpm for 160min in a SW-41 rotor. Gradient fractions
(0.5ml) were collected and read at OD260 using a
DU-800 spectrophotometer. Fractions were pooled and
pelleted with equal volumes of 20mM Tris–HCl, pH 7.2
and spun at 40K rpm for 12 h in an SW41 rotor. Pellets
were resuspended in 20mM Tris–HCl, pH 7.2 and sub-
jected to SDS–PAGE and western analysis.

RESULTS

rpL22-like mRNA transcripts are enriched in the testis

Gene expression profiling of embryonic germline stem
cells (8) and adult ovary germline stem cells (10) previ-
ously identified a novel and possible germline stem
cell-specific gene known as rpL22-like (due to its similarity
to rpL22; Figure 1A). An important goal was to refine
previously reported rpL22-like mRNA expression
profiles (8–10) in order to initiate studies on RpL22-like
protein expression and function. By RT-PCR analysis, we
determined that rpL22-like is expressed not only in
embryos, larvae and adults, but also in an embryonic-
derived S2 cell line, as well as within gonads and heads
of both sexes (Figure 2). The expected amplicon of
�939 bp was present in all samples using primers
determined by BLAST analysis to target only rpL22-like
in the D. melanogaster genome. Interestingly, in addition
to the expected RT-PCR product for rpL22-like there was
a prominent lower MW amplicon of �392 bp that was
reproducibly amplified in multiple experiments for all
RNA samples analysed (Figure 2). Molecular character-
ization (cloning and sequencing) of both amplicons
indicated that both are derived from the rpL22-like gene.
We refer to this lower MW amplicon as ‘rpL22-like short’
(described in detail below).

Based on RT-PCR data, rpL22-like isoforms were
detected in a variety of developmental stages and tissues.
To determine isoform abundance in fly gonads, heads and
S2 cells, we used qRT-PCR and isoform-specific primers
on different RNA samples (Figure 3; Supplementary
Table S2), showing that both rpL22-like and rpL22-like
short mRNAs are enriched in testis compared with other
tissues examined. These data corroborate previously pub-
lished microarray analyses (11) and high-throughput
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expression analyses (FlyAtlas: flyatlas.org), showing that
rpL22-like mRNA is highly enriched (�4300-fold in this
study) in testis compared with ovary (Supplementary
Table S2). Using the testis-specific �2-tubulin gene (22)
and the germline-specific Vasa gene [males: (18); females:
(23)] for comparative purposes in the fly gonad, mRNA
levels seen for rpL22-like short (and for rpL22-like) in

tissues other than in testis may be due to basal level tran-
scription (Figure 3) as �2-tubulin mRNA [widely regarded
as a testis-specific protein, e.g. (22,24)] has some level of
detection even in ovaries.
While found at �9800-fold lower levels compared with

rpL22-like in testes, all samples showed that the shorter
isoform is not the prominent isoform, with highest and

Figure 1. (A) Clustal W alignment of D. melanogaster RpL22 and RpL22-like sequences. Aligned sequences (RpL22: FBgn0015288; RpL22-like:
FBgn0034837) show conservation at the C-terminus (46% sequence identity; 73% sequence similarity), but divergence at the N-terminus (sequence
identity 36%; sequence similarity 47%). Overall amino acid identity is 37% (6). Shaded amino acid residues mark conservation within the RpL22e
superfamily. Other residues define the N-terminal extension with homology to histone H1 [(7) for RpL22 and RpL23a]. Boxes highlight functional
residues involved in nuclear localization (box 1), rRNA binding (boxes 2 and 3) and nucleolar localization (boxes 2 and 3) (20). Underlined residues
in the C-termini were used to make polyclonal peptide Abs. (B) Translation of rpL22-like short mRNA (GenBank accession no. HM756190) using
Translation Tool (expasy.org) revealed a putative protein of 123 amino acid, consisting primarily of the histone H1-like domain (N-terminus) and not
the RpL22-like domain (C-terminus). Underlined residues in the C-termini were used to make polyclonal peptide Abs.

Nucleic Acids Research, 2011, Vol. 39, No. 7 2705



lowest amounts in testes and in S2 cells, respectively.
Steady-state levels of both rpL22-like mRNA isoforms
are therefore highest in the testis.

RpL22-like protein is differentially expressed and found in
active ribosomes

Based on the relative abundance of rpL22-like mRNA, we
determined that RpL22-like protein expression would best

be analysed in testes compared with other tissues. Since no
RpL22-like Abs were previously available, paralogue-
specific polyclonal Abs targeting C-terminal amino acid
residues were designed for recognition of RpL22 or
RpL22-like (Figure 1A). The C-terminal peptide Ab for
RpL22 is identical to that used successfully by Ni et al.
(14) in IHC experiments and ChIP analysis; therefore, we
anticipated that this Ab would be useful in our protein
blots and IHC studies to detect RpL22. The C-terminal
Ab for RpL22-like recognition in protein blots and IHC
studies was similarly based on the location of the Ab
epitope for paralogue RpL22.

