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We mapped 75 genes that collectively encode >90% of the proteins found in human ribosomes. Because
localization of ribosomal protein genes (rp genes) is complicated by the existence of processed pseudogenes,
multiple strategies were devised to identify PCR-detectable sequence-tagged sites (STSs) at introns. In some cases
we exploited specific, pre-existing information about the intron/exon structure of a given human rp gene or its
homolog in another vertebrate. When such information was unavailable, selection of PCR primer pairs was
guided by general insights gleaned from analysis of all mammalian rp genes whose intron/exon structures have
been published. For many genes, PCR amplification of introns was facilitated by use of YAC pool DNAs rather
than total human genomic DNA as templates. We then assigned the rp gene STSs to individual human
chromosomes by typing human–rodent hybrid cell lines. The genes were placed more precisely on the physical
map of the human genome by typing of radiation hybrids or screening YAC libraries. Fifty-one previously
unmapped rp genes were localized, and 24 previously reported rp gene localizations were confirmed, refined, or
corrected. Though functionally related and coordinately expressed, the 75 mapped genes are widely dispersed:
Both sex chromosomes and at least 20 of the 22 autosomes carry one or more rp genes. Chromosome 19,
known to have a high gene density, contains an unusually large number of rp genes (12). This map provides a
foundation for the study of the possible roles of ribosomal protein deficiencies in chromosomal and Mendelian
disorders.
[The sequence data described in this paper have been submitted to GenBank. They are listed in Table 1.]
Although the ribosome, as catalyst for protein synthesis, is known to be essential for organismal
growth and development, the effects of ribosomal
mutations and their role in human disease have
been explored barely. The mammalian ribosome is a
massive structure composed of 4 RNA species and
∼80 different proteins (Wool 1979). Typical mammalian cells contain about 4 2 106 ribosomes, and
ribosomal RNAs and proteins constitute ∼80% of all
cellular RNA and 5%–10% of cellular protein. One
might predict that genetic defects in ribosomal
components would invariably result in early embryonic death. However, there is strong evidence in
Drosophila and suggestive evidence in humans that
quantitative deficiencies of ribosomal proteins may
yield viable but abnormal phenotypes. In Drosophila, the Minute phenotype (reduced body size,
4
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diminished fertility, and short, thin bristles) results
from heterozygous deficiencies (deletions) at any 1
of 50 loci scattered about the genome (Schultz 1929;
FlyBase 1997). Several Minute loci have been characterized molecularly, and all have been found to
encode ribosomal proteins (Kongsuwan et al. 1985;
Hart et al. 1993; Andersson et al. 1994; Cramton
and Laski 1994; Saebøe-Larssen and Lambertsson
1996; Schmidt et al. 1996; A. Cheng, A. Zinn, J.
Mach, R. Lehman, and D.C. Page, unpubl.). Thus, it
appears that reductions in the amount of any of a
number of ribosomal proteins have a similar, characteristic effect on the development of Drosophila
embryos.
Perhaps ribosomal protein deficiencies have
analogous consequences in humans, resulting in
specific, recognizable clinical features (which might
or might not resemble the Minute phenotype observed in Drosophila). We and our colleagues have
reported findings consistent with a role for ribosomal protein S4 (RPS4) deficiency in the etiology of
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certain features of Turner syndrome, a complex human disorder classically associated with a 45,X
karyotype (Fisher et al. 1990; Watanabe et al. 1993;
Zinn et al. 1994). We are intrigued by the possibility
that deficiencies of other human ribosomal protein
genes (rp genes) might cause phenotypic abnormalities similar to those seen in Turner syndrome—just
as deficiencies of any of a number of Drosophila rp
genes cause the Minute phenotype.
The ribosome is the largest, most complex
mammalian structure to be completely described at
the level of nucleotide and amino acid sequence.
The nucleotide sequences of the four ribosomal
RNAs—28S, 18S, 5.8S, and 5S—have been determined in their entirety (Maidak et al. 1997), and a
systematic effort to deduce the primary structure of
all mammalian ribosomal proteins by cDNA sequencing has come to completion (Wool et al.
1996).
Moreover, the genes encoding the RNA constituents of the mammalian ribosomes have all been
assigned to chromosomes. The 28S, 18S, and 5.8S
rRNAs are generated by elaborate processing of a
single 45S precursor derived from tandemly repeated gene arrays which, in humans, are located
on the short arms of chromosomes 13, 14, 15, 21,
and 22 (Henderson et al. 1973; Worton et al. 1988).
The 5S rRNA derives from tandemly repeated gene
clusters on human chromosome 1 (Sørensen et al.
1991; Lomholt et al. 1995).
Paradoxically, only a small fraction of the genes
encoding the mammalian ribosomal proteins have
been mapped previously. Though these 80 proteins
function together, their amino acid sequences are
dissimilar. Unlike the ribosomal RNAs, each mammalian ribosomal protein typically is encoded by a
single gene. However, in the case of most if not all
ribosomal proteins, the single, functional gene has
generated a large number of silent, processed pseudogenes at sites dispersed throughout the genome
(Dudov and Perry 1984; Wagner and Perry 1985;
Kuzumaki et al. 1987). These pseudogenes impede
the mapping of the functional rp genes, explaining
at least in part, why only 24 of the ∼80 rp genes had
been chromosomally assigned. The 24 genes that
had been assigned map to 14 different chromosomes, suggesting that rp genes, unlike rRNA genes,
are not clustered at a few sites in the genome (Feo et
al. 1992).
If we are to explore systematically the possibility that ribosomal protein deficiencies or mutations
cause certain human disorders, we must first learn
the chromosomal map position of each of the ∼80
human rp genes. This task is hindered by the exist-
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ence of processed pseudogenes elsewhere in the genome. We developed general strategies to physically
map human rp genes, while avoiding pseudogenes,
using sequence tags specific to the functional, intron-bearing genes.

