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The human sex-linked genes RPS4X and RPS4Y encode distinct isoforms of ribosomal protein S4. Insuificient
expression of S4 may play a role in the development of Turner syndrome, the complex human phenotype
associated with monosomy X. In mice, the S4 protein is encoded by an X-linked gene, Rps4, and is identical to
human S4X; there is no mouse Y homolog. We report here the organization of the human RPS4X and RPS4Y
and mouse Rps4 genes. Each gene comprises seven exons; the positions of introns are conserved. The 5'
flanking sequences of human RPS4X and mouse Rps4 are very similar, while RPS4Y diverges shortly upstream
of the transcription start site. In chickens, S4 is encoded by a single gene that is not sex linked. The chicken
protein differs from human S4X by four amino acid substitutions, all within a region encoded by a single exon.
Three of the four substitutions are also present in human S4Y, suggesting that the chicken S4 gene may have
arisen by recombination between S4X- and S4Y-like sequences. Using isoform-specific antisera, we determined
that human S4X and S4Y are both present in translationally active ribosomes. S4Y is about 10 to 15% as
abundant as S4X in ribosomes from normal male placental tissue and 46,XY cultured cells. In 49,XYYYY cells,
S4Y is about half as abundant as S4X. In 49,XXXXY cells, S4Y is barely detectable. These results bear on the
hypothesized role of S4 deficiency in Turner syndrome.

The eukaryotic ribosome is a complex of four RNA mole-
cules and about 80 distinct proteins (43). As a rule, there are
multiple processed pseudogenes but only one functional gene
for each mammalian ribosomal protein (4, 6, 9, 25). Different
functional ribosomal protein genes, though dispersed (11), are
coordinately transcribed and translated. The dozen or so
mammalian ribosomal protein genes that have been examined
show several characteristic features that may be relevant for
coordinate expression (1, 3-5, 7-9, 18, 19, 23, 30, 32, 40, 42).
The genes are small, in most cases spanning only a few
kilobases. Their promoters lack a canonical TATA sequence.
Transcription initiates at a cytosine residue within a pyrimi-
dine-rich sequence that is important for translational regula-
tion (14, 22). The first exon usually encodes only a short 5'
untranslated sequence and one or a few amino acids. Nucle-
otide sequence analysis and biochemical studies suggest that
specific transcription factors are shared by some but not all
ribosomal protein genes (16, 23).
Human S4, a component of the 40S subunit, is unique

among known mammalian ribosomal proteins in that two
functional genes encode nonidentical isoforms (13). The X-
linked gene, RPS4X, encodes a protein of 263 amino acids
identical in sequence to rat S4 (44). Its Y-linked homolog,
RPS4Y, encodes a protein that differs by 19 amino acid
substitutions. Both RPS4X and RPS4Y are ubiquitously tran-
scribed, and RPS4X is expressed from both the active and
inactive X chromosomes. In humans, normal embryonic and
fetal development may depend on the presence and function of
two S4 genes per cell. Unlike humans, the mouse has only one
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functional S4 gene, Rps4. Mouse S4 is identical in sequence to
human S4X and is also X linked (15), but in contrast to human
RPS4X, mouse Rps4 undergoes X inactivation (2, 46). To
better understand the relationship of human RPS4X, RPS4Y,
and mouse Rps4, we determined the genomic organization and
transcription start sites of all three genes. For comparison, we
also examined in less detail the S4 gene of chicken.
The function of human S4X was inferred from the absolute

identity of its amino acid sequence to that of the previously
characterized rat S4 protein. On the basis of sequence similar-
ity, the S4Y protein was hypothesized to function interchange-
ably with S4X (13). We recently showed that human RPS4Y
complemented a temperature-sensitive hamster S4 mutation,
with human S4Y replacing hamster S4 in ribosomes (41).
Using isoform-specific antisera, we now show that both S4X
and S4Y are present in vivo in human ribosomes. We also
examine the levels of S4X and S4Y in ribosomes from normal
cells and from cells with supernumerary X or Y chromosomes.
We find that the relative intracellular concentrations of the
S4X and S4Y proteins reflect their gene dosage.

