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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.]

Alth ough th e ribosom e, as catalyst for protein syn -

th esis, is kn own to be essen t ial fo r o rgan ism al

growth an d developm en t, th e effects of ribosom al

m utat ion s an d th eir role in h um an disease h ave

been explored barely. Th e m am m alian ribosom e is a

m assive structure com posed of 4 RNA species an d

∼ 80 differen t protein s (Wool 1979). Typical m am -

m alian cells con tain about 4 2 106 ribosom es, an d

ribosom al RNAs an d protein s con stitu te ∼ 80% of all

cellu lar RNA an d 5%–10% of cellu lar protein . On e

m igh t p red ict th at gen et ic defects in ribosom al

com pon en ts would in variably resu lt in early em bry-

on ic death . However, th ere is stron g eviden ce in

Drosophila an d suggestive eviden ce in h um an s th at

quan titat ive deficien cies of ribosom al protein s m ay

yield viab le bu t abn orm al p h en o typ es. In Dro-

sophila, th e Minute ph en otype (reduced body size,

dim in ish ed fert ility, an d sh ort , th in brist les) resu lts

from h eterozygous deficien cies (deletion s) at an y 1

of 50 loci scattered about th e gen om e (Sch ultz 1929;

FlyBase 1997). Several Minute loci h ave been ch ar-

acterized m olecularly, an d all h ave been foun d to

en code ribosom al protein s (Kon gsuwan et al. 1985;

Hart et al. 1993; An dersson et al. 1994; Cram ton

an d Laski 1994; Saebøe-Larssen an d Lam bertsson

1996; Sch m idt et al. 1996; A. Ch en g, A. Zin n , J.

Mach , R. Leh m an , an d D.C. Page, un publ.). Th us, it

appears th at reduction s in th e am oun t of an y of a

n um ber of ribosom al protein s h ave a sim ilar, ch ar-

acterist ic effect on th e developm en t of Drosophila

em bryos.

Perh ap s ribosom al p ro tein deficien cies h ave

an alogous con sequen ces in h um an s, resu lt in g in

specific, recogn izable clin ical features (wh ich m igh t

or m igh t n ot resem ble th e Minute ph en otype ob-

served in Drosophila). We an d our colleagues h ave

reported fin din gs con sisten t with a role for ribo-

som al protein S4 (RPS4) deficien cy in th e etiology of
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certain features of Turn er syn drom e, a com plex h u-

m an d isord er classically associated with a 45,X

karyotype (Fish er et al. 1990; Watan abe et al. 1993;

Zin n et al. 1994). We are in trigued by th e possibility

th at deficien cies of oth er h um an ribosom al protein

gen es (rp gen es) m igh t cause ph en otypic abn orm ali-

t ies sim ilar to th ose seen in Turn er syn drom e—just

as deficien cies of an y of a n um ber of Drosophila rp

gen es cause th e Minute ph en otype.

Th e ribosom e is th e largest , m ost com p lex

m am m alian structure to be com pletely described at

th e level of n ucleotide an d am in o acid sequen ce.

Th e n u cleot ide sequ en ces of th e fou r ribosom al

RNAs—28S, 18S, 5.8S, an d 5S—h ave been deter-

m in ed in th eir en tirety (Maidak et al. 1997), an d a

system atic effort to deduce th e prim ary structure of

all m am m alian ribosom al p rotein s by cDNA se-

q u en cin g h as com e to com p let ion (W ool et al.

1996).

Moreover, th e gen es en codin g th e RNA con -

stituen ts of th e m am m alian ribosom es h ave all been

assign ed to ch rom osom es. Th e 28S, 18S, an d 5.8S

rRNAs are gen erated by elaborate processin g of a

sin gle 45S p recu rsor derived from tan dem ly re-

peated gen e arrays wh ich , in h um an s, are located

on th e sh ort arm s of ch rom osom es 13, 14, 15, 21,

an d 22 (Hen derson et al. 1973; Worton et al. 1988).

Th e 5S rRNA derives from tan dem ly repeated gen e

clusters on h um an ch rom osom e 1 (Søren sen et al.

1991; Lom h olt et al. 1995).

Paradoxically, on ly a sm all fraction of th e gen es

en codin g th e m am m alian ribosom al protein s h ave

been m apped previously. Th ough th ese 80 protein s

fun ction togeth er, th eir am in o acid sequen ces are

dissim ilar. Un like th e ribosom al RNAs, each m am -

m alian ribosom al protein typically is en coded by a

sin gle gen e. However, in th e case of m ost if n ot all

ribosom al protein s, th e sin gle, fun ction al gen e h as

gen erated a large n um ber of silen t , processed pseu-

dogen es at sites dispersed th rough out th e gen om e

(Dudov an d Perry 1984; Wagn er an d Perry 1985;

Kuzum aki et al. 1987). Th ese pseudogen es im pede

th e m appin g of th e fun ction al rp gen es, explain in g

at least in part , wh y on ly 24 of th e ∼ 80 rp gen es h ad

been ch rom osom ally assign ed. Th e 24 gen es th at

h ad been assign ed m ap to 14 differen t ch rom o-

som es, suggestin g th at rp gen es, un like rRNA gen es,

are n ot clustered at a few sites in th e gen om e (Feo et

al. 1992).