RESULTS
The human rp genes had been previously characterized to varying degrees. Some human rp genes had
been completely sequenced at both the cDNA and
genomic levels, whereas for others, even partial
cDNA sequences were unavailable. We divided the
estimated 80 human rp genes into three classes, ordered according to how much gene structure information was available (Table 1). For group 1, containing 19 genes, at least some human splice sites
had been determined and some human intron sequence was available. No human splice site information was available for any of the remaining 61 rp
genes. However, for 12 of these 61 genes, at least
some splice sites had been determined in the homologous genes in rat, mouse, chicken, or frog. As
described below, the extreme conservation of splicesite positions among homologous vertebrate rp
genes allowed us to predict the positions of splice
sites in the human genes using this information.
These 12 rp genes, for which somewhat less information was available, constitute group 2. No vertebrate splice-site information was available for any of
the remaining 49 rp genes, which comprise group 3.
For each of the three groups, we developed a
separate strategy for generating sequence tags specific to the functional, intron-bearing genes. For all
three groups, we exploited the fact that rp pseudogenes, derived from processed transcripts, lack the
introns found in their progenitors (Dudov and Perry
1984; Davies et al. 1989). For group 1 genes, identification of STSs was straightforward. We derived
STSs specific to the functional genes by choosing
oligonucleotides from the previously sequenced introns (Fig. 1A).

STSs for Group 2 and 3 Genes: Intron Trapping
For group 2 and group 3 genes, no human intron
sequences were available. However, other information allowed us to predict the location of, and then
trap, introns from these genes. The methods we employed were inspired in part by earlier successes in
identifying and mapping intron-bearing rp genes by
PCR (Davies et al. 1989).
For group 2 genes, the positions of at least some
splice sites in vertebrate homologs were known, and
this information played a central role in our map-
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Table 1.

Chromosomal Assignments and STSs for Human Ribosomal Protein Genes

(Continued on following page.)

GENOME RESEARCH

511

Downloaded from www.genome.org on January 18, 2007

KENMOCHI ET AL.

Table 1. (Continued)