We first confirmed that our Abs were specific for the
proteins of interest by preimmune sera analysis and detec-
tion of recombinant tagged proteins (Supplementray
Figures S2 and S3). Western blot analysis was used to
screen adult gonads, larval salivary glands, S2 cells and
fly heads for the presence of RpL22. As RpL22 is ubiqui-
tously expressed, we expected that RpL22 would be
detected in all tissues. Two prominent immunoreactive
species, one at the predicted MW (�33 kDa) for RpL22
and the other at �50 kDa (the latter seen in all tissues),
were identified (Figure 4A). The amount of 50 kDa species
varied in different tissues in multiple experiments and may
represent incorporation of RpL22 into an SDS-resistant
complex. Interestingly, relatively little, if any RpL22 of the
expected size is found in the testis and in heads.

Further, western analysis confirmed that RpL22-like
expression within the gonad is confined to males, as a
protein of the expected MW (�34 kDa) is highly

Figure 3. qRT-PCR reveals rpL22-like mRNA enrichment in testis. Using isoform-specific primers, qRT-PCR shows that both isoforms are more
highly expressed in testis compared with other tissues. Vasa and �2-tubulin serve as germ cell- and testis-specific controls, respectively. Numbers in
table represent CT values. *P< 0.01.

Figure 2. RT-PCR analysis of rpL22-like in different developmental
stages, tissues, and in S2 cells. RT-PCR using rpL22-like primers to
amplify the coding sequence resulted in the expected 939 bp amplicon
(rpL22-like, arrow) in all samples. An additional smaller amplicon
(rpL22-like short, arrowhead) of �390 bp was present in all samples.
Variability in the intensity of rpL22-like short was noted in numerous
replicates of the RT-PCR for various samples as noted here for
embryonic and adult samples. NTC: no template control; E: embryo;
L: larva; A: adult; S2: S2 cells; T: testis; O: ovary; MH: male heads;
FH: female heads; M: pGEM marker.
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enriched in testis tissue and not ovary (Figure 4A). We
also noted an immunoreactive product (found in lower
abundance than in testes) in an insoluble head extract
(only a very limited amount of this product is seen in a
soluble head fraction in some preparations). Surprisingly
in head tissue, immunodetection is seen at a higher MW
(�60 kDa). What factors contribute to the electrophoretic
shift for both RpL22 and RpL22-like are unknown, but
may include post-translational modifications or assembly
into SDS-resistant complexes. In fact, in silico analysis for
both RpL22 and RpL22-like predicts several sites for
post-translational modifications, particularly for phos-
phorylation [Eukaryotic Linear Motif resource for func-
tional sites in proteins (ELM; http://elm.eu.org/)]. Unlike
the protein expression pattern in the gonad, RpL22-like is
detected in both male and female heads (Figure 4B).
Detection of RpL22-like in soluble and insoluble frac-
tions in different tissues, coupled with a difference in
some aspect of structural configuration (accounting for
the higher MW) may indicate that RpL22-like has a
different function in different tissues. Alternatively, the
protein may have the same function in different tissues,
but its subcellular distribution may be subject to specific
regulation.

The absence of RpL22-like detection in an extract from
heads in which eyes were excised (Figure 4A) suggests that
RpL22-like may be expressed in the eye; however, removal
of eyes from fly heads sometimes removes underlying
brain medulla tissue as well. We were unable to resolve
this issue by analysing extracts from isolated eyes due to
eye pigment interference in protein fractionation and
western blot analyses. Instead, we analysed the amount
of RpL22-like in eyeless (ey) mutant heads where the
amount of eye tissue is significantly reduced compared
to wild-type, and determined that there is a significant
decrease in the amount of RpL22-like in quantitatively
similar amounts of head protein (Supplementary
Figure S4). Resolution of RpL22-like expression in the
head/eye awaits IHC analyses currently in progress.
Given that RpL22-like is enriched in testis, we used IHC

to confirm its presence in the testis and to determine its
localization relative to RpL22 by using the same
paralogue-specific Abs as were used for protein blots.
Immunohistochemistry on the adult male reproductive
tract confirmed that RpL22-like expression is confined
to testes and is not detected within seminal vesicles, acces-
sory glands or the ejaculatory duct (Figure 5). RpL22-like
is present within all stages of sperm cells, contained within
testes [see extruded sperm (ES) and testis internal
contents]. In contrast, RpL22 is expressed throughout
the tract, including sperm cells. A more detailed descrip-
tion of the staining patterns for RpL22 and RpL22-like
within different cell types in testes and the reproductive
tract is forthcoming in a separate report (M.G. Kearse and
V.C. Ware, in preparation).
Comparison of the amino acid sequence of RpL22-like