If we are to explore system atically th e possibil-

ity th at ribosom al protein deficien cies or m utation s

cause certain h um an disorders, we m ust first learn

th e ch rom osom al m ap posit ion of each of th e ∼ 80

h um an rp gen es. Th is task is h in dered by th e exist-

en ce of processed pseudogen es elsewh ere in th e ge-

n om e. We developed gen eral strategies to ph ysically

m ap h um an rp gen es, wh ile avoidin g pseudogen es,

usin g sequen ce tags specific to th e fun ction al, in -

tron -bearin g gen es.

RESULTS

Th e h um an rp gen es h ad been previously ch aracter-

ized to varyin g degrees. Som e h um an rp gen es h ad

been com pletely sequen ced at both th e cDNA an d

gen om ic levels, wh ereas for oth ers, even part ial

cDNA sequen ces were un available. We divided th e

estim ated 80 h um an rp gen es in to th ree classes, or-

dered accordin g to h ow m uch gen e structure in for-

m ation was available (Table 1). For group 1, con -

tain in g 19 gen es, at least som e h um an splice sites

h ad been determ in ed an d som e h um an in tron se-

quen ce was available. No h um an splice site in for-

m ation was available for an y of th e rem ain in g 61 rp

gen es. However, for 12 of th ese 61 gen es, at least

som e splice sites h ad been determ in ed in th e h o-

m ologous gen es in rat , m ouse, ch icken , or frog. As

described below, th e extrem e con servation of splice-

sit e p osit ion s am on g h om ologou s vertebrate rp

gen es allowed us to predict th e posit ion s of splice

sites in th e h um an gen es usin g th is in form ation .

Th ese 12 rp gen es, for wh ich som ewh at less in for-

m ation was available, con stitu te group 2. No verte-

brate splice-site in form ation was available for an y of

th e rem ain in g 49 rp gen es, wh ich com prise group 3.

For each of th e th ree groups, we developed a

separate strategy for gen eratin g sequen ce tags spe-

cific to th e fun ction al, in tron -bearin g gen es. For all

th ree groups, we exploited th e fact th at rp pseudo-

gen es, derived from processed tran scrip ts, lack th e

in tron s foun d in th eir progen itors (Dudov an d Perry

1984; Davies et al. 1989). For group 1 gen es, iden ti-

ficat ion of STSs was straigh tforward . We derived

STSs specific to th e fun ction al gen es by ch oosin g

oligon ucleotides from th e previously sequen ced in -

tron s (Fig. 1A).

STSs for Group 2 and 3 Genes: Intron Trapping

For group 2 an d group 3 gen es, n o h um an in tron

sequen ces were available. However, oth er in form a-

tion allowed us to predict th e location of, an d th en

trap , in tron s from th ese gen es. Th e m eth ods we em -

ployed were in spired in part by earlier successes in

iden tifyin g an d m appin g in tron -bearin g rp gen es by

PCR (Davies et al. 1989).

For group 2 gen es, th e posit ion s of at least som e

splice sites in vertebrate h om ologs were kn own , an d

th is in form ation played a cen tral role in our m ap-
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Table 1. Chromosomal Assignments and STSs for Human Ribosomal Protein Genes

(Continued on following page.)
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Table 1. (Continued)

aUpper- and lowercase letters denote exon and intron sequences, respectively.
bSequence from which STS was generated.
cSize (in bp) estimated by agarose gel electrophoresis.
dSequence determined in this study.
e–yPreviously reported chromosomal assignmentswere 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;
oKas 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.
zPreviously reported chromosomal assignment (Feo et al. 1992) was corrected.
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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 (NIGMSpanels 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 init ially tested these hybrids in pools of four (here mixture m1 is posit ive) and then tested
individual hybrids from the positive pool (the chromosome 2 hybrid is posit ive). (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 num-
bered; 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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pin g strategy. A survey of all rp gen es wh ose in tron /