a

Upper- and lowercase letters denote exon and intron sequences, respectively.
Sequence from which STS was generated.
c
Size (in bp) estimated by agarose gel electrophoresis.
d
Sequence determined in this study.
e–y
Previously reported chromosomal assignments were confirmed: ePolakiewicz et al. 1995; fNolte et al. 1996; gFisher et al. 1990; hAntoine
and Fried 1992; iAnnilo et al. 1995; jDavies and Fried 1993; kFeo et al. 1992; lRhoads et al. 1986; mJones et al. 1997; nImai et al. 1994;
o
Kas et al. 1993; pYon et al. 1993; qMazuruk et al. 1996; rVan den Ouweland et al. 1992; sAdams et al. 1992; tDavies and Fried 1995; uFan
et al. 1997; vGarcia-Barcelo et al. 1997; wColombo et al. 1996; xOeltjen et al. 1995; yWebb et al. 1994.
z
Previously reported chromosomal assignment (Feo et al. 1992) was corrected.
b
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Figure 1 Intron trapping: derivation of STSs for and chromosomal assignment of representative group 1, group
2, and group 3 rp genes. (A) (Group 1) PCR primers were chosen from a previously sequenced intron of human
RPS7. (Right) Results of testing of human/rodent somatic cell hybrid DNAs (NIGMS panels 1 and 2) for the RPS7 STS;
agarose gel stained with ethidium bromide. On each gel, the left-most lane contains size markers, and the next four
lanes show results of PCR controls with human, hamster, or mouse genomic DNA, or no added DNA, as template.
(Panel 1) 18 hybrid lines, each retaining multiple human chromosomes; 6 hybrids that tested positive for RPS7 are
numbered; the results map RPS7 to chromosome 2. (Panel 2) 24 hybrid lines, most retaining a single human
chromosome; we initially tested these hybrids in pools of four (here mixture m1 is positive) and then tested
individual hybrids from the positive pool (the chromosome 2 hybrid is positive). (B) (Group 2) PCR primers were
chosen from human RPL5 cDNA sequence at a predicted splice site, with the dinucleotide GT appended to the 38
end of the forward primer and the dinucleotide CT (the complement of AG) appended to the 38 end of the reverse
primer. (Right) Results of hybrid mapping, which assigned RPL5 to chromosome 1. The arrowhead (extreme right)
indicates the size of the human PCR product; a smaller, hamster product is also present in many lanes. (C) (Group
3) Mapping of RPL24 involved two quite different PCR assays. The first PCR assay (top), with 45 YAC DNA pools as
template, was designed to trap an intron with primers chosen from human cDNA sequence according to rules
discussed in the text. Six YAC pools that yielded the higher molecular weight, trapped-intron product are numbered; many more pools yielded the lower molecular weight, pseudogene product. The control reaction with
human genomic DNA as template yelded only the pseudogene product. Sequencing of the trapped intron made
possible a second PCR assay specific to the functional RPL24 gene (bottom); with the second assay, the gene was
mapped to chromosome 3.
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ping strategy. A survey of all rp genes whose intron/
exon structures had been determined in any two
vertebrates revealed universal conservation of intron location but little conservation of intron sequence (analysis not shown; for examples, see Maeda et al. 1993; Annilo et al. 1995; Davies and Fried
1995). Thus, we could predict the sites of introns
within human group 2 cDNA sequences by comparison with more thoroughly studied vertebrate
homologs. These predictions enabled us to avoid
coamplification of pseudogenes by choosing PCR
primers that were likely to contain splice sites and to
extend slightly into introns. We exploited the fact
that introns usually have a GT dinucleotide at their
58 end and an AG dinucleotide at their 38 end. As
diagrammed in Figure 1B, the forward and reverse
primers were based on human cDNA sequence immediately preceding and following a predicted
splice site, but with the dinucleotide GT appended
to the 38 end of the forward primer and the dinucleotide CT appended to the 38 end of the reverse
primer. Thus, both the forward and reverse primers
extended two nucleotides into the intron. The resulting PCR product was a trapped intron.
We avoided splice sites where the human cDNA
sequence is AG/GT, as in such cases processed pseudogenes would be expected to be perfect templates.
In a few cases where primers immediately flanking
one splice site had markedly different melting temperatures or were otherwise predicted to be incompatible, primers were selected from two consecutive
splice sites (i.e., primers predicted to span the outer
borders of two consecutive introns).
For group 3 genes, we had no prior information
about splice sites in any vertebrate. These genes
could not be mapped by use of the group 1 or group
2 methods. However, if we could trap rp gene introns using human cDNA sequence as our only
starting information, we might then derive intronbased sequence tags that would identify the functional genes as distinct from their pseudogenes. We
arrived at the scheme diagrammed in Figure 1C. Using a forward primer likely to derive from the penultimate exon and a reverse primer likely to derive
from the final exon, we attempted to PCR amplify
the final intron of each group 3 gene. The details of
the strategy emerged from several considerations.
We would have to confront not only crossamplification of pseudogenes but also the possible
failure of the functional gene to amplify because the
sequence complementary to one (or both) of the
PCR primers was interrupted by an intron. We
noted that, for most human rp genes whose intron/
exon structure has been determined, the 50 nucleo-
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tides upstream of the termination codon are not
interrupted by an intron. Thus, we chose the reverse
primer from within a 50-bp region immediately upstream of the termination codon; this reverse
primer was likely to derive from the final exon. We
also noted that the terminal exon of human rp
genes rarely extends >150 bp upstream of the termination codon, and that internal exons average 100
bp in length. Thus, we chose the forward primer
from within the region 150–250 bp upstream of the
termination codon; this forward primer was likely
to derive from the penultimate exon or the one preceding. Further, we noted that about half of all
splice sites in human ribosomal protein coding sequences are preceded by the dinucleotide AG. To
reduce the probability that primers would span
splice sites, we chose forward primers that did not
include the sequence AG.
The rules just outlined were intended to (1)
maximize the probability that PCR primer pairs
would flank one or two introns (products containing three or more introns might be more difficult to
amplify) and (2) minimize the probability that either primer would span a splice site. However, these
rules for primer selection would not prevent amplification of closely related pseudogenes. We were
concerned that during PCR amplification of human
or human–rodent hybrid genomic DNA, competition between functional gene and pseudogene templates would occur; such competition would usually
favor the pseudogenes because of their greater number, their high sequence similarity to the functional
genes, and the smaller size of the resulting PCR
product. In an effort to circumvent this problem, we
tested PCR primer pairs on 45 pools of random human YACs, each pool comprising a random fifth of
the human genome (Chumakov et al. 1995). (The
YAC inserts averaged 0.6–1.0 Mb, and each pool
contained 768 YACs.) We reasoned that among the
45 YAC pools, 9 or 10 should contain the functional
gene and that, of these, one or more pools might be
relatively free of competing pseudogenes. Such YAC
pool roulette often yielded a jackpot (a clearly discernible, higher molecular weight PCR product, presumably containing one or more introns) in one or
more YAC pools, even when use of the same primers
on human genomic DNA yielded only pseudogene
products (e.g., RPL24, as shown in Fig. 1C).
We then sequenced the higher molecular
weight products obtained by PCR on YAC pools to
confirm the presence of a genuine rp gene intron
flanked by consensus splice sites. Indeed, by sequencing such PCR products, we identified a total of
55 new splice sites within 44 of the group 3 genes
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(Table 2). For 34 of these genes, the PCR product
contained a single intron, in which case we identified a single splice site. For the other 10 genes, the
PCR product contained two (or, in one case, three)
introns, in which case we identified two (or three)
splice sites. All splice junction sequences conformed
to the GT/AG rule and approximated the larger consensus sequence described by Mount (1982). The
trapped introns varied in length from 75 to ∼2100
bp. With the sequence of the trapped introns in
hand, we were then able to design new PCR assays
that amplified the functional rp genes but not their
processed pseudogenes. These new, intron-based
STSs were employed in subsequent mapping experiments.