MATERIALS AND METHODS

Cloning, sequencing, and hybridization. Cloning of the
human RPS4X and RPS4Y and mouse Rps4 genomic loci was
previously described (13, 15). For chicken S4, a Xgtl1 cDNA
library made from White Leghorn day 8 embryonic eyes was
screened by hybridization with a human RPS4Y cDNA (13).
Three independent cDNAs were isolated, subcloned into
Bluescript plasmid, and sequenced. Primers GATCGACGG
CAAAGTTCG (forward) and GAGGGATTCCT'TTGGT
GCC (reverse) or GTTCCCTGTGTCAAACTTGATG (re-
verse) were chosen from the cDNA sequence to amplify by
PCR a portion of the chicken S4 gene from genomic DNA.
Reaction mixtures contained 1 ,uM each primer, 1 ,ig of
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template, 10 mM Tris (pH 8.3), 1.5 mM MgCl2, 50 mM KCl, 5
mM NH4Cl, 100 ,uM deoxynucleoside triphosphates (dNTPs),
and 2.5 U of Taq DNA polymerase per 100 RI. PCR conditions
were 94°C for 1 min, 61°C for 1 min, and 72°C for 1 min for 30
cycles. The product was directly cycle sequenced by using
32P-labeled primers and Taq DNA polymerase. Hybridization
of chicken genomic DNAs (10 Rg) with a random-primer
labeled chicken cDNA probe was performed as previously
described (13).
Mapping 5' ends of transcripts. Poly(A)+ RNAs were

prepared by using oligo(dT)-cellulose as previously described
(35). Standard methods were used for primer extension and S1
analyses (34). For primer extension, antisense oligonucleotides
AAACACACCGGTCAATTITAT (human RPS4X), AATAC
ACCCGTTAG1TTGTC (human RPS4Y), and AAACACGC
CAGTCAACTTAT (mouse Rps4) were labeled with [_-32p]
ATP and T4 polynucleotide kinase. To generate S1 probes for
RPS4X and RPS4Y, intronless minigenes were constructed by
fusing exon 1 and 5' flanking genomic sequences to down-
stream exons from cDNAs at an Ncol restriction site present in
both genomic and cDNA clones. Single-stranded probes were

generated by asymmetric PCR, using the same labeled oligo-
nucleotides as for primer extensions and unlabeled oligonucle-
otide AGTCTCCAGCCCCAAT'TCT (RPS4X) or GCTAA
GAAATTCAGTTCCAG (RPS4Y) from 5' flanking se-

quences. Reaction mixtures (50 pI) contained 2 pM unlabeled
and 2 pM labeled primer, 1 ng of template, 10 mM Tris (pH
8.3), 1.5 mM MgCl2, 100 mM KCl, 5 mM NH4Cl, 100 puM
dNTPs, and 1.25 U of Taq DNA polymerase. PCR conditions
were 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min for 35
cycles. Single-stranded products were purified by nondenatur-
ing polyacrylamide gel electrophoresis (PAGE).
Ribosomal protein preparation, electrophoresis, and immu-

noblotting. Human male placental 40S protein was purified as

described previously (37), with the addition of deoxycholate to
the homogenization buffer. Protein (100 pug) was analyzed by
two-dimensional gel electrophoresis (37). The first-dimension
gel was run at pH 8.6 in 4% acrylamide (2- by 70-mm tube gel)
for 4 h at 90 V. Electrophoresis in the second dimension was

for 4 h at 90 mA at pH 4.2 on a 15% acrylamide slab gel (10 by
30 by 2 mm). Proteins were visualized with Ponceau S and then
transferred to nitrocellulose in 0.7% acetic acid at 70 mA for
16 h (39). Purification of ribosomal proteins from cultured
cells, preparation of anti-S4X and anti-S4Y sera, expression of
S4X and S4Y in Escherichia coli, and immunoblotting were

done as previously described (41).
Nucleotide sequence data. Primary nucleotide sequence data

in this report are available from GenBank under accession
numbers L24368 (chicken RPS4), L24369 (human RPS4X),
L24370 (human RPS4Y), and L24371 (mouse Rps4).