exon structures h ad been determ in ed in an y two

vertebrates revealed un iversal con servation of in -

tron location but lit t le con servation of in tron se-

quen ce (an alysis n ot sh own ; for exam ples, see Ma-

eda et al. 1993; An n ilo et al. 1995; Davies an d Fried

1995). Th us, we could predict th e sites of in tron s

with in h um an group 2 cDNA sequen ces by com -

parison with m ore th orough ly studied vertebrate

h om ologs. Th ese prediction s en abled us to avoid

coam plification of pseudogen es by ch oosin g PCR

prim ers th at were likely to con tain splice sites an d to

exten d sligh tly in to in tron s. We exploited th e fact

th at in tron s usually h ave a GT din ucleotide at th eir

58 en d an d an AG din ucleotide at th eir 38 en d. As

diagram m ed in Figure 1B, th e forward an d reverse

prim ers were based on h um an cDNA sequen ce im -

m ed iat ely p reced in g an d fo llowin g a p red ict ed

splice site, bu t with th e din ucleotide GT appen ded

to th e 38 en d of th e forward prim er an d th e di-

n ucleotide CT appen ded to th e 38 en d of th e reverse

prim er. Th us, both th e forward an d reverse prim ers

exten ded two n ucleotides in to th e in tron . Th e re-

su lt in g PCR product was a trapped in tron .

We avoided splice sites wh ere th e h um an cDNA

sequen ce is AG/GT, as in such cases processed pseu-

dogen es would be expected to be perfect tem plates.

In a few cases wh ere prim ers im m ediately flan kin g

on e splice site h ad m arkedly differen t m eltin g tem -

peratures or were oth erwise predicted to be in com -

patible, prim ers were selected from two con secutive

splice sites (i.e., prim ers predicted to span th e outer

borders of two con secutive in tron s).

For group 3 gen es, we h ad n o prior in form ation

abou t sp lice sites in an y vertebrate. Th ese gen es

could n ot be m apped by use of th e group 1 or group

2 m eth ods. However, if we could trap rp gen e in -

t ron s usin g h um an cDNA sequen ce as ou r on ly

start in g in form ation , we m igh t th en derive in tron -

based sequen ce tags th at would iden tify th e fun c-

tion al gen es as dist in ct from th eir pseudogen es. We

arrived at th e sch em e diagram m ed in Figure 1C. Us-

in g a forward prim er likely to derive from th e pen -

u lt im ate exon an d a reverse prim er likely to derive

from th e fin al exon , we attem pted to PCR am plify

th e fin al in tron of each group 3 gen e. Th e details of

th e strategy em erged from several con sideration s.

W e w o u ld h a ve t o co n fro n t n o t o n ly cro ss-

am plification of pseudogen es but also th e possible

failu re of th e fun ction al gen e to am plify because th e

sequen ce com plem en tary to on e (or both ) of th e

PCR p rim ers was in terru p ted by an in t ron . W e

n oted th at , for m ost h um an rp gen es wh ose in tron /

exon structure h as been determ in ed, th e 50 n ucleo-

tides upstream of th e term in ation codon are n ot

in terrupted by an in tron . Th us, we ch ose th e reverse

prim er from with in a 50-bp region im m ediately up-

st ream o f t h e t erm in at io n co d o n ; t h is reverse

prim er was likely to derive from th e fin al exon . We

also n oted th at th e term in al exon of h um an rp

gen es rarely exten ds >150 bp upstream of th e term i-

n ation codon , an d th at in tern al exon s average 100

bp in len gth . Th us, we ch ose th e forward prim er

from with in th e region 150–250 bp upstream of th e

term in ation codon ; th is forward prim er was likely

to derive from th e pen ult im ate exon or th e on e pre-

ced in g. Furth er, we n oted th at abou t h alf of all

sp lice sites in h um an ribosom al protein codin g se-

quen ces are preceded by th e din ucleotide AG. To

redu ce th e p robability th at p rim ers wou ld span

splice sites, we ch ose forward prim ers th at did n ot

in clude th e sequen ce AG.

Th e ru les just ou t lin ed were in ten ded to (1)

m axim ize th e probability th at PCR prim er pairs

would flan k on e or two in tron s (products con tain -

in g th ree or m ore in tron s m igh t be m ore difficu lt to

am plify) an d (2) m in im ize th e probability th at ei-

th er prim er would span a splice site. However, th ese

ru les for prim er selection would n ot preven t am pli-

ficat ion of closely related pseudogen es. We were

con cern ed th at durin g PCR am plification of h um an

or h um an –roden t h ybrid gen om ic DNA, com peti-

t ion between fun ction al gen e an d pseudogen e tem -

plates would occur; such com petit ion would usually

favor th e pseudogen es because of th eir greater n um -

ber, th eir h igh sequen ce sim ilarity to th e fun ction al

gen es, an d th e sm aller size of th e resu lt in g PCR

product. In an effort to circum ven t th is problem , we

tested PCR prim er pairs on 45 pools of ran dom h u-

m an YACs, each pool com prisin g a ran dom fifth of

th e h um an gen om e (Ch um akov et al. 1995). (Th e

YAC in serts averaged 0.6–1.0 Mb, an d each pool

con tain ed 768 YACs.) We reason ed th at am on g th e

45 YAC pools, 9 or 10 sh ould con tain th e fun ction al

gen e an d th at , of th ese, on e or m ore pools m igh t be

relatively free of com petin g pseudogen es. Such YAC

pool roulette often yielded a jackpot (a clearly dis-

cern ible, h igh er m olecular weigh t PCR product, pre-

sum ably con tain in g on e or m ore in tron s) in on e or

m ore YAC pools, even wh en use of th e sam e prim ers

on h um an gen om ic DNA yielded on ly pseudogen e

products (e.g., RPL24, as sh own in Fig. 1C).