1995). In this case, the CEPH YAC library (Chumakov et al. 1995) was screened by PCR to identify
clones containing human rp genes. We identified a
total of 222 YACs that carry 55 different rp genes.
Information as to the identities, STS content, and
chromosomal location of these 222 ribosomal protein-encoding YACs is available at an Internet site
maintained by the Whitehead Institute/MIT Center
for Genome Research (http://www-genome.wi.mit.
edu/cgi-bin/contig/phys map).
By integrating the results of our RH and YAC
mapping efforts, we were able to place all 75 chromosomally assigned rp genes on the map of the human genome (Fig. 2). Regional assignments had
been reported previously for some of these genes; in
only one case (RPL29, on chromosome 3p) do our
results conflict with a previous regional localization.

Chromosomal Assignments
In all, we succeeded in identifying PCR-assayable
STSs for 75 rp genes, including all 19 group 1 genes,
all 12 group 2 genes, and 44 of 49 group 3 genes. To
assign each of these 75 rp genes to an individual
human chromosome, we tested two panels of human–rodent hybrid cell line DNAs (Drwinga et al.
1993) for the presence of the corresponding STS. For
each of the rp gene STSs the chromosomal assignments derived by use of the first and second hybrid
panels were concordant. (Three examples are shown
in Fig. 1.) In this manner, each of the 75 rp genes
was unambiguously mapped to a single human
chromosome (Table 1). Chromosomal assignments
had been reported previously for 24 of these 75
genes, and in 23 cases we confirmed these prior
studies. In only one case (RPS17, on chromosome
15) do our results contradict a previous assignment.