RESULTS

Mammalian S4 genes. Phage clones of the human RPS4X
and RPS4Y (13) and mouse Rps4 (15) genes were isolated
previously. The genes spanned approximately 4 kb for human
RPS4X, 25 kb for human RPS4Y (47), and 6 kb for mouse Rps4.
Phage inserts were subcloned and partially sequenced to
determine the positions of splice sites (Fig. 1). Each gene
comprised seven exons. All splice donor and acceptor sites
conformed to the GT/AG rule. The positions but not the
lengths of introns were completely conserved. Limited se-

quencing of introns did not reveal any obvious nucleotide
similarity among the three genes past the immediate vicinity of
splice sites (not shown). The first exon of each gene consisted
of just the 5' untranslated sequences and the initiator methi-

human RPS4X

human RPS4Y
mouse Rps4

Exon 1 3

. .cgcagccAI gtaagccgtt

... tttcgccAT gtaagaccga

... cgcagccATG gtaaggcagg

4 Exon 2 81
.aaactttcag GCTCGTGGTC ... CGGTGTGTTT gtaagtatct ...

... tccttttcag GCCCGGGGCC ... .GGGTGTATTT gtgagtataa ...

... aactctccag GCTCGTGGTC ... TGGCGTGTTT gtaagtattg ...

82 Exon 3 262
.. aacgttacag GCTCCTCGTC ... .GGATTCATGG gtaagaagtt ...

... tcttctacag GCACCTCGTC ... .GGATTCATGG gtaaggaaag ...

... aactttccag GCTCCTCGTC ... .GGGTTTATGG gtgagtaatc ...

263 Exon 4 360
... ttgatttcag ATGTCATCAG ... .GGAGGCCAAG gtgagtgtgg ...
... ttgtgatcag ATGTCATCAG ... .AGAGGCAAAG gtatgttgca ...
... ttgatatcag ATGTCATCAG ... .GGAGGCCAAG gttggtgtgg ...

361 Exon 5 532
... atttttctag TACAAGTTGT . .TTCGACACTG gtaagcatcc ...
.. gtgtttatag TACAAGTTGT. .. TTTGATACAG gtaagttttt ...

... atacttctag TACAAGTTGT ....TTTGACACTG gtaagcagca ...

533 Exon 6 690
... tcctgcctag GTAACCTGTG ... .TATTGGCAAG gtaagtctgg ...
... ttccctctag GCAATTTGTG.. .CATTGGCAAT gtaagactta ...
... tccctcctag GGAACCTGTG ... .TATTGGCAAG gtaagtctgg ...

691 Exon 7
... tctcttccag GGCAACAAAC ...
... tctattgcag GGCAATAAAC ...
... ctttttctag GGTAACAAAC ...

FIG. 1. Splice sites of human RPS4X and RPS4Y and mouse Rps4
genes. Exons are boxed. Translated sequences are capitalized. Num-
bers refer to nucleotide positions within cDNA sequences, beginning
with the initiator methionine codon (underlined).

onine codon. For human RPS4X and RPS4Y, the entirety of
each cDNA sequence was determined in genomic phage
clones. Exon sequences from genomic and cDNA clones were
identical except for a previously noted silent nucleotide sub-
stitution in RPS4X (13), which is a polymorphism (unpublished
data). The mouse Rps4 phage insert ended at an MboI
restriction site within the last exon. The remainder of the
mouse gene was sequenced from a PCR product obtained by
amplification of genomic DNA with one primer from the last
intron and the other from the 3' end of the cDNA sequence
(not shown).
We next mapped the 5' ends of mammalian RPS4 transcripts

by primer extension of poly(A)+ RNA from male or female
human lymphoblastoid cells or male mouse liver tissue (Fig. 2).
Primers corresponding to nucleotides 81 to 62 (human RPS4X
and mouse Rps4) or nucleotides 80 to 61 (RPS4Y) of exon 2
were chosen. Primer extension yielded products of 105 and 104
bp for RPS4X, 103 and 102 bp for RPS4Y, and 104 bp for Rps4.
Extension with the RPS4Y primer using RNA from 46,XX cells
yielded no product, confirming the primer's specificity. In
repeated experiments, the smaller products were not always
observed (not shown), so we considered the 105-bp RPS4X and
103-bp RPS4Y products to reflect the major transcription start
sites.
Our longest RPS4X cDNA, pDP1284 (13), extends 12 bp

further 5' than the start site indicated by primer extension.
Because of this discrepancy, we confirmed the 5' ends of
RPS4X and RPS4Y mRNAs by S1 nuclease protection. Asym-
metric PCR was used to generate single-stranded DNA probes
predicted to protect products of the same length as the primer
extension products. As shown in Fig. 2, the S1 protection and
primer extension products were within a few base pairs of each
other in size. SI analysis also suggested the presence of longer
RPS4X transcripts of lower abundance. The cDNA pDP1284
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FIG. 2. 5' ends of mammalian S4 transcripts. The results of primer extension and SI nuclease protection experiments are shown. An M13

sequencing ladder is a size standard. The positions and lengths of the primers and unprotected SI probes are shown schematically; numbering is
as in Fig. 1. Asterisks indicate the 32P-labeled sites.