W e t h en seq u en ced t h e h igh er m o lecu la r

weigh t products obtain ed by PCR on YAC pools to

con firm th e presen ce of a gen uin e rp gen e in tron

flan ked by con sen sus sp lice sites. In deed , by se-

quen cin g such PCR products, we iden tified a total of

55 n ew splice sites with in 44 of th e group 3 gen es
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(Table 2). For 34 of th ese gen es, th e PCR product

con tain ed a sin gle in tron , in wh ich case we iden ti-

fied a sin gle splice site. For th e oth er 10 gen es, th e

PCR product con tain ed two (or, in on e case, th ree)

in tron s, in wh ich case we iden tified two (or th ree)

splice sites. All sp lice jun ction sequen ces con form ed

to th e GT/AG rule an d approxim ated th e larger con -

sen sus sequen ce described by Moun t (1982). Th e

trapped in tron s varied in len gth from 75 to ∼ 2100

bp. With th e sequen ce of th e trapped in tron s in

h an d, we were th en able to design n ew PCR assays

th at am plified th e fun ction al rp gen es but n ot th eir

p rocessed pseudogen es. Th ese n ew, in t ron -based

STSs were em ployed in subsequen t m appin g experi-

m en ts.

Chromosomal Assignments

In all, we succeeded in iden tifyin g PCR-assayable

STSs for 75 rp gen es, in cludin g all 19 group 1 gen es,

all 12 group 2 gen es, an d 44 of 49 group 3 gen es. To

assign each of th ese 75 rp gen es to an in dividual

h um an ch rom osom e, we tested two pan els of h u-

m an –roden t h ybrid cell lin e DNAs (Drwin ga et al.

1993) for th e presen ce of th e correspon din g STS. For

each of th e rp gen e STSs th e ch rom osom al assign -

m en ts derived by use of th e first an d secon d h ybrid

pan els were con cordan t. (Th ree exam ples are sh own

in Fig. 1.) In th is m an n er, each of th e 75 rp gen es

was u n am bigu ou sly m apped to a sin gle h u m an

ch rom osom e (Table 1). Ch rom osom al assign m en ts

h ad been reported previously for 24 of th ese 75

gen es, an d in 23 cases we con firm ed th ese prior

studies. In on ly on e case (RPS17, on ch rom osom e

15) do our resu lts con tradict a previous assign m en t.

Fine Localization

We em ployed two m eth ods, radiation h ybrid (RH)

m appin g an d YAC/STS con ten t an alysis, to localize

m ore precisely th e 75 ch rom osom ally assign ed rp

gen es. For RH m appin g, we scored for th e presen ce

or absen ce of each of th e rp gen e STSs in 91 h um an –

h am ster h ybrid cell lin es com p risin g th e Gen e-

Bridge 4 wh ole-gen om e RH pan el (W alter et al.

1994). Th is RH pan el h ad been used previously to

con struct a com preh en sive, STS-based m ap of th e

h um an gen om e (Hudson et al. 1995). An alysis of

th e rp gen e STS typin g resu lts allowed us to posit ion

73 of th e rp gen es on th is pre-exist in g m ap (Fig. 2).

In parallel, we attem pted to place th e ch rom o-

som ally assign ed rp gen es on a pre-exist in g YAC/STS

con ten t m ap of th e h um an gen om e (Hudson et al.

1995). In th is case, th e CEPH YAC library (Ch um a-

kov et al. 1995) was screen ed by PCR to iden tify

clon es con tain in g h um an rp gen es. We iden tified a

total of 222 YACs th at carry 55 differen t rp gen es.

In form ation as to th e iden tit ies, STS con ten t, an d

ch rom osom al location of th ese 222 ribosom al pro-

tein -en codin g YACs is available at an In tern et site

m ain tain ed by th e Wh iteh ead In stitu te/MIT Cen ter

for Gen om e Research (h ttp :/ /www-gen om e.wi.m it .

edu/cgi-bin /con tig/ph ys m ap).

By in tegratin g th e resu lts of our RH an d YAC

m appin g efforts, we were able to place all 75 ch ro-

m osom ally assign ed rp gen es on th e m ap of th e h u-

m an gen om e (Fig. 2). Region al assign m en ts h ad

been reported previously for som e of th ese gen es; in

on ly on e case (RPL29, on ch rom osom e 3p) do our

resu lts con flict with a previous region al localization .