Fine Localization
We employed two methods, radiation hybrid (RH)
mapping and YAC/STS content analysis, to localize
more precisely the 75 chromosomally assigned rp
genes. For RH mapping, we scored for the presence
or absence of each of the rp gene STSs in 91 human–
hamster hybrid cell lines comprising the GeneBridge 4 whole-genome RH panel (Walter et al.
1994). This RH panel had been used previously to
construct a comprehensive, STS-based map of the
human genome (Hudson et al. 1995). Analysis of
the rp gene STS typing results allowed us to position
73 of the rp genes on this pre-existing map (Fig. 2).
In parallel, we attempted to place the chromosomally assigned rp genes on a pre-existing YAC/STS
content map of the human genome (Hudson et al.

DISCUSSION
The ribosome is the most complex mammalian
structure to have been completely described at the
level of nucleotide and amino acid sequence (Wool
1996; Maidak et al. 1997). We now know the chromosomal locations, in humans, of the genes encoding all 4 RNAs and 75 of an estimated 80 proteins
comprising this elaborate, protein synthesis machine (Fig. 2). Most mammalian ribosomal proteins
have recognized homologs in prokaryotes, where rp
genes are organized into a small number of operons,
with as many as 11 ribosomal proteins under the
control of a single promoter (Nomura et al. 1984).
In contrast, there is little evidence of rp gene clustering in mammals (Feo et al. 1992)—a conclusion
that our results confirm and extend. Both human
sex chromosomes and at least 20 autosomes (all but
chromosomes 7 and 21) carry one or more rp genes
(Table 1; Fig. 2). Only the presence of 12 rp genes on
chromosome 19, which constitutes only two percent of the haploid genome (Morton 1991), is notably at odds with a random distribution of rp genes
throughout the human genome. Chromosome 19 is
known to have a high gene density (Schuler et al.
1996), and even here, the 12 rp genes are scattered.
With 55 rp genes mapped to YAC clones, we found
only two examples of multiple rp genes residing on
the same YAC clone: RPS26 and RPL41 (on chromosome 12), and RPS11 and RPL13A (on chromosome
19). If one considers both ribosomal RNAs and proteins, it is apparent that virtually every human chromosome (except perhaps chromosome 7) contributes one or more components to the ribosome (Fig.
2). Though encoded at dispersed genomic sites, the
ribosome’s myriad components are apparently as-
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sembled with stoichiometric precision.
Regulated coproduction of the components could, in theory, be achieved in
several ways. The clustering of rp genes
in operons, as in bacteria (Nomura et al.
1984), is evidently not an important
means of regulated coproduction in humans. Trans-acting regulatory mechanisms, both transcriptinal and translational, have been argued to play a substantial role in coordinating production
of ribosomal components in mammals
(Hariharan et al. 1989; Meyuhas et al.
1996), though feedback mechanisms, if
any, remain to be elucidated. Alternatively, some ribosomal components
may simply be produced in excess, with
molecules not incorporated into ribosomes being discarded.
A few human rp genes remain to be
mapped. In five cases (RPL14, RPL22,
RPL35, RPL36, and RPL39), we were unable to trap verifiable introns despite repeated efforts; we did not map these
five genes. We anticipate that these
genes will be mapped as more information about their gene structures becomes available. [One of these genes,
RPL22, has been assigned to chromosome 3 (Nucifora et al. 1993).] As a rule,
each mammalian ribosomal protein is
encoded by a single functional gene
(Dudov and Perry 1984; Wagner and
Perry 1985; Kuzumaki et al. 1987), but
we cannot exclude the possibility that a
second functional gene may exist in
some cases. Indeed, functionally interchangeable isoforms of RPS4 are encoded by the human X and Y chromosomes (Fisher et al. 1990; Watanabe et
al. 1993). In the case of RPL36A, a functional, intron-bearing gene is located
on the X chromosome (Oeltjen et al.
1995), but analysis of cDNA sequences
suggests that a second functional gene
may exist elsewhere in the genome, as
yet unmapped (N. Kenmochi et al., unpubl.).