with that of RpL22 shows conservation of documented
functional residues [(20); Figure 1A] though their func-
tionality within RpL22-like has not been confirmed. Yet,
we might predict that RpL22-like is an RNA binding RP
competent for nucleolar import. In order to resolve this
fundamental question about RpL22-like function, we per-
formed western analysis on pooled fractions (from whole
male flies) containing polysomes and 80S ribosomes
isolated on 10–50% sucrose density gradients (Figure 6).
Both RpL22 and RpL22-like are detected in 80S ribo-
some and polysome fractions, indicating that both
proteins are stably associated with ribosomes. As
RpL22-like is highly abundant in testis, we infer that the
protein is a component of testis ribosomes. The presence
of RpL22 in ribosome fractions from male extracts,
however, does not verify that RpL22 functions as an RP
in the testis; this determination will require additional
analyses. Interestingly, only RpL22 of the expected MW
is detected in ribosome and polysome fractions. The
higher MW protein detected in Western blots is not an
apparent component of ribosomes, suggesting that this
RpL22-containing component may have a non-ribosomal
role.

rpL22-like short is an alternatively spliced mRNA variant

Only one annotated transcript has previously been
reported in Flybase for rpL22-like; therefore, the iden-
tification of additional amplicons was not anticipated.

Figure 4. Western blot analysis confirms differential expression of
RpL22-like. (A) Compared to the recombinant standard (RS), western
analysis for RpL22 shows immunodetection at either the expected MW
of 32.9 kDa (arrow) and/or at a higher MW at �50 kDa in all tissues.
Immunodetection of RpL22-like at the expectedMW of 34.3 kDa (arrow-
head) is solely visible in testes. Insoluble extracts from male and female
heads contain a higher MW species of RpL22-like [whole intact heads of
mixed sex with eyes (HI)]. No immunoreactive species is seen in eyeless
heads (eyes are dissected out; EH) or in a soluble head extract. The
additional lower band in the RS sample is endogenous bacterial protein
recognized bymouse antisera (see Supplementary Figure S2 for additional
explanation). (B) The electrophoretic shift in RpL22-like is not sex specific
as seen by western analysis of whole head tissue from males (M) and
females (F). S2: S2 cells; SG: larval salivary glands; T: testis; O: ovary;
HS: soluble head extract.
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To rule out non-specific or off-target amplification, the
lower MW amplicon was cloned and sequenced.
Sequence analysis of 29 different clones (2: embryo;
2: larvae; 6: testis; 19: ovary) derived from PCR
products using different RNA samples and primer sets
(Table 1) confirmed that the lower MW amplicon was
derived from the rpL22-like gene and therefore presumed
to be a previously unidentified spliced variant of
rpL22-like mRNA (Figure 2). We have named this novel
mRNA product ‘rpL22-like short’ to reflect its truncated
structure. Its deduced sequence of 123 amino acid would
consist of the fly-specific histone H1-like N-terminal ex-
tension fused in frame to the last 10 amino acid in the
C-terminus (Figure 1B). The proposed protein sequence
lacks 189 amino acid that comprises the majority of
the conserved RpL22e family signature at the C-terminal
end.
Alignment of the coding sequences for rpL22-like short

(GenBank accession no. HM756190) and full-length
rpL22-like (GenBank accession no. HQ190956) revealed
a surprising finding that the proposed splice sites sur-
rounding the uncharacterized intron (0.567 kb) were

non-canonical in sequence [50 splice site (SS): CT; 30 SS:
CG] compared to typical sequences found in most introns
(50 SS: GT; 30 SS: AG), including the annotated intron
within the rpL22-like gene (Figure 7). Non-canonical
splice sites are indeed rare, but have been described in
other eukaryotic genes as well [e.g. (25)]. In all 29
rpL22-like short sequenced clones, proposed 50 splice
donor and 30 splice acceptor sites were identical to those
shown in Figure 7, strongly supporting new intron–exon
definitions within rpL22-like.

Template switching artifacts can occur in some cases
where RT-PCR is performed on templates that have
direct repeats flanking a proposed intron, thereby giving
false signals of truncated, alternatively spliced products
(26). Although direct repeats do not flank the proposed
retained intron in this case, we used additional RT-PCR
analyses with primers that specifically hybridize to
proposed exon–exon junctions and overlap the junction
by 4 nt, expecting that an rpL22-like short amplicon
would be produced (using stringent conditions) only if
the proposed exon–exon junction was present. In all
cases, RT-PCR amplicons were consistent with expected

Figure 5. Immunofluorescent staining of RpL22 and RpL22-like in adult male reproductive tract using paralogue-specific Abs. Extruded sperm (ES)
were released from the testes during dissection. Spermatogenesis is initiated at the apical tip of the testis (T) and progresses through the testis coils.
The most mature sperm are, therefore, located distal to the apical end of the testis. Mature sperm pass from the testis into the seminal vesicle (SV).
Seminal fluid is added to sperm from the accessory gland (AG), and sperm are released through the ejaculatory duct (ED). RpL22 (red) is
ubiquitously expressed in the reproductive system. RpL22-like (green) is expressed exclusively within the testis and within sperm cells. DNA is
visualized by DAPI staining (blue).
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product sizes: �950 bp for rpL22-like and �392 bp for
rpL22-like short using an exon1/2 bridge primer, and
�370 bp derived from rpL22-like short using the novel
exon2/3 bridge primer (Figure 8A).