was presumably derived from such a transcript. The SI nucle-
ase protection experiments with poly(A)+ RNA from 46,XY
cells indicated that the RPS4X mRNA was approximately
10-fold more abundant than the RPS4Y mRNA. This differ-
ence was not seen with primer extension, but the much weaker
signal implies that the 20-mer oligonucleotides did not anneal
quantitatively. Northern (RNA) analysis also suggested that in
tissues the RPS4X transcript is more abundant than that of
RPS4Y (13).
The 5' flanking sequences of mouse Rps4, human RPS4X,

and human RPS4Y are aligned in Fig. 3. The 5' untranslated
sequences of human RPS4Y and mouse Rps4 are 23 nucleoti-
des in length; the human RPS4X mRNA has one additional
nucleotide. All three genes adhere to the rule for mammalian
ribosomal proteins that transcription initiates at a cytosine
residue in a pyrimidine-rich tract. The human RPS4X and
mouse Rps4 sequences show extensive similarity for at least
100 bp upstream of the start site, while RPS4Y diverges past
nucleotide - 18. None of the genes has a canonical TATA
sequence at the -30 position. The sequence (AIG)CCG
GAA(A/G) is present near the transcription start site in all
three genes. The same sequence is found in the mouse L32
gene at position -78 (16), where it binds an ETS domain-
containing transcription factor (45). This sequence is also
present in the opposite orientation at position -71 in the
mouse L7 gene (23) and at -51 in the mouse L30 gene (16).

A closely related sequence is repeated twice in the promoter
region of the human and mouse small nuclear ribonucleopro-
tein E genes (10). A consensus Spl recognition site (20) is
present in the human RPS4X and mouse Rps4 genes at position
-74 but absent in human RPS4Y.
Chicken S4 gene. For comparison, we examined the S4 gene

of a nonmammalian vertebrate, the chicken. The sequence of
the insert of cDNA pDP1435 is shown in Fig. 4. Two silent
nucleotide substitutions were identified among two additional

Spl site
mouse Rps4 ... C..C...TG.G ... G ... .A.CC.GGC .. .......C
human RPS4X TCCCGGCGCGCCAGCAAAGGGCTGAG-CGGGCGGAG GCTGAAAATCCGGCGCGCG-
human RPS4Y GAA.TCTA.AG.G.A.G.ATAAGA.AC.G.AA.TA.A.TT.TC.CTCAT.T.ACTT.CT

-100 -90 -80 -70 -60 -50

A A c~apGCCGGAAG site met
G .. .0... GA .A .. T. T A. CA. ........ ...
-CAGTCTCCAGCCCCAATTTCTAGG CCGGAAG CGGAG-GT CTCTTTCCTTGCCTAACGCAGC T
G.G..T.A.GA.AA..GAC.T .GGTT . ...... .GAACAGA ....C.G.C..AG.GTTTC

-40 -30 -20 -lo 1 +10 +20

FIG. 3. Alignment of sequences of mammalian S4 promoter re-
gions. Dots indicate nucleotide sequence identity to human RPS4X;
dashes are insertion or deletions. Numbering is according to the
human RPS4X transcript and is relative to the transcription start site
(+ 1). Spl sites, an (A/G)CCGGAA(A/G) motif, major transcription
start sites, and initiator methionine codons are boxed.

Rps4

PPS4Y primer
extension

RPS4X

RPS4Y
Si

RPS4X
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-4 AGCC

1 ATGGCCCGCGGCCCGAAGAAGCACCTGAAGCGCGTGGCGGCGCCGAAGCACTGGATGCTGGACAAGCTGACGGGCGTCTTCGCGCCCCGTCCCTCCACGGGCCCTCACAAGCTGAGGGAA
1 M A R G P K K H L K R V A A P K H W M L D K L T G V F A P R P S T G P H K L R E