DISCUSSION

Th e ribosom e is th e m ost com p lex m am m alian

structure to h ave been com pletely described at th e

level of n ucleotide an d am in o acid sequen ce (Wool

1996; Maidak et al. 1997). We n ow kn ow th e ch ro-

m osom al location s, in h um an s, of th e gen es en cod-

in g all 4 RNAs an d 75 of an estim ated 80 protein s

com prisin g th is elaborate, p rotein syn th esis m a-

ch in e (Fig. 2). Most m am m alian ribosom al protein s

h ave recogn ized h om ologs in prokaryotes, wh ere rp

gen es are organ ized in to a sm all n um ber of operon s,

with as m an y as 11 ribosom al protein s un der th e

con trol of a sin gle prom oter (Nom ura et al. 1984).

In con trast , th ere is lit t le eviden ce of rp gen e clus-

terin g in m am m als (Feo et al. 1992)—a con clusion

th at our resu lts con firm an d exten d. Both h um an

sex ch rom osom es an d at least 20 autosom es (all bu t

ch rom osom es 7 an d 21) carry on e or m ore rp gen es

(Table 1; Fig. 2). On ly th e presen ce of 12 rp gen es on

ch rom osom e 19, wh ich con stitu tes on ly two per-

cen t of th e h aploid gen om e (Morton 1991), is n o-

tably at odds with a ran dom distribu tion of rp gen es

th rough out th e h um an gen om e. Ch rom osom e 19 is

kn own to h ave a h igh gen e den sity (Sch uler et al.

1996), an d even h ere, th e 12 rp gen es are scattered.

With 55 rp gen es m apped to YAC clon es, we foun d

on ly two exam ples of m ultip le rp gen es residin g on

th e sam e YAC clon e: RPS26 an d RPL41 (on ch rom o-

som e 12), an d RPS11 an d RPL13A (on ch rom osom e

19). If on e con siders both ribosom al RNAs an d pro-

tein s, it is apparen t th at virtually every h um an ch ro-

m osom e (except perh aps ch rom osom e 7) con trib-

u tes on e or m ore com pon en ts to th e ribosom e (Fig.

2). Th ough en coded at dispersed gen om ic sites, th e

ribosom e’s m yriad com pon en ts are apparen tly as-
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sem bled with stoich iom etric precision .

Regulated coproduction of th e com po-

n en ts could , in th eory, be ach ieved in

several ways. Th e clusterin g of rp gen es

in operon s, as in bacteria (Nom ura et al.

1984), is eviden t ly n ot an im portan t

m ean s of regulated coproduction in h u-

m an s. Trans-act in g regu latory m ech a-

n ism s, both tran scrip tin al an d tran sla-

t ion al, h ave been argued to play a sub-

stan tial role in coordin atin g production

of ribosom al com pon en ts in m am m als

(Harih aran et al. 1989; Meyuh as et al.

1996), th ough feedback m ech an ism s, if

an y, rem ain to be elucidated. Altern a-

t ively, som e ribosom al com p on en t s

m ay sim ply be produced in excess, with

m olecules n ot in corporated in to ribo-

som es bein g discarded.

A few h um an rp gen es rem ain to be

m apped. In five cases (RPL14, RPL22,

RPL35, RPL36, an d RPL39), we were un -

able to trap verifiable in tron s despite re-

peated efforts; we did n ot m ap th ese

five gen es. W e an t icip ate th at th ese

gen es will be m apped as m ore in form a-

t ion abou t th eir gen e st ru ctu res be-

com es available. [On e of th ese gen es,

RPL22, h as been assign ed to ch rom o-

som e 3 (Nucifora et al. 1993).] As a ru le,

each m am m alian ribosom al protein is

en coded by a sin gle fu n ct ion al gen e

(Dudov an d Perry 1984; Wagn er an d

Perry 1985; Kuzum aki et al. 1987), bu t

we can n ot exclude th e possibility th at a

secon d fun ct ion al gen e m ay exist in

som e cases. In deed, fun ction ally in ter-

ch an geable isoform s of RPS4 are en -

coded by th e h um an X an d Y ch rom o-

som es (Fish er et al. 1990; Watan abe et

al. 1993). In th e case of RPL36A, a fun c-

t ion al, in tron -bearin g gen e is located

on th e X ch rom osom e (Oeltjen et al.

1995), bu t an alysis of cDNA sequen ces

suggests th at a secon d fun ction al gen e

m ay exist elsewh ere in th e gen om e, as

yet un m apped (N. Ken m och i et al., un -

publ.).

