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l flBS'TRRCT 

We houe isolated, cloned, ond seQuenced, from the genome 
of human (Hela) cells, a 1.797 Kb lliR 1 satellite Il ONR 
fragment thot displayed lJartial identity to the Orosophlltl 
melanogostel" transposable P-element. 

The sequence onalysis of this clone (pKS36) indicated that 
it has originated from the tandem amplification of pentameric 
l''epeots thot were deriued from satellite Il and III cononicol 
consensus sequence S' neeR 3'. R two-stage decay mechanism, 
based on the methylation and subsequent deamination of cyto­
sine residues within the pentamers, was proposed to eMploin the 
non-rondom base su~stitutions that were obserued in pKS36, os 
weil os in other sequenced members of the satellite Il and III 
UNR fommes. In addition, this two-stoge decay model correla­
ted with the Taol and Hinfl polymorphisms thot were obserued 
between related satellite ONR members. 

Clone pKS36 0150 contains 0 region of 49 bp deuoid of 
sotellite sequences that was found, by southern hybridization, 
to be present in pKS36 closely related (pKS36-lIke) but absent 
from more diuergent (pKS36-related) cioned satellite Il and III 
UNRs. pKS36-related satellite UNRs represent up to 2% of the 
genomes of Helo and MeWo cells, and ore organized mostly in 
tandem arroys of 1.8 Kb f.rnRl, KMl, and ~3R ONR fragments. 
pKS36-like satellite ONRs represent less thon 1 % of the genome 
of Hela cells, and ore found mainly organized as 1.65 Kb, 1 .95 
Kb and 3.6 Kb lliR 1 elements, though their K1illl and i!llL3R 
distributions resemble that of pKS36-related satellite ONAs. Cell 
speCifie organization of satellite DNRs, that may be the result of 
chromosomal translocations inherent to cultlJred cells, wos 
obserlJed in the two human (Hele and MeWo) cell lines. 

The analysis, by southern hybridization, of satellite DNRs 
using field inuersion gel electrophoresis reuealed the presence, 
in Hela cells, of satellite ONR clusters ranging from ISO Kb to 
500 Kb in length. 

Using rodent-human hybrid cell DNRs,the members of the 
pKS36 satellite Il ONR family were found to reside rnoinly on 
human chromosomes 7, 12, 14, 15, 16, and 22. 
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RESUME 

Nous avons isolé, clôné et séquencé un fragment EcoR 1, 
long de 1.797 Kb, possédant des régions d'homologie partielle 
auec l'élément transposable P de la mouche it uin, Drosophila 
melanogaster. 

Ce clône (pKS36) est composé de séquences pent6mériques, 
organisées en tandem, qui sont dériuées de la séquence consen­
sus des HON satellites Il et III: 5' nCCR 3'. Le polymorphisme 
lJl.a.l et Hinfl obserué chez les membres des nON satellites, ainsi 
que la présence de bases soullent substituées au sein des penta­
mères (teUes les deuH cytosines), peuvent être eHpliqués par un 
phénomène de dégénérescence basé sur une forte méthylation 
des ré~idus cytidiques et de leur SUbséquente déomination. 

Le clône pKS36 contient une région de séquence non­
satellite de 49 poires de bas~, également identifiée, par hybri­
dation Il Southern ", dans des clônes d'nON s'iteUite qui sont 
homologues it pKS36 (satellites homologues). Cette région 
n'est pas présente chez les ADN satellites qui sont partiellement 
homologues it pKS36 (clônes semi-homologues). Ces derniers 
représentent 2 % des génômes des cellules Hela et MeWo et 
sont organisés en tandem de 1.8 Kb sur des fragments.E.ulR 1, 
K.u.nl et i!U!3A. les RON satellites homologues it pKS36 repré­
sentent moins d'un pour cent du génôme des cellules Hela, et 
sont organisés, pour la plupart, sur des fragments EcoRl de 
diuerses tailles: 1.65 Kb, 1.95 Kb et 3.6 Kb. Leurs organisations, 
en tant que fragments Kpn 1 et Sau3R, se rapprochent de celles 
des clônes semi-homologues à pKS36. Le polymorphisme, 
obserué dons l'orgonisation des nON satellites des deUH lignées 
cellulaires humaines analysées (Hela et MeWo), pourrait être le 
résultat de translocations de chromosomes, phénomènes de 
prédilection de cellules maintenues en culture. 

La technique d'électrophorèse par inuersion de champs a 
permis l'identification, ou sein des cellules Hela, de larges seg­
ments de chromosomes (contenant des RoN satellites homolo­
gues 8 pKS36), qui uarient en taille de 150 Kb il 500 Kb. 

L'analyse, par hybridation, des ADN provenant de cellules 
hybrides semble indiquer que la majorité des nON satellites Il se 
trouuent sur les chromosomes humain 7, 12, 14, 15, 16 et 22. 
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CONTRIBUTIONS TO ORIGINRL KNOWLEDGE 

1- We houe identified ond isolated from the genome of the 

human cell line Hela, a 1.8 KIllli.R 1 ONA fragment (in plosmid 

pKS36), thllt displayed portiol homology to ft Icnown Drosophile 

melanoge.ter transposon: the P-element. 

2- We sequenced the entire 1.8 Kb insert ond determined 

that we haue presented the first complete nucleotide sequence 

of Il long member 0'( the highly repeated human fomily of sotel­

lite ONA. This li.Q.R 1 ONA frogment contoins ihe choracteristic 

pentomeric element, 5' nCCA 3', of the human satellite U and III 

ONAs, ond If is 0' 0 interrupted in its pentomeric repeoh by 0 49 

bp unique, non-satellite ONR region, called the 49 mer. 

3- Using this 49 mer, we were able to distinguish betIJ"Jeen 

thls closs and other members of the closely reloted families of 

human sotellite Il ond III itNAs. 

4- We cloned other members of the hlimon sotellite 

fomilies ond sequenced their eHtremities. IDe determined, uio 

the anolysis of their chorocteristic Iwll ond Hinf1 digestion 

patterns, their memberships to either satellite Il or III ONAs. 

5- ONA sequence oflolysis reueoled the presence, within 

sotellite ONR, of hotspots for mutations. R model that eHplains 
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l how satellite ONR moy houe euolued from the consensus 5' nCCR 

3' repeats, was presented. 

6- IDe determined the genomic orgunizution of the pKS36 

satellite Il family, und discouered that mony of these sequences 

are apparently dispersed within the hum an genome, os weil os 

orgonized as tandem arrays of 1.8 Kb ti..QR 1 and K1illl fomilies. 

We also determined the presence, in the genome of Hele cells, 

of large blocs of satellite ONRt, ranging from 150 Kb to 500 Ko, 

bounded by Hln.dlll sites. 

7- IDe houe determined that our cloned sutellite ONR 

represenh less thon 1 % of the genome of Hela cells, and thot 

other reloted S' neCR 3' satellite ONR molee up 2 % of the 

genome. 

8- Using a human-rodent hybrid cell panel, we houe found 

that these sotellite sequences are mainly located on human 

chromosomes 7, 12, 14, 15, 16, and ;~2. 
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1- DNR-HERED ITY THEORY OND CHROMOSOME 

STRUCTURE 

OeoHyribonucieic ocid (ONR) is the molecule for the genetic 

informotion of most life forms thot eHist on eorth todoy. The 

organization of the information contoined in 0 ONR molecule is 

different for euery species ond onen differs in porticulor 

sequences euen between orgonisms of the same species. 

Rccording to the ONA-heredity theory, it could be reasonoble to 

presume thot the more compleH on organism is, the more genes 

st contoins. Therefore, it is not surprising thot, os on olternotiue 

to the simple chromosome orgonizotion of prokoryotes, 

eukoryotes houe deueloped 0 different woy for hondling 

tremendolJs omount of genetic informotion. One of the 

distinguishing feoture of eukoryotes is the structure of their 

chromosomes. In euery eukoryotic cell, the complete genetic 

blueprint of on organism is tightly compocted in chromotin 

structures formed by the close ond periodic ossociation of ONR 

ond proteins. Histones and scoffolding proteins prouide 8 highly 

efficient woy to wrop the ONR content of 0 cell into 8 length one 

ten-thousondth of ih noturollength. 1 n 0 single humon cell, 6 

billion bose pairs of ONR wind around histone octomers into 

strutturol subunits coUed nucleosomes (Rlberts fi .Dl., 1983). The 

chromotin fibres ore in turn folded ond coiled into 0 higher leuel 

of orgonization, the chromosomes (figure 1). 
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This highly sophisticated packaging mode enobles the 

occurote replicotion, segregation into daughter cells, eHpression 

ond regulation of the genetic material contained in euchromatic 

regions. Heterochromotic regions, the most highly condensed 

region of chromosomes, are located predominantly at the tips 

(telomeres) and around the centromeres. The replication of both 

telomeric ond centromeric heterochromatin is programmed in a 

sequence ond species specific monner during the S-phase of cell 

diuision (McCarroli and Fangmon, 1988; Ten Hagen ru .Dl., 1990). 

The chromosomes of eukoryotes display on eHtreme 

fleHibiiity. During meiosis, the chromosomes can he broken 

oport ond recombined, thus creoting constant dynomic changes. 

Errors during OND replicotion (though infrequent), sequence 

reorrongements mediated by mobile genetic elements or direct 

repeats, ond meiotic gene shuffling, prouide the necessary 

uoriations from which euolutionory forces con act and select 

from. 
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Figure 1: Leuel, of ONA orgenlzetlon ln chromosomel. 

(from figure 8-24, poge 399 in "The molecu'or bio.ogy of the cell" 

Hlberts JU Jll., 1983). The associotion of histone rroteins with 

ONH 'eods to the formation of the first feuel of O~R pocking: the 

10 nm (nanometer) nucleo~ome fibers. Condensotion of 

nucleosomes into 30 nm fibers is medioted by histones Hl ond 

"5. The orgonization of chromotin into 'ooped domoins 

(euchromatin) regulotes tronscriptiono' actiuity of genes. 

Highly condensed domoins, thot oppeor os dort bonds on mitotic 

chromosomes, constitute the constitutiue or focultotiue 

heterochromotic regions of chromosomes. 
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11- THE [-URLUE PHRRDOH 

ln eukoryotes, the flow of genetic informotion proceeds 

from 0 ONR templote, to 0 RNR tronscript, to 0 protein product. 

Howeller, in the lost 30 yeors, moleculor eHplorotion of the 

"building blocks of life", both within ond between eukoryotic 

species, hos reueoled sorne discreponcies to this O~R-heredity 

theory. These ore generolly referred to, by 0 puzzled scientific 

community, os the (-uolue porodoH (GolI, 1981). 

One of the tirst obserllotions mode wos thot the total 

omount of ONR of 0 hoploid eukoryotic cell (the (-uolue) is not 

olwoys proportionol to the opporent phenotypic compleHity of 0 

giuen orgonism. For eHomple, certoin omphibions contoin 

twenty times os much ONn os mon does. 

Moreouer, the (-uolue hos shown 0 greot deol of uoriotion 

between closely reloted species. Methods of chromosome 

onolysis, such os the (-bonding technique (Rrrighi and Hsu, 

1971), houe demonstroted enormoU!. uoriobility in the omount of 

heterochromotin (mosUy centromeric) in indiuiduols of the sorne 

(or phenotypicolly reis led), species (Pordue ond GolI, 1972). 1 n 

omphibions, the genome size between two indiuiduols of the 

sorne species moy ronge from 109 bl) to olmost 1011 bp (nlberts 

.e.1.D.l., 1983). 

The lost ospect of the (-uo'ue porodoH, ond probobly the 

most striking, cornes from the reolij/~otion thot the omount of 

ONR in 0 single cell is greoter thon would be predicted from the 

number of its genes. In humons, it is belieued thot less thon 2 % 
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, , of the DNR encodes proteins. In ony porticulor eukoryotic cell, 

the bulk of the ONR contoins informotion thot is opporently 

neuer uSEd. It stoys, for the most port, locked into closed 

untronscribed heterochromotic structures (constitutiue 

heterochromotin). Yet, these non-coding sequences ore 

generolly preserued ond possed on from generotion to 

generotion. 

111- NATURE OF THE EH CESS OND 

We nOID knOID thot sorne of the eHcess ONA found in 

eukoryotes is occounted for becouse genes ore much lorger thon 

the sequences needed to code for their proteins. The flow of 

informotion from ONA to protein must be reguloted in sorne woy. 

Eukoryotic genes include, within ond proHimol to their coding 

sequences, elements thot regulote their eHpression (promoters, 

enhoncers) ond their tronscription (non-tronsloted regions, 

introns). R froction of the eKcess ONA can olso be occounted for 

by the presence of pseudogenes (truncoted nonfunctionol 

uersions of genes). Howeuer, the beginning of €In onswer to the 

(-uolue porodoH storted to ernerge in the 19605 ond 1970s with 

the deuelopment ond opplicotion of technologies such os 

eQuilibrium density grodient centrifugotions (Uinogrod ond 

Heorst, 1962), reossociotion kinetics (Britten ond Kohne, 1968; 

Southern, 1971) ond restriction endonucleose onolysis (Southern, 

19750, 1975b; Pech Jtllll., 1979), which reueoled thot mast of the 
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non-genic component of on eukoryotic genome is mode of simple 

ond compleK repetitiue ONR seQuer~ces. 

111-1 Equlllbrium denslty gradients ula 

ultra c e n t rltu g a tl 0 n. 

This method is bosed on the physicol properties of ONR 

molecules, subjected to centrifugotion ot high speed through 0 

cesium chio ride ([sCI) density grodient, to form 0 band ot 0 

position corresponding to its own density (Meselson fi .u.l., 

1957). The position of the bond reflects the oueroge G-[ bose 

compositaon of the ONR, (Schildkrout fi !lI., 1962). In 1961, IUhiie 

studying the distribution in CsCI density grodients of mouse 

(Mui mUlculul) ONR, Kit obserued 0 minor ON" traction 

separoting from the moin bond. Owing to its original detection os 

o distinct component of nucleor ONR, the froction wos termed 

sotellite DNR (Kit, 1961). 

The subsequent use, in CS2S04 gradients, of heouy metols, 

dyes, ond ontibiotics that bind preferentially to either R-T or G-[ 

rich sequences, ollowed 0 better resolution of satellite ONR 

froctions in almost 011 eulcoryotes (Skinner and Beattie, 1973; 

Peocock fi M., 1974; Manuelidis, 1977. 

Using siluer ions (Rg+) in ($2S04 gradients, Corneo ond his 

coworkers (1971) demonstroted the presence, in humons, of 

three sotellite froctions, eoch chorocterized by its own buoyont 

density (figure 2). 
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Figure 2: Distribution of hum en DNR ln CtCI2 (III) IIInd Rg+­

C$2504 (b) gradients. (a) ln Neutral Cesium gradient the bulk 

of hum an ONA has a densi~y of 1.699. (b) ln Rg+-CS2S04 the main 

band density is 1.481, and the satellite DNA fractions appeor 

with densities of 1.444, 1.45 1, 1.509. Redrawn from Heorst ~ 

!lI., 1974 and Corneo .e.1!Ù., 1971, (a) and (b), respectiuely 
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ln neutrol tstl grodients (figure 2, diogrom 0), the density 

of the cryptic sotellite ONRs cOincide with thot of the mojor 

component (Corneo Jll Jll., 1911; Heorst .e.1Jll., 1914). In Rg+­

ts2S04 grodient, three distinct sotellite ONR froctions, 

chorocterized by buoyont densities heouier or lighter (6t- or nT­

rich, respectiuely) thon thot of the main bond, were resolued 

(figure 2, diogrom b). 

While sotellite peaks were found to be ubiquitous in 

eukaryotes, the nature of the ONR they contoined remoined 

unclear (eHcept for their oueroll RT- or 6C-rich noture). 1 t was 

the applicotion of reossociotion kinetics ond restriction site 

onolysis thot reueole{5 thot these froctions were mode of 

repetitiue ONn sequences. 

111-2 ONR reassociotlon tlnetics 

Reossoci8tion of denatured ONn stronds depends on 

rondom collision of complementary molecules. rhus, the rote of 

dupleH formotion is not only controlled by the length ond 

compleHity of the ONR, but olso by its concentration (number of 

identicol molecules), ond by the Ume the annealing reoction is 

allowed to proceed (Britten and Kohne, 1968). Within 0 

heterogeneous population of sequences, ONR molecules present 

in many copies houe greoter chonces, .,io rondom collision, of 

ropidly finding ond onneoling to their complementary 

counterport, thon sequences thot ore present only oncé. Thus, 

the repetition frequency of ONn sequences con be monitored by 

the rate of their reassociation kinetics. Britten ond his 
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coworkers showed thot the reassociation rote of ONR chains con 

be choracterized by the so colled Cot ualue: the product of the 

ONR concentration ICol, and the time of incubation (t] (Waring 

and Britten, 1966; Britten ond Kohne, 1968). The larger the Cot 

lIo.ue, the slower the rate of dupleH formation. 

Figure 3 illustrates reassociation Icinetics of genomes of 

diuerse sequence compleHity: Lambda phage, E. coll ond 0 

hypothetlcal eulcaryote. For lambda 50 % renoturation 

(hybridization) of the molecules is obserued ot a Cot lIalue 

(Cot1/2) of 10-1• E. coll, on the other hand, achieues 50 '0 
renoturation at a Cot1/2 lIalue of 10, or 100 times more slowly 

thon Lambda. This reflect directly the difference in bp content 

of the two ONRs: E. coll hos 100 times more ONR as Lambda (50 

Kb). In the case of the eulcaryote, the Cot curue reflects a more 

compleH pattern in the organizotion of the ONR. 25 % of the 

genomic ONR hybridizes at a Cot 1/2 ualue of 1, or 10 times faster 

than E. coli, whereas 75 % hybridizes at a Cot1/2 ualue of 104• 

Thus, It appeors thot this hypothetical eukaryote contains 25 % 

of ONR sequences thot are repeoted a thousand times,on 

aueroge, and thot the rest of the ONR is made of single copy ONR 

sequences. Typically, in lower eukaryotes, 10-20 % of the ONR 

renotures ot a fost rote. In unimal cells, up to 50 % of the ONR is 

repetitiue, whereas in plants and amphibians up to 80 % of the 

totol hereditary moterial is composed of repeoted ONR 

sequences. 
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Figure 3: (Homples of Cot curues. (trom Figure 2, poge 277 

in "Chromosome structure ond leuel of orgonizotion" Ris ond 

Korenberg, 1979). Reossociotion kinetics of Â. phoge, E. coll and 

o hypotheticol eulcoryote. Circles positioned on the curues 

correspond to the Cot uolue ot 50 '0 hybridizotion (Cot 1 12). See 

teHt for eHplonotions. 
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Britten ond Kohne, (1968) showed thot mouse sotellite ON" 

renotured more rapidly thon the rest of the nuclpor ONA, thus 

demonstruting the repetitiue nature of the ONA sequences 

present in sotellite froctions. 

111-3 Restriction endonuclease analysls 

If 0 sequence is sufficiently obundont, frogments 

generated by digestion of the ONA with restriction 

endonucleases con be obserued, upon stoining with ethidium 

bromlde, ouer the bockground of genomic DNR frogments. This 

property is iIIustrated in figure 4. When humon genomic ONA is 

hydrolyzed with KJmI, WRI, Hindlll or JiD..e.111 (figure 4, lones A, 

B, C ond D, respectiuely), discrete bonds (indicoted by orrows), 

chorocteristic of the restriction €iitJonuclease utilized, stund out 

ouer the background stoin of diuerse-sized ONA fragments. 

fit partiol digestion of genomic ONA, it wos obserued thot 

repeated ONA sequences foll into two types of organizotions: 

-sequences thot ore orgonized in a heod to ta il 

monner, show 0 choror.teristic ladder of fragments thot ol'"e 

arithmetically related. The length of the tandem arroys may be 

chol'"octeristic of the restriction endonucleose utilized, 8S weil 8S 

specifie fol'" the genome under study. In figure 4, this type of 

orgonizotion is obserued aftel'" digestion (to completion) of 

human ONR with f.t.Q.RI Oane B). The digestion produces a heouily 

stoined bond 340 bp in length, os weil os its dimeric form (680 

bp) The dimer results from point mutations occuring Dt the lliRI 
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site between two odjocent units. ThisllJJ.RI fomily of tondemly 

orroyed ONR frogments is chorocteristic of primote genomes, 

ond is r-eferred to os the .Eu.R 1 olphoid family (section 1 U-l.2, 

ond Maio .el Jll., 19810). The term Il fomily Il defines 0 populotion 

of euolutionory diuergent, though reloted, ONR sequences. Thus, 

members of 0 fomily thot houe orisen from the duplication of 0 

common oncestor moy show high degree of polymorphism at the 

sequence and/or organization leuels. 

-Sequences thot ore dispersed or linked to unrelated 

ONR oppeor os discrete diuerse-sized frogments. In humons, the 

most obundont interspersed repetitiue elements belon!) to the 

Rlu ond Kpn (or LI) fomilies (Singer, 19820). Both fomilies houe 

been nomed ofter the specifie restriction endonucleose with 

which they were originolly detected. Figure 4, disploys the 

dispersed orgonization of 0 series of human KJmI repetitiue ON" 

sequences (lone R) The four major fragment sizes yielded (1.2 

Kb, 1.5 Kb, 1.8 Kb and 1.9 Kb), ore chorocteristic of 011 primate 

genomes (eHcept prosimions). Owing to this long period 

interspersion mode, the humon KD..n1 elements ore refered to os 

the humon UNES (long Interspersed sequences) fomily. Using 

the restriction endonucl~ose JlI1lI, 0 second group of repetitiue 

ON", charocterized by shorter units (300 bp) of dispersed 

sequences wos obserued. The Rlu elements ore olso refered to 

as the humon SINES (short interspersed sequences) fomily. 
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Figure 4: Restriction endonutlease enalysls of Hele 

genomit DNR. 1 0 ~g of Hele ONR were hydrolyzed with 

restriction endonucl~ese KJl.n.l (lone H), lliR 1 (lone 0), Hindlll 

(lone Cl, and Hoelll (lane 0). Rs molecular weight morker, 2).1g 

of Â. phage ONR were hydrolyzed with .Hindll. (lone M). The oNR 

fragments were then seporoted via gel electrophoresis, os 

indicated in Ch. pter Il (materials ond methods). The ogorose gel 

wos subsequently sooked in 0 solution of ethidium bromide, und 

the ON" frogments were visuolized under 0 high intensity-UU 

source. Rrrowheods point to the chorocteristic discrete bands 

formed by repeated ON" sequences (see teHt). 
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IIJ- RNRLYS IS OF REPETITIUE DNR FRM 1 LIES 1 N 

EUKRRYOTES 

Repetitiue ONR may be classified in terms of copy number 

(middle Us highly repetitiue) and organization (tandem Us 

interspersed), as discussed earlier, but they olso may be 

categorized in terms of sequence compleHity. The sequence 

compleHity is accounted for by the length of the unit of 

reiteration. Thus, seque:lces whose basâc unit of repetition 

ronge from 2 bp to 60 bp are called "simple ", and those with 

longer repeat units are called Il compleH ". 

1 U-1 COmpieH repetitiue sequences 

IU-I.I Mobile elements 

ln the early 1950s, while studying the changes in pottern 

of pigmentation of leaues and kernels of maize, Barbara 

McClintock come upon the first obseruation of the presence of 

"jumping genes" at work in eukoryotes. The transposable 

elements she described (Os-Rc fomily) consist of two related 

elements: on 8utonomous actiu8tor (Rc) that is able to trans-

8ctiuate 8 related, though non-autonomous, dissociation 

element (Os) (McClintock, 1951, 1956). 

Since this initial discouery, transposable elements houe 

been found to be abundant and unstable residents of the 

genome of most eukaryotes. ONR transposition appears to be a 
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ubiquitous pathway of iIIegitimate recombinotion omong 011 life 

forms. The moleculor mechonisms by whieh these elements 

moue inuolues either replicotiue tronsJlosition uia reuerse 

transcription and Integration (mammolian retrouiruses and Rlu 

sequences, Drosophile copia and Saccharomyces cereulslae 

Ty elements), or conseruatiue integrotion (moize Os-Re fomily, 

Drosophile P-elements). Upon insertion into a gene, the mobile 

element moy cause mutations by insertional inoctiuotion, but 

con also alter the genetic materiol both functionally, by 

offecling the eHpression or regulation of adjocent genes, and 

structurally, by promoting deletions, inuersions or translocations 

of neighboring DNA sequences. Transposable elements may eHist 

eHtra-chromosomally or be resident within the host genome. It 

is the eHtremities of the elements that contoin the primory cis­

acting determinants for ONA transposition. 

IU-1.1;1 Drosophila P-elements 

1 n eukoryotes, transposable elements houe been 

implicated as causotiue agents in the generotion of genetic 

defects and tumor induction. 

1 n Drosophile m'Sienogester, P-elements houe been 

found to be the cousatiue ogent of hybrid dysgenesis (Kidwell 

and Kidwell, 1916; Binghom Hm., 1982). This phenomenon 

occurs during mating of a male from a strain corrying P­

elements (P-strain) in its genome with a female locking such 

elements (M-stroin). After fertilizotion, the P-elements corried 

by the mole genetic moteriol ore induced to transpose in the 
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zygote due to the lock of ony regulotory functions in the 

fertilized egg. The subsequent hyper transposition induces 

chromosomol oberrotions ond distorted segregotion in the 

progeny ond often results in offspring sterility. 

The P-elements ronge from 500 to 2900 bp ond ore present 

on oueroge in opproHimotely 50 copies per cell. They contoin 0 

31 bp inuerted terminol repeot sequence ond induce on 8 bp 

direct duplicotion of the host torget ONR ot the site of insertion. 

The full-Iength 2.9 Kb element moy be compored to the Re 

element found in moize os it con trDns-octiuote, in 8 tissue 

specific woy, truncoted non-outonomous forms of the element. 