121 TGCCTCCCGCTGATCATCTTCCTGCGGAACAGGCTGAAGTACGCCCTGACCGGAGATGAGGTGAAGAAGATTTGCATGCAGAGGTTCATCAAGATCGACGGCAAAGTTCGCACCGACATC
41 C L P L I I F L R N R L K Y A L T G D E V K K I C M Q R F I K I D G K V R T D I

241 ACCTACCCTGCGGGCTTCATGGATGTCATCAGCATT AGGGGAACACTTCCGCTTGGTGTACGACACCAAGGGCCGGTTTGCTGTTCACCGCATCACAGCTGAGGAGGCCAAG
81 T Y P A G F M D V I S I E K T G E H F R L V Y D T K G R F A V H R I T A E E A K

361 TACAAGCTGTGCAAGGTGAGGAAGATCTTTGTGGGCACCAAAGGAATCCCTCACCTGGTCACCCACGATGCCCGCACCATCCGCTATCCGGATCCCCTCATCAAGGTGAACGATACGATC
121 Y K L C K V R K I F V G T K G I P H L V T H D A R T I R Y P D P L I K V N D T I

C T
481 CAGATTGACCTGGAGACGGGCAAGATCACAGACTTCATCAAGTTTGACACAGGGAACCTGTGCATGGTGACTGGCGGTGCTAACTTGGGCCGGATCGGGGTGATCACCAACCGGGAGAGA
161 Q I D L E T G K I T D F I K F D T G N L C M V T G G A N L G R I G V I T N R E R

601 CACCCTGGCTCCTTCGATGTGGTTCATGTGAAGGATGCCAATGGCAACAGCTTTGCCACCAGGCTCTCCAACATCTTCGTTATTGGCAAGGGCAACAAGCCATGGATCTCCCTGCCTCGT
201 H P G S F D V V H V K D A N G N S F A T R L S N I F V I G K G N K P W I S L P R

721 GGAAAGGGCATCCGCCTGACCATCGCCGAAGAGAGAGATAAGAGACTGGCAGCCAAACAGAGCAGCGGGTAAACTGCAGCTTGGGCCGGCTGTGGTCCTCAAAGTATGTCCAATTAAATT
241 G K G I R L T I A E E R D K R L A A K Q S S G * 263

841 TTATTACCAAAAAAAA AAAA 864

FIG. 4. Nucleotide sequence and predicted translation product of chicken S4 cDNA pDP1435. Numbering of nucleotides and amino acids
begins with the initiator methionine codon. Silent nucleotide substitutions identified among two additional cDNAs are shown above the sequence.

cDNAs and presumably represent polymorphisms. Overall, the
chicken coding sequence is slightly more similar to human
RPS4X (83.8%) than to RPS4Y (81.7%). As a rule, the chicken
genome lacks processed pseudogenes, and probing with the
cDNA revealed only a single EcoRI restriction fragment in a
Southern blot of male or female chicken genomic DNA (Fig.
5). In other hybridizations (not shown), the signal intensity did
not vary systematically between roosters (ZZ) and hens (ZW),
nor were any sex-specific restriction fragments observed with
use of several additional enzymes. The chicken S4 gene is
therefore unlikely to be linked to the W or Z sex chromosome.
The sequence of the chicken S4 protein differs from that of

human S4X (and rodent S4) by four amino acid substitutions
(Fig. 6A). All four substitutions fall within the sequence

zw zz
Q cZ

-6.8 kb

FIG. 5. Southern blot of chicken genomic DNA digested with
EcoRI and hybridized with the chicken S4 cDNA insert. A single
fragment is detected in both hen (ZW) and rooster (ZZ) DNA.

encoded by exon 4 of the three mammalian genes. Surprisingly,
three of the four substitutions are also present in human S4Y.
To determine whether these amino acids lie within a homolo-
gous exon in chicken, we used PCR to amplify chicken genomic
DNA, using primers from flanking cDNA sequences, and then
sequenced the unique product. Examination of this sequence
revealed that the chicken gene indeed contains a 98-bp exon
corresponding precisely to exon 4 of the mammalian S4 genes
(Fig. 6B).