Table 2. Newly Identified Splice Sites in Human Ribosomal
Protein Genes

Implications for the Human Genome Project
The methods we employed for STS generation via
intron trapping should be of general use in mapping
genes with processed homologs. Recently, PCR-
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(Continued on facing page.)

based typing of RH panels (or YAC libraries) was
used to map many thousands of gene-based STSs
(Schuler et al. 1996). These high-volume gene mapping efforts relied on STSs drawn from 38 untranslated regions of genes (Berry et al. 1995). This
method minimized the chance that PCR products
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Table 2.

(Continued)

mapping results when applied to genes
with abundant processed pseudogenes.
Had we applied this strategy to rp genes,
we would have completely overlooked
the functional genes, which are less efficient than their intron-less pseudogene derivatives as templates for PCR
amplification with cDNA-based primers. Although an error rate of only 1%
has been claimed for the high-volume,
STS-based gene mapping efforts (Schuler et al. 1996), these error estimates
took no account of processed pseudogenes, the impact of which could be significant if a sizable fraction of all genes
give rise to processed pseudogenes. The
methods we employed for STS generation via intron trapping should be of
use in efforts to systematically map
genes with a propensity to generate processed pseudogenes, that is, housekeeping and other genes that are abundantly
expressed in the germ line.

Ribosomal Protein Defects in Human
Disease
Evolutionary and genetic considerations lead us to predict roles for rp
genes in human disease. Ribosomal proteins are highly conserved among eukaryotes and prokaryotes. Virtually all
mammalian ribosomal proteins have
counterparts (with 40%–88% amino
acid identity) in the yeast ribosome
(Wool et al. 1996). Of the 78 rat ribosomal proteins whose amino acid sequence is known, at least 49 have recognizable homologs in the archaebacteUpper- and lowercase letters denote exon and intron sequences, respectively.
rial ribosome (Wool et al. 1996). Among
For DDBJ/EMBL/GenBank accession nos., see Table 1.
multicellular animals, the consea
Last nucleotide in exon is numbered according to position in cDNA sequence.
b
quences of mutations in rp genes have
Size estimated by agarose gel electrophoresis.
been explored most thoroughly in Drosophila. Here, mutations resulting in reduced expression of individual ribowould contain introns, thereby reducing the size of
somal proteins yield the Minute phenotype. Because
PCR products and increasing amplification effia full complement of ribosomal proteins is required
ciency. In contrast, our rp gene STSs were designed
to assemble a functional, stable ribosome, Minute
to span or lie within introns, to identify functional,
cells probably contain fewer ribosomes and thus
intron-bearing genes as distinct from processed
have less capacity for protein synthesis (Kay and
pseudogenes. Although the procedure for deriving
Jacobs-Lorena 1987). Conservation of ribosomal
STSs from 38-untranslated regions of genes is simproteins among eukaryotes, combined with sepler—a requirement of high-volume genomic studquence studies, indicate that Drosophila and human
ies—the procedure would likely yield erroneous
ribosomes are extremely similar. Thus, it is likely
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that quantitative deficiencies in human ribosomal
proteins, as in Drosophila, will result in reduced
translational capacity and thereby yield specific, reproducible phenotypes. If specific human pheno-

Figure 2
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types do result from ribosomal protein deficiencies,
those phenotypes may or may not resemble the Drosophila Minute phenotype.
The present mapping study was motivated by

(See facing page for legend.)
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the possibility that ribosomal protein mutations
contribute to human disease, including Turner syndrome, other chromosomal birth defects, and Mendelian disorders. As yet, no human disorder has
been traced definitively to a ribosomal protein mutation. Having a map of the rp genes will facilitate
the search for mutations and roles in human disease, including monosomies and various Mendelian
disorders.
Monosomies