IU-1.1;2 SINES elements 

Rlu elements ore short interspersed repetitiue ONR 

sequences, holf of which ore cleoued by the restriction 

endonucleose .fll.U1. The humon Rlu fomily consists of roughly 

500,000 members per ge.lOme, eoch of IJJhich is 300 bp long, ond 

most of which ore tronscriptionolly inoctiue (Oeininger .e.1m., 

1981; Deininger ond Doniels, 1986). Rlu elements con be 

organized into sub-closses of reloted, though euolutionory 

diuergent, sequences ,Britten .e11l1., 1988, Quentin, 1988). 1 n 

humons, the oueroge homology between fIIu members is 87 %, 

and the y ail shore 0 14 bp core sequence thot wos found to be 

almost identical to the SU40 origin of replicotion. Rpporently, Rlu 

elements were deriued, by deletion of 0 centrol segment, from 

the 7SL RNR, 0 tlo$s III gene product thot was found to be on 

essential component of a smoll ribonucleoprotein particle thot 
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mediotes protein secretion from cells (Ullu and Tschudi, 1984). 

When compored to the totol humon genome, SINES elements 

oppeor enriched in both unmethyloted 6pC dinucleotides and 5-

methylcytosines (Gomo-50sa Jtl J1l., 1983). Members of the Rlu 

fomily ore flonked by short direct repeoh 10 to 19 bp long (Pan 

JÜ .Ill., 1981), and contain on internai promoter for RNR 

polymerase III and a 3' poly (H) tail. Thus, they appear to houe 

been omplified ond dispersed by on RNH intermediate ond os 

such, ore often refered to os retroposons (Weiner nJl1., 1986). 

IU-l.1;3 LlNES elements 

Ubiquitous in mammols, L INES-elements ore long ond 

eomple .. intenpersed repetitiue ONR sequences. In primates, 

they were fint obserued by uirtue of their choracteristic series 

of KD.n1 ONR fragments (Maïo n .Dl., 1981 b). UNES elements ore 

uery polymorphie in length and sequence: in primote genomes, 

KJmI-like sequences moy uory in size from 70 bp to 6400 bp. The 

short uarionts of the Klml family ore due to truncation at the 5' 

end of the element (Shafit-Zogardo fi .Dl., l '}82). The elements 

ore chorocterized by the presence of large ORFs, showing 

homology to the main eomponents of a retrouirol prouiral 

genome (LTR, gog and pol genes), 0 3' poly R trock, and 14 bp 

direct repeots. Singer ond her co-worken found (in Rfricun 

green monkey (RGM)) 0 truneated KIm- element, 829 bp long, 

inserted in one of the units of tandemly organized alpha 

satellite ONH sequences. This element, KJmI-RET is thought to 

houe tronsposed to this location ofter the omplification of the 
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1 tondem orroys (Thoyer und Singer, 1983). Other members houe 

been round ot the junction of RGM alpho satellite ONR (Gl'"imol~i 

and Singer, 1983). Though the .KJm1 orgonization of the LINES 

elements is 0 charocteristic of primote genomes, reloted 

sequences ore found in other genero. In filomentous fungi, 0 

transposon similar to the I-elements of Drolophllo and to the 

UNES elements of mommols wos found (Kinsey ftnd Helber, 

1989). 

IU-l.2 Rlphold DNR 

The centromeric ONR of higher eulcoryotes contoins long 

tondem arrays of highly repetitiue sequences, the best 

chal'"octerized being the fomily of alphoid sotellite of primotes 

(Maio, 1971; Kurnit ond Moio, 1 974; Singer, 1979, 1982 b; Choo .tU 

.oJ.., 1990a; Mohtani ond Willerd, 1990). The Rfricon green monlcey 

elpho sotellite ONA comprises 20-25 % of the genome (Kurnit ond 

Maio, 1974), ond is orgonized in 0 chromosome specifie Inonner 

os long tandem ftrroys of 172 bp repeot unUs, Sequences thet 

ore l'"eloted to the RGM olpha ~otellite were detected in other 

primates and colled, by anelogy, olphoid sateUUe DNRs. 

ln humon genomes, olphoid satellite DNRs account for 5 ,"0 

of the genome, and ore found 8S 340 bp E.t..QRI fragments 

organized in tandem at the centromeres of 011 chromosomes 

(Willord Ü fi .. 1989). The repeot unit is composed of two reloted 

regions of 169 bp ond 1 71 bp. There is 23 % sequence diuergence 

between the two sUb-repeats. In controst, there is only l '70 

sequence diuergence between adjacent units of 340 bp. It thus 
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appears thot the amplification, in tandem, of the 340 bp repeat 

units has occured after the diuergence of the shorter sub­

repeats. 

ThrJ human illRI olphoid family disploys tissue-specific 

leuels of methylcytosine. In brain tissue, it was obserued that 

the olphoid ONA sequence wos 66 % more methyloted, (ot Cp6 

dinucleotides) thon its plocentol counterport (Gomo-Soso JUm., 

1983). furthermore, the authors obserued thot these repeated 

sequences were ten Urnes less methylated in sperm cells thon in 

somoUc cells. 

The striking feoture obout the euolution of olphoid DNA is 

the presence of conserued regions alternoting with non­

conserued regions (Rosenberg JU .Ill., 1978; Donehower n Jl1., 

1980). furthermore, the junctions between conserued ond 

diuergent regiflns are morked by the presence of 5' TTCC 3' (or its 

inuert AR66). These simple sequences ore belieued by the 

outhors to be recognition site for nucleoses and / or 

recombinotion proteins. 

1 U-2 Simple repetitiue sequences 

IU-2.1 MOUle satellite UND 

The major mouse satellite ONR discouered by Kit (1961), 

wos shown to represent opproHimatel!; 9 % of the genome ond 

appeored to contoin 2 to 3 time more methyloted cytosines (mC) 

thon the ONR found in the moin bond (Bond JU .Ill., 1967; 

24 



."" 

Schildkraut and Maio, 1968; Solomon li J.l., 1969). Though 

satellite ON" is concentroted in heterochromotin, troce omounts 

are found in euchromatin (Mattoccia ond Comings, 1971). 

Originally localized within the centromeric heterochromotin of 

ail chromosomes, eHcept the Y (Jones 1910), it wos loter found 

on the long orms of sorne chromosomes (White JÜ Jll., 1975). 

Southern (1975b) was the first to report the tandem 

orgonization of mouse satellite ONR os 234 bp long w.R Il 

segments. Nucleotide sequence onalysis reueoled that while the 

basic repeot was 234 bp, it wos composed of internol sub­

repeots, 58 bp or 60 bp in length (Manuelidis, 1981). 1 n turn, 

shorter sUb-repeots of 28 bp (colled olpha) olternating with 30 

bp (c~lIed beta) were found. 1 t is belieued that mouse sotellite 

ONH hos euolued, from the tandem duplication of an ancestral 

unit, 5' TGRRRRH 3', by 0 process of mutation and amplification, 

(Horz ond Hltenburger, 1981). 

IU-2.2 Mini-satellites 

The term mini-satellites includes polymorphie repetitiue 

ONH sequences, uorying in length from 9 to 60 bp, that ore 

oi'gonized in tondem arroys within dispersed repetitiue regions 

(Bell iU Jll., 1982). R subset of these, preferentially located near 

the ends of human chromosomes, shore a common core 

sequence S'GGRSGTGGGCRGGRRG 3', thot is similor to the CHI 

recombinotion signol of E. coll. (Jeffreys .e.1.a.J.., 1985). One of 

these minisotellite ONA consists of four tandem repeats of a 33 

bp sequence and is tound flanked by 9 bp direct repeat, 0 
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fe6ture chor6cteristic of the target site duplic6tion generated 

by transpos6ble elements. 

1 U-2.3 Decamerlc satellites DNRs 

Decn-s6tellite ONR was found fortuitously in the early 

1980s, in the genome of Rfrican green monlcey (Maresca and 

Singer, 1983). While loolcing ot the jun-:tion of 61pha s6tellite 

ONR, decameric repeot units, organized in long tandem arrays, 

were detected (Maresca and Singer, 1983). l'hough the basic 

repeats ore deriued from the consensus 5'RRRCC66NTC 3', it is 

the Internai CC66 core tl\at is found most conserued. 

ln Kangaroo rat, decameric sotellite ONRs shore a different 

though re.ated, decameric unit 5'RCRCR6C6G6 3' (Fry n m., 1973). 

This family of related sequences, colled HS-Beta-ST-DNR, contoin 

ONR sequences that contain high amount (6.7 %) of methylated 

Cytosines (Hatch and Mazrimas 1974). 

IU-2.4 6T/CR satellite DNRs 

The genome of many eukaryotes contains simple 

sequences, composed of alternating purines and pyrimidines of 

the following types: (6T ICR)n, (6R/Cnn , (RR/TT)n ... etc. 
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IU-2.5 Hum .. n cl .... lc .. 1 .ateliite DNR 

MOlecular onolysis of the humon genome hos reueoled two 

types of tondemly orgonized repeoted ONR sequences thot are 

characteristic of heterochromatin: the alphoid satellite ONR ond 

the so-colled clossicol sotellite ONRs. 

T~e term "clossicol" sotellite ONRs refer loosely to the 

collection of ONR sequences detected by buoyont density 

sedimentotion gradients as distinct component of nucleor ONR 

(Corneo el Jll., 1971, and figure 2). Sotellite peoks consist of 0 

miHture of sequences, sorne of which are reloted os in the cose 

of sotellite Il ond III ONAs (Mitchell .lU .al., 1979). 

Satellite Il and III peoks consist of 0 heterogeneous 

collection of repeated ONR sequences thot apporently houe 

euolued from a common pentomeric oncestor 5' rrCCA 3' 

(Fromrner el .a.l., 1982; Prosser JÜ .al., 1986). Members of these 

two families of reloted sequences houe been locolized, by ln 

situ hybridization to centromeric heterochromotin (Gosden .!û 

Al., 1975). 

The sotellite Il froction consists of tondemly arroyed ONR 

sequences in which the 5 bp motif is widely degenerote 

(Fromrner .e..1.a.l., 1982). This degenerocy hos led to the formotion 

of numerous IJull (TCGR) and Hinfl (GRNTe) restriction sites 

which are charocteristic of sotellite liON" family members. 
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figure 5: l.IUll end HInfl restriction site generatlon ln 

simple seteliite DNR. The generation of IWll (TC6A) and/or 

Hinf. (GANTC) restriction sites muy oppeur, within the consensus 

sequence (5' TTCCA 3') of human satellite Il ond III ONA, os a 

result of single point mutotions. Multiple tronsuersions 

affecting the two cytosine residues within the sorne repeat, 

generate Hinfl sites (orrow 0). Ouerlopping lD..al ond H.i.nfl 

restriction sites moy be ochieued uio C to 6 trunsuersion in only 

one of the repeots (arrow b). Wheneuer tronsuersions of the 

second and first cytosines occur, respectiuely, between 

odjocent repeots, only I!ta.l sites are generoted (orrow cl. 

Boses substituted ore underlined within the 5'TICCR 3' tandem 

arroy and outlined within the mutated pentomers. Hinfl and 

lwll sites ore indicoted, respectiuely, between brockets und 

porenthcsis. 
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Figure 5 
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Figure 5 shows how these restriction sites moy be 

generoted, from tondem pentomers, uio 0 single C to G 

tronsuersion. 

One moin distinguishing chorocteristic of sotellite IlONA 

members is thot the internol nucleotide IN) within the Dinfl sites 

(GRNTe) is more frequently a G/C thon on RIT. Sotellite Il 

oopeors to be the only one group of simple sequences to 

hybridize significontly to chromosome 16 (Gosden fi Jll., 1975). 

Though the "clossical" satellite III froction contoins 0 

number of unreloted repeoted ONR such os olphoid sotellite ONA 

(Mitchell .lU Jll., 1979), it is the major fomily of human Simple 

repeoted sequences. Charocterized by 5' TTCCA 3' pentamers, 

sotellite III ONRs ore interspersed with Hinf1 sites, ond contoin 

few to no ml restriction sites (Prosser fi J1l., 1986, Nokohori Jtl 

Jll., 1986). 1 n contrast with satellite Il 0 NA, sotellite III ONR 

fomily members houe fewer Hinfl sites and the internol 

nucleotide [N) of the restriction site (GANTC) is more onen on AIT 

thon it is 0 G/C. 

Typicol dom oins of sotellite Il and III houe been identified 

on humon outosomal ond seH chromosomes. The K-domoin 

described by Burck fi Jll. (1985), ond obserued by other (Holden 

fi Jll., 1985, Sol .e.1.a.l., 1986), refer to the tondem orgonization of 

1.8 Kb and 3.6 Kb Klml satellite ONA units. A member of this 

KIWI family (0 15Z 1) hos been found ossocioted with the 

nucleolar orgonizer and centromeric heterochromotin, in 

homogeneously stoining regions (HSR) of chromosome 15 (Higgins 

.lU. Jll., 1985; Holden fi Jll., 1985). 0- and R-domains specifie to 
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chromosomes 16 ond 1, respectiuely, were olso identified (Burcle 

n Jl.l., 1985). These three domoins represent the outosomol 

homologues of the male specifie 3.4 Kb H.a..e.11I (or liRI) sotellite 

ON" that was preuiously identified by Coolee (1916). Recently, a 

1.4 Kb E.t.JlRl sotellite iliON", locoted on chromosome 14, wos 

reported (Choo Jtl .Ill., 1990b). This sotellite was shown, by ln 

situ hybridization, to not only be locoted in the heterochromatic 

regions of chromosome 14, but 81so on chromosomes 1, 9, 22 and 

Y. Using pulse field gel electrophoresis, the outhors showed thot 

there wa'l a remorleable polymorphism in the orgonization of 

this satellite ONR on different chromosomes. On chromosome 14, 

the 1.4 Kb fllR 1 sotellite ONR is found clustered in 0 large 

tandem orray of 150 Kb, whereos on chromosome 22, shorter 

arroys of the sotellite, ronging from 20 to 150 Kb, ore detected. 
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1 u- ORIGIN OF REPERTED DNR SEQUENCES 

R series of diuerse mechanisms haue been proposed to 

eHploin the generotion ond mointenonce of tondem and 

interspersed repeoted ONR sequences (reuiewed in Beridze, 

1986). 

Sorne of the repeated ONR sequences ore thought to 

originote from replicotiue transposition, os seen for the SI NES­

IIke .fllU.1 famlly that appeor to houe arisen uia self-primed 

reuerse transcription (Schmid and Shen, 1985). The process by 

which mobile elements (e. g. SINES and UNES) houe been 

amplified, homogenized and distributed omong homologous and 

non-homologous chromosomes (in short, their concerted 

euolution) hos been eHploined both by retrotransposition and 

gene conuersion (Jockson and Fink, 1981; Douer, 1982). If is 

the subsequent drift thot is responsible for the degenerotion of 

the originol unit (thus, creating diuerged subfamilies), and for 

the generation of immobile copies of transposoble elements (e. 

g. Rlu pseudogenes). 

Most of the dota concerning the generotion of simple and 

compleH tandem ONRs can be eHplained by mechanismes su ch os 

slippage-replication, sister chromatid eHchange, rolling circle 

amplification of eHtrachromosomal DNR. onion skin replication, 

and unequal crossing ouer (Britten and KidJne, 1969; Southern, 

1974, 1915b; Smith, 1916, 1978; Schimke, 1984). 

One of the first step of sequence duplication is belieued to 

arise uia aberrant replicotion. Though slippage of ONR 
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polymeroses during replicotion or repoir of ONA molecules houe 

been shown to occur ln uitro (Kornberg fi !!l., 1964), it hos not 

been proued, os yet, to occur in momrnolion cells. Jormon ond 

Wells (1989) proposed 0 model by which minisotellite ON" 

(contoining CHI-like core sequences) rnoy be duplicoted uio 0 ON" 

nicking/repoir rnechonism. Illegitimote recombinotion, ot 0 

region of rnicrohomology (e. g. direct repeots), between two 

chromosomes generotes two products, one of which is 0 deletion 

of one direct repeot (plus interuening ONA), ond the reciprocol 

product is 8 duplicotion of the corresponding deleted product. 

This mechonism, sometimes termed unequol crossing ouer 

(Smith, 1976), hos been proposed not only for deletion formotion 

but 81so os the initiol reoction during gene omplification (Ford 

ond Fried, 1986). As the tondem orroy octs os 0 hotspot for 

recombinotion both within 0 chromosome or between sis ter 

chromotids, large regions moy be generoted in the germline by 

the continuol dynomic process of unequol cross-ouer ond gene 

conuersion (Baltimore, 1981). 

ln contrast with the slow process of unequal crossing­

ouer, it is belieued thot lorge regions of tondemly orrayed 

simple sequences ore created suddenly uia oberront replicotion 

(Schirnke,1984). Models of aberrant replicotion such os onion 

skin replicotion (Schirnke, 1984) ond rolling circle replicotion 

(Hourcode 1Ü Jll., 1973) ore presented in figure 6. Onion skin 

replicotion, 0150 coUed the replicotiue loop hypothesis, is due to 

replicon misfirlngs ond leods to the obsence of seporotion of the 

newly synthesized doughter stronds. Recombinotion of the 
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endoreplicoted stronds moy either leod to their insertion in the 

chromosome 8S tondem orrays, or to their eHcision os circles 

thot may be omplified further lJia rolling circle replication. 

Rolling circle replicotion Is bosed on the eHcision (of a region 

contoining on origin of replication), circulorizotion, ond 

reintegrotion, probobly by sorne recombination mechanism of 

the omplified DNA sequences. Uoriants within fomily members 

occur through mutotions toking place either prior or after the 

amplificotion of the tondem arroyo The processes of 

homogenizotion (or rondomizotion), by which mutotions spread 

through a fomily, ond fiHotion (genetic drift) through a 

populotion of reloted repeoted DNA sequences, ore usuolly 

referred to os moleculor driue (Douer, 1986). 
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Figure 6: Modell of amplification of repeated UND 

lequencel. Rolling circle replication (trom Walsh, 1987): (0) 

Tandem orroys undergoes 0 sister-strond eHchonge, resulting (b) 

in deletion of sorne orroy members ond formation of 0 circulor 

plosmid. (c) Sorne of these plosmids moy undergo rolling circle 

ornplifïcotion before (d) reinsertion into the chromosome. Onion 

skin replicotion (from Schimke, 1984) results from the 

endoreplicotion (stippled stronds) of a region proHimol to the 

origin of replicotion (H). The free stronds con ligo te to generote 

free circles (B), which in turn moy undergo rolling circle 

replication. To generote chromosornolly locolized tondem 

sequences recombinotion to the bockbone is required (C). 

Recombinotion moy occur onto the sorne chromotid (left panel) 

or onto opposite sis ter chromotids (right ponel). Recombinotion 

joints are depicted os block sites. 
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Figure 6 
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UI- DNRS IN SERRCH OF R FUNCTION 

If the forces responsible for moleculor euolution of 

repeoted DNRs remoin 0 mystery, so is their role in eukaryotes. 

There ore different schools of thought obout the releuonce of 

corrying this load of apparently unimportant genetic baggage 

oround. Oespite mony efforts, no function has yet been 

established for these enigmatic ONR sequences, olthough a 

uoriety of hypotheses houe been put forward. 

UI-l The concept of selfish ONR 

Repetitiue, non-genic sequences moy houe occumuloted 

ouer the eons and prospered as selfish genomic parasites (Orgel 

and Crick, 1 9aO; Doolittle and Sopienza, 1980). Rccording to 

these outhors, simple sequences ond moderotely repeated ONR~ 

(os weil os introns), would eHploit the cell machinery for their 

own reproduction, bringing to the host cell no beneiïts in return. 

Locking ony function but their own preseruation, such elements 

would euolue ropidly uia duplication and deletions of large 

blocks during genetic recombination by a process of unequol 

crossing ouer, and thus might be by-products of genome 

reorrongement or oberront ONR replicotion. 
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U 1-2 Rlternatlue ulews 

01-2.1 Genetlc euolutlon 

Rs much as Nature may be objectiue, Euolution is surely 

opportunistic. Thus, the bult of non-genic simple and compleH 

repetitiue sequences may giue a greater genetic fleHibiiity to 

the host by prouiding "the row moteriol" for the moking of new 

genes, and seruing as pools of UNR for use in further euolution 

(Mazrimos ond Hotch, 1972). Moleeulor mechonisms by which 

repeoted sequences propogote and omplify, such os unequol 

eHchonge, gene eonuersion and transposition, may couse 

mutations, th us prouiding a pool of genetic uoriotion upon which 

Dorwinion selection aets. 

Sorne Rlu/Rlu reorrongements leod to genetic diseose 

(Lehrmon JÜ.Al, 1987), whereos others lead to new genes 

(Gilbert, 1987), os in the proposed origin of the glyeophorin B 

gene (Kudo ond FUkudo, 1989). Rlternotiuely, other roles houe 

been proposed for Rlu elements. Decouse of their homology to 

7SL RNR, sorne Rlu sequences moy function ot the leu el of a 

ribonucleoprotein (RNP) porticles reloted to the signol 

recognition porticle (SRP) containing 7SL RNR. Jong and Lachman 

(1989), {:tfter obseruing increosed transcription of Rlu sequences 

upon HSU infection, proposed thot these repeoted sequences 

may be inuolued os cellular anti-uirol ogents. Moreouer, due to 

the presence in Rlu sequences of a core sequence similor to SU40 

origin of rer.-lication, sorne members of the Rlu fomily may houe 

a role to play in chromosome replicotion. 
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Simple repeated sequences fauour IIlegltlmate 

recomblnatlon between two seporate chromosomes at a reglon 

of mlcroheterogeneity. Moreouer, the tandem array Ilself is 0 

fertile ground for recombinotion within a chromosome. Thus, It 

Is belleued that sorne repeated ONRs may ploy on importont role 

ln gene shuffling, 0 function thot may weil be linked to the 

tandem structure itself rother thon to 0 porticulor ON" 

sequence. In porticulor, the tronsition to the Z-DNR form of 

regions contoining orroys of the (GT ICR)n moy be reloted to the 

efficiency of recombinotion of the humon embryonic gommo­

globulin genes, ond moy porticipate in gene regulotion (Thomos 

fi .al., 1985). 

Sorne of the highly repeoted ONR sequences thot ore 

enriched in methylcytosines moy porticipote in negotiue 

regulation of gene eHpres5ion (Gomo-So5o .tU W., 1983). 

UI-2.2 Structural-eplgenetic Information 

ln uiew of the heterochromotic locolizotion of repeoted 

sequences, if is possible thot their function moy be linked to 

thot of the heterochromotin (John, 1988). The close ond 

periodicol associotion of proteins ond repetitiue ONR sequences 

may stobilize the condensed chromotin structure. Roles 5uch os 

inuoluement in meiotic poiring, recognition of homologous 

centromeres, and folding of chromosome fibres houe 0150 been 

proposed (Monuelidi5, 1982). 

1 ndiuiduol centromeric protein5 (CENP R-B-C), thot ore 

nece5sory for proper centromere function during mitosis, houe 
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been identified by using outoimmune sero of pohents with the 

CREST group of sclerodermo pigmentorum disorder (Brenner 1Ü 

Jtl., 1981). One of these, CENP-B on 80 Kdolton protein, is 

locolized beneoth the kinetochore in the centromeric 

heterochromotin (Cooke .e.1 Jtl., 1990). 1 n 1989, Mosumoto .lU Jtl., 

presented the first ln ultro euidence of specifie interoctions 

between 0 subcloss of olphoid ONA ond CENP-B. Using binding 

ossoys, the outhon showed thot CENP-B binds specificolly to 0 

11 bp core sequence 5'CrrCGTTGGAAACG66A 3' thot is shored by 011 

members of this subcloss of olphoid ONR (Mosumoto .e.1.a.l., 1989). 

Recently, Weurick .tU Ü., (1990) reported the ln uluo euidence of 

these specific interoctions. The authon obserued 8 correlotion 

between the amount of centromeric olphoid satellite and the 

quontity of CENP-B ontigen, 0 deletion of satellite ONA is 

associoted with reduced omount of CENP-B protein. The 

structure formed by the association of CENP-B to the 11 bp core 

region may be recognized by other proteins inuolued in 8ssembly 

of the kinetochore. 

The AT-rich mouse mojor sotellite DNA has the obility to 

pro duce 8 bent structure, and hence was thought to play a role 

in centromere condensation (Radie .el Jtl., 1981). Howeuer, this 

hypothesis does not seem to suruiue the recent findings that 

this satellite is not found in other species of the genus Mus 

(Wong fi Al., 1990). 
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U 11- DUIL INE OF THE THES 1 S 

Though highly repeoted ONR sequences ore belieued to play 

o role in chromosome behauior ond euolution, to dote it is not 

cleor whether they do so occidently, or houe been selected to do 

so. 

ln order to unrouel sorne of the mysteries surrounding the 

presence of eHcess ONR in the humon genome, we houe chosen 

to look for sequence eonseruotion in the repetitiue ONR between 

the genome of the fruit fly (Drosophile melanogaster) and 

humon (Hela) cells. IDe were interested in studying repeated 

mobile elements, ond therefore used the P-element (0 fruit fly 

tronsposon), os 0 probe to sereen, by hybridizotion, for P­

element-re.oted humon ONR sequences. 

Serendipity led us to the isolotion ond chorocterizotion of a 

human highly repeoted satellite Il ONR, thot oppeored, howeuer, 

not to be mobile. 

The releuont eHperimental doto gothered hos been 

compiled into four chopters (introduction ond eoneluding 

remorks moking Chopters 1 and UI respectiuely, of this thesis). 

Chopter Il concerns 011 the moteriols ond procedures 

utilized throughout this anolysis. 

Chopter III reports the originol findings coneerning the 

search for sequence conseruotion between humon repeoted ONR 

sequences and Drosophlle's P-element tronsposon. 

Chopter lU describes the micro-heterogeneity obserued 

between closely reloted members of the satellite Il ond III 
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fomilies of humon highly repeoted simple DNA sequences, os weil 

os the ottempts to clorify their chromosomal origins. 

Ch opter U depicts the macroscopic orgonization of satellite 

DNRs, ond the eHtent of structurol polymorphisms obserlled in 

different cell lines • 
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Rbbreuletlons used ln thls thelll era IIstad ln RppendlH 1. 

1- BRCTEHI AL SmA INS, PLRSM IDS, RND 6HOWm 

COND IliONS. 

The bacteriol stroins ond plosmids used in this thesis ore 

listed in toble 1. 

The Escherlchla coll (E. coll) stroins OH 1 ond NM522 were 

routinely grown ot 320C in LB medio (Miller 1972), supplemented 

with 40 Jjg/ml of ompicillin (Bristol), when required. 

E. coll GM33 wos grown in M9 glucose media (Moniatis et 

.Ill., 1982) supplemented with thiomine (10 J.1g/ml). 