Additional control RT-PCR experiments to rule
out artifactual amplification of a shortened transcript
were performed using in vitro synthesized full-length
and short transcripts derived from cloned cDNA tem-
plates and flanking or bridge primer sets (Supplementary
Figure S1). With flanking primers and full-length in vitro
synthesized RNA, a single amplicon of �939 bp was
generated, as expected. Notably low MW amplicons rep-
resenting rpL22-like short cDNAs were not produced.
Using in vitro short RNA as a template, an expected
amplicon of �392 bp was generated. Only when bridge
primer sets (novel exon2/exon3) were used with short
in vitro RNA templates were amplified products of the
expected size generated; no amplicons were produced
with bridge primers and full-length in vitro RNA. We
conclude that the low MW amplicon generated from
in vivo polyA+mRNA templates from different develop-
mental stages as well as from various tissues is an rpL22-
like mRNA variant and not an artifact of aberrant
RT-PCR amplification.

Further evidence for the presence of lower MW rpL22-
like mRNA isoforms was shown in northern blot analyses
using embryonic, larval and/or adult polyA+ RNA and
50 and 30 flanking rpL22-like oligonucleotide probes that
would detect both full-length and short mRNAs or an
intron-specific probe that would detect full-length
mRNA and the ‘retained’ intron (if sufficiently stable).
It should be noted that the bridge primer used in

RT-PCR experiments described above would not be
expected to detect rpL22-like short mRNA exclusively
since the majority of sequences in that probe would also
hybridize to full-length mRNA under the standard hybrid-
ization conditions used.
Using probes that should detect both full- and short-

mRNAs, we identified in each developmental stage, two
prominent hybridization signals at �0.7 and 0.5 kb
(in addition to a signal at �1.2 kb) that are smaller in
size than the length expected for full-length rpL22-like
mRNA. The 0.7 kb species falls within the range of the
minimum size for an rpL22-like short transcript at
�0.625 kb, not accounting for possible variation in
polyadenylation (Figure 8B). The lower MW RNA
species are less abundant than the RNA species at
�1.2 kb (which likely represents full-length rpL22-like
mRNA)—an expected quantitative result for rpL22-like
short mRNA based on qRT-PCR results (Figure 3). The
identity of the �0.5 kb species is unknown; however, it is
unlikely to represent the excised intron itself since flanking
rpL22-like probes would not hybridize exclusively to
retained intron sequences.
Interestingly, in northern blot experiments where

embryo polyA+ RNA (different sample than used in
Figure 8B) was initially probed with an intron-specific
probe, we detected an RNA of the size expected for full-
length rpL22-like mRNA and a lower MW species that
may represent the excised intron of 0.57 kb (Figure 8C).
The putative intron species is less abundant than the full-
length species (expected based on the relative amount of
spliced variant compared to full-length mRNA from
qRT-PCR data; Figure 3) and would only be detected as

Figure 6. Density gradient ultra-centrifugation showing L22-like association with active translational machinery. Soluble extracts from adult male
flies were fractionated on 10–50% sucrose gradients. The top left panel shows the absorbance profile of the sucrose gradient. Extracted RNAs from
fractions are shown on the top right. Fractions containing polysomes (poly) and 80S ribosomes were pooled, pelleted separately and subjected to
western analysis (bottom panels). Both paralogues were detected at the expected MW in fractions containing 80S ribosomes and polysomes,
indicating that both are stable components of translating ribosomes. No sizeable amount of either protein was detected at the top (T) of the
gradient. Input: 25 mg and/or 50 mg whole male extract.
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such if rpL22-like mRNA is alternatively spliced and the
intron is stable. Alternatively, this species may represent a
specific degradation product derived from rpL22-like
mRNA. In general, detection of introns would be rare,
unless the proposed intron encodes a stable, functional
small RNA, as has been shown for small nucleolar
RNAs (Psi18S-531; Psi28S-2179; Flybase) encoded by
rpL22 introns.
When the same embryo RNA blot was stripped

and re-probed with flanking probes, the pattern of
hybridization differed from the intron-specific hybridiza-
tion pattern in that the �0.7 and 0.5 kb species were
clearly present as previously noted in the developmental
RNA blot. The presumptive intron species was not
apparent in this blot using flanking probes. An unidenti-
fied RNA species of �0.9 kb is also prominent, and
may be faintly represented in all stages in the develop-
mental blot (Figure 8B). Importantly, the northern
blot data demonstrate the presence of smaller RNA
species not previously predicted for rpL22-like based
on genome annotation in Flybase and may represent al-
ternatively spliced mRNA variants although we cannot
conclusively discount the possibility that smaller RNA
species might represent specific rpL22-like mRNA degrad-
ation products detected with our probes. When northern
blot data, together with RT-PCR amplification data using
in vivo and in vitro RNA templates are considered, we
favour the conclusion that rpL22-like short mRNA is a
bona fide transcript produced by alternative splicing of
the retained intron found within rpL22-like mRNA.