Implications for the Human Genome Project

Th e m eth ods we em ployed for STS gen eration via

in tron trappin g sh ould be of gen eral use in m appin g

gen es with p rocessed h om ologs. Recen t ly, PCR-

based typin g of RH pan els (or YAC libraries) was

used to m ap m an y th ousan ds of gen e-based STSs

(Sch uler et al. 1996). Th ese h igh -volum e gen e m ap-

pin g efforts relied on STSs drawn from 38 un tran s-

lated region s of gen es (Berry et al. 1995). Th is

m eth od m in im ized th e ch an ce th at PCR products

Table 2. Newly Ident ified Splice Sites in Human Ribosomal
Protein Genes

(Continued on facing page.)
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would con tain in tron s, th ereby reducin g th e size of

PCR p rodu cts an d in creasin g am p lificat ion effi-

cien cy. In con trast , our rp gen e STSs were design ed

to span or lie with in in tron s, to iden tify fun ction al,

in t ron -bearin g gen es as d ist in ct from p rocessed

pseudogen es. Alth ough th e procedure for derivin g

STSs from 38-un tran slated region s of gen es is sim -

pler—a requirem en t of h igh -volum e gen om ic stud-

ies—th e p rocedu re wou ld likely yield erron eou s

m appin g resu lts wh en applied to gen es

with abun dan t processed pseudogen es.

Had we applied th is strategy to rp gen es,

we would h ave com pletely overlooked

th e fun ction al gen es, wh ich are less ef-

ficien t th an th eir in t ron -less pseudo-

gen e derivatives as tem plates for PCR

am plificat ion with cDNA-based prim -

ers. Alth ough an error rate of on ly 1%

h as been claim ed for th e h igh -volum e,

STS-based gen e m appin g efforts (Sch u-

ler et al. 1996), th ese error est im ates

took n o accoun t of processed pseudo-

gen es, th e im pact of wh ich could be sig-

n ifican t if a sizable fraction of all gen es

give rise to processed pseudogen es. Th e

m eth ods we em ployed for STS gen era-

t ion via in tron trappin g sh ould be of

u se in effo rt s to syst em at ically m ap

gen es with a propen sity to gen erate pro-

cessed pseudogen es, th at is, h ousekeep-

in g an d oth er gen es th at are abun dan tly

expressed in th e germ lin e.

Ribosomal Protein Defects in Human

Disease

Evo lu t io n ary an d gen et ic co n sid er-

at ion s lead us to pred ict roles for rp

gen es in h um an disease. Ribosom al pro-

tein s are h igh ly con served am on g eu-

karyotes an d prokaryotes. Virtually all

m am m alian ribosom al p ro tein s h ave

cou n terp art s (with 40%–88% am in o

acid id en t ity) in th e yeast ribosom e

(Wool et al. 1996). Of th e 78 rat ribo-

som al protein s wh ose am in o acid se-

quen ce is kn own , at least 49 h ave rec-

ogn izable h om ologs in th e arch aebacte-

rial ribosom e (Wool et al. 1996). Am on g

m u l t ice l lu la r a n im a ls , t h e co n se -

quen ces of m utation s in rp gen es h ave

been explored m ost th orough ly in Dro-

sophila. Here, m utation s resu lt in g in re-

d u ced exp ression of in d ivid u al ribo-

som al protein s yield th e Minute ph en otype. Because

a fu ll com plem en t of ribosom al protein s is required

to assem ble a fun ction al, stable ribosom e, Minute

cells probably con tain fewer ribosom es an d th us

h ave less capacity for protein syn th esis (Kay an d

Jacobs-Loren a 1987). Con servat ion of ribosom al

p ro tein s am on g eu karyo tes, com bin ed with se-

quen ce studies, in dicate th at Drosophila an d h um an

ribosom es are extrem ely sim ilar. Th us, it is likely

Table 2. (Continued)

Upper- and lowercase letters denote exon and intron sequences, respectively.

For DDBJ/EMBL/GenBank accession nos., see Table 1.
aLast nucleotide in exon is numbered according to position in cDNA sequence.
bSize estimated by agarose gel electrophoresis.
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th at quan titat ive deficien cies in h um an ribosom al

p rotein s, as in Drosophila, will resu lt in reduced

tran slation al capacity an d th ereby yield specific, re-

producible ph en otypes. If specific h um an ph en o-

types do resu lt from ribosom al protein deficien cies,

th ose ph en otypes m ay or m ay n ot resem ble th e Dro-

sophila Minute ph en otype.

Th e presen t m appin g study was m otivated by

Figure 2 (See facing page for legend.)
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th e possibility th at ribosom al protein m utat ion s

con tribu te to h um an disease, in cludin g Turn er syn -

drom e, oth er ch rom osom al birth defects, an d Men -

delian disorders. As yet , n o h um an disorder h as

been traced defin it ively to a ribosom al protein m u-

tation . Havin g a m ap of th e rp gen es will facilitate

th e search for m utation s an d roles in h um an dis-

ease, in cludin g m on osom ies an d various Men delian

disorders.