M 13K07 phoge (Uiero ond Messing 1982), were 0 kind gift 

of Dr. J. Geisselsoder of BioRod (Richmond, CR). 

The Drosophlla P-element contoining plosmid p7t25.1 

(Rubin .IÛ W., 1982) wos a gin of Ors. 6. Rubin ond R. Sprodling. 

Plosmid pBK 1.8120] (Shafit-20gardo JÜ W., 1982) wos kindly 

prouilled by Dr. J. Moio (Rlbert Einstein College, NY). 

Ploting of transformed cells wos performed on LB omp 

plates supplemented, when needed, with H-6al (40J.1g/ml mode in 

N,N dimethyl formomide) ond IPTG (1 mM). RII bocteriological 

culture media components were purchosed from Difco (Detroit, 

Michigan) or Moknur (Ottowa, ON). 

44 



\ 
\ 

~ 
t 

~, 

1 
l 

TOBLE 1: Stralns and plasmlds. 

Nomes: Chol'"8cteristics: 
~;,:.;;.;.;~---.;;~.;;....; 

E. coll stmins 

oHl 

NM522 

Plasmids 

pBR322 

pUC119 

p'J12S.1 

F-, .-ecRl, endRl, gyrR96, thl-l. hsdR17, 
supE44 

hpro-Ioe, rspL, th l, hsd(rm+), supE44, / 

F'troD36, pro, loe Iq, Z Ml S. 

ColEl deriuatiue, Ter, Rp"', 4.3 Kb. 

deriuotiuee of M 13mp 19, and pue 19, 
M 13 pockoging site, Rpr, 3.2 Kb. 

Contoins the 2.9 Kb P-element of 
Drosophila melanogaster. 

pBK1.8[20] Contoins a human 1.8 Kb KJml satellite ON" 

pKS36 Contoins ft humon 1.197 Kb.E.t2.R 1 sotellite ON" 
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11- EUKRRYOTIC STRRI NS OND CULTURE 

CONDITIONS. 

RII mommolian cell culture medio were purchosed from 

Flow (Mississaugo, ON) or Gibco (Burlington, ON). Yeost cells, 

Saccharomyces careulslae stroin BWG 1-70 (M.8Io, ~ 3-52, 

.I.JUI. 2-3, 112, b..i.14-51 9, ill +, Guarente fi .Ill., 1982) were kindly 

prepored by Dr. T. Keng of our department. The yeast cells were 

grown at 30°C in YPD medi8 (1 ,. yeast eHtract, 2 ,. peptone, 2 % 

deHtrose). Hela ond RK143 cells were propagoted in 0 

humidified 5% CO
2 

otmosphere at 370C in Dulbecco's modified 

Eagle medium (OMEM) supplemented with 50 J.Lg/ml gentamycin 

(Schering Conado Inc.), 10% tetal bouine serum (FRS), and 2.5 

J.Lg/ml fungizone (Squibb Conada Inc.). RK143 cells were deriued 

from a murine sarcoma uirus-transformed line R970-5 (Rhim Jû 

.Ill., 1975). MeWo cells, purchosed trom the Sloon-Kettering 

In,titute (Rye, NY) were grown in RPMI 1640 medium 

supplemented 8S indicoted aboue with FBS, gentomycin and 

fungizone. U937 cells, a generous gift of Dr. M. Ratcliffe of our 

deportment, were m8intained in 1 scoue's Modified Dulbecco's 

Medium (IMOM), supplemented with 5% heot-inoctiu8ted FOS, 

100 Jlg/ml penicillin, 100 Jlg/ml streptomycin, 5 tlg/ml tronsferrin 

(Boehringer Monnheim Canoda ltd., RMC), ond 0.05 mM 2-

mercoptoethonol. 

ONR's eHtrocted from humon/homster hybrid cell lines were 

kindly prouided by Or. M. H8nsen of the Ludwig Concer Institute 

(Montreal, Que.). 
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111- ENZYMES RND COND ITIONS. 

RII restriction endonucleoses were purchosed from OMe, 

Oethesdo Reseorch Lobs. (ORU, or Phormocio Conodo (Montreol, 

Que.). Routinely, ONA wos hydrolyzed in 6 mM Tris-HCI (pH 7.5], 6 

mM MgCI2 , 75 mM NoCI, 6 mM 2-mercaptoethonol ond 125 ~g/ml 

bouine serum olbumin (BSA, PenteH fraction U, Miles, Elkhort, 1 N). 

DNR hydrolysis wos conducted for 4 hours ot 370C (unless 

otherwise indicoted), using 1 unit of restriction endonucleose 

per microgrom of plosmid or phoge ONR, or 5 units of enzyme per 

microgrom of genomic ONR. 

Rfter hydrolysis, the som pies were ploced ot 650C for 10 

minutes to stop the reoction, ond completely seporote the 

cie oued fragments before electrophoresis. 

T4 ONR ligose, E. coli DNR polymerose 1, ond T4 

polynucleotide kinose were purchosed from Phormocio Conodo 

1 nc. eolf intestinol olkoline phosphotase (C 1 RP) wos obtoined 

from Dupont-New Englond Nucleor (NEN, Ooston, MA.). RNose R, 

DNose 1, Pronose were purchosed from BMC, ond lymolyose 

from Serkogoky Kogyo Co Ltd. (Tokyo, Jopon). DNR poil (Klenow 

frogment) wos obtoined through BRL. Tobie 2 presents the 

composition of the buffers employed with these enzymes. 
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TODLE 2: Enzymes and bufters 

Enzymes (stock solution) : Buffen: 

RNose H (1 mg/ml) 10 mM Tris-HCI (pH 7.6) boiled 10 min 
to inoctiuote ONose octiuity and 
stored ot -20 0 C. 

Pronose (20 mg/ml) 10 mM Tris-HCI, 1 mM EOTH (pH 7.5) = 
1 H TE, outodigested 2 hours ot 370 C, 
stored ot -20 0 C. 

Lysozyme (10 mg/ml) 10 mM Tris-HCI (pH 8) 

Zymolyose (2 mg/mU 10 mM Sodium phosphote buffer(pH7.5) 

DNose 1 (1 mg/ml) 10 mM Tris-HCI (pH 7.5), 5 mM MgCI2, 
10 mM 2-mercoptoethonol = lM 

·L~ ONH poil 

·T4 ONH ligose 

·Colf intestlnol 
olkoline phosphotose 

50 mM Tris-HCI (pH 7.5), 5 mM MgCI2, 
10 mM 2-mercoptoethonol, 25 Jlg/ml 
BSH = Nick Tronslotion Buffer, NTB. 

15 mM OTT, 1 mM spermidine, 
0.75 mM HTP, 50 Jlg/ml outocloued 
gelotin, 60 mM Tris-HCI (pH 7.4), 10 
mM MgCI2 = Linker Ligotion Buffer 

20 mM Tris-HCI (pH 10). 

·14 polynucleotide kinose 50 mM Tris-HCI (pH 1.6), 10 mM MgCI2, 
5 mM OTT, 0.1 mM spermidine, 0.1 mM 
EOTH .... Linker Kinose Buffer, J.KB.. 

·ONR poil 
(Klenow frogment) 

1 mM Tris-HCI (pH 7.5), 1 mM MgCI2, 
50 mM NoCI, 1 mM OTT = KIl. 

• Indicotes enzymes olreody in solution 
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10- DNR PUR 1 F 1 CRYI ON RND CONCENTRRTION. 

When required, the reoction uolume wos increosed to 200 

J.11 with 1 H TE (10 mM Tris-Hel (pH 7.5), 1 mM EoTA) to reduce loss 

of moteriol. For eHtroction of ONR, on equol uolume of phenol 

soturoted with 1 H TE wos odded, ond the fluids uorteHed 

thoroughly. The oqueous phase, contoining the deproteinoted 

ONR, wos seporoted by centrifugotion ot 15,000 H 9 for 10 

minutes ot 15°C in on Eppendorf microcentrifuge. The 

supernotont fluid wos remoued ond miHed with on equol uolume 

of ether to remoue ony troces of phenol. nfter phose 

seporation, the ether (top phose) wos remolJed from the DNR 

preporotion. This procedure wos, when indicoted, performed 

with phenol/chloroform/isoomyl-olcohol (PCI:45/45/1 0 by 

uolume) in ploce of the phenol/ether procedure. For eHtroction 

of totol genomic DNA, the ph oses were miHeê by gentle inuersion 

of the tubes to reduce sheoring of the lorge oNn molecules. 

The ONR wos then precipitoted in 10'0 soit upon oddition of 

2.5 uolumes of ice cold obsolute ethonol. Oepending on the 

subsequent use of the ONA, the soit wos either sodium ocetote 

or ommonium ocetote. The precipitotions were either conducted 

ot -200C ouernight, or for 15 minutes in 0 dry ice-ethonol both. 

The ONR wos then collected by centrifugotion ot 1 SoC for 30 

minutes, ot 15,000 H g, dried 5 minutes under uocuum, ond 

resuspended in the oppropriote buffer. 
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u- DNR ISOLATION. 

U-l Total E. coll DNR. 

Logarithmicolly growing cells were haruested by 

centrifugation a t 10,000 H g for 10 minutes at 40[, and the cell 

pellet resuspended in 5 ml of a solution composed of ~ 0 mM Tris­

H[I (pH 8J, 1 mM EDTR and 0.5 % sodium dudecyl sulfate (SOS). 

This suspension wos incuboted ot 37 0 [ for 4 hours in the 

presence of 0.5 ml of 20 mg/ml pronase. The solution was then 

eHtracted twice with phenol and ether and dialysed for 24 hours 

against 100 1I0lumes of 1 H TE at 15°[. Rfter treatment for 2 

hours at 370[ with 0.5 ml of 1 mg/ml RNase R and a p'1enol/ether 

eHtraction, the ONR was further dialysed for 48 hours os 

indicoted abolie. The purity and concentration of the DNR were 

assessed by gel electrophoresis and spectrophotometry at 260 

and 280 nm (1 OD260unit = 50 Ilg/ml). 

U-2 Calf thymus DNR. 

500 mg of high molecular weight colf thymus ONR fibers 

(Sigmo, St. Louis, MO) were allowed to dissolue slowly in 1 H TE to 

a concentration of approHimately 5 mg/ml. Rfter 5 days ot 40[ 

(with occasional gentle agitation), the ON" was treated for 2 

hours with 0.5 mg RNase Rand 3 hours with 100 mg pronase ~t 

37°[. The ONR was eHtracted tmice using PC 1 and dialysed for 48 

hours against 1 H TE at 4°[. Its purity and concentration mere 

determined as prelliously indicated. 
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U-3 Mammallan DNI eHtractions. 

The following protocol wos used to eHtroct genomic ONA 

from 10 plates of confluent Hela or MeWo cells or 3 flosks (250 

mU of U937 cells. Cells were washed twice with PHS and 

subsequently incuboted 5 minutes with 1 mg of Trypsin. The 

trypsinized cells were collected ond horuested by centrifugotion 

ot 2,000 If 9 for 10 minu tes at room temperoture, and woshed 

with 2 uolumes of phor.phote buffered soline (PHS: 3 mM KCI, 8 

mM N02HP04 [pH 6.8], 1.5 mM KH2P0 4• 0.14 M NoCI). The cells 

were resuspended in 10 ml of 1 H TE, supplemented with 0.5 ml 

of 10 % (w/u) SOS, 0.5 ml of pronose und incuboted for 5 to 8 

hours ot 370[. The ONA wos eHtrocted twice with phenol ond 

twice with chloroform/isoomyl-olcohol (24: 1 by uol), ond 

diolysed ogoinst 1 H TE for 4 days ot 40[, with two chonges of 

buffer per day. 

U-4 Oligonucleotide purification. 

A crude oligonucleotide miH, consisting of the complete 

oligonucleotide plus premoture terminotions of 0 synthesized 49 

nucleotide long non-sotellite sequence present in pKS36 

(Chapter III), wos generously prouided ~y Dr. O. Gorfinlcel 

(Notionol Cancer 1 nstitute, Frederick, MD.). 100 ng of Il crude Il 

oligomer (0.2 ~g/lll) wos kinosed (section HII-2) to be used os 0 

rodiooctiue morlcer. f.l 12 % polyocrylomide sequencing gel 

(Moniotis .e.1.Dl., 1982), contoining 8 M ureo, wos constructed ond 

pre-run ot 1 SOO 1J0its for 1 hour. 60 III of crude oligomer (0.2 

J.1.9/1l1) wos denotured in 140 J.1.1 of freshly deionized formomide, 
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and ploced ot 50°C for :5 minutes. Once denotured, the oligomer 

miH wos then 10 oded onto the gel (15 ~I/ slot). 1 none slot, 

200,000 cpm of Icinosed oligomer wos ploced os 8 morker, and 

the electrophoresis wos resumed ot 1500 uolts for 2 hours. The 

gel wos then wropped in soron-wrap and eHposed on Kodak H­

Omot film. The 49 nucleotide long oligomer bond was locolized 

on the gel by comparison with the position of the lobelled bands 

on the 8utoradiograph, and purified using (as described in 

section U-6.1) the "crush and soak" procedure of MaHom and 

Gilbert (1980). The resulting oligomer pellet W8S resuspended in 

2 ml of "crush & sook" buffer (section U-6.0 and passed through 

a C 18 Sep-poc column as recommended by the manufacturers 

(Waters, Mississauga, ON). The final concentration of the pure 

oligomer was determined by spectrophotometry at 260 nm 

(OD260=40 J.1g/mU. 

U-5 Plasmid ONRs. 

Large scale preparation of plosmid ONR was performer.! 

according to Maniatis .e.1 Al., (1982). Briefly, lote logarithrnicaliy 

growing broth cultures of E. coll were supplemented with 

chloramphenicol (SO ~~/ml) to selectiuely incr~ase the copy 

number of the relaHed plasmid oNR due to host protein synthesis 

arrest (Cie weil, 1972). lifter 18 hours of amplification, the cells 

were haruested by centrifugation at 10,000 H g, at 40C and 

resuspended in 20 ml (per liter of cells) of resuspunsion buffer 

(25 ,. (w/ul sucrose, 50 mM Tris-HCI(pH 81, 40 mM EoTR). The 

plasmolysed cells were th en treated on ice with 2 ml of RNase R 
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for 10 minutes, ond subsequently wlth 8 ml of 0.5 M EDTA (pH 8] 

plus 2 ml of pronase for 10 minutes. Ten mlllliiters of Iysis 

buffer (50 mM Tris-HCI [pH 7], 50 mM EDTR, 0.3 '7. lu/u] Triton 

HIOO) wos odded and the uiscous miKture was subjected to 

centrifugotion at 40C for 1 hour at 30,000 K g. The cleored Iysote 

wos deconted, and euery 8 ml was miKed with 7.5 9 of cesium 

chloride (CsCI) and 0.3 ml of ethidium bromide (EtBr, 5 mg/ml). 

The solution was tronsferred to 12 ml Beckmon poltjallomer 

heat-seolable tubes, and filled to the top with minerai oil. Rn 

equilibrium gradient was obtoined by centrifugation for 48 hours 

at 39,000 H 9 in 0 Beckmon type 40 rotor (L8-70 Beckmon 

ultracentrifuge) ot 200C. The ONR bonds (host ond plosmid) were 

uisuelized with 254 nm UU light, ond the lower plosmid bond 

collected th"ough 0 21-gouge needle. The EtBr wos eHtrocted 

with isopropanol saturoted with 40 K SSC (6 M NaCI, 0.6 M 

sodium citrate [pH 7.6]), and the ONR was diolysed eHhoustiuely 

uersus 1 K TE buffer. 

Rapid plasmid isolotion (mini-prep) was performed 

occording to the procedure of Holmes and Quigley (1981). 

U-6 Recouery of ONR fragments. 

U-6.1 Crush and soak. 

This technique was used to Isola te smoll DNR fragments 

after electrophoresis on polyacrylamlde gels. The bonds of 

interest were uisuolized, cut out of the gel, ond the ocrylomide 
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1 piece wos forced through on 18-gouge needle. The crushed 

ocrylomide wos incuboted ouernight ot 370 [ in 0 buffer 

consisting of 0.5 M ammonium ocetote, 10 mM mognesium 

ocetote, 1 mM EOTR ond 0.1 % (w/u) sos (crush and sook buffer). 

The eluted ONR was then seporated from the ocrylomide by 

centrifugation ot 15,000 H g for 10 minutes ot room 

temperature. The resulting oqueous phose wos gently remoued 

ond the DNR wos purified by phenol/ether eHtroction ond 

precipitoted twice in two uolumes of ethonol in the presence of 

sodium ocetote. The lost pellet wos woshed free of soit by 0 

resuspension in woter ond ethanol pfecipitotion. 

U-6.2 Electro elution. 

Electroelution was used to purify lorge ONR frogments 

ofter electrophoresis on agorose gels and wos performed 

occording to Moniatis Jtl1l1., (1982). The band of interest wos cut 

out under 0 low intensity UU lamp ond ploced in 0 diolysis bog 

filled with 50 J.lg/ml of BSR prepared in 1 H E buffer (40 mM Tris-

bose, 20 mM acetic acid, 2 mM EDTR ~pH 8]). The ONR wos 

electroeluted in a gel bOH filled with 1 H E buffer for 4 hours ot 

75 uolts. The electric field was reuersed for 3 minutes to 

releose the ONR from the side of the bog, ond the eluted DNR 

wos cOllected, eutrocted using PC 1 ond ethonol precipitoted in 

the presence of ammonium ocetote. 
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1 UI- elONIN6 PROCEDURES. 

ln this study, two different cloning uectors were used to 

clone the series of Hele 1.8 Kb ll.uR 1 fragments eluted from 

agorose gels, and the transformations were performed using 

two different hosts. The 1.8 Kb Klm1 human satellite ONR found 

in plosmid p8K 1.8(20) was recloned in the Klm1 site of plasmid 

pUCl19. 

UI-l Llgetlon. 

The cloning lJehicles, pBR322 ond pUC 119, were linearized 

with the restriction endonucleose WR 1, ond the ONR wus 

purified using PCI and ethanol precipitated with ammonium 

acetate. The ill RI linearized ONR pellet was resuspended in 20 

mM Tris-HCI (pH 101, und incubated for 30 minutes at 37°(, with 

0.5 units of calf intestine alkoline phosphotos,~ to remoue the 5' 

phosphate from both eHtremities, hence minimizing 

recircularization of the linear mole cules (Ulrich JU !li., 1977). The 

reoetion was then heated for 10 minutes ot 650C, on{j the 

dephosphorylated ONR molecules were eHtrocted, precipitoted 

0$ before, ond resuspended in 1 H TE. Rfter lineorizotion of 

pUCl19 with KJml, the ONR was purified with PC " ethonol 

precip;toted ond resuspended in 1 H TE. 

The ligotion reactions, contoining 0.1 mg/ml of totol DNA, 

were performed ot 150 ( ouernight in linker ligation buffer (LLO, 

table 2) plus 1 unit of T4 ONA ligase. The moleculor ratio of 

plosmid to lineor ONA to be inserted was generally 1 :3. 
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UI-2 Transformations. 

U 1-2.1 E. coll OH 1 cells. 

E. coll OH 1 cells were mode competent by the Mognesium­

Colcium-Hepes method. 20 ml of cells were grown to on 00550 of 

0.4 ot 320[, ond collected by centrifugotion for 7.5 minutes ot 

3,000 H g, 40C. The supernotont fluid wos remoued ond the cell 

pellet resuspended in 12 ml of mognesium-Hepes buffer (10 mM 

MgS0 4, 2mM Hepes-NoOH [pH 7.5]) .• uter 20 minutes on ice, the 

cells were collected as before, resuspended in 12 ml of colcium­

Hepes bufter (50 mM CoCI2, 2 mM Hepes-NaOH [pH 7.5)), ond the 

incubotion on ice resumed for onother 20 minutes. The 

competent cells were then pelleted os aboue, resuspended in 2 

ml of the colcium-Hepes buffer ond tept on ice. 

Typicolly, 1.5 ~g of oNR wos incub8ted with 200 ~I of 

competent cells plus 200 ~I of of the CoCl2-Hepes buffer for 20 

minutes on ice. The transformotion reoction W8S then subjected 

to heot-shoclc at 370C for 2 minutes, followed by the oddition of 

1.5 ml of LB broth ond incubotion wos continued ot 320C for 1.5 

hours. Tronsformed cells were then ploted on LB omp plotes ond 

grown ot 320C ouernight to ollow colony formation. 

U 1-2.2 NM522 cells. 

R 25 ml culture of stroin NM522 was grown to on 00550 of 

0.5, ond horuested as for oHI cells. The cells were resuspended 

in 6 ml of 0.1 M MgCI2 ond pelleted by centrifugation ot 40[ for 7 

minutes ot 3,000 H g. The supernutant fluid wus remoued ond 
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the cell pellet resuspended in fi ml of Tris-colcium buffer (10 mM 

Tris-HCI (pH 8), 75 mM [0(12 ), ond incubated on ice for 15 

minutes. Rfter centrifugation, the competent cells were 

resuspended in 1.2 ml of the Tris-calcium buffer and kept on ice. 

Typicolly, 1.5 ).1g of ONR wos incuboted for 30 minutes on ice 

with 200 /.11 of competent cells ond 200 III of of the Tris-calcium 

buffer. Rner 0 two minutes incubotion ot 37 0 [, the heat­

shocked cells were gently ogitoted on ice for 1 hour. Then, 1.5 

ml of LB broth wos odded, ond the cells were further incuboted 

for one hour ot 32°[ prior to spreoding on LB omp plotes ond 

ouernight incubotion ot 32 0 [ to ollow colony formation. 

UII- CRACKING CELLS FOR PLASMID HNHLYSIS. 

This ropid techl1ique for plosmid isolotion is 0 modificotion 

of thot of Bornes (1977). To onolyze clones for plosmid content 

single colonies were picked ond grown ouernight on duplicote 

gridded moster plates (Miller, 1972). Eoth potched clone wos 

th en scroped off one of the moster plate with 0 sterile toothpick 

ond dispersed thoroughly in 100 III of Il crocking butfer" (50 mM 

Tris-H[I (pH 8), 1 % (w/u] SOS, 2 mM EDTR, 0.4 M sucrose and 

bromophenol blue 0.01 % (w/u)). Rfter 030 minute incubotion ot 

room temperoture to ollow cela Iysis, the uiscous Iysotes were 

centrifuged for 15 minutes ot 15,000 H 9 ot 4°C ond thl!! oqueous 

supernotont fluid remoued, looded onto ogorose gels, ond 

subjected to electrophoresis. The size of the plosmid wos 
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estlmated by comparing the migration of the coualently closed 

clrcular form with either pBR322 or pUC 119. 

U 111- LRMBDR PHRGE PREPRRRTION. 

E. coll GM33 cells (table 1), were grown to mid-log phase 

at 320C ln M9 minimal medium, glucose and thiamine (Miller 

1972). The lambda c 1857 Iytic cycle was induced by shifting the 

culture to 420C for 20 minutes, and phage production was 

allowed to proceed for an additional4 hours by incubation of the 

culture at 37°C. The cells were then collected by centrifugation 

at 3,000 H g for 30 minutes at 40C and, after remoual of the 

supernatant fluid, resuspended in 5 ml of 1 H Mu buffer 

(Ljungquist and Bukhari, 1977). Two milliliters of chloroform 

were added, followed by gentle agitation for 30 minutes at 37°C 

until ceillysis (as denoted by a marked increase in the uiscosity 

of the 50Iution). The host genomic ONR was hydrolyzed on ice by 

the addition of 1 mg of ONase 1 for 15 minutes. The non-uiscous 

solution was then subjected to centrifugation at 6,000 rpm, at 

40C for 10 minutes to remoue unlysed cells and cell debris, and 

the blue, opalescent supernatant fluid was remoued and gently 

layered on top of a CsCI block gradient. The block gradient was 

constructed by the slow addition of CsCI solutions of decreasing 

densities (p) : 0.5 ml of (p= 1.6) CsCI, 1 ml of (p= 1.5) esCI, 0.5 ml of 

(p=0.4) Cs CI and 0.5 ml 20 % (w/ul sucrose. Ali CsCI and sucrose 

solutions were prepared in 1 H Mu buffer 24 hours prior to use. 
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The block gradient was subjected to centrifugation for 2 hours 

at 40,000 rpm in a Beckmon SW50.1 rotor ot 40[. The phage band 

(approHimotely 1.0 ml) wos collected through a 21-gauge needle 

and miHed with to 3.5 ml of a 1.5 g/ml CsCI solution in Mu buffer. 

After 48 hours of centrifugation at 40,000 rpm (Beckman SW50.1, 

4°C), the phage bond was recouered os before and dialysed for 

24 hours against 100 uol of 1 H Mu buffer. The phage particles 

were stored at +40 C. 1 f needed, ONR was isolated by eHtraction 

with phenol and ether and subsequently dialysed eHtensiuely 

agoinst 1 H TE. 

IH- UNIDIRECTIONRL GEL ELECTROPHORESIS. 

IH-l Rgarose gels. 

Horizontal ogarose gel electrophoresis of DNR was carried 

out on slab gels in 1 H E buffer at room temperature. The ONR 

samples were loaded along with a tracking dye consisting of 25 

10 (w/ul sucrose, 1 H E buffer, 0.05 '0 (w/u] bromophenol blue 

and 0.05 % (w/u] Hylene-cyanol. Large DNR fragments were 

routinely separated on 0 0.75 10 (w/lll agarose gel whereos 

smaller fragments were separated in 1 % (w/ul agarose gels. 

Electrophoresis was performed either ot 20 lIoits ollernight or at 

50 uolts for 1 to 5 hours, depending on the size of the gel. 
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1 H-2 Herylamlde gel •• 

~ solution of 30 % Iw/uJ ocrylomide-bis ocrylamide (29/1) 

wos diluted to the required concentration in 1 H TBE buffer and 

polymerization was obtoined in the presence of 0.04 % Iw/uJ 

ammonium persulfate and 0.0 l ,. lulu) TEMED (finel 

concentrations). The gel was pre-run for 30 minutes at 40 uolts 

prior to loading the DNR samples. 

Denaturing sequencing gels (ronging from lOto 20 % in 

acrylomide concentration) were constructed with acrylamide 

contoining B M uree. The DNR wos subjected to electrophoresis 

at 1500 uolts in 1 H TBE occording to ~oHam and Gilbert (19BO). 