rpL22-like short mRNA is associated with polysomes and
may be translated

Initial western analysis of testis extracts (at protein
concentrations sufficient to detect RpL22-like) did not
detect a protein product of the expected MW for
RpL22-like short (Figure 4A). Based on the low abun-
dance of the rpL22-like short mRNA within testes, we
speculated that a putative short protein product may be
equally rare. To determine if the short mRNA might be
translated, we analysed RNA isolated from polysomes
(from male extracts) by RT-PCR (Figure 9A). rpL22-like
short (and rpL22-like) mRNA was detected in polysomes
(Figure 9A), suggesting that the short mRNA is
translated.

Based on our qRT-PCR results that indicated a large
quantitative imbalance in the two mRNA isoform levels in
the testis with rpL22-like short being �9800-fold less
abundant (Figure 3), we increased significantly (by
nearly an order of magnitude) the amount of protein
loaded for western analysis (100–120 mg compared with
15 mg) in an attempt to detect a protein that putatively
might be RpL22-like short. With this protein loading
strategy, additional immunodetection is seen at �25 and
�13 kDa (Figure 9B and C). Notably, recombinant
RpL22-like short migrates at the identical position with
the �13 kDa reference band. The �25 kDa (and �13 kDa)
protein may be a degradation product, only visualized
with protein overloading or alternatively, the �25 kDa
protein may be a post-translationally modified outcome
of rpL22-like short expression. Whether or not these

Figure 7. RpL22-like coding region showing novel splice site junctions for rpL22 like-short. Exon sequences (capitalized) and intronic sequences
(lowercase) were derived from Flybase (FBgn0034837). The coding region of rpL22-like is shown in blue caps. The previously annotated intron
(FlyBase FB2010_06) is shown in green lowercase. The novel intron is represented in bold with non-canonical splice sites underlined (50SS: CT, 30SS:
CG). The rpL22-like short sequence (GenBank accession no. HM756190) was derived from sequencing multiple (29 total) cloned cDNAs from
RT-PCR analyses (Figure 2). Red and purple arrows in the splicing diagram represent primer pairs used in RT-PCR analyses in Figure 8A and
Supplementary Figure S1.
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bands represent degradation products derived from
RpL22-like is unclear; however, a computational investi-
gation of proteolytic sites that would be found in the
Drosophila RpL22-like amino acid sequence (FlyBase
ID: FBgn0034837) does not predict degradation
products of either MW (PeptideCutter, Expasy.org). A
definitive resolution of this issue was not addressed in
this study, but will be addressed by MALDI-TOF
analysis (in progress). The relatively low abundance of
the �13 kDa protein (estimated based on exposure times
required to visualize RpL22-like short compared to
RpL22-like; Figure 9B and C) is similar to what might
be expected if RpL22-like short protein expression
(when compared to RpL22-like expression) is approxi-
mately proportional to the amounts of rpL22-like short
and rpL22-like mRNAs in testis.

DISCUSSION

RpL22-like is a tissue-specific RP

As a strategy for biochemical characterization of RpL22
from tissues in which the protein is abundant, we refined
the expression pattern for rpL22-like in several tissues and
developmental stages, showing that both rpL22-like
mRNA and its protein product are highly enriched in
adult testes compared to other tissues as analysed by
qRT-PCR and western analysis, respectively. Within the
male reproductive tract, RpL22-like expression is limited
to testes, as no other reproductive organs showed expres-
sion, as visualized by IHC.
In a microarray study evaluating testis-specific

paralogue gene expression in general, Mikhaylova et al.
(27) identified RpL22 as one of 12 down-regulated RP