Expression of human S4 isoforms. S4 was originally identi-
fied by two-dimensional gel electrophoresis of proteins from
rat liver 40S ribosomal subunits (37). The electrophoretic
patterns of ribosomal proteins from humans and rats are
virtually identical. To test whether S4X and S4Y are both
present in ribosomes of human males, proteins from highly
purified 40S ribosomal subunits from human male placenta
were fractionated by two-dimensional gel electrophoresis, vi-
sualized with Ponceau S, transferred to nitrocellulose, and
probed with isoform-specific antisera (41). As expected, immu-
noblotting with the anti-S4X serum confirmed that the spot
previously assigned as S4 indeed contains the S4X protein (Fig.
7, arrow). Several lower-molecular-weight spots that did not
correspond to major ribosomal proteins were also detected;
these presumably represent S4X proteolytic products (see also
Fig. 8).
The anti-S4Y serum detected the same major S4 spot as well

as minor lower-molecular-weight products. S4Y is predicted to
be slightly more basic than S4X (net charge difference of about
+ 1 at pH 8.6); the slight difference in electrophoretic mobility
of the two isoforms (observed more clearly in proteolytic
products) was consistent with this charge difference. The 40S
ribosomal proteins were purified from polysomes, implying
that both S4X and S4Y are present in translationally active
ribosomes.
We used sodium dodecyl sulfate-PAGE and immunoblot-

ting to estimate the relative abundance of S4X and S4Y in
human male placenta and to examine the effect of gene dosage
on the levels of the two isoforms (Fig. 8). Duplicate gels
containing 40S ribosomal proteins from male placenta or 80S
ribosomal proteins from cultured lymphoblastoid cell lines

MOL. CELL. BIOL.
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A
chicken S4 MARGPKKHLK RVAAPKHWML DKLTGVFAPR PSTGPHKLRE CLPLIIFLRN RLKYALTGDE VKKICMQRFI KIDGKVRTDI TYPAGFMrVI
human S4X .......... .......... .......... .......... .......... .......... .......... ..........

human S4Y ............................................................................. ..........

90
90
90

chicken S4 SIEKTGEHFR LVYDTKGRFA VHRITAEEAK YKLCKVRKIF VGTKGIPHLV THDARTIRYP DPLIKVNDTI QIDLETGKIT DFIKFDTGNL 180
human S4X ..D N..I...........P.............. .......... .......... .......... ......... 180
human S4Y .............V..........T......V.V.......... T. V ....G....IN...... 180

chicken S4 CMVTGGANLG RIGVITNRER HPGSFDVVHV KDANGNSFAT RLSNIFVIGK GNKPWISLPR GKGIRLTIAE ERDKRLAAKQ SSG 270
human S4X ..........2..........7.....................0.................... .......... ............. 270
human S4Y ...I..................................2.........70N.......... ......... ......... ... 270

B 263 Exon 4 360

chicken RPS4 . .ctgaactcag ATGTCATCAG ... GGAGGCCAAG gtgaggagct ...
human RPS4X ... .ttgatttcag ATGTCATCAG . GGAGGCCAAG gtgagtgtgg ...
human RPS4Y ... ttgtgatcag ATGTCATCAG...AGAGGCAAAG gtatgttgca ...

FIG. 6. (A) Alignment of chicken and human S4 amino acid sequences. Dots indicate identity to chicken S4. Amino acids encoded by one exon
(exon 4 in the human genes) are boxed. (B) Splice sites surrounding exon 4 of human RPS4X and RPS4Y and the homologous exon of chicken.
Exon sequences are capitalized; intron sequences are in lowercase; numbering is as in Fig. 1.

were immunoblotted with the anti-S4X or anti-S4Y serum. As
standards for quantitation, equal amounts (as judged by Coo-
massie staining of serial dilutions) of S4X and S4Y expressed
in E. coli (41) were also loaded. The amount of S4X or S4Y in
each sample relative to the amount in the corresponding E. coli
extract was estimated by densitometry. The results indicate
that there was about 15% as much S4Y as S4X in samples from
either placenta or 46,XY lymphoblastoid cells. S4Y was barely
detectable in 49,XXXXY cells. In 49,XYYYY cells, S4Y was
about 45% as abundant as S4X. Reprobing of filters with
antiserum to S14, another small subunit protein, confirmed
that the loads of ribosomal proteins in the different lympho-
blastoid samples were approximately equal.

DISCUSSION

S4 appears to be unique among mammalian ribosomal
proteins in that two genes encode isoforms, at least in humans.
Nonetheless, human RPS4X and RPS4Y and mouse Rps4 are
for the most part typical of ribosomal protein genes. Their
promoters lack a TATA box; transcription initiates at a
cytosine residue in a polypyrimidine sequence; there is a short
5' untranslated sequence; and an intron is present near the 5'
end of the gene. One difference is that human RPS4Y is

0

a)
_Na)

charge

unusually large compared with other known ribosomal protein
genes.