1 H-3 Stelnlng of gell end DNR deteetlons. 

To locate the appropriote DNR fragments, agarose and 

neutrol polyacrylamide gels were routinely stained in a 1 J,1g/ml 

ethidium bromide solution ([tBr) for 5 to 15 minutes at room 

temperature ond subsequently destained in deionized water for 

30 minutes When required, the gels were photographed, under 0 

high intensity-UU source, using 0 Polaroïd comero ond type 57 

Polaroïd film. 

Detection of small DNR frogments (down to 10 bp) wos 

performed using a combination of Coomossie brilliant blue (6250) 

and siluer staining. The polyacrylamide gels were soaked 3 

times for 15 minutes in a solution composed of 40 ,. lulu) 

methonol and 10 % lulu) ocetic ocid. They were then placed in a 

glass tray filled with a stain solution (0.25 % lw/u) Coomossie 

brilliont blue, 50 % lulu) methonol and 6 % Iw/u) trichloroocetic 
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1 ocid (TCR)) for 30 minutes ot room temperoture under constont 

ogitation. The gels were then destoined eHtensiuely in 5 ,. lw/u] 

TCR for 10 minutes, ond soolced twice in 40 % lulu) methanoll 10 

% lulu] ocetic ocid, ond twice in 0 solution mode of 10 ,. lulu] 

ethanot, 5 '0 lulu] ocetic ocid. The gels were subsequently 

stained with siluer nitrate (0.012 M, mode in woter)) for 30 

minutes. Rfter seuerol w8shes with woter, the ONR bonds were 

uisualized in 100 ml of 0.28 M sodium carbonote and 0.5 mtll of 

formalin. This deueloping process was stopped by plocing the 

gels in 5 % lulu) acetic acid. The gels were kept in woter 

ouernight ot room tempel'"oture, ond photographed. 

H- FIELD INUERSION GEL ELECTROPHORESIS 

H-I Mammalio n cell plug pl'"epol'"otlon. 

Hela, MeWo ond U937 cells were grown to confluency (as 

preuiously described, section 11), trypsinized, haruested by 

centrifugation and resuspended in PBS to 1 H 107 cells/ml (final 

concentration) at 370C. An equat uolume of cells and l ,. tow 

gelling temperotul'"e agarose (LGT Sigmo type UII made in PHS) 

were miHed ot 370 [ ond ospiroted into silicon tubing (3132 inner 

diameter, Cole-Pal'"mer). The tubing wos then placed ot +4°C for 

10 minutes to ollow the agorose to hOl'"den. The potymerized 

ogarose contoining the cells was eHtruded onto a sheet of 

soran-wrap (Fishel'" Scientific, Montreal, Que.), ond cut into 1 cm 

"plugs". [och plug contained apPl'"oHimately 4 H 105 cells. 
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The plugs (50 on oueroge), contoining the embedded cells 

(HeLe, MeWo ond U937), were ploced in three seporote 50 ml 

conieol tubes ond ineuboted ot 5ûû C Îüï 24 hours in 25 ml of 0 

Iysis buffer eonsisting of 0.5 M EDTR, 1 % (w/u] sorkosyl ond 2 

mg/ml proteinase K. The plugs were subsequently transferred 

to new conieol tubes and woshed with ice-cold 1 H TE buffer in 

order to stop the Iysis process. Rfter three woshes with 1 H TE 

ot room temperoture, the plugs were incubated for 2 to 4 hours 

ot 500C in 0.04 mg/ml PMSF (phenyl methyl sulfonylfluoride) 

prepored in 1 H TE. The woshes were thereoner resumed os 

deseribed aboue and the plugs were -stored in 0.5 M EDTR ot 

15°C. 

Just before use, the required number of plugs were 

woshed eHtensiuely in 1 H TE, ond preineuboted ouernight (one 

plug per 1.5 ml eppendorf tUbe) ot 150C in 0.5 ml of 0 buffer 

consisting of outoeloued gelotin (0.2 mg/mU, spermidine (5 mM), 

ond the oppropriote digestion buffer os recommended by the 

monufacturers. The neHt do y, the plugs were transferred to new 

tubes contoining 0.2 ml of freshly made buffer. Fifty units of 

the oppropriote restriction endonucleose were odded, ond the 

reoetion wos ollowed to ineubote for 5 hours ot the temperoture 

recommended by the manufocturers. The reactions were then 

stopped by placing eoch plug in a new tube contoining 0.5 ml of 

25 mM EDTR, and stored at 40 [ prior to electrophoresis. 
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H-2 Molecular welght markers. 

1.5 ml of yeost cells, Saccharomyces cereulslae stroin 

BW61-70 (1 H 106 celis/mU, 2.5 ml of 1 % (w/ul L6T ogorose 

(prepored in 0.125 M EoTR) ond 75 ,.11 of zymolyose (prepored ot :2 

mg/ml in 0.01 M sodium phosphate buffer, (pH 7.51, ond 50 '0 
lulu) glycerol) were gently miHed ot 38°C, ond ospiroted in 

siliconized tubing os preuiously described. The 1 cm long plugs 

were tronsferred to 0 conicol tube filled with LET buffer (0.5 M 

EDTA, 0.01 M Tris-HCI [pH 7.5], ond 7.5 '0 lu/u] 2-

mercoptoethonol), ond incuboted ot 38°C for 24 hours. The 

plugs, contoining yeost spheroplosts,. were tronsferred to NOS 

buffer (0.5 M EoTn, 0.01 M Tris-HCI [pH 7.5], 1 % [w/ul Louroyl 

sorcosine ond 2 mg/ml proteinose K). The incubotion mos 

performed ot SooC for 48 hours and followed by three successiue 

woshes in ice-cold 1 H TE to stop cell Iysis os for the mommolion 

cell plug preporotion. The plugs were stored in 0.5 M EoTR ot 

15°C. 

100 JlI of lombdo phage particles, purified os described in 

section UIII, were miHed with on equol uolume of PBS ond placed 

ot 370C. The phoge solution wos miHed with 200 JlI of 1 % [w/ul 

LGT ogorosE', ond ospiroted in tubing 8S before. The plugs were 

incubated in Iysis buffer (0.5 M EoTn, 1 % (w/ul sorkosyl, 1 

mg/ml proteinose K, in 10 mM Tris-HCI [pH 9]), for 4 houn ot 

550C with gentle ogitotion. The plugs were then ploced in 0 50 

ml conicol tube filled with ice-cold 1 H TE, ond ogitoted for 2 

minutes in order to stop the Iysis. This woshing step wos 
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repeoted once ond the plugs were th en tronsferred 10 0 new 

tube ond stored in 0.5 M EDTR. 

H-3 Electrophoresls. 

The plugs to be onalyzed were soolced for 30 minutes in 0 

solution mode of 0.5 H TUE plus 0.05 % Iw/ul bromophenol blue. 

The stoined plugs were cut in holf ond ploced, one per weil, in 

the slols of 0 0.75 % Iw/ul ogorose gel (6T6 ogorose, Sigmo) 

mode in 0.5 H TDE. The gel wos submerged in 0.5 H TDE ond field 

Inuersion gel electrophoresis wos conducted ot 40C for 96 hours 

ot 90 uolts using 0 progrommoble device. The field inuersion 

wos corried out outomoticolly by 0 PP1-l 00 deuice (MJ Reseorch 

Inc., Combridge, MA). The progrom used in this study wos 

number 9 ond hod the following chorocteristics: 

A: reuerse time ot beginning of romp = 2 sec. 
U: omounl odded to reuerse time ot eoch step = 2 sec. 
C: forword lime ot beginning of romp = 6 sec. 
D: omount odded to forword time ot eoch step = 6 sec, 
E: number of complete reuerse ond forword runs before 
storting ouer with initiol uolues = 22 
f: odded to reuerse increment ot eoch step = -0.1 

6: odded to forword increment ot eoch step = -0.6 

Defore storting the reuerse/forword field flow, the gel was 

run for 10 minutes ln the forword direction ot 80 uolts to ollow 

migrolion of the ONA out of the wells ond into the gel. 
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l H 1- DND TRHNSFER. 

ln this study, three different methods were used to 

transfer ONR to nylon membranes. 

HI-1 $outhorn transfer. 

Transfer of ONR fragments from agarose gels to nylon 

membranes were carried out using the technique of Southern 

( 1975). 

Rner electrophoresis was completed, the gel was stained 

in EtBr and photographed. The ONR was then denatured by 

soaking the gel in 0.4 M NaOH, 0.1 M NaCI for 45 minutes at room 

temperature with gentle agitation, rinsed with water and 

subsequently neutralized in 2 M NaCI, 0.7 M Tris-HCI (pH 7.5] for 

another 45 minutes. The gel was then soaked in 20 K SSC (3 M 

NaCI, 0.3 M Na Citrate pH 7.6), along with 3 pieces of 3 MM 

Whatman paper and one piece of nylon membrone (Genescreen, 

NEN-Oupont). Subsequently, the gel wos placed in a glass troy 

filled with 20 K SSC on on inuerted gel costing tray that was 

wrapped in 0 piece of 3MM Whotman poper saturated with 20 K 

SSC. The paper had eHtended wicks dipping into the soluent. The 

nylon membrane wos ploced on top of the gel, and this was in 

turn couered with the three pieces of Whatman paper and 0 

stack (SiM inches) of poper towels. The neHt doy, the set-up wos 

disassembled and the membrane was rinsed for 5 minutes ot 

room temperoture in 20 H SSC and air dried. The ONR was fiHed 
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to the membrone by plocing the dry membrone in 0 uocuum ouen 

ot 80 D C for 4 hours 

H 1-2 BI-dlrec: tlonal transfer. 

This procedure, deriued from Smith ond Summers (1980), 

inuolues th,e 8cid depurinotion of lorge DNA fragments which 

improues flheir tronsfer to nylon membranes. 

The depurinotion of DNA wos performed for 15 minutes in 

0.25 M HCI ot room temperltture with ogitotion. After three 

woshes mith woter, the gel wos tronsferred to 0 denoturotion 

solution consisting of 0.5 M No OH plus 1.5 M NoCI, ond ogitated 

for onother 15 minutes. Neutrolizotion of the gel wos 

performed for 30 minutes in 20 mM NoOH, 1 M ammonium 

ocetote. The denotured ONA wos tronsferred simultoneously 

onto two membrones positioned on either side of the gel for 2 

hour~i ot room temperoture. The membranes were boked ot 80 0 C 

for 4 hours under uocuum and stored until needed. 

HI-3 Dot blots. 

Humon-rodent ONA (obtoined fro:rr ~l '. bri A ce Ils), totol 

genomic ONA ond plosmid DNA were tron· e"'(c.!d using 0 BioRod 

dot blot filtration unit. Seriol dilutions of the ONA wos mode in 

200 III of 1 H TE. To eoch tube, 40 JlI of 1 M NoDH wos odded to 

denoture the DNA. Rfter 10 minutes of incubotion ot room 

temperoture, 40 III of 1 M Tris-Hel [pH 7.5] and 40 III of 1 M HCI 

were odded to the reoctions ond the tubes were, thereofter, 

kept on ice until needed. n 6enescreen nylon membrane wos cut 
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to the size of the filtrotion unit, ond soolced for 10 minutes in 

woter, ond then in 6 H Ssc. 1 t wos ossembled on the dot blot 

filtrotion unit 6S specified by the monufocturers. The membrone 

wos woshed under uocuum with 6 li SSC, und the somples were 

opplied, uocuum off, in the slots mode bg the opporotus. The 

somples were filtered bg uocuum ond the slots were woshed 

twice with 6 H SSC. Rfter filtrotion wos complete, the Inembrone 

wos releosed from the dot blot opporotus ond woshed in 2 H 

Denhordt's solution (100 H Oenhort's solution is 2 10 lw/.,) 

polyuinyl pyrollidone, 2 % [w/u] BSR, 2 % lw/l') ficoll 400,). 1 t 

wos then bolced ot 800C under uocuum, and stored ot room 

temperoture for future use. 

HII- LRBELING OF DNRS. 

H 11- 1 Nic le t ra n s 10 ti 0 n 0 f 0 N R s • 

Routinely, 0.5 to 1 Jlg of ONR wos incuboted for 10 minutes 

ot 420C in a solution contoining 1 H NTB (toble 2), 3 ,.11 of dRTP 

(250 JlMl, 3 JlI of dGTP (250 JlM), 4 JlI of (a-32p) dTTP (3,000 Ci/mM, 

ICN), 4 JlI of (a-32p) dCTP (3,000 Ci/mM, ICN) and 1 pJ cf 10 mM 

MgCI2. DNose 1 (1 Jlg/mO IDas mode fresh in TM buffer (table 2). 

One unit of ONR polymerose 1 ond 3 JlI of the DNose 1 solution 

were odded ond the reoction was incuboted ot 15°C for 1 hour. 

The reoction wos then heot-'inoctiuoted ot 65°C ond the DNR mos 

eHtrocted with PCI, ond ethanol precipitoted 4 tirnes using 

ommonium ocetote. The lost pellet wos thoroughly resuspended 
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in 200 III of 1 H TE and the rodiooctiuity counted using on LKB 

scintillotion counter. 

H II-:~ Klnoslng of DNR •• 

200 ng of pure oligonucleotide (49 nucleotides) were 

lobe lied with 1 00 ~Ci of r32p RTP (5,000 Ci/mmole, 1 eN) in the 

presence of 10 units of T4 polynucleotide kinase in 1 li LKB (tob le 

2). Rfter 1 hour ot 37°[, the reaction wos stopped by PCI 

eHtroction, and the ONR wos purified through 0 series of ethonol 

precipitotions os for nick-tronslation eHcept thot 1 Jlg of carrier 

ONR (E. coll genomic ONR) wos added.in the first precipitation in 

order to reduce oligonucleotide loss. 

HII-3 Bockfilling of S' protruding termlni. 

Routinely, 40 III of purified ONR restriction frogments were 

incuboted, for 1 hour ot ~ oom temperature, in 1 H Klenow buffer 

(table 2), and the protruding ends were mode flush with the 

oppropriote nucleotides using 5 units of the lorge Klenow 

fragment of E. coll ONR polymerose 1. The incubation wos then 

ploced for 10 minutes ot 65 0 ( and the ON" eHtrocted with 

phenol/ether, ethanol precipitated using sodium ocetote, and 

resuspended in deionized woter. 
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1 HIII- HYBRIDIZRTIONS. 

The three procedures employed in this study for the 

detection of ON" sequence homology ore presented below. The 

prehybridizotion, hybridization, and washes were carried out in 

heat-seolable bags. RII membranes were drïed, wropped in 

soran-..urap and eHposed in H-ray film holders with Kodak HRRS 

film under intensifying screens (Dupont [roneH), at -70°[. 

HIII-1 P-element related sequences. 

This procedure is described in Sol .e.1 Jll., (1986). Briefly, 

nylon membranes, contoining fiHed ONR frogments, were 

incubated ouernight at 42 0 [ in o.~ H buffer R (1 H buffer R is 0.15 

M NaCI, ond 0.011 M sodium citrate [pH 8.3]), supplemented with 

1 K Oenhordt's solution and t 00 J.lg/ml E. coli ONR. 

The hybridizations were performed, for 48 hours ot 42 0 ( in 

prehybridization solution supplemented with t 00 ~M RTP, 0.2 % 

lw/ut SOS and 3Hl 06 cpm of niclc tronslated probe. 

The washing solution wos 0.25 H buffer ft and 0.2 % (w/u) 

SOS. The blots were washed twice under constant agitotion ot 

room temperature for 30 minutes ond then oir-dried. 

HIII-2 OligonucleoUde. 

To minimize signol 1055, ONR fragments that were to be 

hybridized with the kinased oligonucleotide probe were not 

depurinoted prior to tronsfer to nylon membranes. 
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The membrones were sooked for 10 minutes in 3 H SSC und 

prehybridized for 2 ho urs ot 42°C in 6 H SSC, 1 H Oenhordt's 

solution, 0.5 % lw/u] SOS, 0.05 % lw/u] sodium pyrophosphote, 

ond 50 J..Lg/ml of E. coli ONR (Woods, 1984). 

The hybridizotion wos performed for 24 "'ours ot 420C in 6 H 

SSC, 1 H Oenhordt's solution, 25 ).1g/ml E. coll ONR ond 4Hl06 cpm 

of probe, followed by two woshes of 15 minutes ot room 

temperoture ond one for 10 minutes ot 42°( in 6 H SSC ond 0.05 

% Iw/uJ sodium pyrophosphote. 

H 111-3 Satellite DNRs •. 

The nylon membrones were presooked in 5 H SSC ond 

prehybridized in 50 % lulu] deionized formomide, 5 li Oenhurdt's 

solution, 5 li SSC, o .. d 50 Jlg/ml E. coli ONR, for 24 hours ot 420C. 

The hybridizotion wos ochieved in 50 % lu/u1 formomide 5 H 

SSC, 1 H Oenhordt's solution, 25 ).1g/ml E. coli ONR, 0.1 '0 lw/u] 

SOS ond 0.05 10 (w/u] sodium pyrophosphote for 24 hours ot 

420C. Woshes were performed in 0.2 % (w/ul SOS ond 0.5 H SSC 

twice for 30 minutes ot 370C, ond once ot room temperoture. 

HI U- SEQUENCI NG STR8TE61 ES. 

HIU-1 Cl1lemlcal sequenclng. 

The complete nlllc'potide se quence of the 1.797 Kb ll.JtR 1 

sotellite DNR lloned in pKS36 wos performed using the chemicol 

sequencing method of MOHom & Gilbert (1980). Restriction 
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l fragments of this satellite ONR were recouered from agorose or 

acrylomide gels, labelled at their 5' en(', and strand separation 

was done according to Moniatis fi Jll., (1982). The sole eHception 

was thot the Il crush & soak" buffer used contained 1 mM EoTR 

(instead of 0.1 mM) and the denaturing buffer consisted of 0.05 

,. (w/ul bromophenol blue, 0.05 ,. Hylene-cyonol, 1 mM EoTR, 50 

mM NaOH and 7 % (w/ul sucrose. 80th strands were sequenced 

in an ouerlopping monner, and the sequence was uerified for 

accuracy by identification of predicted r'estriction endonucleose 

sites and fragment lengths. 

HIU-2 DldeoHy sequentlDg. 

The partiol sequences of the Klml ond WH 1 sotellite DN" 

cloned in pUCl19 were performed by thp ~ideoHy chain 

terminotor sequencing procedure (Songer .e.11l., 1977). 

Briefly, stroins containing pUC 119 deriuotiues were grown 

at 370C in superbroth (ljungquist and BUkhari, 1977), to on 

00600 of 0.1 (1 H 108 cfu (colony forming lmits)/ml). The cells 

were infected with 0.1 ml of M 13K07 phoge (5H 1010 ploque 

forming units (pfu)/ml) ot 0 multiplicity of infection of 50, ond 

grown olJernight in superbroth medio contoining 70 ~g/ml 

konamycin ond 150 Ilg/ml ompicillin. 1.5 ml of the ouernigh t 

culture wos tronsferred to on eppendorf t~be and the cells 

pellete'" by 0 5 minutes centrifugation ot 15,000 JI g, 40[. The 

cell-free supernotont fluid wos mjHed thoroughly with 200 ~I 01 

20 % [w/ul PE6 6000 (polyethylene glycol, mode in 2.5 M NoCa) 

and incuboted for 15 n.inutes ot room temperoture. The phoge 
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pellet wos then horuested by centrifugotion ot 15,000 H 9 for 5 

minutes ot 40 ( ond resuspended in 100 III of 1 H TE. Rfter 

eHtroction with 50 III of phenol, the resulting single stronded (SS) 

DNR wos precipitoted in 0.3 M sodium ocetote ond 70 % ethonol. 

This ONR wos used directly for dideoHy sequencing using the 

BioRod M 13 Klenow sequencing kit. DeoHyodenosine 5'[othio)­

triphosphote (35S, 1500 Ci/mmol.) wos obtoined from Dupont. 

The electrophoresis of som pies (6, R, T, [ reoctions) wos corried 

out ot 1 SOO uolts in on 8 ,. polyocrylomide gel (ocrylomide/bis­

ocrylomide = 1910, contoining 8 M ureo and 1 le TDE buffer. The 

gels were dried ond eHposed on Kodok HAR 5 film for 2 to 10 

hours under intensifying screens ot -70°[. 
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Chapter III 

CHARACTERIZRTION OF P-

ELEMENT RELRTED HUMRN 

REPETITIUE ONR SEQUENCES 

" t (un twt wiUi.tl9 1.0 acccpt.. pos\..tWtl eJJat var~(lt..wn. (l'.. '>OUle 

extraordi.tt.ari!y subt!.e eJfect of chromosome structure as a wholc" 

F. Cnck (1979) 
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INTRODUCTION 

Since the discouery ond chon~cterizotion of the moize 

mobile OS-ne fomily by B. McClintock in the eorly 1950s 

(McClintock, 1951), the importance of mobile genetic elements 

hos become increosingly opporent, as they ore like!y to be 

inuolued in mutogenic processes (such os ONA inuersion, 

tronslocotion, insertion etc) as weil as in euolution. For 

instonce, eukoryotic mobile genetic elements ond ONA 

tronsposition houe been found to ploy 0 key role os etiological 

ogents in tumor induction (e.g., feline leukemia uirus) ond in a 

wide ronge of somatic ond genetic uoriegation (e.g., Re elements 

of maize, Ty elements of yeost (Roeder li .QI., 1980]). More 

recently, in Orosophila melonogaster, a repetitiue and mobile 

element, colled the P-element, has been found to ploy 0 role in 

birth defects and infertility in crosses between certoin stroins 

of the fruit fly (Rubin itl.uJ.., 1982). This syndrome, colled hybrid 

dysgenesis, was obserued when moles from 0 P-stroin were 

moted with femoles from 8n M-stroin, but not in other crosses 

(M-moles H M-femoles, P-moles H P-females, or M-males H P­

femoles). The moleculor bosis of this phenomenon wos 

eHtensiuely onalyzed (Binghom dll1., 1982, O'Hare ond Rubin 

1983, Sprodling ond Rubin 1983; Engels fi Jtl., 1990). Oiscrete 

ONA segments, the P-elements, were found in the genome of P­

stroins ranging in size from 500 base pairs (bp) to 2.9 Kb. The 
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shorter uersion of the P-elements appea,.ed to houe arisen from 

internai deletions of the 2.9 kb actiue transposable element 

(Laski fi .Dl., 1986). Th e P-elements houe 31 bp inuerted terminnl 

repeots and generate an 8 bp duplication of host sequences ot 

the site of insertion. Furthermore, the functlOnal 2.9 Kb long 

element contains four large open reading frames (ORFs) and 

encodes for its own transposase. This type of mobile genetic 

element has not, as yetI been detected as componenh of anima! 

cell genomes, olthough remnants of ancient transposition euents 

houe been found in the form of direct repeats fltmlcing dispersed 

repetitiue ONR segments. 

ln an attempt to screen the human genome for the 

presence of repetitiIJe and potentiolly mobile DNA segments, we 

haue eHomined the hum an genome for P-element reloted 

sequences. The rotionole behind our opprooch mas based on the 

recent findings indicating a high degree of sequence 

conseruation omong certain eukaryotic genes such as the humun 

and Drosophile epidermol growth factor genes (Liuneh et ru., 
1985). Furthermore, the P-family of transposable elements 

induces, in 8ft melonogoster, genetic traits which ore 

equiualent to certain birth defects in humans (KidUJeli und 

Kidwell, 1976). The P-element that UJas used in this study had 

originally transposed in the locus 17e, und wus cloned with its 

f1unlcing D. melonagaster sequences in the plasmid p1t25.1 

(Spradling und Rubin, 1982). 
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Reported in this section is the cloning ond chorocterizotion 

of 0 humon repetitiue 1,797 bp .ü...Q.R 1 frogment thot hybridizes, 

under low stringency, to 0 probe consisting of internol 

frogmenh of the P-element (Sol .e11ll., 1966). This Hela ONR 

frogment wos cloned into the fi..Jl.R 1 site of p8R322 ond the 

resulting plosmid, pKS36, wos mopped by restriction 

endonucleoses ond completely seQuenced. Our onolysis indicotes 

thot this ONR segment contoins mony tondem copies of the 

humon sotellite Il ond III consensus sequence 5' nCCR 3', ond 

uoriotions of this pentomeric repeot, but the pure sequence 

comprises only 3510 of the totol ONR. Though there ore seueral 

stretches of se quence similorities to the P-element, no 

structural feoture indicatiue of 0 mobile genetic element were 

discernible. Thus, this cloned segment of ONA oppeors to be 0 

widely diuergent mernber of the highly repetitiue sotellite Il ond 

III fomily (Corneo Jtl.Dl., 1971; Cooke ond Hindley, 1979; 

Deininger fi .Dl., 1981). 

76 



RESULTS 

1- DETECllON OF P-ELEMENT RELAlEU SEQUENCES 1 N THE 

HUMRN GENOME. 

The P-element, 0 tronsposoble element found in D. 

melanogaster, wos cloned olong with flanl<:ing Drosophlla 

sequences in the plosmid prr2S.1 (Sprodling ond Rubin, 1982). 

Depicted in figure 7 -e is a simplified mBp of the cloned element 

olong with the restriction sites used in this eHperimenL To 

determine which port 0 f the P-element or ifs fion king 

Drosophilo sequentes wou Id be conserued in the human 

genome, three restriction fragments, eBth contoining discrete 

regions of the cloned ONR, were generoted. Fragment 0), 

contoining the entire P-element plus the flanl<:ing Drosophilo 

sequences, was obtained uia .s.m..ul-H.ttitl double digestion of the 

plosmid. Fragment b) generated with Hind III, consi~ted of the 

smoll P-element segment trom its left eHtremity. Frogment cl, () 

1nt1-H.b.!l.1 restric tion fra gmen t, represented internai seQuence s 

of the P-element. [oeh of these three fragments were nicl<:­

tronsloted and used to probe Southern blots of HeLa DNA 

digested with.E.iltR 1, f.tll, Hindi Il ond llil..e.III, lanes B, (, n, and E, 

respectiuely (figure 7 ponels a to cl. 
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Figure 7 : Hybrldlzetlon of the frogments of the 2.9 Kb 

long P-element and flenklng Drosophile sequences to 

Southern blots of Hele DND. The genomic ONR was 

hydrolyzed with llo.R 1 (lanes B), flll (lones Cl, Hind III (lanes 0), 

ond.liD.!:. III (lanes E). Lones R of eoch blot contoin uncut ONR. 