Figure 8. (A) RT-PCR analysis of rpL22-like transcripts using primers that bridge exons in rpL22-like and rpL22-like short. RT-PCR products using
the exon1/2 bridge primer should hybridize to rpL22-like and rpL22-like short, producing bands of �950 bp (arrow) and 392 bp (closed arrowhead),
respectively (red primer set in Figure 7). All samples show such products in multiple experiments. Other amplicons (<350 bp) were cloned and
sequenced and determined to be the result of non-specific amplification. The novel rpL22-like short exon2/3 bridge primer should specifically
hybridize only to rpL22-like short (purple primer set in Figure 7). The expected amplicon of �370 bp (open arrowhead) is seen in all samples,
confirming the presence of rpL22-like short. E: embryo; L: larval; A: adult; S2: S2 cells; M: pGEM marker. (B) Northern blot analysis of rpL22-like
mRNAs from different developmental stages. PolyA+ RNA from embryonic, larval and adult fly stages was probed with 32P-labelled rpL22-like-
specific cDNA oligomers. Estimated transcript sizes based on RNA markers are shown in kilobases (kb). rpL22-like mRNA is predicted to be
1.194 kb (Flybase). rpL22-like short mRNA is predicted to be a minimum size of �0.625 kb. Arrows highlight prominent transcripts detected in all
stages. (C) Embryonic PolyA+RNA was probed with 32P-labelled rpL22-like-specific cDNA oligomers [(full specific—lane1) or (flanking—lane 2)].
RNA sizes were determined relative to an RNA marker.
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genes. In this study, RpL22-like escaped identification as a
paralogue and as an up-regulated gene in testes because its
homology to RpL22 fell below the minimum 50%
homology threshold. Microarray data from FlyAtlas
suggest that the levels of rpL22 and rpL22-like mRNAs
in testis are comparable. RpL22-like may augment a func-
tion(s) of RpL22 by providing a testis-specific ribosomal
role under specific developmental or physiological
conditions.
Outside of the reproductive system, RpL22-like is found

within head tissue in possibly the eye (but in lower abun-
dance compared with testes) from both sexes in a struc-
tural conformation that is distinct from the testis
conformation, suggesting a possible alternative functional
role for RpL22-like in the head. Although rpL22-like
mRNA levels in male and female heads are low based
on qRT-PCR results (Figure 3), higher levels of
rpL22-like expression in the relevant tissue in the head
may be masked by the abundance of other tissue types.
Interestingly, the quantity of rpL22-like mRNA measured
in heads and ovaries is similar (Figure 3); yet, protein ex-
pression differs considerably with no protein detected in
ovaries.
We have confirmed the prediction that RpL22-like is a

ribosomal component based on its co-sedimentation with
gradient-purified ribosomes and polysomes from male
extracts. Taken together with quantitative expression

data from testis, we infer that RpL22-like is a component
of testis ribosomes. The majority of RpL22-like in male
extracts was found in association with ribosomes or poly-
somes (and little, if any, was detected at the top of
gradient profiles), suggesting that RpL22-like is a more
permanent ribosomal component than has been
determined for RACK1 [see review by ref. (3)]. Yet, not
necessarily a protein with an exclusively ribosomal
function, RpL22-like may have an alternate role(s) as
well. Though it is known that RpL22 is ubiquitously ex-
pressed (e.g. shown in the entire male reproductive tract
by IHC), it is unclear if RpL22 functions exclusively as an
RP within the testis.

Differences in RpL22-like structure compared with its
paralogue RpL22 are most apparent in the N-terminal
domain; however, there are also C-terminal amino acid
differences that may contribute to functional differences
between RpL22-like and RpL22. A small C-terminal ex-
tension of nine amino acid is apparent at the very
C-terminal end of RpL22-like. The recently published
5.5 Å model of the eukaryotic 80S ribosome shows the
position of RpL22 on the 60S subunit surface near its
base (12). In this model, the N- and C-terminal segments
of RpL22 are positioned near each other, extending from
the subunit surface, which may allow for interactions with
other components. If paralogue binding is mutually exclu-
sive (though our data do not discount a model in which

Figure 9. rpL22-like short mRNA may be translated. (A) Whole male extract was subjected to 10–50% linear sucrose gradient ultra-centrifugation.
RT-PCR analysis of gradient fractions representing 80S subunits and polysomes shows association of rpL22-like (arrow) and rpL22-like short
(arrowhead) mRNAs with active translating ribosomes, suggesting rpL22-like short is translated. (B) An initial western analysis of 75 mg of testis
extract shows immunodetection at the expected MW of �34 kDa and lower at �25 and �13 kDa (faint band; arrow). ‘Short exposure’ was for 3 s
and ‘long exposure’ was for 30min. (C) Increased protein loading to 120mg of testis extract enhanced immunodetection of the �13 kDa band (arrow)
with a longer exposure (30min compared to 4 s for short exposure). Given the abundance of RpL22-like as a ‘sink’ for antiRpL22-like Ab, the
membrane was cut to maximize immunodetection of smaller MW proteins (arrowhead). The �13 kDa band (arrow) aligns with the recombinant
RpL22-like short protein standard. M: pGEM marker; NTC: no template control; E: male extract; B: bottom of gradient; RS: recombinant standard.
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both RpL22 and RpL22-like are present within the same
ribosome), it is reasonable to position RpL22-like similar-
ly, yet propose that its interactions may differ.