Turner syndrome is a complex human phenotype
associated with monosomy X (Ford et al. 1959). Embryos with a 45,X karyotype develop as females with
poor viability in utero, and those that survive exhibit short stature, ovarian failure, and specific anatomic abnormalities that may include lymphedema,
webbing of the neck, and cubitus valgus (Lippe
1991). These phenotypes likely result from the haploinsufficiency of certain genes that are common to
the X and Y chromosomes and that escape X inactivation (Ferguson-Smith 1965); specific XY gene
pairs probably account for particular components of
this complex phenotype (Zinn et al. 1993) On the
basis of studies of individuals carrying partial Y
chromosomes, we and our colleagues have previously suggested that ribosomal protein S4, encoded
by both the X and Y chromosomes, is an important
factor in Turner syndrome (Fisher et al. 1990). Specifically, our results suggest that a quantitative deficiency of RPS4 may be responsible for the lymphedema and neck webbing observed in 45,X individuals, and perhaps also for the poor viability of
45,X fetuses (L. Brown, C. Raut, and D.C. Page, unpubl.). Following the principle, from Drosophila,
that translational deficiencies stemming from any
of a large number of rp genes yield a consistent,
reproducible phenotype, we predict that deficien-

cies of autosomal rp genes may yield Turner-like
phenotypes in humans. Given the dispersion of rp
genes throughout the human genome, virtually all
monosomies and many partial monosomies will entail heterozygous deficiencies of one or more rp
genes. We speculate that ribosomal protein deficiencies contribute to the abnormal development
and poor viability of monosomic human fetuses
and perhaps also to phenotypes observed in children born with partial monosomies. Thus, a search
for correlations between ribosomal protein loci and
haploinsufficient or haplolethal regions of the human genome should be initiated. [Note: The hypothesized role of RPS4 in Turner syndrome is controversial. Some investigators have concluded that
RPS4 is not a Turner gene, because many Turner
patients with structurally abnormal X chromosomes have two or more active copies of RPS4X (Just
et al. 1992; Geerkens et al. 1996). However, as most
such patients do not exhibit the particular Turner
features that we attribute to RPS4 deficiency, these
observations are consistent with our hypothesis.
Omoe and Endo (1996) have suggested that RPS4 is
perhaps not involved in Turner syndrome, because
some mammalian species that have no RPS4Y gene
on their Y chromosome exhibit an XO phenotype
that is reminiscent of human Turner syndrome.
However, because these XO animals do not exhibit
the particular Turner features that we attribute to
RPS4 deficiency, Omoe and Endo’s observations are
also consistent with our hypothesis.]
Mendelian Haploinsufficiencies

Quantitative deficiencies of individual ribosomal
proteins could possibly result from either gross
chromosomal deletions or point mutations in individual rp genes. In the latter case, resulting haploinsufficient traits might display simple Mendelian

Figure 2 A map of genes encoding the human ribosome. The 22 autosomes and two sex chromosomes are shown
as vertical lines, on which are positioned 75 rp genes (RP...), five ribosomal RNA gene clusters (rRNA), and two 5S
RNA gene clusters (5SRNA). To the right of each chromosome are listed rp gene STSs, nearby markers, and
approximate distances (in centiMorgans and/or centiRays) from the most distal short-arm marker on maps constructed at Généthon and the Whitehead Institute/MIT Center for Genome Research (Hudson et al. 1995). (Maps
shown as of November 1997; for updated maps see http://www-genome.wi.mit.edu/cgi-bin/contig/phys map).
Because of the inherently statistical nature of RH mapping, we have high confidence in marker orders only where
markers are separated by at least 15 centiRays. On distal 19q, for example, RPS5, RPL28, and RPS9 appear to be
clustered within 10 centiRays and thus cannot be ordered with confidence. Our present data are most consistent
with the order RPS5—RPL28—RPS9—qter (as shown), but higher resolution mapping experiments, while confirming the proximity of the three genes, strongly suggest the order RPS9–RPL28–RPS5–qter (N. Kenmochi, G. Lennon,
S. Higa, and L. Ashworth, unpubl.). For the Y chromosome, where no genetic map is available, deletion map
intervals (Vollrath et al. 1992) are listed. Our assignment of RPL29 to 3p conflicts with a recent report that it maps
to 3q29-qter (Garcia-Barcelo et al. 1997). (*) On chromosome 17, RPL23A and RPL38 were localized to the indicated
intervals, but their distances from flanking markers could not be meaningfully estimated.
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transmission, probably appearing like autosomal
dominant characters in human pedigrees. Because,
in Drosophila, heterozygotes for loss-of-function
mutations in any of a large number of rp genes display the Minute phenotype, one might expect the
phenotype in human heterozygotes to be similarly
consistent despite genetic heterogeneity. We predict
that this autosomal dominant phenotype would encompass the components of the 45,X phenotype
that are likely attributable to RPS4 deficiency,
namely, lymphedema, neck webbing, and, perhaps,
reduced fetal viability.
Particularly intriguing is the possibility that
Noonan syndrome might be attributable to ribosomal protein deficiency. Many investigators have
drawn attention to similarities between the Noonan
and Turner phenotypes (Allanson 1987). As one
would predict for a Minute-like ribosomal protein
deficiency, Noonan syndrome is inherited in apparently autosomal dominant fashion, and it is genetically heterogeneous. We note that the RPL6 and
RPPO genes map to a region of chromosome 12 implicated, by linkage analysis, in a large pedigree with
Noonan syndrome (Jamieson et al. 1994).
Other Mendelian Disorders