The genomic ONR was isoloted, hydrolyzed with restriction 

endonucleoses, subjected to ogorose gel electrophoresis, 

blotted ond hybridized in 0.4 H buffer R os per Müteriols ond 

Methods with (a- 32P)-lobelled fragments of the P-element: 0) 

im!11-HJull probe (contoining the genomic fion king sequences); 

b) Hind III P-element probe; c) ~l-.H.h!tl probe (contoining the 

internai sequences of the P-element). In ponel d) RdenolJirus 2 

ON" IDas used os 0 probe. Ponel e) displays 0 simplified mop of 

the pn:25.1 insert; the restriction sites, within the P-element and 

the Drosophilo genomic sequences, used in this eHperiment, ore 

indicate d. 
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RII hybridizetions were performed in 0.4 H buffer " os 

indicated in Materials end Methods. Under these uery 

permissiue conditions, uery small regions of portiol homology to 

repetitiue sequences could be detected (Deltz fi .al., 1983), with 

RTP and colf thymus ONR included to reduce the bockgnJund of 

non-specific hybridization eHpected under these low stringency 

conditions. The hybridization profiles generoted by the three P­

elernent probes appeared to he similor, thus indicating thot the 

flanking Drosophlla genomic sequences did not substontiolly 

contribute to these results. The most striking feature obserued 

in the hybridizotions wos the series of futR1 bonds (lones D) 

that shared sequence homology to the uorious probes. The 

mojor bond oppeoring ot opproHimotely 1.75 Kb, ouer the 

background of non-specific hybridizotion eHpected un der these 

permissiue conditions, is indicoted on the left side of tlle figure. 

No other distinct bonds were obserued ouer the background 

when Hela ONR was hydrolyzed with Pst1, Hindlll or Hoelll 

(lanes C, D, and E). 1 n order io study the specificity of the 

hybridizations, "denouirus 2 ONR wos lobelled by nick­

tronslotion and used to probe, under the sorne conditions, on 

identical Southern blot of Hela-cleoued ONR (panel dl. Rlthough 

the 8+T content of the uiral ON" (62 %) is uery similor to thot of 

the P-element (O'Hare and Rubin, 1983), no bonds cou Id be 

distinguished ouer the background of non-specific hybridization. 

This suggested thot the hybridizotion patterns obserued 
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between the P-element ond the ÜJl,R 1-cleoued HeLe! ONH mere 

not due to the R-T richness of the sequences olone. 

11- THE P-ELEMENT RELRTED SEQUENCES RRE 

REPEIITIUE. 

The humon li.D.R1 fragments of 1.7-1.8 Kb were 

electroeluted from 0 1 % ogorose gel, ond nick-tronsloted os per 

Moteriols ond Methods. The heterogeneous probe, os indicoted 

in figure B, mos hybridized tO Southern blots of restriction 

enzyme cleoued-Helo and p7t25.1 ONRs. The hybridizotion 

conditions were the sorne os before. fi similor pottern of hybrid 

bonds wos obserued with ill.R 1-cleoued genomic ONR (lone B), 

ond ogoin no distinctiue bonds were obserued wh en Hela ONH 

wos hydrolyzed w ith flll , lI.in.d III, or H!l.e.111 (lones C, 0 ond E, 

respectiuely). The obseruoble series of orithmeticol f..t..Q.R1 

restriction frogments suggested thot the isoloted ONRs were 

rich in repetitiue ONR sequences. Plosmid p7t25.1, when 

hydrolyzed with H.in.dlll, generoted three frogments: 0 lorge 

frogment consisting of the cloning uector, fi 3.2 Kb frogment 

contoining most of the P-element ond sorne flonlcing genomic 

sequences, ond 0 smoll 500 bp frogment contoining the eHtreme 

left-end of the cloned element (refer to figure 7 e) • 
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Figure 8 : Southern blots of hydrolyzed HeLa and p1t25.1 

ONRs hybrldlzed to the human 1.7-1.8 Kb .EllRI ONR 

fragments. The genomic ON" wos hydrolyzed os in figure 5 

with llitR 1 (lone B), f.tll (lone Cl, H..in.d III (lone D), and ~ III 

(lone El. Lene R is uncut ONR. Plosrnid p1t25.1 IDOS hydrolyzed 

with the restr-iction endonucleose Hind III. The 3.2 Kb fragment 

indiceted here corresponds to the P-element and Drosophile 

sequences locoted to the right of the Hindlll site (refer to the 

simplified map in figure 7 ). The cleeued DNRs were subject to 

electrophoresis, trensferred to nylon membrenes end hybridized 

es per Materiels and Methods. The probes consisted of human 

f.t.D.R 1 fr-ogments renging from 1.7 to 1.8 Kb that mere eluted 

from on ogorose gel and lobelled by nick-tronslotion. 
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Upon hybridization of the hydrolyzed plasmid with the 

human 1.7-1.8 Kb ÜJl,Rl fragments as ft probe, ft single hybrid 

band was detected, as seen on the right panel of figure 8, that 

corresponded to the large P-element 3.2 Kb fragment. No 

hybridization was detected with the cloning uehicle, or with the 

smallest of the H.ind III fragments. It is entirely possible that, 

under these conditions, this fragment was too short for 

quontitatiue transfer to the nylon membrane or to be able to 

form stable hybrids. 

111- CLONING OF THE P-ELEMENT RELRTEo SEQUENCES. 

To isoltlte and choracterize the human DNAs that shared 

apparent homologies with the Drosophlla P-element, the EcoR 1 

restriction fragments ranging fPJm 1.7 Kb to 1.8 Kb were gel 

purified ond cloned into pBR322 (figure 9). The cloning uector 

wos lineorized at its unique ll.a.Rl site and its 5' ends were 

dephosphorylated uia C IRP treatment as described in Materiels 

and Methods. The ligation miHture was tronsformed into E. coll 

oHI competent cells and plated on LB plates supplemented with 

ampicillin. The transformants were subsequently grown on 

gridded master plates and the size of their plosmid wos 

assessed by gel electrophoresis. The gels were then blotted 

onto Genescreen nt.lon membranes. 
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Figure 9 : Clonlng .trategy of the 1.7-1.8 Kb llJl,RI DNR 

fragment •• Left panel: Hela genomic ONR was isolated, as 

per material and methods, and hydro!yzed with the restriction 

endonuclease liR 1. After electrophoresis on a 110 agarose gel, 

the series of f.U.R 1 DNA fragments ranging from 1.7 to 1.8 Kb 

were electroeluted as per material and rnethods. Right panel: 

Plasmid pBR322 was linearized ot ifs unique ÜJlR 1 site, and the 

ends of the molecule were dephosphoryloted uio alkoline 

phosphotase, 6S described in material and methods. 
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,1 H totol of 725 clones were screened, under low stringency, 

for P-element reloted sequences using the .iQll-H.lutl internol 

restriction fragment os 0 probe. Hmong the clones teste d, 20 

dlsployed uorying degrees of homology to the probe os 

determlned by on increosed hybrit!izotion signol ouer the 

bockground of non-specifie hybridizotion to pBR322. 

One of these clones, showing the strongest signol, is 

represented in figure 10. The signel o1r hybridizotion between 

pKS36 end the P-element wos ~etoined, unlike thot of the other 

remolnlng clones, when the soit con(;entrotion wos increosed 

(from 0.4 H buffer ft to 2.5 H buffer R). The hybridizotion wos 

completely lost with 5 H buffer H (doto not shown). These 

results suggested thot the sequrmce homology between the two 

heterologous DNfts (the humon lliR 1 insert of pKS36 ond the 

l.D.ll-.H.hJtl frogment of the Drosophile P-element) wos due to 

either short stretches of sequence or long sequences of weolc 

homology (8eltz .e.1 Jll., 1983). 

87 



Figure 10 : Hybrldlzotlo n to the P-element of the 

recomblnrlnt pla.mlds. Transformed cells wer-e crackel2 open, 

their DNA content subjected to electrophoresis, transferred to 

nylon membranes and hybr-idized with the nick-translated 

internai restriction fragment of the P-element as per Materials 

and Methods. Thr-ee colonies containing recombinant plasmids 

ore shown: pKS32, pKS34, and pKS36. Note that pKS32 contains a 

double insert whereas pKS34 and pKS36 contain a single insert. 
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IU- SEQUENCE OF PKS36. 

The ,ÜjtRl insert contoined in pKS36 was mopped 

eHtensiuely with 0 bottery of restriction endonucleo~es. Fern 

unique restriction sites were detected in thtis onolysis (.c.I.a.l, 

B1..a.l,.8..L!.D.l ond H1ul11), whereos numerous lMl and H.i.nfl sites 

were present throughout the insert. The ouoilobility of these 

different sites ollowed us to prepare a strotegy for the 

sequencing of the entire insert uio the method of MaNom und 

Gilbert (1980). Both strands were sequenced in an ouerlopping 

monner. The entire ll..o.R 1 frogment of pKS36 is 1.191 Kb in 

length (figure 11). This humon ONA fragment did not contain ony 

of the charocteristic troits of a eulcaryotic mobile element, such 

as terminal inuerted repet)ts (lilce the P-element) or (} poly(A) 

toil (lilce the human Rlu element). No lorge open reoding frames 

(ORr) could be found, olthough numerous short potentiol ORFs 

were present. The strilcing feature, os depicted by the 

sequencing of this ONA, wos the presence of numerous 

pentomeric repeots seemingly deriued froIT' the consensus S' 

TIeeR 3' (figure 11). The sole eHception in the whole sequence 

was the presence of 0 region of 49 bp, locoted between bp 324 

and bp 372, seemingly deuoid of pentameric r€peats (region 

within broclcets in figure 11). 
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Figure 11 : Pentomerlc orgonlz6t1:»n of pKS36. Illustration 

of the repetitiue nature of clone pKS36. The sequence is 

presented os blacks of 5 bp orgonized in a heod to (ail monner. 

The recunent pentamer 5' neCR '3' or its deriuotiue pentameric 

blocks ore present throughout the insert with the eHceptiol1 of 

the region from bp 327 to bp 372, indicated within brackets, 

colled the" 49 mer". Sequences underlined ond double 

unde:-lined ore reference pOints for Chopter U, di~cussion. 
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Figure 11 

AA Tl'<X!A TrœA. t llUl' TTœ.A TIœA TJTro 'ITCCA Tm::A 1TroA TIœA 1TCCA 
TI'AGA TIœA TIœA TITrA '1"!'\,'TG 'nœr Tm-A TJ.œ.A Tlœ.A C3 Tm-A T 
Tll:AATl'<X!ATIœAG1CT.ATIœATI'OOAGncAT'fCCÂT.IœA<n"œAnœ.t'TroOO 
arœA TfCCA TlœA «re-A TraCT TIœA TrACA TnXX! TrCCC TroCA TIœA 1TI'CA 
TIœA. CJœA CIœA TrOCA CIOCA TIœA CAOC'.A CrœA A TIœ.A ~ 1TACC 
C'I'CCA TIœA O-cœ TI'CCA Tl'CCA A-ccA TIœA A-(;-A TIœA 1!AACTAACT 

Tl'CC l TIcrA CTœA TI'CCA creer 
CJ.œA CIœA œccA KroCA TlCM. TIœA ~ crccA TIœA TIœA K1'CCA ATOCA 
TrCTA C'lC-- Tœl'C --<:AG TIT.AC ~ Tl'-CA Tl'CCA Tl'C'l'A TTCC'l' 'lTroA TOCCA 
TrOOATI'CXXlTIœATICCAG'I'CM'mXC'rrroATl'CCATJœATIœATIœATICCA 
Tl'CTAC1œ1'TIœATrOCATrACATIœATIOOATroCATrACATI'GMGrJtC.ATrOCA 
TI'CCAcmx.ATI'CCATl'CCA'ITCA.ATm::AT.roCAO"l'a:A'I"'lœATr<X:AG"IœA'I"roCA 
TI'CAAG1œA'ITI'CATI'CGAGTCCATIœATI'CCAT1'CCATrOCAT'IOOlTl'(XlA'lTICA 
Tl'CCATrI<n'<n.'œA1TOCAl'OOGACI'CCA'l\'XXlATTACATl'CCATr<XX:TIœATI'CCA 
nœA. ".ITOCA TI'CCA CI"CCA CTCCA. CI'CCA TI'-CA. T1'CCA Tl'CCA C'IœA C1'CCG Tl'CAA 
TITCT CICM. TICAA CTCCA T"...ACA TI'TCA TIœA "ITOCA Tro:r Tr.ACA C"roAT T1OCA. 
TrCCA G"I'CX:A CTCCA crGCA crJ.CA CTCCG 'lTCM. TIœA TICCT AAIXA '.l'ï:œ! Ki.'CGA. 
TITCA C'ICCA ATCCA C'IœA 1TOCA CTCCA TI'CAA T.OCCA TITCA CAACA 'ITCCA '1TCCA 
CJ.œA Tl'CCA TI'CCA CTCCA TIœA C'lJXA TI'CCT ATITA ''l'OXA cn::cA Tl'(XlA TICC.A ----
TIœA T û'TI"CA CTCGT 1TCCA TrCCA nœA Tl'CAA TrCCr TrroA GTcrA ITCCT 
Tl'CCI~ TI'CCA T 'lTCCA TITGA TI'CCA TI'CCA TrCM. GIœA TT-cA TGCCA G1TAA 
'rrcc.~ TI'CCA G'l.lXT TrOCA TICTA CTCCA TI'CCA TI'OOA TI'CCA TIœA TrATA CTC'I'A 
".l'lœ'r '.l'lCAA. TIœA - 'IOCA Tl."IGA TKXX: TI'CCA TIcrA CICAA TrœA 'l"'rC'(3A TrCCA 
C"IOCA TIœA. C3TCCA TICCA ATroG Acnx n'CCA TICCT GTCCA TIœI' CTCCA. <rrccA 
nœATIœAGTœATICCA'lTOCAnCCATIœATm3Aarcoom:rMTJ.œA'roCCA 
TlœA C!'ITr G"lœA creer crocA T'lœA ctœA TIœA TTACA ''l'J.'œA CTœC 'ITCTA 
Tl'CAA TlCAA CIOCA 1TCAA Tl'CM CTCCA Tl'CCA A'œOO TrCCA ATIC\ 1TCCA TrCCA 
nœA CIœA TrO:A TICCA ncœ -'IOOA T'J'TCA TroCA TIcrA TrCTA TIœA TrCCA 
TI'CTA 1'OCM TIœA TICCA TITGA G'ITCA T1'CCA Tl'CCA GI'CCA TTTAT 1œAll -TCCr 
Tl'CCAT.r<:X:ATrœATI'CCA1T'lCATIœATl'CCATlOCATI'CGATIUl'AA1œA'ITCCr 
Tl'CCAJ..TCX:rTIœA'lTOCATl'CCA.1':lœATrCCATIœAATr 
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u- SEQUENCE HOMOLOGY SERRCH. 

ln order to clorify the relotionship between the P-element 

ond pKS36, sequence comporisons were corried out using the 

Sequence Rnolysis Focilities prouided by the Uniuersity of 

Montreol through the Clinical Reseor-ch Institute of Montreol 

(progroms Bestfit ond Seqfit). Seuerol short stretches of portial 

homology were found between the two sequences. Three of 

the se, disployed in figure 12, show homology between internai 

sequences of the P-element and non-clustered segments of 

pKS36. The percent of sequence similorities, tonging from 72 1~ 

ond 65 10, are consistent with the hybridizf!ltion detected, under 

permissiue hybridizotion condition, between the two DNRs. 
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Figure 12: Reglons of sequence slmllarlty between the 

pKS36 li.Q.R 1 Insert (top .trand) and the P-element 

(bottom strand). The matches between the nucleotide 

sequences are indicated by stars (*). The nucleotide positions of 

each sequence are indicated at the 5' and 3' ends of each strand. 

nt the right of eath sequence is inditated the percent similarity, 

caltulated by considering pKS36 as the reference strand. Dots 

and supplementary nutleotides correspond to misalignment and 

folding of one of the strands. 
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Figure 12 
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UI- RELRTIONSHIP BETWEEN THE P-ELEMENT -POSIIIUE­

CLONES. 

Of the remoining clones thot showed reduced leuels of 

hybridizotion to the P-element under low soit concentrotion (0.4 

H buffer H), seuen were rondomly picked ond tested for theïr 

homology to clone pKS36. The hybrïdizotion conditions were 

increosed to 0 soit concentrotion of 5 H SSC, which corresponds 

to low stringency when cornporing ONH sequences within the 

some genus. With the eHception of clone pKS544, 011 clones 

disployed sorne degrees of homology to pKS36. Three of these 

ore presented in figure 13. The bockground of non-specific 

hybridizotion oppeored uery low, os seen by the signol disployed 

by the negotiue control plosmid pBR322 (lones B). The positiue 

control (plosmid pKS36, lone H) disployed, os eHpected, on 

intense signol of hybridizotion. Plosmids pKS40, pKS30 ond 

pKS28 (lones C, 0 ond F respectiuely) disployed increosing 

omounts of hybridizotion to pKS36. From this onolysis, it 

oppeored thot the clones screened for P-element reloted 

sequence were more reloted to one onother thon to the P­

element. 
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Figure 13 : Relntlonshlp between the clones cross­

hybrldlzlng to the P-element. Southern blot of recombinant 

plosmids (lones R to F) hybridized under lom stringency (5 JI SSC) 

to the (cx_ 32P)-labelied lliR 1 insert of pKS36. Lone R contoins 

pKS36 os 0 positiue control for 100 % homology to the probe. 

Lones B is pBR322, ond lone E contoin, os negotiue contr'JI, 0 

recombinent plosmid thot do not cross-hybridize to the P­

element. Plosmids pKS40 (lone Cl, pKS30 (lone D), ond pKS28 

(lone f) cross-hybridized under permissiue conditions (0.4 JI 

buffer R) to the P-element ond disploy here increosing homology 

to pKS36, respectiuely. 

97 



Figure 13 
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DISCUSSION 

1 n order to screen the humon genome for the presence of 

repetitiue (and potentially mobile) elements, Hela ONR was 

cleoued with uarious endonucleoses and eHamined, uia Southern 

blotting, for homology to 0 Drosophile transposon, the P­

element (Rubin li W., 1982). The Southern hybridizotions were 

performed under low stringency, but with a uost eHcess of 

unlobeled competitor ONR ond RTP, to reduce the background of 

non-specifie hybridization that one might eHpect under such 

permissilJe conditions (Beltz fi m., 1983). "fter detection, 

humon li.!tR 1 fragments containing sequences thot cross­

hybridized with the P-element were cloned into pBR322, and the 

entire 1.797 Kb nucleotide of one of these clones wos 

determined (Sol li.D.l., 1986). 

Considering the lJery permissiue hybridization conditions 

used to probe Hela ONR with the P-element, it was entirely 

possible thot no lorge region of homology would be detected 

(Beltz JÜ !Ù., 1983). This supposition wos reinforced when it was 

found that the hybrid formation between the P-element and the 

.ü..Q.R J cloned fragments W8S destabilized by on increose in the 

salt concentration from 0.4 H bufter R to 2.5 H buffer R. 

ft computer analysis performed between the P-element and 

the sequenced insert of clone pKS36 reuealed the presence, on 

the P-element, of seueral short regions ranging fron) 30 to 50 
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bp, and non-uniformly distributed along the sequence, with 65 to 

72 % similarity to segments of the pKS36 cloned sequence. The 

three largest regions displayed in figure 12 occur within the 

ORFI and ORF2 of the P-element encoded tronsposose (O'Hore 

and Rubin, 1983), howeuer, no homologies were detectoble ot 

the protein leuel between potentéol polypeptides encoded by the 

two ONRs. The bio!ogicol significonce of the homologous ONA 

sequences is not apparent ot this Ume, os the roles of these 

homologous segments in pKS36 ore not currently lenown. The 

degree of relotionship behveen different clones onolyzed in this 

study reueoled the eHistence of two classes of related 

sequences: the pKS36 closely reloted sequences (e.g., pKS2B~ ond 

the pKS36 diuergent sequences (e.g.: pKS30). The inter­

relotionships that were displayed by the clones obtained in this 

study indicated that the hum an ONR segments that showed 

cross-hybridization to the P-element did not oppear to be 

euolutionory related to the D. melanogaster element. 

Nonetheless, our serendipitous cloning of the pKS36 liR 1 

insert ollowed us to prepore the first complete nucleotide 

sequence of a hum an satellite ONA (Sol .e.1 !lI., 1986). Preuious 

studies houe demonstroted that human satellite Il and III DNR's 

were characterized by the presence of multiple copies of the 

pentomeric consensus sequence S' neCA 3' (Frommer tl.w.., 

1982, Oeininger !Ü 1tl., 1981, Coolee ond Hindley, 1979). None of 

the other humen satellite ONRs sequenced to date houe been 

found to be interrupted by 0 non-sotellite segment in the way 
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pKS36 uppeurs to be. This unique feuture, chorocteristic of 

pKS36-like sotellite ONR, hos been termed "the 49 mer". 

ln the neHt chopters of this ~hesis, the relotionship 

between different members of thh' humon sotellite ONR family 

will be studied, ond the orgonizotion of these sequences at the 

genomic und chromo$omal leuels will be analyzed. Finolly, 

mechanisms which moy ploya role in the mointenonce and 

amplificotion of such non-genic repetitiue sequences will be 

discussed. 
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ChapterlU 

RNRLYSIS OF CLONED 

SATELLITE FRMILY MEMBERS. 

'The f1.i.story of (LIe is deci.dedLy non-random 

...... Simpson, (t 964) 
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1 NTRODUCTI ON 

The highly repeated human satellite ON As are generally 

defined as compacted and late-replicoting sequences that are 

organized in tandem arrays mithin the centromeric and 

telomeric heterochrornatic regions of mammalian chromosomes 

(Corneo !li !!.l., 1971; Beouch amp !li ru., 1979). A function for 

these enigmatic ONA segments has yet to be discolJered, but it is 

currently belieued that they play a role in the structural 

integrity of chromosomes (Yamamoto and Milelos 1978; 

Manuelidis, 1982; Holden !li ru., 1985). Alternatiuely, such simple 

repeated sequences may haue no indispensable function and 

may be by-products of genome rearrangement and/or aberrant 

ONA replication, as suggested by the selfish ONR model (OooliUle 

and Sapienza, 1980; Orgel and Crick, 1980). These sequences 

thus would be free to amplify and mutate in the absence of 

selection pressure. 

r t is possible that deuelopment of ideas for alternatiue 

roles for satellite "NA will be achieued by the detailed analysis 

of their structure and euolutionary behauior as non-coding 

elements. 

Originally isolated as distinct peales by uirtue of their 

buoyant density in cesium salt density gradients, the classical 

satellite Il and III ONRs soon {)ppeared to represent () 
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heterogeneous population of diuergent (thouqh reloted) 

tandemly organized, simple, repeated DNA sequences. 

The study presented in this chopter WIlS undertllken to goin 

insight into the manner in which members of Il fllrmly of related 

~atellite Il and III DNAs htlUe euolued from Il potentiol pllrentol 

consensus sequence, namely the pentameric orroy 5' TTrCR 3'. 

lUe tirst streened a genomir library of humon 1.B Kb fcoHI 

fragments for ~he presence of repeated satellite seQuences thot 

share sequence homology to a preuiously cloned ond 

chtJracterized [coRI satellite Il DNA, clone pKS36 (Sol pt ill., 

1986) and/or to a Kllill satellite IlONA, clone pElKl.U[?O] (Shnflt-

2BgBrdo .!tl ru., 1982). Clone pKS36 contains a 1,797 hp [ron 1 

satellite ONA thElt WBS shown to be interrupted in ih tOllt1PIn 

pentBmeric BrrEly by a region of 49 bp (cEllled the 49 HlPr) th~I'OIc1 

of the satellite Il and III consensus sequence 5' TTCCH j' 

(Chapter III). Clone p8K 1.8[20}, contBining B 1.8 Kh Kpn 1 

sElteliite ONA, WBS Icindly prouided by Dr. J. Milio. In this studlj, 

p8K1.8[20] is shown by southern hybridlzEltion Ilnlll~Jsis not to 

contain the 49 mer non-satellite region of pKS36, euen though it 

is highly homologous to the rest of the pKS36 siltellite seQlwrH.e. 

This property WBS talcen into Bceount in order to differentltlte 

between satellite DNA directly related to pKS36, Ilnd therefore 

containing the "49 mer", from diuergent clones (sueh os 

p8K 1.8[20]). 

The microheterogeneity of pKS36-lilce satellite ONR clone\ 

isolated in our laboratory was determined by uirtue of thelr 

specifie TBgl and Hinf1 restriction pBttprn~, os tHlIl of thf'\P \Itl~\ 
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moy be generoted by 0 single point mutation within the 

consensus pentomers (Chopter l, figure 5). This series of clones, 

os weil os pBK 1.8[201, were portially sequenced, und compored 

to publlshed sotellite ON" sequences. These onolysis reueoled 

the hyperuoriobility of the cytosine residues present in the 

pentomeric consensus repeot 5' neCR 3'. Mechonisms thot moy 

couse such mutationol hotspots within the consensus sequence 

ore then discussed. 

Using the ON" of 0 panel of rodent-humon hybrid cell lin es, 

the chromosomol location of two families of related sateJlite 

ONR, represented respectiuely by pKS36 and pBK 1.8[20], was 

determined. The family of sequences related to pKS36 and 

pBK 1.8[20] wos found to comprise 2 to 3 % of the totol genomic 

ONR of HeLo cells, and to reside mainly on chromosomes 7, 12, 

14, 15, 16 and 22. 
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RESULTS 

1- THE 49 MER REGION OF PKS36 OEFINES SPECIFIC 

CLASSES OF REPERTEO ONR SEQUENCES. 