Alternative splicing of rpL22-like through intron retention

This study demonstrated that alternative splicing of
rpL22-like generates two structurally distinct mRNA
isoforms that are enriched within testes. A rare novel
mRNA transcript called rpL22-like short results from
splicing of an intron that is retained within the more
abundant, full-length rpL22-like. Basal levels of
rpL22-like short mRNA are detectable by RT-PCR
within heads and ovaries suggesting that the alternative
splicing machinery is not limited to testis; however, the
process may be subject to specific regulation within the
testis where rpL22-like short mRNA levels are compara-
tively more abundant.

It is unknown if alternative splicing of rpL22-like occurs
in all stages of spermatogenesis or if splicing is cell-type
specific. The low abundance of rpL22-like short mRNA
relative to the full-length variant may be consistent with
a specialized role in a subset of spermatocytes.
Stage-specific gene expression during fly spermatogenesis
has been the subject of intense study, showing that some
testis-specific genes are activated in primary spermatocytes
while others (comet and cup genes) are transcribed
post-meiotically, even within mid-to-late stage elongating
spermatids in Drosophila [reviewed by ref. (28)]. Although
unique splicing phenomena of this type have not been
described in this system, stage-specific splicing in sperm-
atogenesis remains an intriguing possibility,

Intron retention is among the rarest forms of splicing in
vertebrates and invertebrates; yet, it is the most prevalent
type of alternative splicing found in protozoa, fungi and
plants [reviewed by ref. (29)]. This phenomenon has been
described in several other Drosophila genes [e.g.
Suppressor-of-white-apricot (30), c-cam3 (31), Sxl (32),
erect wing (33), transformer-2 (34), nuclear export factor
1 (35)] and the consequences of retaining an intron can
have profound effects on gene expression leading to an
unequal accumulation of mRNA variants. For rpL22-
like, the major form retains the intron.

Sakabe and de Souza (36) identified several features that
support a higher incidence of intron retention: weak splice
sites, genes with overall short intron lengths and higher
expression levels, and specific densities of splicing regula-
tory elements. Non-canonical splice sites were eliminated
from the analysis, although it was apparent that bona fide
examples of splicing using non-canonical splice site recog-
nition were present in their human gene data sets.

Other studies have further evaluated non-canonical
splice site usage in a number of organisms (e.g.
25,37,38). Sheth et al. (38) categorized sub-types of
splice sites based on U2- and U12-dependent spliceosomes
and described additional rare splice site types. In at least
one case in Drosophila, an intron within the rudimentary
gene is defined by a CT donor SS (Flybase.org). Although
originally noted in Mount et al. (37) that the fly perB
intron E has a 30SS of CG, the most recent version of

Flybase (2010_08) has revised this proposal to reflect a
canonical splice site.
The proposed retained intron is defined by a set of

non-canonical splice site signals (50SS: CT; 30SS: CG)
that may impact not only the mechanism of splicing, but
also the kinetics of splicing regulation. It is noted that
both 50 and 30 splice site sequence motifs are weak
(MAXENT scores: �15.93 and �15.67, respectively)
compared to the 50 and 30 scores for the upstream intron
in rpL22-like (MAXENT scores: 8.57 and 7.23, respect-
ively) when analysed using a human splice site model to
predict splice site strength [MaxEntScan: (39)]. These data
are consistent with an intron retention model (36) and
support the conclusion that the splicing rates for the
upstream intron and the retained intron are different.
Intron retention often results in premature stop codon

insertion, thereby directing the alternative transcript to the
nonsense mediated decay (NMD) pathway (40). The
absence of premature termination codons in the short
variant sequence likely eliminates this variant from
NMD, and favours the interpretation that the short
variant has functional significance by generating a novel
protein, as proposed in this study.
Using D. melanogaster nucleotide and amino acid

sequences for rpL22- like in a BLAST search for homolo-
gous sequences in other sequenced Drosophila species,
we show that five other species (D. sechellia, D. simulans,
D. erecta, D. ananassae and D. yakuba) contain an
orthologous gene (Supplementary Figures S5 and S6).
The other six species (D. pseudoobscura, D. persimilis,
D. wilistoni, D. mojavensis, D. virilis and D. grimshawi)
lack an rpL22-like orthologue. Within species that
contain an rpL22-like orthologue, production of an
rpL22-like short orthologue is also theoretically possible,
generated by alternative splicing using conserved
non-canonical sequences (50SS: CT; 30SS: CG) at the
retained intron/exon boundaries (Supplementary
Figures S5 and S6). Evolutionary conservation of the al-
ternative splicing pattern in the melanogaster lineage
would lend further support that the alternative tran-
script encodes a functional product with a structure that
is generally conserved in all members of the melanogaster
group except D. ananassae (see sequence alignment
Supplementray Figure S6).