Monosomies

Turn er syn drom e is a com plex h um an ph en otype

associated with m on osom y X (Ford et al. 1959). Em -

bryos with a 45,X karyotype develop as fem ales with

poor viability in u tero, an d th ose th at survive ex-

h ibit sh ort stature, ovarian failu re, an d specific an a-

tom ic abn orm alit ies th at m ay in clude lym ph edem a,

webbin g of th e n eck, an d cubitu s valgus (Lippe

1991). Th ese ph en otypes likely resu lt from th e h ap-

loin sufficien cy of certain gen es th at are com m on to

th e X an d Y ch rom osom es an d th at escape X in ac-

t ivat ion (Ferguson -Sm ith 1965); specific XY gen e

pairs probably accoun t for part icu lar com pon en ts of

th is com plex ph en otype (Zin n et al. 1993) On th e

basis of stud ies of in d ividuals carryin g part ial Y

ch rom osom es, we an d our colleagues h ave previ-

ously suggested th at ribosom al protein S4, en coded

by both th e X an d Y ch rom osom es, is an im portan t

factor in Turn er syn drom e (Fish er et al. 1990). Spe-

cifically, our resu lts suggest th at a quan titat ive de-

ficien cy of RPS4 m ay be respon sible for th e lym ph -

edem a an d n eck webbin g observed in 45,X in di-

viduals, an d perh aps also for th e poor viability of

45,X fetuses (L. Brown , C. Raut, an d D.C. Page, un -

publ.). Followin g th e prin cip le, from Drosophila,

th at tran slation al deficien cies stem m in g from an y

of a large n um ber of rp gen es yield a con sisten t ,

reproducible ph en otype, we predict th at deficien -

cies of au tosom al rp gen es m ay yield Turn er-like

ph en otypes in h um an s. Given th e dispersion of rp

gen es th rough out th e h um an gen om e, virtually all

m on osom ies an d m an y partial m on osom ies will en -

tail h eterozygous deficien cies of on e or m ore rp

gen es. We specu late th at ribosom al protein defi-

cien cies con tribu te to th e abn orm al developm en t

an d poor viability of m on osom ic h um an fetuses

an d perh aps also to ph en otypes observed in ch il-

dren born with partial m on osom ies. Th us, a search

for correlat ion s between ribosom al protein loci an d

h aploin sufficien t or h aploleth al region s of th e h u-

m an gen om e sh ould be in it iated . [Note: Th e h y-

poth esized role of RPS4 in Turn er syn drom e is con -

troversial. Som e in vestigators h ave con cluded th at

RPS4 is n ot a Turn er gen e, because m an y Turn er

p at ien t s with st ru ctu rally abn orm al X ch rom o-

som es h ave two or m ore active copies of RPS4X (Just

et al. 1992; Geerken s et al. 1996). However, as m ost

such patien ts do n ot exh ibit th e particu lar Turn er

features th at we attribu te to RPS4 deficien cy, th ese

observat ion s are con sisten t with our h ypoth esis.

Om oe an d En do (1996) h ave suggested th at RPS4 is

perh aps n ot in volved in Turn er syn drom e, because

som e m am m alian species th at h ave n o RPS4Y gen e

on th eir Y ch rom osom e exh ibit an XO ph en otype

th at is rem in iscen t of h um an Turn er syn drom e.

However, because th ese XO an im als do n ot exh ibit

th e particu lar Turn er features th at we attribu te to

RPS4 deficien cy, Om oe an d En do’s observation s are

also con sisten t with our h ypoth esis.]

Mendelian Haploinsufficiencies

Quan titat ive deficien cies of in d ividual ribosom al

p ro tein s cou ld p ossib ly resu lt from eith er gross

ch rom osom al deletion s or poin t m utation s in in di-

vidual rp gen es. In th e latter case, resu lt in g h aplo-

in sufficien t traits m igh t display sim ple Men delian

Figure 2 A map of genesencoding the human ribosome. The 22 autosomesand two sex chromosomesare 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 con-
structed at Généthon and the Whitehead Institute/M IT 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 confirm-
ing 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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t ran sm ission , p robably appearin g like au tosom al

dom in an t ch aracters in h um an pedigrees. Because,

in Drosophila, h eterozygotes for loss-of-fu n ct ion

m utation s in an y of a large n um ber of rp gen es dis-

p lay th e Minute ph en otype, on e m igh t expect th e

ph en otype in h um an h eterozygotes to be sim ilarly

con sisten t despite gen etic h eterogen eity. We predict

th at th is au tosom al dom in an t ph en otype would en -

com pass th e com pon en ts of th e 45,X ph en otype

th at are likely at t ribu t ab le to RPS4 d eficien cy,

n am ely, lym ph edem a, n eck webbin g, an d, perh aps,

reduced fetal viability.