R series of dot blot hybridizations were performed on DNA 

from 0 uoriety of species in on effort to determine the genetic 

distribution, relotedness and copy number of two cloned 

satellite DNAs: clone pKS36 (Sol .e.1.w.., 1986) and pBK 1.8[20] 

(Shafit-Zogordo fi !!l., 1982). The later clone contoins 0 1.8 Kb 

.KJml satellite ONA, os the prototype for the human KJill.l 

tandemly orrayed fomily of sotellite DNAs. The probes used in 

the present eHperiments were either the gel-purified ond nick:­

translated EcoR 1 or Kl!.nl inserts of plasmids pKS36 or 

pBK1.8[20], respectiIJely. In addition, 0 49 nucleotide long 

oligomer, of the unique region from bose pair 324 to base poir 

372 of clone pKS36 (coUed the 49 mer), wos grociously 

synthesized by Dr. D. Garfink:el (Nel, Frederick:, MO), end-Iabeled, 

os indicated in Chopter 2, and used os 0 probe. Figure 14 dis play 

the outorodiogroms of hybridizoUon eHperiments performed on 

seri 0 1 d il u t ion s 0 f pB K 1 .8 [20], pK S 3 6, HeL ft, R K 1 43, Rot 0 n d E. 

coll UNAs, using either the 1.797 Kb liJiR 1 insert (ponel A), the 

1.8 Kb Klm1 insert (ponel B) or the 49 mer oligonucleotide (ponel 

C) os probes. C.one pBK 1.8[20] disployed a high degree of 

homology to pKS36 os seen by hybrid formation between the 

two DNAs un der high stringency (figure 14-A, lone pBK 1.8[20] 

and 14-B, lones 1 to 3). 
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Figure 14: Dot blot hybrldlzatlons. The probes used in this 

eHperiments were; Ponel R: pKS36 nick tronsloted .ü.!lRl sotellite 

ONR; Ponel B: pBK1.8(20) nick-tronslated.KJw.l sotellite oNR. 

Ponel C: pKS36 kinosed 49 mer. The DNRs were tronsferred to 

nylon membrones os per Chopter 2. Panel R: seriai dilution of 

plasmid pOK 1.8(20), pKS36, ond genomic Hela ONR. Ponel 0: Lune 

1, 2 ond 3 contoin 1 0 ~g, 0.1 J.l.Q ond 0.0 1 ~g of pl<S36 plosmid ONR 

respectiuely. Lones 4, 5, ond 6 contoin 10 J.1g. 5 J,1g, ond 0.05 J.1Q of 

genomic Hela ONR. Ponel C: Lones 1, 2, 3, ond 6 contoin 10 Ilg of 

pKS36, E. Coll, Rot2, and pBI< 1.8(20) DNRs, respectiuely. Lones 4 

and 5 contoin 20 Ilg of Hela and 81<143 genomic ONRs, 

respectiuely. 
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Howeuer, the KJw.l element did not contoin sequences 

homologous to the 49-mer found in pKS36, as it foiled to cross­

hybridlze to this unique region of pKS36 (figure 14-[, lone 6). 

The oligonucleotide probe (the 49 mer) foUed to hybridize to E. 

coll ONR (figure 14-C, lone 2), but a strong hybridization signal 

wos detected, under these low stringency conditions, with Rat 

ONR (figure 14-C, lane 3). The significance of this obseruation 

remuins, at the moment, uncleur. The intensities of the 

hybridization signais of the .üJtRI probe to known omounts of its 

homologous ONR, pKS36 (figure 14-R), were recorded by laser 

densltometry, ond the rotio of copy number/signftl intensity 

determined. This signol ratio WIIS then used to determine, by 

recordlng the hybridizotion signal of the u..u.Rl probe to known 

omount of Hele genomic ONR, the genomic copy number of this 

sotellite UNR element. Rn eHomple of the calculoUons inuolued 

in determining the copy number of pKS36 is presented in 

RppendiH Il. Rssuming the content of ONR per nucleus to be 6 

billion base poirs (Rlberts Jtl.ll.., 1983), this 1.797 Kb sotellite 

ONR (and other closely related sequences) was estimated to 

represent approHimotely 2 % of the genome of Hela cell. 

Though similor results were obtoined with the 1.8 Kb.Klml 

sotellite probe, less thon 1 % of the genomes of Hela ond 

81143 cells could hybridize to the oligonucleotide probe (figure 

14-C, lones 4 ond 5). These results may suggest thot the 8ctuol 

copy number of the pKS36 fomily of satellite ONR (contoining one 

copy of the 49 mer) is less thon 1 % of the humon genome. 
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11- RNRLYS 1 S OF R RD 0 ENT-HUMRN HYBR 1 0 CELL PANEL. 

The humon chromosome mOke-up of the homster/humnn 

cell-line panel used in this study is presented in table 3. [quoi 

quo n titi e s 0 f the 1 0 h Y b ri dON n' s (w c 1 t 0 wc 1 0), 010 n 9 w it h the 

control hamster ON" sample, were denatured, opplied onto n 

nylon membrane in a BioRad dot blot apporatus ot different 

concentrations, and hybridized under high stringency to the 

1.797 Kb u..o.Rl insert contoined in clone pKS36. Rfter 

outorodiogrophy, the probe was remoued from the membrone bg 

treotment with a bosic solution (0.5 M KOH). Subsequently, the 

stripped membrane was hybridized, os per Materials and 

Methods, to the 49-mer specifie to clone pKS36. The process of 

probe remouol was repeated, and the membrane was finolly 

hybridized, under high stringency, to the nick-translated 1.8 Kb 

KJm1 satellite ONR of clone pDK1.8(20). The complete remouol of 

the probes by KOH treatment wos ossessed bg outoradiography 

of the stripped membrone. Figure 15 presents the 

autoradiograms of these hybridization eHperiments, along with 

the corresponding laser densitometer tracings. In 011 coses, no 

hybridizotion signal to wc 1 and wc2 was detected (dato not 

shown). Therefore no significont amount of the sotellite ONR (or 

49 mer region) oppears to be present on humon chromosomes 6, 

8, 11, and H. Neither of the liJtRI or KJmI probes hybridized to 

the control hamster ONR (dota not shown). Decause of the 

kinship relotionship disployed by the lliR 1 and KJml satellite 

ONR, their hybridization profiles to the different subsets of 

human chromosomes appeared uirtually identical. 
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Figure 15: Rnalysls of lt rodent-humltn hybrld cell pnnel. 

Dot blot autoradiogram and densitometer profiles of hamster­

humon chrornosornal banks (lanes wc loto w(3) hybridized, os 

per Chapter 2, with: pKS36 1,797 bp .EutR 1 ONR, pKS36 49-mer 

non-satellite sequence, and pBK 1.8(20) 1.8 Kb K.D.nl sotellite 

DNRs. The pealcs correspond to the hybridization intensity 

recorded for each dot blot using on LKB laser densitometer 

sconner. The distribution of sotellite ONRs wos anolysed 

according to Waye .!Um. (1988). 

for eoch of the human chromosomes the degrees of 

discordance (0) und concordance (C) were determined, and the 

percent discordance ( D / D+C ) calculoted. 

D = numbers of positiue hybrids in which the 

chromosome is absent + numbers of negotiue hybrids in which 

the chromosome is present. 

C = numbers of positiue hybrids in which the 

chromosome is present + numbers of negotiue hybrids in which 

the chromosome is absent. 
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The dota obtained from these eHper-iments should be 

considered os preliminary os the degree of discordance is found 

to be eleuated. Thus, from these pr-eliminory results, sequences 

reloted to both pKS36 ond P8K1.8(20) were found to reside 

mainly on chromosomes 7, 12, 14, 15, 16, ond 22. The absence of 

significsnt hybridization of the 49 mer to wc1 ond wc2 hybrid 

ON' Jo 0150 suggest that the 49 mer sequences ore not present in 

significant quantities in hamster ONR. 

111- CLONIN6 OF RELRTED HUMRN SRTELLITE ONR. 

HeLa llitn 1 ONR fragments, 1.8 Kb in length, were eHcised 

and electroeluted from an agarose gel, and cloned into the ÜJlRl 

site of plasmid pUCl19. The ligation miHtures were transformed 

into E. coli strain NM522, and the cells were subsequently 

plated on LBomp H-6al/IPTG plotes as per Moterials and 

Methods. Colonies contoining recombinant plosmids were 

regrown on mester grids (Miller, 1972) 8nd the plosmids were 

isoloted uio the method of Bornes (1977). Rfter ogarose gel 

electrophoresis, the recombinant plosmids were screened for 

the presence of sotellite ONA on duplicote Southern blots, under 

high stringency (5 H SSC, 50 % formamide), using the nick­

tr8nsloted 1.797 Kb illRl fragment of pKS36, or the 1.8 Kb Klml 

fragment of pBK1.8(20). These results are summorized in table 

4, columns 1 and 2 (column 3 compiles the results from figure 16, 

see below). Colonies contoining satellite ON" sequences were 

then selected 8nd their plosmid ONA hydrolyzed with fuRI. 

1 14 
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ToBlE 4 

Hybridizotions results* 

Clones pKS36 pBKI.8(20) 49 mer 

---------------------------------------
pKS36 +++ + + +++ 

pKS08 + + 

pKS09 + + + 

pKS10 + + 

pKS11 + + 

pKS12 +++ + + + 

pKS30 + + 

pKS40 + + + + + 

pKS41 + + + 

pKS28 +++ + +++ 

pKS544 

pKS44 + + 

pKS94 + + + + 

pKS96 +++ + +++ 

pKS98 + + + 

pKS112 + + 

pKS206 + + + 

pKS269 +/- + 

---------------------_ .. --------~----------
* The numben of + (or -) sign$ reflect the Intensity of the 

hybrldizotion slgnol$ obserued on the Gutoradiograms. 
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Figure 16: Southern blot/hybrldlzation analysls of 1.8 Kb 

cloned .u..o.n 1 satellite ONR fragments. Rutorodiogrom of ft 

Southern blot contoining wR 1-cleoued sa tellite DNR clones 

hybridized with the kinosed 49-mer specifie for pKS36. pKS41, 

44, and 206 are uncut DNR. 
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With the eHception of pKS36 (diluted 1: 1 0 prior 

electrophoresis), equol quontities of the WR l-cleoued ONHs 

were blotted ond hybridized to the kinosed 49-mer specifie to 

pKS36 (figure 16). The hybridizotion results ore presented in 

toble 4 column 3. Of the 18 clones presented, clone pKSS44 is 0 

negotiue control contoining 0 hum on 1.8 Kb lli.R 1 ONH frogment 

thot does not oppeor to contoin ony sotellite ONH consensus 

sequences, ond clones pKS41, 44, ond 206 ore uncut ONRs. The 

three clones disploying the strongest signol of hybridizotion to 

the 49-mer (pKS12, 28 ond 96), goue intense hybridizotion 

signais to pKS36, os indicoted in the toble by plus signs (+++). 

Hmong the remoining satellite ONH clones, S clones showed 

portiol homology (pKS09, 40, 41, 94, ond 206) to the 49-mer, 

whereas clones pKS08, 10, 11, 30, 44~ 98, 112 and 269, did not 

show ony significont hybridizotion signal to the 49-mer. Note 

thot pKS269 oppeors more closely reloted to pBK 1.8(20) thon to 

pKS36, and thot it does not disploy cross-hybridizotion to the 

49-mer. Thus, it oppears thot there is 0 good correlotion 

between the presence or obsence of cross-hybridization to the 

49-mer ond the degree of relotedness of the liR 1 sotellite ONA 

fragments of the diuerse satellite ON" clones to pKS36. 

IU- MICROHETEROGENEITY WITHIN FOMILY MEMBERS 

Nine of the satellite ONR clones studied in the preuious 

section were rondomly picked, and their ONR's purified on CsCI­

EtBr equilibrium density grodients. These plasmids were 

hydrolyzed with fi...Q.R 1 (or Kn.n.l in the cose of pBK 1.8[20)), and 

1 1 X 
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the inserts isoloted by electroelution from a 1 % ogarose gel. 

The purified ONR fragments were then hydrolyzed, under optimol 

conditions, with Hinfl (8t 37°C) and lwll (ot 65°C), and the 

resulting frogments seporated on 7 % uerticol polyacrylomide 

slab gels. The hydrolyzed ONR fragments were uisualized os 

indicated in Materials and Methods with a combinotion of 

Coomassie brilliant blue ond siluer stoining. On the top holf of 

figure 17 ore disployed the Hinfl restriction patterns of the 

,ÜJlR 1 satellite ONR clones, and the boUom port of the figure 

contoins the lJuJ.l patterns of ail the clones studied. Rlthough 

sorne of the lones appear to contain portiolly digested ONR 

fragments, the diuerse restriction potterns demonstroied the 

eHlstence of 0 high degree of polymorphism omong the cloned 

fragments. This type of onolysis allowed the classification of 

the related clones into groups os chorocterized by their 

restriction site distribution. Clones contoining numerous IWll 

(and lUnfl, when tested) included pKS36, pBK 1.8(20], pKS44 , 

pKS96, ond pKS 112. Clones containing few (less thon fiue) to no 

sites for lwll included pKSI2, pKS28, pKS94 ond pKS269. Of the 

cloned tested with both enzymes, only pKS28 disployed rore to 

no restriction sites for either one of the enzymes. Rlthough the 

hybridizotion eHperiments presented in figure 16 indicoted thot 

clones pKS 12, pKS28 and pKS96 were uery homologous to pKS36 

and disployed strong cross-hybridizotion to the 49-mer, the 

restriction fragment onolysis indicotes thot the se clones, houing 

distinct lwll restriction potterns, are diuergent members of the 

sub-fomily of satellite ONRs containing the 49-mer region. 

1 19 
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Figure 17: lDJll-Hlnfl polymorphlsm of satellite OND 

clones. Coomassie blue and silver stain coloration of 7 10 

polyacryltlmide gels containing ÜJlR 1 cloned satellite ONA 

hydrolyzed, as indicated, with Hln.fl (top panel) and I.!uJ.l 

(bottom panel). Molecular morker: pBR322 hydrolyzed with 

HIulII. 
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• Figure 17 
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1 Tobie 5 presents sorne of the chorocteristics of the 

sotellite DNR's onolyzed in the neHt section. 

U- FRMILY STUDIES. 

U-1 Partial DND sequentlng of the satellite clones. 

The Klml sotellite ONA insert of clone pBK 1.8[20] wos 

cloned into the K.o..nl site of pUC119, ond the resulting clone wos 

nomed pKpn 1. The sequences ot the eHtremities of the Klml 

element were determined using the dideoHy choin terminator 

sequencing method (Songer fi .Dl., 1977). The portial nucleotide 

seqUEnces of three Ü1!R 1 satellite DNR's isoloted by our group 

(pKS44, 94, and 96) were also deterrnined and 0 listing of these 

is shown in figure 18. R mismotch onolysis was conducted, for 

each of the sequences generated, in which the number of base 

substitutions from the original consensus unit S' TTCCA 3' were 

recorded (table 6). The nurnber of bose poir changes did not 

appear to occur randomly, os depicted by the presence of 

numerous C residues thot were substituted. Clones pKS44 ond 

pKpnl ore chorocterized by a high degree of substitution of the 

second deoHycytidine, whereos the other boses were chonged ot 

the sorne opporent frequency. 
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TABLE 5 

Clone length Ch 0 ro ete ri s tic s Ref 
in bp 

pKS36 1797 illR1 monomer 1 

pKS44 170 49-mer negotiue 2 

pKS94 165 49-mer negotiue 2 

pKS96 185 49-mer positiue 2 

pKpnl 263 Kl!.n1 monomer 2, 7 

pHY10 3564 Y-specifie sot. ONA 4 

HumpP09 168 Sotellite III ONA 5 

HumpPD17 244 Sotellite II-III ONA 5 

HumpP018 166 Sotellite II-III ONA 5 
Humsot3R 332 Sotellite III 6 

~ 
Hurnsot Il 250 Sotellite Il 3 

" ~ .. 
1. Sol et ru. (1986) 4. Nolcohori et ru. (1986) 

2. This worlc 5. Oeininger- et ru. (1981) 

3. Hollis ond Hindley (1988) 6. F 0 W 1 e r e t .ru. (1 98 7 ) 

7. Shofit-2ogor-do et ru. (1982) 
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Figure 18: Partial lequences of four satellite DNRs. 

These sequences were obtoined by the choin terminotion 

seQuencing technique os indicoted in Chopter 2. 
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Figure 18 

( pKS44 PKS94 

A 'l''l'TCA 'l'TCGA T'l'CCA GA 'l'TCAA 'l'CCA T'l'CAA 

'l'T AA 'l''l'CGA GTCAA T'l'CCA 'l''l'CCA C'l'GG 'l'T A A'l'CCT 

'l'TC CA TTCTA TTCAA TGCCA TTCCA TTCCA TTC CA ATCGA 

TTCCA 'l''l'CAA TTCTA TTCCA TTCCC 'l'TC CA TTCAA TTCCA 

TTCGA CAC CA TTCCT 'l'TC CA CTCGA TTCAA T CAA TTCCA 

T'l'CCG T'l'CCA 'l'CC GA 'l'TCTA T'l'C'l'A 'l'TCCA TTCTG TTCG 

TTCCA TTGTA TTCCA 'l'TCAA TTCCA CTCCA TTCCA TTGCA 

TTCCA 'l''l'CCA TTGCA 'l'TCCA TTCCA TACCA TTC CA TTCCA 

TTCG'l' TTCCA T'l'CCA CTCGG GT'l'GA TTCC 

pKpnl PKS96 

A 'l'TC CA TGCCA 'l'TCCA 'l'TT GA TACCA TCAG TTCGA ,.. 
, l 

$. 'l'CT 'l'GCCA TTC CA 'l'TCCA TT CA TT'l'G TTCCA GTC'l'A 

GTCCA TTCCA TTGCA T CGA TTCC'l' TTCCA GTTCA TTC CA 

TTCCA TTCCA CTCCA TTC CA TTCCA TTTCA CTCCA TTCGA 

AT'l''l'A TTCCA TTCAA CTCCA TTTCA TTCCA CTCGA TT CA 

TTCCA ATCTA 'l'TAC 'l'TTCA CTCCG TTC CA TTTCA CTGCA 

TTCCA TTCAA 'l'TC CA 'l'TCCA TTCCA TTCTA TTCAA TTCTA 

TT'l'GA 'l''l'CCA 'l''l'CCA C'l'CTG T'l'GCA T'l'CCA T'l'CCA TTCCA 

T CA 'l'TCCA 'l'TTGA ATCCA 'l''l''l'GA 'l'TACA TTC CA TGCT 

CTCCA T'l'CCA 'l'TCCA TTC CA T A TTCCA TTC 

TTCCA 'l''l'CAG 'l'TAAA TTCCA 

'l'TC'l'G TTCCA TTCCA TTCCG 

TTCCA TTCAA TTC CA TTCCA 

fi'" T'rCGG TAC GA 'l'GC , 
1 
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TOBLE 6 

-------------------------------
Clones SubstitutionO 

T T C C R 

-------------------------------
pKS44 2 3 4 14 3 

pKS94 9 1 4 15 6 

pKS96 6 4 1 1 15 5 

pKPNl 7 8 7 16 7 

pKS36 88 15 67 83 46 

HumpPD9 9 0 4 5 4 

HumpPD17 7 1 10 20 2 

HumpPD18 4 1 7 1 1 4 

Humsat3R 2 1 1 16 18 14 

pHY10 124 164 165 231 129 

-------------------------------
o Substitution: only complete pentomers 

were onolyzed. Deletions (or insertions) 

were not included. 

1 
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U-2 Sequence analysls 

The satellite ONR sequences, reported in table 5, were 

compared using programs NUCRLN and OURLRP prouided by the 

Uniuersity of Montreal through the Clinical Research Institute of 

Montreal (Montreal, Que.). 

None of the published sequences contained a sequence 

related to the 49-mer present in pKS36 (Sol iU Jll., 1986). 

Rlthough no complete identity was found between the satellite 

ONR members that were analyzed, Humsot05 (Prosser JÜ lll., 

1986) appeared 86 % homologous to clone pHY 10 (Nokahori .e.1.!tl., 

1986) whereas HumpP09 (pP09, Oeininger JÜ lll., 1981) disployed 

os much os 83 % homology to Humsot3R (Fowler fi !tI.., 1987). 

If mutations occur at rondom within the fiue boses of the 

consensus sequence 5' TICCR 3', the degree of bose substitution 

should be equiuolent ot the fiue position. Howeuer, the 

mismotch onalysis performed on the pUblished sequences (toble 

6) reueoled the presence, in the pentomeric consensus repeots 

(5' TICCR 3'), of distinct hotspots for bose poir substitution. RII 

clones tested showed hyperuoriability in the second C of the 

consensus pentamer. The sole eHception wos HumpP09, in which 

it wos the first T that wos the most frequently substituted. Rn 

additional base was found frequently substituted in sorne 

clones: the first T in clones pKS36 ond 94, and the first C in 

clones pKS96 and HumpP017. 

Rlong with mutational hotspots, the mismatch onalysis of 

these diuerse satellite ONR sequences reueoled the presence of 

bases that were more conserued within the pentomeric repeots. 
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Humsat3R displayed fewer substitutions of the tirst thymidine, 

whereas pKS36, 94, HumpP09, 17 and 18 showed an increase in 

the conseruation of the second thymidine when compare to the 

other bases. Clone HumpPO 17, and to a lesser eNtent pKS36, 

disployed fewer substitution of the adenine residues. 

Since methylated cytosines haue been shown to be one 

source of point mutations in mommolian cells (Bird, 1980), we 

eHamined the satellite ONR sequences for the presence of 

pentamers that could haue orisen from the original consensus 

unit by spontaneous deaminotions at methyl-deoHycytidine sites 

(rnC->T) within CpC and CpR dinucleotides. This potentiol decay 

rnechanism is presented in figure 19, panel 1. Moreouer, one of 

the differential characteristics between satellite Il and III ONR 

is the presence of many I!Ull (TC6R) sites in the former and fem 

to none in the latter (Sol !Ü .D.l., 1986; Nakahori n.D.l., 1986; HoUis 

and Hindley, 1988). The Iwll restriction sites, generoted by C to 

G transuersions within the 5' TTCCR 3' tandem units, ore potential 

rnethylation sites (mCpG) and thus may degenerate by 

subsequent deamination of the methylated base (figure 19, 

panel Il). 

The frequencies of the pentamers, contained in the 

analyzed sequences, thot may haue arisen from one of the two 

decay mechanisms are presented in table 7. Rs deletions and 

insertions of bases that occurred during the propagation of the 

satellite ONR's appeared to be random, only intact pentamers 

were considered in this analysis. 
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Figure 19: Propoled two-stllge declly mechenlsm for 

bille lubltltutlon ln IlItellite OND. Mechonisms for the 

degenerotion of the consensus pentomer 5' TTCCR 3' by 

methylotion of cytosine ressdues and point mutotions are 

proposed. The underlined pentomers represent the outcomes of 

the decoy mechonisms thot were seorched in the sequences 

onolyzed in toble 8. mC represents methyloted cytosine. N is 

ony nucleotide (6, R, T or C). 
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Figure 19 

PONEL 1 PRNEL Il 

------_. -------------,--------

Methylotions of 
CpN dinucleotides 

10.6% ~ 21.2% ~ 

51 TIec" 31 

TTrnCcn TTCmCn 

~ Deominotion ~ 
mcn TTCTn 

21.2 % ~ Methylotlon ~ 22.7 % 

mmCn TTmCTn 

Deominotion 

TTTTR 

Point mutotion 
generoting l!llLl sites 

TTCGA ~ 
Methylotion 

45.5 ,. 

TTmCGn 

Deomlnotion ~ 
rrrGR 

------------- --------------
N.B.: The potentiol methylotion leuels of mCpN 
dinucleotides ore eHpressed in occordonce to Woodcock et 
01. (1987) os percent of totol genomic me. 
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TRBLE 1 

t 
PENTOMER 

Clones TTceo nCGO mGO meo TTeTO TTTTA 

pKS36 129 18 9 13 10 1 

36% 5'0 2.5% 3.6% 2.8% 0.3% 

pHY10 229 58 20 22 27 6 
32% 8'0 2.8% 3.1 % 3.8% 0.8% 

HumpP09 22 0 0 0 0 0 
65% (0) (0) (0) (0) (0) 

HumpP017 12 8 3 2 1 0 
24.6% 16.4% 6% 4% 2% (0) 

HumpP018 14 2 1 0 2 0 
42% 6% 3% (0) 6% (0) 

If 
Humsot3R 36 2 0 1 0 0 

54% 3% (0) 1.5% (0) (0) 

Humsotll 12 10 3 0 0 0 
24% 20% 10% (0) (0) (0) 

pKS44 14 3 0 1 3 0 
41% 8.8% (0) 3% 8.8% (0) 

pKS94 13 0 0 0 1 0 
39% (0) (0) (0) 3% (0) 

pKS96 12 2 2 3 2 0 
32% 5.3% 5.3% 8% 5.3% (0) 

pKpnl 26 0 2 1 0 0 
49.5% (0) 3.8% 1.9% (0) (0) 

.tiB..: The freQuencies of 0 giuen pentomer ore colculoted in 

r reference to the sequenced region of the sotellite ONO. 
"" 
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DISCUSSION 

The group of simple sequences found in the fomily of 

satellite Il and III ONR consists of heterogeneous sequences 

which ore likely to houe originoted from the tondem duplicotion 

of the pentomeric repeot 5' TTCCR 3' (Beouchomp fi J1.l., 1979). 

Ouring the process of euolution, this non-coding ONR hos 

undergone mutotions thot moy houe resulted in the 

degenerotion of the originol unit of repetition, ond in the 

segregotion (perhops to different chromosomBI enuironments) 

of lorge units of repetition in reloted, though distinct, sub­

fomilies. The heterogeneity, yet oueroll sequence relBtedness, 

of the members of 0 sotellite ONR fomily hos mode it unusuBlly 

difficult to study the precise locotion ond orgBnizotion of 

specific subsets of sotellite ONR's within the humon genome 

(Corneo fi Jll., 1971; Cooke ond Hindley, 1979). 

Ouring this study, 0 49 nucleotide sequence, specifie to 

pKS36, hos mode it possible to distinguish members of two 

related sub-fomilies of sotellite Il ONRs: the sub-fomily of 

satellite IlONA contoining the 49 mer (e. g., pKS36), ond the sub­

fomily of sotellite Il UNR deuoid of it (e. g., pBK 1.8(20]). 

Furthermore, this unique region enobled us to differentiote 

closely reloted members of the sotellite III ONA fomily. The 

sotellite Il ONR fomily onolyzed represents 2% of the genome of 

Hela cells ond its members ore found moinly clustered on 
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chromosomes 7, 12, 14, 15, 16 and 22. White we did not see ony 

significont hybridizotion to chromosomes 9 and Y, the major 

region of satellite Il DNR hos been preuiously mapped, by ln situ 

hybridizotion and lIlD.l restriction endonuclease banding 

analysis, to chromosomes 1, 9, 15, 16 and Y (Gosden .e.1m., 1975; 

Tagorro .1Û m., 1991). The WH 1 sub-fomily of sotellite Il ONR, 

represented by clone pKS36, oppeored to represent no more 

than 1 % of the humon genome. 