Protein structural diversity generated through alternative
splicing of rpL22-like

Alternative splicing contributes to the enormous amount
of protein diversity observed within eukaryotic cells. The
rarer mRNA isoform (rpL22-like short) encodes a protein
in which the majority of the C-terminal RP signature has
been eliminated. Most of the structure of the short protein
variant is comprised of the majority of the divergent
N-terminal domain. Functional residues previously
identified in RpL22 that are required for nuclear and nu-
cleolar localization as well as RNA binding (20) are absent
from this short protein variant, possibly restricting its
subcellular compartmentalization and RNA binding
ability. Alternatively, other regions of the protein may
have redundant functions that would replace missing
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functional segments. In fact, a computational prediction
using ELM (http://elm.eu.org/) highlights a bipartite
variant of the classical NLS containing basic residues at
RpL22-like short amino acid positions 90–111 (and also
predicted for RpL22-like) that may prove functional for
nuclear import and subnuclear compartmentalization.
Collectively, our data support the conclusion that

rpL22-like encodes not only a RP, but an extra-RP as
well. In silico analyses may provide clues about a
putative extra-ribosomal function for the short protein.
Although no specific DNA-binding motifs are apparent
(41), 51 of 123 amino acid residues have DNA binding
capacity, with 18 of those residues clustered within the
first 24 amino acid at the very N-terminal end (42,43).
Given this prediction (and its limited structural similarity
to histone H1), we speculate that the short protein variant
may interact with testis chromatin and have a role in chro-
matin repackaging and condensation during the transition
from a nucleosome-based to a protamine-based configur-
ation, as occurs in maturing sperm cells during
spermiogenesis [e.g. reviewed by ref. (44)].

Perspectives on RpL22e paralogue function and evolution

Paralogous members of the RpL22e family have been
described in other animal genomes [e.g. rpL22-like1 in
Mus musculus (NP_080793.1), Danio rerio
(NP_001038800), Xenopus tropicalis (Q5I0R6), Homo
sapiens (AAH62731), Rattus norvegicus
(NP_001102018.1)] and their tissue-specific expression
often varies considerably compared with the fly pattern
described here (45). Relatively little is known about func-
tional redundancy or specificity of other rpL22e
paralogues in other species; however, in at least one
case, an rpL22 knockout mouse only exhibited a mild
phenotype in T cell development, but was otherwise
viable and fertile (46), suggesting that mouse paralogue
rpL22-like1 could rescue critical functions lost by rpL22
disruption.
Proteins of the RpL22e family in Caenorhabditis elegans

[RpL22; (47)] and Drosophila are essential [RpL22:
(48,49)]. However, this is not the case for RpL22 in
yeast (50) or in mice as discussed above (46). Flybase
reports that a P-element chromosomal insertion located
150 nts upstream of rpL22-like is lethal in fly development,
suggesting that the rpL22-like gene is also essential. The
nature of the essential RpL22-like function within the fly
is intriguing, since one would predict that disruption of
RP function in the testis would affect male fertility, and
not viability. This suggests that rpL22-like has an essential
role (ribosomal or non-ribosomal) in another tissue(s)
(head or eye) at some stage in fly development. In this
case, it appears that RpL22 cannot replace the function
lost by RpL22-like disruption, either because of a lack of
co-expression in the appropriate tissue in time and space
or because the role of RpL22-like is unique. Similarly,
RpL22-like is unable to replace functions lost by RpL22
disruption, correspondingly suggesting that essential func-
tions prescribed by each protein are not redundant.
Do the essential roles of these paralogues include

non-ribosomal roles? The presence of anti-L22-like and

anti-L22 immunoreactive products in high-MW
complexes within eye tissue and the testis, respectively,
raises the possibility that each paralogue may be
post-translationally modified or bound within
detergent-resistant complexes and function in a role(s)
that is distinct from its ribosomal role, since neither
high-MW species was found in association with
ribosomes.

From an evolutionary perspective, gene duplication is
the likely mechanism by which paralogous genes arise and
generate tissue- or lineage-specific genes [e.g. (51)]. Several
inferences about RpL22e family evolutionary history
become apparent from genomic analyses of the
Drosophilidae. We and others (8) propose that rpL22 is
the ancestral gene that was duplicated in a series of
complex events whose extant outcome is the ubiquitous
expression of rpL22 and cell lineage-specific expression
of rpL22-like. The rpL22-like gene is only found in
the melanogaster group. One hypothesis addressing why
obscura lineage genomes lack the rpL22-like gene requires
that gene duplication occurred in the melanogaster group,
allowing for essential functions to be shared between
paralogues. Over time gene divergence may have
directed changes in paralogue function. The absence of
the rpL22-like gene from the obscura lineage may
indicate that ‘essential’ functions were retained in the an-
cestral rpL22 gene or are provided by another gene(s). No
doubt comparative analyses of paralogue expression and
function in different Drosophila species will be instrumen-
tal in providing further insights into the evolutionary
history and functional diversity displayed within the
RpL22e family.
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