Part icu larly in t rigu in g is th e possibility th at

Noon an syn drom e m igh t be attribu table to ribo-

som al protein deficien cy. Man y in vestigators h ave

drawn atten tion to sim ilarit ies between th e Noon an

an d Turn er ph en otypes (Allan son 1987). As on e

would predict for a Minute-like ribosom al protein

deficien cy, Noon an syn drom e is in h erited in appar-

en tly autosom al dom in an t fash ion , an d it is gen eti-

cally h eterogen eous. We n ote th at th e RPL6 an d

RPPO gen es m ap to a region of ch rom osom e 12 im -

plicated, by lin kage an alysis, in a large pedigree with

Noon an syn drom e (Jam ieson et al. 1994).

Other Mendelian Disorders

In con siderin g th e poten tial ran ge of h um an disor-

ders th at m igh t be caused by rp gen e m utation s, it is

im portan t to recogn ize th at som e ribosom al pro-

tein s m ay h ave add it ion al, ext raribosom al fun c-

tion s. Wool (1996) h as suggested th at , durin g evo-

lu tion , protein s of diverse fun ction were recru ited to

th e ribosom e to stabilize rRNA or oth erwise en -

h an ce tran slation , an d th at , in som e cases, th ese

recru ited protein s h ave also retain ed th eir an cestral

fu n ct ion s. Fo r exam p le, in m am m als an d Dro-

sophila, RPS3 fun ction s as both a ribosom al protein

an d an en don uclease (Wilson et al. 1994; Kim et al.

1995; Yacoub et al. 1996). In Drosophila, RPS6 fun c-

tion s as a tum or suppressor in th e h em atopoietic

system (Watson et al. 1992), an d RPS2 fun ction s in

oogen esis (Cram ton an d Laski 1994), perh aps re-

flectin g extraribosom al fun ction s for th ese protein s.

Given th ese preceden ts, h um an gen eticists sh ould

n ot overlook th e possibility th at ribosom al protein

m utat ion s cou ld d irect ly pertu rb d iverse cellu lar

fu n ct io n s, w it h o u t a ffect in g t ran sla t io n , an d

th ereby produce disease.

METHODS

DNA Sequences and Nomenclature

A com plete catalog of rat ribosom al protein cDNA sequen ces

is available (Wool et al. 1996). We used th ese rat cDNA se-

quen ces to query th e Gen Ban k, EMBL, an d DDBJ databases for

h um an rp gen e sequen ces (cDNA an d gen om ic). Th e am in o

acid sequen ces of h om ologous rat an d h um an ribosom al pro-

tein s are, on average, 99% iden tical. We refer to th e h um an

ribosom al protein s usin g th e establish ed rat n om en clature

(Wool et al. 1996).

PCR Primers and Conditions

For m ost rp gen es, th e prim er selection ru les described in th e

Results proved workable an d effective. However, for a few

group 3 gen es, th ese ru les were too strin gen t to perm it selec-

t ion of prim er pairs, or th e prim ers selected failed to am plify

a h igh er m olecular weigh t product with YAC pools as tem -

plate. In several such cases, we were able to select satisfactory

pairs by pickin g th e forward prim er from a larger target region

(150–300 bp upstream of th e term in ation codon ) or by allow-

in g th e forward prim er to con tain a sin gle AG din ucleotide. In

all cases, PCR prim er pairs were selected by use of th e PRIMER

program (S. Lin coln , M.J. Daly, E.S. Lan der, Wh iteh ead In sti-

tu te); optim al oligon ucleotide Tm was set at 58°C an d th e

optim al prim er len gth was set at 20 n ucleotides.

PCR was perform ed in 20-µ l volum es con tain in g 30–50

n g of tem plate DNA, 10 pm ole each of forward an d reverse

prim ers, 0.1 m M dNTPs, 10 m M Tris-Cl (pH 8.2), 50 m M KCl,

1.5 m M MgCl2, 5.0 m M NH4Cl. React ion m ixes were first

h eated at 90°C an d, th en , 1 un it of Taq DNA polym erase was

added. Cyclin g con dit ion s in cluded an in it ial den aturation at

94°C for 3 m in , followed by 35 cycles of 94°C for 1 m in , 61°C

for 1 m in , 72°C for 1 m in , an d a fin al exten sion at 72°C for 5

m in .

Physical Mapping

RP gen e STSs were ch rom osom ally assign ed by use of Nation al

In stitu te of Gen eral Medical Scien ces (NIGMS) h um an -roden t

h ybrid cell lin e pan els 1 an d 2 (Drwin ga et al. 1993).

To place rp gen e STSs on an exist in g RH m ap of th e

h um an gen om e (Hudson et al. 1995), we tested th e h ybrids of

th e Gen eBridge 4 pan el (Walter et al. 1994) in duplicate, by

PCR, an d an alyzed th e resu lts usin g RHMAPPER software

(Hudson et al. 1995).

To place RP gen e STSs on an exist in g YAC/STS con ten t

m ap of th e h um an gen om e (Hudson et al. 1995), we screen ed

25,344 YACs (plates 709–972) from th e CEPH library (Ch u-

m akov et al. 1995) usin g m eth ods described previously (Hud-

son et al. 1995).
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