Several other X-Y genes have been discovered in the strictly
sex-linked portions of mammalian sex chromosomes. In each
case, the X- and Y-linked genes encode closely related but
nonidentical proteins, and, where studied, the genes have
similar structures. The ZFX and ZFY genes encode zinc finger
transcriptional activators and are present on the sex chromo-
somes of all eutherian mammals examined (29). The human
AMGX and AMGY genes encode tooth extracellular matrix
proteins (33). Mouse Ubelx and Ubely encode isoforms of
ubiquitin-activating enzyme (21, 24).
Human X-Y genes like RPS4X and RPS4Y may have di-

verged from allelic copies present on the ancestral autosome
from which the mammalian X and Y chromosomes are de-
rived. The fact that no gene has yet been found that is sex
linked in both mammals and birds is taken as evidence that the
avian and mammalian sex chromosomes evolved indepen-
dently from different ancestral autosomes. Consistent with this
notion, our data indicate that in chickens, unlike mammals, S4
is encoded by a single gene that is most likely autosomal. The
chicken S4 gene encodes a protein identical to human S4X and
to mouse S4 except for four amino acid residues. All four
residues are encoded by a single exon in both chicken and

0

0
ponceau S anti-S4X anti-S4Y

FIG. 7. Both S4X and S4Y are present in human male ribosomes. Male placental 40S subunit proteins were resolved by two-dimensional gel
electrophoresis (left). The spot corresponding to S4 is indicated (arrow). The same spot was detected with anti-S4X (middle) or anti-S4Y (right)
serum. Note also the slight difference in horizontal migration of the S4X and S4Y proteolytic products.
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FIG. 8. Relative amounts of S4X and S4Y isoforms in ribosomes.
Duplicate Western blots (immunoblots) containing 140 ng of E.
coli-expressed S4X or S4Y, 5 ,ug of placental 40S ribosomal protein, or
10 ,ug of 80S ribosomal protein from human lymphoblastoid cell lines
from a normal 46,XX female (WHT1660), a normal 46,XY male
(WHT1659), 49,XXXXY male GM1202 (NIGMS Human Mutant Cell
Repository), or a 49,XYYYY male (38) were probed with anti-S4X or
anti-S4Y serum. Blots were stripped and reprobed with anti-S14
serum.

mammals, and each lies at a site where the S4X and S4Y
proteins differ. Surprisingly, at three of the four sites, chicken
S4 is identical to human S4Y. One possible explanation for this
observation would be that the RPS4X and RPS4Y genes
diverged even before the divergence of mammals and birds,
and the present chicken gene is the result of recombination
between S4X- and S4Y-like sequences. According to this
scenario, the mouse lost the S4Y gene during evolution. Mouse
Rps4 undergoes X inactivation, suggesting there may not be
any selective pressure to maintain diploid dosage of the S4
gene in this species. X inactivation of a gene and concomitant
loss of its Y homolog has been posited as a general principle of
mammalian sex chromosome evolution (27). However, the
present data do not allow us to state conclusively whether the
common ancestor of human and mouse had one or two S4
genes.
As evidenced by SI nuclease protection and Northern

blotting, the RPS4Y transcript is only about 10% as abundant
as the RPS4X transcript. Lower abundance of the RPS4Y
mRNA could be due to differences in the rate of transcription,
mRNA stability, or both. The absence of an Spl consensus site
in the RPS4Ypromoter region may be significant in this regard.
The greater length of the RPS4Y transcription unit could also
play a role in its lower level of expression. Interestingly, the
steady-state mRNA level of another Y-linked gene, AMGY, is
also about 10% of that of its X-linked counterpart (33).
The relative abundance of the S4X and S4Y proteins reflects

their steady-state mRNA levels. Assuming that (i) individual
RPS4X and RPS4Y genes are transcribed with a fixed ratio and
(ii) the S4X and S4Y mRNAs are translated and the proteins
are incorporated into ribosomes (and thereby protected from
degradation) with similar efficiencies, we would expect the
ratio of S4X to S4Y to be about 10:1 in 46,XY cells, 40:1 in
49,XXXXY cells, and 10:4 in 49,XYYYY cells. The levels that
we observed are in reasonable agreement with these predic-
tions. The difference in the levels of S4X and S4Y proteins may
be due simply to the difference in the levels of RPS4X and
RPS4Y transcripts, in turn most likely due to a difference in
their transcription rates.
The S4Y protein is present in translationally active ribo-