Dy probing 0 genomic library of 1.8 Kb .E.u.H 1 satellite ONA 

clones, produced during this worle, with either pBK 1.8 [20], 

pKS36, or the 49-mer, the degree of relotedness of the different 

members of the satellite Il and III fomilies wos determined. 

This analysis wos eHtended by eHomining the lwll and Hinfl 

restriction site polymorphisms of selected family members. The 

distribution of lD..U.1 (TCGR) and Hinfl (GRNTC) restriction sites in 

the repeated elements is a diagnostic of sotellite sequences, os 

these sites ore generated by ti single C to G tronsuersion within 

the 5' TTCCR 3' consensus motif. These studies ollowed the 

discrimination between apporently identicol sequences (e. g. 

pKS36, pKSI2, pKS28 and pKS96) and the classification of the 

cloned sequences into two main classes: al satellite DNR 

containing uery few lwll (or/and H.i.n,fl) sites (e. g. pKS 12, pKS28 

pKS94 and pKS269); b) the class of sequences sensitiue to IIul.I 

(e. g. pKS36, pBK 1.8[20], pKS44, pKS96 and pKS 112). Satellite III 

ONR hos been preuiously defined os the group of simple 

sequences contoining uery few to no I!Ull sites (Frommer li .Dl., 

1982), whereas satellite Il ONR was defined os the group of 
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J sequences eHtensiuely digested with lwll (From mer .lU .D.l., 1982; 

Prosser n.D.l., 1986; Hollis ond Hindley, 1988). Using this 

nomencloture, clones pKS12, pKS28, pKS269, ond pKS94 belong to 

the fomily of sotellite III ONft, whereos pKS36, pKS44, pKS96, 

pKS 112 , ond pBK 1.8(20) belong to the fomily of sotellite Il ONft. 

The lD.Jl1 and Hinfl polymorphisms, obserued between the cloned 

sotellite ONfts, correlote with the lwl1 genomic polymorphisms 

of sotellite-like sequences thot were reported by Fowler JU .Ill., 

(1988). 

It is interesting to note thot sorne members of the sotellite 

Il fomily (such os pKS36 and 96) ond members of the satellite III 

fomily (such os pKS12 ond 28) houe in common the 49 mer region 

(os depicted in figure 16). It is most Iikely thot these sotellite 

ONA members houe euolued from 0 common onc~stor contoining 

the unique region, ond houe thereofter diuerged os members of 

two distinct fomilies, probobly by segregoting to 0 different 

genomic enuironment. 

IDe houe eHomined, ot the nucleotide leu el, seuerol 

sotellite ONA's in on ottempt to clorify the source of sequence 

polymorphisms obserued within reloted members of the fomily 

of highly repeoted humon sotellite Il ond III ONft. With the 

eHception of pKS36 (Sol Jû 1l1., 1986), clone pHY lOis the only 

other long satellite ONft completely sequenced (Nokohori Jû .Ill., 

1986). Clone pHY 1 0 contoins 0 3.6 Kb .E.t.a.R 1 dimeric satellite ONA 

thot is locoted on the human Y chromosome. This clone hos been 

reported os 0 sotellite III ONft though, it hos been shown to be 

enriched in Iwl1 restriction sites (Fowler .e.1W., 1988). To dote, 
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most of the onolyzed sequences reueol hypermutobility in the 

dinucleotide CpC present in the consensus repeot S' TICCR 3' 

(these ore the two residues leu st conserued within the 

pentomeric repeots). Such mutotionol hotspots in non-genic DNR 

should be rore, os non phenotypic DNR is hypothesized to 

degenerote uio rondom mutotions. 

Howeuer, it Is possible thot these hyperuorioble boses moy 

result from DNR methylotion. CpN dinucleotides (N being either 

R, T, C, or G) houe been found to be sites for methylotion in most 

mommolion genomes (Grofstrorn .e.1.D.l., 1985, Nyce fi Jû., 1986). 

Woodcoclt: Jù Jû. (1987) reported thot, in humon spleen tissue 

somples, only 55.5 10 of the totol mC wos present in rnCpG 

dinucleotides. The methylotion leuels of the other :3 CpN 

dinucleotides were 22.7 % (CpT), 21.2 % (CpA) ond 10.6 % (CpC). 

Though it is still uncleor whether methylati'ln leuels of satellite 

DNR ore higher or lower thon the rest of the genome, it is 

possible that the high rote of spontoneous deomination (rnC->T) 

obserued ot the mCpN sites in the mammolian genomes (Bird, 

1980) moy thus be 0 couse for the 8ccumulation of point 

mutations wittain these satellite CpN-rich DNR. Methylation of 

either of the two cytosine residues within TICCR pentomers 

cou Id lead to the generotion of mCR and TTCTR pentamers 

(figure 19). Subsequent rnetnylotion and deamination of the 

TpmC end mCpT dinucleotides would generote TITTR pentomers. 

Methtjlation within rul sites T(TCGRJ, and subsequent 

deomination of the methyl deoHycytidines, would conuert the 

sequence to lllGR. Upnn eHomination of published satellite Il 
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und III ONA sequences for the presence of pentomers resulting 

from u methylation/deamination decuy mechonism (figure 19), it 

wos obserued thot in clones pKS44, 36, 96, pHY 10, HumpPD 17 and 

HumpPD 18, such pentomers (meR und lTeTR) represen t from 6 to 

13 % of the total sequence, more thon would be predicted uio 

rondom mutotions. 

Furthermore, the hypermutobility of the mCpN dinucleotide 

moy be lorgely responsible for the lwll/H.infl polymorphisms 

obserued between closely reloted satellite ONH's in figure 17. Rs 

obserued in table 7, clone pKS36, 96, pHY 10, Humsotll ond 

HumpPD 17 contoin 0 considerable fraction of TTCGR (trom 5 to 20 

'fo) pentomers, which, followed by deominotion of the methyl 

deoHycytidines, would conuert the sequence to mGR ond result 

in the loss of the Iwll site (this scenariu ilolds true for Hinf1 

sites). Since CpG dinucleotides houe b(!en shown to contoin 0 

high proportion of methyl deoHycytidines (Nyce .e1.w.., 1986; 

Gruenboum fi m., 1982), it con be postuloted thot on apprecÎoble 

number of I.!Ull sites resident on sotellite ONA contoins rnCp6. In 

agreement with the report mode by Fowler and his colleogues 

(Fowler .eJ. Il., 1988), we obserued thot, in these clones, on 

increase in the frequency of nCGR pentomers wos generolly 

occomponied by on increose in mGR pentomers (toble 7, clones 

pKS36, pHY10, humpP017, ond humpPOI8). Ali other pentomers 

thot moy houe arisen from rondom mutotions were tound 

underrepresented in most of the onolyzed sequences. 

This anolysis thus suggests 0 multi-step decoy mechonism 

in which, as iIIustroted in figure 19, both C to G mutations ond 
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CpN dinucleotide methylotion (followed by subsequent 

deoHycytidine spontoneous deominotions) houe 0 role to ploy in 

the generotion of sequence micro-heterogeneity within 

members of the fomilies of satellite Il ond III DNHs. 

Chromosomes ore the stage of both stobility (to insure 

occurote distribution in daughter cells) ond fluidity (to insure 

euolutiue fleKibiiity} of the heriditery materiol. The opporent 

"stability" of the fomUies (or groups) of sotellite DNRs moy 

result from low leuel of eHchonge between non-homologous 

chromosomes. The sotellite DNR segments on eoch chromosome 

poirs would be isoloted ond thus free to diuerge from one 

onother ond creote new collection (tamilies) of size fragments. 

The relatiue rote of the sequence homogenizotion (or diuersity) 

of members of 0 sotellite DNR fomily moy thus depend on their 

locotion within defined regions of the humon genome. The 

porticular moleculor enuironment of the highly repeoted 

sequences may aiso dicta te, uio processes 5uch 8S gene 

conuersion, the obserued microheterogeneity. 

The uoriotions obserued between the different satellite 

DNRs thet were :Jr:alyzed in this study may thus result from 

differences in the micro- ond macro-orgonizotion of sotellite 

sequences, as weil 8$ their unique chromosomal environment, 

within the humon genome. 
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The neHt chopter of this the sis is deuoted to the study of 

the genomic orgonizotion of the members of the sotellite Il ond 

III fomilies, thot ore closely reloted to pKS36. 
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Chapter U 

GENOMIC ORGRN 1 ZATI ON OF 

THE SRTELL ITE DNA FAM 1 LY 

'Jhere i.s a theory whi.ch states that iJ ever anyone tliscovers ex.actLy wfmt 
sateUtte. nNÂ is for and. why i.t is hue, tt wiU i.nstantLy disappear and. &e 
1"epCaced &y somethi.ncJ even more &Lzarre ancL tnexpti.ca.f>f.e. 

'Jhere i.s another wFa.i.ch states thc::&t this has atread.y fmppened ... 

1<.ati.a soc: (t 99 1) 

l..nspi.red from noW;} ÂMtnS, (1989) 
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1 NTROOUCTI ON 

Satellite Il ond III ONA consist of fomilies of simple 

.... epeoted sequences whose members, though euolutionory 

.... elated, appear to be highly polymorphie in sequence. As this 

polymo .... phism moy be linl<:ed to specifie genomic enuironments, 

we houe chosen to inuestigate, by southern hybridization, the 

genomic distribution of these simple repeoted [)NA sequences 

both in the short (using conuentlonBI gel electrophoresis) and 

long (using field inuersion gel electrophoresis) ronge. 

Th e Bbility of reloted, b ut no n-id er. !i!:o l, sequences t 0 

recognize each other during hybrïdizotion eBperiments con be 

controlled by the stringency of the conditions imposed for hybrid 

formation. Dy uarying the concentration of formarnide in the 

hybridization reaction, we were able to distinguish between the 

genomic organization of the fomily of related satellite Il and III 

DNA sequences, ond the specifie orgonization of the sUb-group 

of pKS36-lilce sotellite Il ONA sequences. HeLo genomic ONA was 

eHtensiuely analyzed, uia southern hybridization, using a 

batte .... y of restriction endonucleases, and the organization of 

pKS36-lil<:e (or closely related) satellite Il sequences was 

inuestigoted under high stringen cies. Satellite Il ond III DNAs 

were found mainly orgBnized in tandem arroys of 1.8 Kb long 

EcoRl and KJ!nl domains. 

140 



ln addition to the original ceilline Hele from which our 

cloned satellite wos isolated, the human melonoma deriued-cell 

line MeWo wos analyzed. In MeWo, Holden et 01., (1986) hove 

Identlfled a related satellite ONR that is amplified within 

homogeneously staining regions (HSRs) of chromosome 15. The 

onolysis of these humon cell lines, by southern hybridization 

using the pKS36 cloned satellite ONR as 0 probe, reueoled 

distinct potterns in the orgonization of sotellite OND. 

Using the technique of field inllersion gel electrophoresis 

(F 1 GE), the long ronge orgonization of sotellite ONR wos 

eHplored. This technique molces possible the separation and 

resolution of OND molecules (up to millions of bp in length) that 

would otherwise mOlle, in conuentional unidirectionol 

electrophoresis, at limiting mobility (Schwartz ond Contor, 

1984). Molecules that are smaller than 50 Icilobase (Kb) migrate 

ot 0 rate determined roughly by their size. Those greoter thon 

50 Kb mOlle ot the same rote, probobly because they ossume a 

conformation which ollows them to migrote in 0 wormlilce 

motion through the gel's pores (lumplcin ond Zimm, 1982). 

Ouring field inversion gel electrophoresis (FIGE), the molecules 

ore forced to change direction when the electric field is 

reuersed, ond to ossume new configurotions before they con 

mOlle oguin. The time it tokes to change configuration depends 

on the size of the molecules ond therefore ollows septuotion of 

large ONA molecules. Rlthough it is not cleor to date if large 

blocs of sotellite ONR ore interspersed with unrelated 

sequences, we were able to identify, uio FIGE, discrete blocks 
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1 (ronging from 150 Kb to 500 Kb in size) contoining sotellite Il 

ONR sequences closely reloted to pKS36. 
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l RESULTS 

1- SHORT-RONGE GENOM 1 C ORGRNIZOTION OF PKS36-RELOTEO 

FRM IL Y MEMBERS. 

The sizes of the ONR fragments, reported in this section, 

were estimated using the migration rates of tnown molecular 

markers (phage Lambda hydrolyzed with either Hindi 1 1 or 

.EuRt). 

1- 1 Short range organization in Hela cells 

ln order to define the genomic organization of the satellite 

ONA related to the cloned 1.8 Kb [gtRl satellite ONR of pKS36, a 

series of Southern blot analysis of restriction enzyme 

hydrolyzed Hela ONA was probed, under increosing stringency 

conditions, with the insert of pKS36 (figure 20, panels 1, 2 and 

4). The stringency was controlled, from low to high stringency, 

by the percent of formamide added to the hybridization miH. 

Low stringency was defined by the presence of 15 % formamide 

(figure 20, panels 1 and 2), whereas high stringency was 

obtoined in the presence of 50 % formamide (figure 20, panel 4). 

Ponel 2, 0 shorter eHposure of panel 1, is presented to facilitate 

the identification of the lt..Q,R 1 satellite ON" species positioned 

oround 1.8 Kb. 

Under low and high stringency (lanes K, panels 1 and 4), 

two intense bonds located at approHimately 1.8 Kb (mono mers) 

and 3.6 Kb (dimers) were detected, olong with faint hybrid bands 
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1 (indicoted by orrowheods) migroting os trimers (5.4 Kb), 

tetromen (7.2 Kb) ond pentomers (9 Kb), thus suggesting 0 

regulor tondem orgonizotion for Klml satellite ONRs. No other 

Klml size frogments oppeored ofter ouer-eHposure of the blot 

(figure 20, ponel l, lone K). 

ln controst, the pottern of hybridizotion to the ll1!.R 1-

cleoued Hele DNRs oppeared more campleH. Under low 

stringency (Ponel 2, lone E) prominent ,ÜjtRI hybrid bonds are 

formed oround 1.8 Kb ond 2.35 Kb (indicoted by ft dot). The other 

detectftble bonds (obserued in panel l, lone n, formed under 

these permissiue conditions were opproHimotely 1.5 Kb, 1.65 Kb, 

1.95 Kb, 2.75 Kb, 2.95 Kb, 3.05 Kb, 3.6 kb, 5.4 Kb, 7.2 Kb, and 9 Kb 

in length, olong with many diuerse sized frogments. Rlthough 

the presence of multimeric forms (3.6 Kb, 5.4 Kb, 7.2 Kb and 9 

Kb), indicotiue of a tondem orgonizotion, could houe been 

generoted by pOint mutations ot the .E.mR 1 site between 

adjacent 1.8 Kb f...t!lRl repeat units, the presence of the non­

multimeric sized hybrid bonds found in the lis!R l-cleaued DNR 

lones suggest on interspened organization for sorne of the 

genomic sequences reloted to the cloned satellite Il ONR. Under 

high stringency conditions (panel 4, lone E), hybridization was 

found to occur predominantly, not with the eHpected 1.8 Kb 

illRl ONR fragment but with 0 1.95 Kb fi..Q.Rl ONR fragment. In 

addition, mojor bonds were obserued ot 1.65 Kb ond 3.6 Kb. It 

thus oppear thot pKS36-like satellite Il sequences define a sub­

class of the satellite Il family whose members ore likely to be 

clustered on 1.65 Kb, 1.95 Kb and 3.6 Kb l.t.!!R 1 ONR fragments. 
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Hybridizotion occured, to 0 mu ch lesser degree, with bonds 

preuiously detected under low stringency conditions. 

ln oddition, the distribution of sotellite DNRs contoining the 

49 mer region specifie to pKS36 wos inuestigoted (figure 20, 

ponel 3). The 49 mer, hybridized under mild condition os 

indicoted in Chopter Il, onneoled with lliHl-cleoued Hela ONR 

frogments in 0 pattern similor to thot obserued un der 10ID 

stringency for the complete WH 1 element, but with 0 uery high 

bockground (ponel 3, lone E). Though no hybrids with the 49 mer 

could be detected oround the positions of 1.8 Kb or 3.6 Kb 

chorocterizing the Klml sotellite ONRs, 0 bond wos detectoble ot 

opproHimotely 2.35 Kb (ponel 3, lone K). 

Under the electrophoresis conditions used in these 

eHperiments to seporote the hydrolyzed ONRs, no bonds were 

detected with restriction endonucleose lUnd III (figure 20, ponel 

4, lone H). 
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Figure 20: Southern hybrldlzatlon under Increaslng 

strlngency of Hela genomlc UNI. Genomic ONR wos isoloted 

os per Chopter Il and hydrolyzed with restriction endonucleoses 

Kl!n.l (K),.E.t.D.R 1 (E), or Hindi 1 1 (H). U is uncut DNR. Panels 1 und 

2 present the outorodiogroms of southern hybridizotions 

performed under low stringency (15 % formamide), whereos 

ponel 4 presents the outorodiogrom of southern hybridizotion 

performed under high stringency (50% formamide), using the 

1. 797 Kb illR 1 ONR frogment of pKS36 os 0 probe. Note that 

panel 2 is 0 lighter eHposure of the panel 1 autorodiogrom. 

Ponel 3 is the outorodiogroffi of the southern blot hybridizotion 

performed using the 49 mer os a probe. The positions of the 1.B 

Kb and 3.6 Kb ONR bonds ore indicoted. Rrrowheods indicote the 

positions of the 1.8 Kb multimeric ONR frogments. Dots indicote 

the positions of the 2.35 Kb ONR frogments. 
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• Figure 20 

Panel 1 Panel 2 Panel 3 Panel 4 
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... 1.8Kb 
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1- 2 Polymorphisms between (pli lïnps 

Figure 21 presents the autoradiogrom of a southern blot of 

HeLe and MeWo ONRs hydrolyzed with [coR 1 (0, KI!..!ll (K), 

Î!lY.3A (S), ~R 1 plus Kl!n.l (EK), lliR 1 plus S {] u3A (E S), KI!!! 1 plus 

Sau3A (KS). 

As seen in the aboue section, HeLe pKS36-like satellite Il 

ONAs are eHclusiuely organized in tandem arrays as Krull 

fragments (1.8 Kb and 3.6 Kb repeBt units), and theil EcoR 1 

pattern reueals a compleH distribution (figure 21, laoes K and E, 

respectiuely). In addition to tandem 8rrBy distribution of 1.8 Kb 

and 3.6 Kb Sau3A ONA fragments, pKS36-like sequences are 

present in abundance on 3.25 Kb long Sflj!3A frBgments (figure 

21, lane S). 

ln MeWo tells, this class of satellite IlONA W6S found 

mainly in tandem arrays of 1.8 Kb long Krull and Sa u3A ONA 

fragments (figure 21, lane K and S, respectiuely). When MeUJo 

genomic ONA was hydrolyzed with EcoRI (figure 21, MeWo, lone 

E), the majority of the sa tellite Il ON A s WBS found as 2.75 Kh, 

2.95 Kb and 3.6 Kb long ONA fragments. Minor bands were 

detected around positions of 1.5 Kb , 1.65 Klt, 1.8 Kb, und 2.35 Kb. 

No EcoRI hybrid band UJas detected around position 1.95 Kh, us 

se en in HeLa cells, but when ~'1eWo ONA was hydrolyzed for 

longer incubation time (6 hours) with an eH cess of [coRI, 

approHimat.ely 25 % of the 3.6 Kb fcoRI DNA 6ppeared os 1.8 Kb 

EcoRI monomers (datB not shown). Thus a fourth of the 3.6 Kb 

EcoRI ONA fragments obserued in figure 21 ( MeWo, IBne E) Bre 

the results of partiBI digestion of the ONA. 



Figure 21: Southern blot hybrldlzatlon of Hela- IJnd 

MeWo-hydrolyzed genomlc DNRI. Totol genomic ONRs were 

isoloted froM the genomes of two human cell lines Hela ond 

MeWo, ond digestelV os indicated with ÜJl.Rl (E), KD..nl (K), lwl3R 

(S) or with a combinotion of two restriction endonucleases (EK, 

ES, ond KS). The DNRs hydrolyzed with either llItRl or Klml were 

phenol/chloroform eHtrocted, ethanol precipitoted and 

resuspended in the desired digestion buffer prior to the second 

restriction endonucleose hydrolysis. Southern hybridizotion 

were conducted under high stringency, with the pKS36 WH 1 

ONR insert os a probe. The positions of the 1.8 Kb ond 3.6 Kb ONR 

fragments ore indicated. 
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1 Figure 21 

< Hela ONR >( MeWo DNR > 
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Rlthough, the mojority of the 1.8 Kb Klml and 2.75 Kb 

liJl.Rl ON" fragments do not seem offected by the process of 

double hydrolysis of Hela ON" with ll1l.R 1 ond KJm 1 Uone EK), 

the mojor ll.ilRl ON" fragments (1.65 Kb, 1.95 Kb and 3.6 Kb) 

uirtuolly disoppeor, indicoting thot recognition sites for the 

enzyme Klml ore present on these filRI fragments. In 

controst, the hybridizotion profile of MeWo ONR hydrolyzed 

with liJl.Rl ond Klml (lone EK) wos uirtuolly 0 combinotion of the 

simple digestion profiles (lones E and K), indicoting the absence 

of li.a.R 1 sites on Klml ONR units •. 

The KJlnl-1D..U.3R double digestion of Hela ONR suggested 

thot these restriction sites ore interspersed within the sotellite 

Il ONR sequences. The reduced hybridizotion of the sotellite 

probe to the preuiously obserued 1.8 Kb ond 3.6 Kb KD..nl ond 

i.wl3R ONR fragments, os weil os the disoppeoronce of the major 

3.25 Kb .iw.l.3R ONR fragment ond presence of new junction 

frogments (1 Kb, 1.3 Kb 1.65 Kb ond 2.55 Kb, opproHimotely), 

indicoted thot the mojority of the KD.n1 frogments contained ot 

leost one lw.L3R restriction site ond ulee uersa. 

The sorne type of obseruotions were mode with the Kl!n.l-

1W13R (figure 21, lone KS) digestion pottern of MeWo ONR, 

though it seemed thot either the 1.8 Kb Klml (or i1l.U.3R) sotellite 

ONR wos deuoid of iW.L3R (or Klml) sites, os seen by the 

predominant 1.8 Kb ONR frogment specles resistont to the 

double digestion. 

The ONR bonding pottern of Hela cells corresponding to the 

IutR 1 ond i!l!l3R double hydrolysis uirtuolly resemble that of the 
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superimposed simple digestionsCtigure 21, lones ES, ond E, S, 

respectiuely), thus suggesting thot the lli.Rl and iUu3R units of 

amplificotion are not neighboring sequences but rother thot the y 

define two diuergent regions of repetitiue ONAs. The sole 

eHception wos the uirtuol disoppeoronce of signol of pKS36 to 

the Helll genomic 1.95 Kb ,ÜJlRl ONR fragment after 1D..U.3R 

hydrolysis (lone ES). 

1 n contrast, when MeWo ONA was hydrolyzed with il.!!R 1 

and i1U.t3R, the patterns of the simple digestions did not 

superimpose. Hybridizotion of the 1.797 Kb IllR 1 sotellite probe 

occured mainly with fragments 1.45 Kb, 1.8 Kb, 2.35 Kb, 2.95 Kb, 

and 3.6 Kb in length, on d, to reduced degrees, with ONA 

fragments 900 bp, 1.1 Kb, and 2.75 Kb in length (figure 21, lane 

KS). 

Hydrolysis of Hela genomic ONR with restriction 

endonucleose tlD.l (AT[6R1), which is present once in pKS36 ond 

contoins on internolwl recognition site, showed on unresolued 

bulk of bonds greoter thon 20 Kb. Endonucleoses 1ULmH 1 and 

HJulII orso goue unresolued smeor of hybridizotion. Howeuer, 

3.6 Kb 10ng.M..tD.I sotellite ONR ond .8..ul. 1 (internol KJl.n.1 

recognition site) discrete hybrid bonds (opproHimotely 850 bp, 

1000 bp ond 1.8 Kb in size) were detected (doto not shown). 

figure 23, presented in the discussion section, illustrotes 

the possible modes of orgonizotion of sotellite ONA in humon 

cells. 
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Il LONG RRNGE ORGRNIZRTlON OF SATELLITE ONR 

ln order to study the higher order orgHnization of satellite 

ONA, and determine whether or not 0 ttmdem orgonizotion of 

lorge blocks could be detected, field inuersion gel 

electrophoresis (FIGE) of hydrolyzed HeLa ONA was conducted as 

per Chapter 2. Recause the technique requires the manipulotion 

of uery high molecular weight ON A, embedding eukoryotic cells 

in ogorose plugs has been used to preuent sheoring of the ONA in 

solution during isolotion and restriction enzyme digestion 

(Gardiner et 01., 1986). 

Agarose plugs contoining Iysed HeLa cells were hydrolyzed 

with EcoRI, BomH1, f:lin.dlll, and Cial (Figure 22, Ion es E, B, H ond 

C, respectiuely). After FIGE, the ONR was denatured, blotted to 

nylon membranes and hybridized under high stringency to the 

1.797 Kb satellite ONA of clone pKS36. No clear banding pattern 

was resolued by EcoR 1 BamH 1 or Cio 1 restriction onalysis. 

Preuious results shoLUed that no banding pattern could be 

detected, in the 50 Kb ond lower range, mhen HeLa ONR cleaued 

with Hindlll mas hybridized to pKS36 EcoR 1 satellite ONA (figure 

20, ond Sol et ru., 1986), suggesting that the sotellite ONA family 

under study was in B genomic enuironment deuoid of Hind III 

restriction sites. Howeuer, using FIGE, a discernable Iladder" of 

satellite ONA fragments Ondicated by arrowheads in figure 22), 

"flanked" by two distinct blocs 150 to 500 Kb in size, was 

identified (Jane 4) when human ONR was hydrolyzed with Hindili. 

The ditference in intensity between these diuerse Hindlll 
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1 segments moy reflect 0 polymorphie distribution in the number 

of satellite repeots thot ore present (see discussion). 
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Figure 22: long range organlzatlon of latellite ONDs. 