In considering the potential range of human disorders that might be caused by rp gene mutations, it is
important to recognize that some ribosomal proteins may have additional, extraribosomal functions. Wool (1996) has suggested that, during evolution, proteins of diverse function were recruited to
the ribosome to stabilize rRNA or otherwise enhance translation, and that, in some cases, these
recruited proteins have also retained their ancestral
functions. For example, in mammals and Drosophila, RPS3 functions as both a ribosomal protein
and an endonuclease (Wilson et al. 1994; Kim et al.
1995; Yacoub et al. 1996). In Drosophila, RPS6 functions as a tumor suppressor in the hematopoietic
system (Watson et al. 1992), and RPS2 functions in
oogenesis (Cramton and Laski 1994), perhaps reflecting extraribosomal functions for these proteins.
Given these precedents, human geneticists should
not overlook the possibility that ribosomal protein
mutations could directly perturb diverse cellular
functions, without affecting translation, and
thereby produce disease.

METHODS
DNA Sequences and Nomenclature
A complete catalog of rat ribosomal protein cDNA sequences
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is available (Wool et al. 1996). We used these rat cDNA sequences to query the GenBank, EMBL, and DDBJ databases for
human rp gene sequences (cDNA and genomic). The amino
acid sequences of homologous rat and human ribosomal proteins are, on average, 99% identical. We refer to the human
ribosomal proteins using the established rat nomenclature
(Wool et al. 1996).

PCR Primers and Conditions
For most rp genes, the primer selection rules described in the
Results proved workable and effective. However, for a few
group 3 genes, these rules were too stringent to permit selection of primer pairs, or the primers selected failed to amplify
a higher molecular weight product with YAC pools as template. In several such cases, we were able to select satisfactory
pairs by picking the forward primer from a larger target region
(150–300 bp upstream of the termination codon) or by allowing the forward primer to contain a single AG dinucleotide. In
all cases, PCR primer pairs were selected by use of the PRIMER
program (S. Lincoln, M.J. Daly, E.S. Lander, Whitehead Institute); optimal oligonucleotide Tm was set at 58°C and the
optimal primer length was set at 20 nucleotides.
PCR was performed in 20-µl volumes containing 30–50
ng of template DNA, 10 pmole each of forward and reverse
primers, 0.1 mM dNTPs, 10 mM Tris-Cl (pH 8.2), 50 mM KCl,
1.5 mM MgCl2, 5.0 mM NH4Cl. Reaction mixes were first
heated at 90°C and, then, 1 unit of Taq DNA polymerase was
added. Cycling conditions included an initial denaturation at
94°C for 3 min, followed by 35 cycles of 94°C for 1 min, 61°C
for 1 min, 72°C for 1 min, and a final extension at 72°C for 5
min.

Physical Mapping
RP gene STSs were chromosomally assigned by use of National
Institute of General Medical Sciences (NIGMS) human-rodent
hybrid cell line panels 1 and 2 (Drwinga et al. 1993).
To place rp gene STSs on an existing RH map of the
human genome (Hudson et al. 1995), we tested the hybrids of
the GeneBridge 4 panel (Walter et al. 1994) in duplicate, by
PCR, and analyzed the results using RHMAPPER software
(Hudson et al. 1995).
To place RP gene STSs on an existing YAC/STS content
map of the human genome (Hudson et al. 1995), we screened
25,344 YACs (plates 709–972) from the CEPH library (Chumakov et al. 1995) using methods described previously (Hudson et al. 1995).
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