somes from normal human male placental tissue and cultured
cells. S4Y is thus a true isoform of mammalian ribosomal
protein S4. These results confirm the conjecture that some
ribosomes are structurally distinct in human males and females
(13). The consequences, if any, of this sexual dimorphism are
unknown. The fact that S4Y is present in only a minority of
ribosomes may explain the failure to detect S4 isoforms in the
past. Although S4Y is normally a minor species, its abundance
is increased in 49,XYYYY cells without any obvious cellular
phenotype. Thus, S4Y appears to be functionally interchange-
able with S4X. These data agree with our recent finding that in
transfection studies, RPS4Y complemented a temperature-
sensitive hamster Rps4 mutation (41). At the organismal level,
several individuals with the 49,XYYYY karyotype have been
reported (26, 31, 36, 38), one of whom was the source of the
cell line used in this study. The 49,XYYYY syndrome includes
mental retardation and dysmorphic features such as facial
anomalies, brachydactyly, and radioulnar synostosis. While
S4X and S4Y appear to be interchangeable in vitro, we cannot
rule out the possibility that overexpression of RPS4Y contrib-
uted to the phenotype of these individuals.

In contrast, there is genetic evidence to suggest that under-
expression of S4 plays a role in Turner syndrome, the pheno-
type associated with monosomy X in humans. The cardinal
features of the Turner syndrome phenotype include frequent
intrauterine lethality, short stature, gonadal failure, and the
variable presence of specific anatomic abnormalities. The
phenotype is thought to be the result of haploinsufficiency of
genes that are present on both the X and the Y chromosomes
and that escape X inactivation (12). Three lines of evidence
implicated S4 in the Turner syndrome phenotype. First, dele-
tions of a 90-kb Y interval encompassing RPS4Y correlate with
Turner syndrome phenotypic features (13, 28). Second, RPS4X
escapes X inactivation (13). Third, RPS4X and RPS4Y encode
functionally interchangeable proteins (41).
The notion that haploinsufficiency of X-Y genes causes the

phenotype of monosomy X need not imply that the X and Y
copies are expressed at equal levels or that haploid dosage
results in a 50% deficiency of the gene products. Consider an
X-Y gene pair that needs to be expressed at some minimum
level for normal development. Each X gene copy must produce
at least 50% of that level to ensure that a 46,XX individual
would have 100%. If a single X gene copy produces more than
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50% of the minimum level, then the Y gene can produce
correspondingly less, and the deficiency associated with mono-
somy X would be less than 50%. This appears to be the case for
the RPS4X and RPS4Y genes. In normal males, the single copy
of RPS4X supplies 85 to 90% of the S4 mRNA and protein,
while RPS4Y supplies only about 10 to 15%. We predict that an
embryo with either a deletion of RPS4Y or an XO karyotype
would have at most a 10 to 15% deficiency of S4 mRNA. The
biochemical consequence of this deficiency would depend on

whether the S4 mRNA becomes rate limiting for ribosome
assembly. In most tissues, ribosomal protein genes are tran-
scribed in excess and translationally regulated. Maximal trans-
lation of ribosomal protein mRNAs has been observed only in
certain circumstances, such as in regenerating hepatocytes or

during early development (22). RPS4X and RPS4Y both have a

pyrimidine-rich motif at the 5' end of the mRNAs that has
been shown to mediate translational regulation of other ribo-
somal protein genes. Increased translation of RPS4X mRNA
may help to compensate for the absence of RPS4Y, so that the
rate of S4 synthesis and ribosome assembly may be minimally
affected. We have failed to detect any marked alteration in
polysome profiles or ribosomal subunit ratios in cultured cells
with deletions of RPS4Y (unpublished observations), but this
could be due to the assay's lack of sensitivity.

Lethality associated with monosomy X occurs most often
early in gestation (17). Two copies of the S4 gene may be
needed at early development stages when the rate of ribosome
synthesis is greatest. A better understanding of the phenotypic
consequences of ribosomal protein haploinsufficiency in mam-
mals will require development of an experimental system such
as targeted disruption of a ribosomal protein gene in the
mouse.
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