Hele. Cells embedded in ogorose plugs were hydrolyzed, ond 

the ONH frogments seporoted by field inuersion gel 

electrophoresis, os per Chopter II. The outorodiogrom disploys 

the hybridizotion potterns, obtoined under high stringency (50 % 

formomide), of Hele cells hydrolyzed with illR 1, B..u.m.H 1, Hind III 

and LIJll (lones E, B, H, ond C, respectiuely), using the niclc­

tronsloted 1.797 Kb f..t.QRl sotellite Il ONH os a probe. lone U 

contoins Iysed Hela cells whose DNHs were not subjected to 

restriction endonucleose hydrolysis, os 0 control for nucleose 

octiuity triggered by the Iysis process. The moleculor morlcers in 

the eHperimenh were, os described in length in Chopter Il, 

lombdo concotomers ond yeost chromosomes. 
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DISCUSSION 

Repetitiue sotellite Il ond III ONRs consist of fomilies of 

sequences thot are, though euolutionary related, highly 

polymorphie in sequence, os seen in Chopter lU. The 

polymorphism of sotellite ONRs eH tend to the leuel of their 

organizotion into diuerse domains, os depicted in the series of 

southern blot onolysis presented in this chopter. The orgoniza­

tions of satellite Il ONR in Helo cells ore proposed in figure 23, 

ond discussed below. In addition to the cell line Helo, we 

eHomined a second cell line (MeWo) deriued from a human 

melanoma. MeUJo wos chosen becouse it eHhibits on 

chromosome 15 homogeneously stoining regions contoining 

amplified copies of 0152 1, 0 satellite Il ONR (Simmons !li ru., 
1984; Holden !tl !!l., 1986). 

Southern blot onalysis, performed under low stringency, 

hos reueoled that, though the members of the sotellite ONR Il 

and III ore organized os 1.8 Kb ond 3.6 Kb ÜQR 1 and KJillI 

tandem repeat units, a large froction of its members are found 

interspersed os diuerse sized ll.Q.RI frogments (figure 23, panels 

A and B). Rlternotiuely, these diuerse sized frogments may 

indicote thot there is consideroble heterogeneity in EcoR 1 site 

distribution in tandemly repeated sotellite elements (figure 23, 

ponel A). In Hela tells clone pKS36 oppeared to be a minor 

member of the newly obserued sub-fomily choracterized by 

clusters of 1.65 Kb, 1.95 Kb and 3.6 Kb Eco RI sotellite llNAs. 1 f 
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the 1.65 Kb and 1.95 Kb units are organized in consecutilJe 

tandems ("'1.65-1.95-(1.65-1.95]-1.65-···), H muta tion ot the 

[coR 1 site between tmo consecutiue units Undictlted mithin 

broclcets) would result in the formation of the obserued 3.6 Kb 

mRI composite dimer ("'1.65-[3.6)-1.65-"'). Unfortunotely, 

upon limited tiJlR 1 hydrolysis of Helo ON A, the numerous 

diuerse size pHrtial EcoRl fragments of other inter-spersed 

satellite IlONA fomily members, preuented uerifïcotion of the 

tandem orgonizotion of 1.65 Kb and 1.95 Kb [coR 1 fragments. 

EHomination of the sequence of the cloned 1.8 Kb satellite 

ONA reuealed the presence of a "near" EcoRI site 5' GCRne 3' 

locoted 150 bp from the 3' end of the element (double underlined 

in figure 11, Chapter 111). As seen in Chapter lU, satellite ONR 

repeots are characterized by the hyperuoriHbility of cytosine 

residues. R single C->R point muttltion within the S' G[RTIC 3' 

sequence would generote tln [coRI site (GIARnC) in the originHI 

1.8 Kb monomeric unit and a new 1.65 Kb EcoR 1 frHgment wuuld 

appear upon hydrolyzes. Moreouer, the stlme mutHtion 

affecting one of the sUb-repeat of a dimerized 1.8 Kb repetlt 

mould generate tmo new EcoR 1 fragments 1.65 Kb tlnd 1.95 Kb in 

size. Further amplification in tandem of these hJJO fragments 

eould generote the type of [coRI orgtlniztltion thtlt is ob~erued 

in Helo eells. Furthermore, point muttltions in other "neur" 

EcoRI sites that ore scattered within the eloned element 

(underlined in figure 22, Chapter lU) ffitly result in the 

"apparent" interspersed organization of ~Rl satellite DNAs in 

human cells . 
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Using the "49 mer" 8S a probe it IDas obserued that, un der 

the permissiue hybridization conditions utilized, this element 

hybridized in much the sarne way as the 1.797 Kb li.Q.Rl satellite 

element did under lom stringency. Though the 49 mer did not 

anneal to any of the.K.lUll satellite ONA fragments, it mas found 

to associate with a major 2.35 Kb Klml non-satellite ONA. The 

identity of this series of KIml ONA fragments remains unknown, 

but the intensity of the hybridization signal indicate that they 

may be repetitiue elements. 

The sUb-family of pKS36-like satellite IlONA appear to be 

characteristic of the genorne of Hela cells as it is absent (as 

1.65 Kb and 1.95 Kb liR1 ONA fragments) from the genome of 

the human cell line MeWo. Restriction analysis of these two 

human cell lines for satellite Il ON As closely related to pKS36 

reuealed the presence of diuerse domains, polymorphie in their 

organization. 

1 n HeLa cells, the 1.65 Kb and 1.95 Kb EcoR 1 ONA 

fragments, characterizing members of the sub-family of pKS36-

like satellite Il ONAs, are interrupted with Knn 1 sites. though a 

fraction of the 1.95 Kb ll.!!R 1 contain iruJ.3A sites, the bulle of the 

members of the pKS36-lilee satellite fBmily are deuoid of such 

sites. 

ln contrast, the members of the MeWo pKS36-like satellite 

IlONA family are characterized by 2.95 Kb and 3.6 Kb EcoR 1 ONA 

fragments. Furthermore, the units of repetition of these 

satellite ONAs as Kl!.nl and Sau3A was IHrgely found to be 1.8 Kb 
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1 in length, (os opposed to the eQuol distribution of 1.8 Kb onll 3.6 

Kb long units in HeLfJ cells). 

ln MeWo cells, the chorocteristic ÜQR 1 ONA fragments 

appeor to be interruptell by i!!!!3A ~ites, rnhereos only 0 fraction 

contoin.KQnl sites. 

Higgins .el !Il. (1986) determined the genomic distribution of 

a pKS36-related satellite III ONA (01521), by hybridizotion to 

MelUo DNA and to mole and female placental ONA. The Dl 52 1 

probe hybridized to placental mole ONA and MelUo (male cell 

line) ONA in a pattern similar to thot obserued with pKS36 in 

MeWo. The author detected lorn leuel of EcoRl restriction 

fragments with a 1.8 Kb periodicity in mole ONA, but detectohle 

hybridization was displayed with 1.8 Kb and 3.6 Kb LeoRI 

fragments in female plocentol ONA. The Killl t, Msp 1, Sou3A und 

~1 hybridization patterns of Dl 521 were similar to the one 

obtained with pKS36. Is is not I<nown, to date, if 01521 contoin 

a region homologous to the 49 mer of pKS36. Howeuer, from the 

similor hybridization patterns of the two cloned satellite and the 

presence of numerous Tag 1 sites in 0152 1, if is likely tho t this 

satellite ONA belong to the satellite IlONA rather thon to the 

satellite III ONA family. 

Figure 23-( presents the organization of pKS36-like 

satellite ONA os it would occur in Hela cells. The hybridizotion 

results of pKS36 suggest that related ONA sequences may be 

organized on domains which differ by their restriction 

endonucleose site distribution. Oomoin l, consish of the few 

EcoRl units that ore deuoid of.Kl!!ll or SOI!3fl recognitIOn sites. 
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Figure 23: Organization of satellite ON". The proposed 

organization was drawn from the obserued patterns of 

hybridizotion of pKS36 to HeLa-hydrolyzed ONA (figures 20 and 

21). A) satellite Il and III ONR are organized in tandem arrays of 

1.8 Kb EcoR 1 monomeric units (unit 1). Mutations (III) between 

adjacent unit 1 repeats generate 3.6 Kb dimers (2), 5.4 Kb 

trimers (3),7.2 Kb tetramers (4) etc ... ,Ü,QR 1 sites generated 

within tandem arrays (#) results in the new spacing of these 

sites, as it is the case for the Hela characteristic 1.65 Kb (a) 

and 1.95 Kb (b) units. D) Interspersed organization of the 

diuerse sized E coR 1 sa tellite ON" units. Non-satellite ONA sare 

represented by different shades. Uertical bars represent [coRI 

sites. C) orgBnizBtion of satellite ONR in domains. Domain 1, Il, 

III, and lU are as discus~ed in text. E:.li.Q.Rl, K: KDnl, S: S6u3R. 

The two composites illustrate the chromosomic organization of 

the four domains; (B) adjacent or (b) interspesed with non-

satellite sequences. The brolcen line (- S-) indicates that 

these domains may also be present on different chromosomes. 
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j Rs discussed eorlier, these diuerse illR 1 units moy either be 

deriued from tondem orroys or be locolly interspersed with 

other non-reloted DNR fragments (figure 23, ponels Rond B). 

Domain Il is composed by the froction of illR 1 repeats 

conteining 1Jtu.3R sites. Domoin III, consists of the numerous 

lli.R 1 elements interrupted by KJw.l sites. Domoin 1 U contoins 

1.aJl3R units thot ore interrupted by Kpnl sites. It is not tnown, 

os yet, if eoch of these domoins ore present of different 

chromosomes or if they ore found, simultoneously, on the sorne 

chromosome. 

Using FIGE to seporote uery lorge restriction fragments, we 

onolyzed, by southern blot hybridizotion, the mocro­

organizotion of sotellite DNRs in Hela cells. The restriction 

endonucleoses illR 1, U!l.1 , ond B.wn.H 1 do not oppeol" to define 

lorge units of omplified satellite DNAs os we did not obserue 

discrete sized hybridizotion bonds, under the electrophoretic 

conditiolls utilized. Howeuer, we were oble to iden tif Y H..ïn.d III 

frogments, ronging from 150 Kb to 500 Kb, thot cont6in sotellite 

Il DNRs. To dote, it is uncleor if these lorge blocks contoin 

tondem or discontinuous tandem orroys of sotellite DNAs. The 

intensity of the 150 Kb and 500 Kb llindlll frogments suggest 

thot they may be repetitiue. Rlternotiuely, they may contoin 

numerous copies of sotellite DNAs and be present in single copy 

in Hele cells. The foint but discernable series of fragments, 

ronging opproHimotely trom 200 Kb to 400 Kb, would represent 

single copy ONA fragments containing low concentration of 

sotellite ONRs, or highly diuergent copies of pKS36-hybridizing 
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sequences. The diuerse distribution of satellite ONRs on Hindlll 

fragments may reflect their heteromorphic distribution on 

humon chron.osomes. The two mojor Hind III bloeks might 

represent the ~ ~tellite ONR 0 rgonization common to a subset of 

human chromosomes. In controst, each of the minor blocks 

might represent the satellite DNR orgonizotion that is specifie 

for 0 porticulor chromosome • 
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SYNOPSIS 

.-The seorch for repetitiue mobile elements 

UJhen the ümount of ONA in eukHryotes wüs found not to be 

correlated with organism compleHity, if was proposed that 

euküry otie cells contain "superfluous" DNAs that are eïther 

remnins of eHtinct genes or the result of accidentai Hberntnt 

ONA replication and recombination. It soon became Hpparent 

that the bulk of a eukaryotic genome was composed of distinct 

families of repPBte(1 sequences: the compleH sequence .K.I!..!ll and 

Alul ONA, and the simple sequence satellite [lNA families. In 

antllyzing the latter, still stigmatized HS "junk" as no known 

function hos yet been ottached to it, it was shown that its 

presence might not be accidentai as members of this family 

were t Dund loctllized to specifie regions of the chromosomes 

(centromeres, telomere3, heterol':hromatin). 

1 n an attempt to shed sorne light on the nature and 

potential function of human satellite ONA, we primarily chose to 

focus our interests on certBin reiterated elements that have the 

capability of mouing (or transposing) their genomic information. 

Specificalfy, our interest wa~ to look for euolutionar-y conserued 

mobile elemenh in two diuergent species: Man tlnd Drosophile 

melonogoster (a frllit-fly). Euen though such findings would 

no t h {} ue fO nstltute d on {)b~olut e proo f for a functio nal 
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l relotionship between thp relBted seQuences, they rnight huue 

presented suggestiue euidence of an eu ~.lItiont1ry 

structure/function link that would not houe been detected 

otherwise. 

ln Drosophllo melonogoster, mobile P-elements UIJJleur 

to be "recent" inuaders, as they Bre found Bbsent from the 

genome of fruit flies captured more thBn 40 yetHS ngo. lhe~e 

elements Bre the CBuse of the hybrid-dysgenesis syndromp, ulld 

moy plBy Bn essentiBI role in speciatlon, os thelf presence or 

Bbsence in the Drosophilo genome (in P-stroins or M-~trllins, 

respectiuely) determines the UiBbility of the offsprmgs hum 

inter-strélin mating. 

As millions of yeBrs of diuergent euolution sepurute 1nJlt-­

flies from men, the seBrch for conserued "emenh lU{}~ 

conducted under permissiue (or low) stringe~.cy condltion~. 

Un der these conditions, serendlpity led us to the isolution 

of B huméln [coRl ONA fragment thBt, though disployinn seuerol 

regions of partiBI homology to the P-element, turned out to lJe 0 

member of the humBn satellite IlONA family. 

II-Humon satellite ON" 

Originally sepBrated and identified os distinct ONA froetions 

uio ultracentrifugation in density grodients (Corneo !li .91., 1971), 

satellh.e DNAs 8pp~élred to fall into diuprse familie~ of ~imDI~~ 

DNA sequences, orgBnized in tandem arntys in heterochrornotic 

regions of human chromosomes (Gosden et m., 197'); t-1itchell et 

ru., 1979; Prosser !li !!l., 1986). Satellite Il f)nd III tIHnlll(~\ 
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con~ist of members thot haue euolued from the duplication (and 

amplification) of a basic pentBmeric unit S' nCCA 3', When 

compared to satellite III ONA, satellite IlONA family members 

show a great deal of diuergence from this basic pentameric unit. 

The Hnalysis of human satelJit e Il and III ONAs has not been 

an easy task for seueral reasons. First, as these two families of 

simple ONA consist of Ilik:e-seQuences", which are uirtually 

undistinguishable by hybridization techniques, it has been 

difficult to 6ssess their specific chromosomallocation and 

organization. Moreouer, os repeated sequences ore prone to 

recombinotion, cloning tondemly arrayed simple satellite ONA 

has proued to he difficult, Brutlog and his co-worken: (1977) 

houe reported coses of instability in recombinant plosmids 

carrying repefited ONA sequences. In their experiments, the 

cloning of satellite ONA fragments ranging from 5 to 10 Kb in 

length, generated unstable recombinant plasmids containing 

satellite inserts 1.6 Kb in size. In a recent orticle (Neil et ru., 
1990), the stabilitu in VACs (yeast artificial chromosomes) of 

chromosome V-deriued tandemly repeated DNA sequences was 

inuestigoted. Most of the YAC ciones, containing ONA insert of 

appl oHimately 200 Kb , showed euidenle of instability and 

additionol reorrongements were also obserued during 

tronsformotion of the clone~ to (1 new background. Ouring the 

course of this study, our group has encountered many 

difficultie~ in cloning sorne of the humfin sotellite Il fHld III lJNA 

seQlJmlCPS. 1 n our hBnds the 3.6 Kb dirneric uersion of the 1.8 Kb 

rf(ln1 sotellite ONA famil~ (Sol !Û!!l., 1986) has totally eluded 
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cloning ottempts (Chapter lU, this worle). Although the reoson 

for the ïnstability of these tl.Q.Rl clones hos yet to be 

determined, ït can be speculated that base modifieotiun H. e., 

methylatïon) or the presence of SS-gops fllong the llNA rnolel-lJll'~ 

(making them highly recombinogenic) irnpeded plosmuJ 

maintenance in the ~~A+ ge.letic background of NM522 eells. It 

i s Qui tep 0 S S i b 1 eth B t a f roc t ion 0 f the S B tell i t e 0 NA!) 0 P III Il li 0 n 1 S 

refractory to cloning, therefore, the amount of doto gothered tu 

date on the structure Hnd orgHnizfltion of sotellite Il Ulld III 

may weil be biased and reflect only 0 port of whot IS oecurilll) III 

the genome. Indeed, the eHperiments conduclpll I1IJ Nplllllld Ilis 

colleagues cletlrly dernonstrated thtlt "there IS Il hius u!Jilln~t 

cloning 0'121 (the 3.5 Kb l:!tH'111 mole-speCifie slitellltp nNn 

ob se ru e d b Y Cook e !Ü ru., 1 979, 1 982) 010 n e in Y A [~" (N e Il pt !l!., 

1990). 

III-Mutation hotspots in satellite Il and III ONAs 

[)ue to limited satellite llNil sequence informotion HuoÎlflble 

at the time this worle was started, the degenerote nflture of 

satellite Il (and III) llNAs was belieued to he the results of 

mutations that occured randomly Ht ony of the fiue positions of 

t:-Je flncestrHI pentameric unit. 

Ho w eue r, in de t ermin in 9 the tirst C om pie tenue 1 e 0 tille 

sequence of H humHn 1.-/97 Kb EcoRl sHtelllte IlONA (clone 

pKS36), we LUere Hble to look ot the bHSic structure of the 

tflndern flnHys. This anHlysis reueflled thot whtlt looked !lke 

rtlndornness, within the degenerllte 5' neCH 3' repe{1t~, hlHI Hl 
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1 fact an eHQuisite non-chHotic fine structure. MutHtional 

hotspots, as weil HS specifie base conseruations, were 

discouered within the penttlmeric r-epeHts of pKS36. These 

fe a tures did no t oppe ar to b e spec i fic to 0 ur cio ned satellite, os 

the onolysis of other sHtellite ONA sequences (published by other 

groups or gener-tlted during this work) reueoled tl common theme 

in the non- rHndom occurrence of pentHmers. Ali sequences 

tested disployed hyperuHritlbility of the second cytosine and, to 

() lesser eHtent, hyperuHrlHbility of the first cytosine. In 

eulcoryotes, rt is knouJn thHt mutotions within CpN dinucleotides 

m ay be the result of a two- s tHge m ethyla tion-deHmin ation 

decoy mechonism (Bird, 1980; Gruenboun ru ~., 1982; Grofstrom 

.tl !!l., 1985; Nyce!U !!l., 1986; 1lI0odcock !li ill., 1987). 

Methyltlted deoHycyt!dines, which have been shown to be 

obundont in CpN dinucleotides (Nyce !Ü!U., 1986) CHn be 

deaminated in mHmmals, thus creating C->T transition mutotions 

(Bird, 1980). Satellite Il ond III ONA members, houing euolued 

from the amplificBtion of 0 common CpN-rich ancestral 

pentomeric unit, S' TpTPJpJ::-'~J:! 3', may haue therefore decoyed 

via the methylation-deBmination mechonism described oboue. 

Indeed, sequence tlnalysls of the satellite ONAs reueoled H high 

proportion of 5' mCA 3' and 5' nCTA 3' pentomers thot mHy be 

the resuH of such 0 mechBnism. Furthermore, as lrull (TeGA) 

si tes (J re .~ no W n 1 (J n dm fi rI< S 0 f sot e Il i tell ((J n d III, t 0 ale s s e r 

eHtent) ONfls (frommer !li!!.!., 1982), we houe sel:uched within 

the Huoilable satellite ONA sequences for pentamers that mfjY be 

deriued from {) two-StOgll decBy occuring Ht these CpG-rich 
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1 sites. This onolysis showed thot on increûse m the occurrence 01 

5' TTCGA 3' Tagl-contoining pentftmers was correloted with Hn 

increose in 5' mGR 3' pentomers thot moy be generHted by 

methylation/deominHtion Ht the cytosine resldue. Our findings 

correlate with the report of Fowler tl M. (19BB) in strongly 

suggesting thHt satellite Il and III ONAs do not euolue uniQuely 

by random chance, os is eHpected for non-codmg l1NA elements. 

The presence of conserued boses within sorne members of the 

sotellite 0 N A fom iIi es, s uch os the firs t T of the pen tomer i (' Uili t, 

though not eHploinable ot present, seerns to rpiterllte thp non-­

rBndom euolution of these sequences. In llddltlOll to our und the 

Fowler ~t !Il. (1988) analysis, 8ernordi ond Bernllrc1i (19Ur.) fotlnd 

that both coding Hnd non-coding ONA (they diri not look nt 

sa t e iii t e n NA, a t the t i me) a p p e art 0 be, 0 t t fi p s e Que n (e h~ u el, 

under the same bose compositional constroÎnts, ond thus under 

the same selection pressure. These authors postuloted thHt 

"non-coding sequences may play a physiologicol role, which moy 

haue to do with the modulation of basic ~Jenome functions". 

lU-The 49-mer non-satellite region 

The close analysis of the satellite Il ONn mernber i~olated 

by our group, pKS36, reuetlled thot the cloned element Ultl~ 0 

peculiar rnember of the satellite li ONA fornily, os H lJniQlH~ 

region (colled the 49 mer) of non-satellite sequence interrupted 

the ttlndem arnlys. This region, 49 bp long, l1Jas used os 0 probe 

to test diuerse E.coRl sotellite ONn clones thot were Isoloted 

during the course of thls work, as weil 11\ n K.n.nl qeneriltp(j 
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sotellite ONR, clone pBK 1.8[20) (Shofit-Zogordo .e.1 Jl1., 1982). This 

onolysis reueoled thot the 49 mer wos not on ortifoct of pKS36, 

os it wos olso detected in pKS36-closely reloted sotellite clones, 

ond obsent in pBK1.8[20)-closely reloted sotellite ONRs. 

MoreolJer the genomic distribution of the 49 mer 

res.ambled the WR l-cleoued Hela genomic hybridizotion 

pattern of the entire 1.787 Kb f.tJlR 1 element 0 f pKS36, under 

low stringency. 

U-Sequenc:e polymorphlsm of satellite DNR 

1 n studying the Iul and Dinfl site distribution potterns of 

cloned satellite ONRs, it wos possible to clossify them os 

members of either the Iwll-rich 50tellite Il or luI-rare 

satellite III DNA fomilies (Frommer JÜ .a.l.J 1982; Prosser li m., 
1986; Hollis ond Hindley, 1988). The distribution of these 

restriction sites appeared to be highly polymorphic within the 

onolyzed cloned sotellite DNRs. 1 n oddition, it I1HIS obserued thot 

sorne members from the two different sotellite ONR fomilies (as 

defined by the frequency of lJl.Q.l site occurrence) were more 

closely reloted (by southern blotting) thon rnembers belonging to 

the some fomily. Such was the cose for clones pKS 12 and pKS28, 

members of the satellite III ONR farnily, and clones pKS36 ond 

pKS96,members of the satellite liON" family, which appeored 

after hybridizotion eHperiment onolysis to be closely reloted and 

to contoin the 49 mer unique region. It is possible thot these 

173 



F , 

f ,-' .. 

members werf! originally deriued from a common clement 

containing the 49 mer landmorle. Thus, the oppeofonce of the 49 

mer region in satellite ONA may houe occured prior to the 

diuergence of the satellite Il and III ftlmilies. 

UI-Genomic distribution of satellite ONAs 

ln eHploring the genomic distribution of clone JlKS36 under 

different hybridization stringency conditions, it wos rJOssiblt> to 

study the genomic orgonizotion of pKS36-lil<e (closely rclntptl) 

sequences, HS weil os the genomic orgHnizotion of the pKS36-

related satellite Il Hnd III ONAs. As WHS preuiouslU repnr ted 

(Burie !li 1l1., 1985; Sol et m., 1986), pKS36-relotpd sotellite Il und 

III ONAs were found orgonized in tondernly nrrnucd I.n Kh und 

3.6 Kb K..I!.D.l elements. The sotellite Il and III nNn~ llJPfP ul\o 

found in tHndem of 1.8 Kb [coRl ONA fragmenh, thougll Il ItHUP 

fraction could be se en os diuerse sized-EroRl elements. Undcr 

hi 9 h st ri n 9 e n c y, P K S 3 6 -1 i 1< e s e que n ces s t i Il dis pla y e d t tl e dis t III C t 

K.l!nl organizfition. In Hela cells, pKS36-like sequences ore 

found mainly orgHnized on 1.65 Kb and 1.95 Kb [coR 1 long units, 

though it is not cleor Ht this time if these two obundont [coru 

elements Hre BdjHcent or interspersed sequences. In the humnn 

melanoma-deriued cell line MeWo, pKS36-lil<e sequences 

appef:lred to be tBndemly orgonized os 1.8 Kb and 3.6 Kb [coUl 

DNA fragments. The atypical [coRl organization of pKS3fi-lilee 

satellite UNAs, in Hela cells, moy thus haue resulted from 

abnormal chromosome replicBtion ond renrrnnfJcrnent Inherent 

toc e Il s m il i n t fi in e d i n cult u f e . n It e r n 0 t lU e 1 q, t h (l Hel H 1.f) lj K Il 
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and 1.95 Kb ll.2.R 1 elements may houe resulted from point 

mutotions within a 3.6 Kb unit of amplification generating new 

spaeing of thp EllRl site~. Further heterogeneity in [coRI site 

distribution within tandemly arrayed satellite ONA may also 

generate diuerse sized restriction fragments that would appear 

os if interspersed in hum an cells. HeLft pKS36-like fomily 

members oppeored distributed in four polymorphie domoins 

choroeterized by an heteromorphie restriction site distribution. 

It is possible that these domoins define specifie s8tellite 

org8nizotion on distinct chromosomes or, olternatiuely, they 

may be chorocteristic of sUb-regions common to a number of 

humon chromosomes. 

Using the technique of field inuersion gel electrophoresis, 

we were oble to identify 18rge Hindlll blocks (or segments), 

ronging from opproHimotely 150 Kb to 500 Kb in length, 

contoining different density of satellite ONA sequences 

homologous to pKS36. Satellite ONA 8ppear to be present in high 

copy number in two of the Hind III segments (150 Kb and 500 KIJ 

long), whereas they ore found in low copy number in segments 

ronging from 200 Kb to 400 Kb in length. Alternatiuely, the 

difference in the distribution of sotellite ONA moy reflect 8 

difference in the coPy number of lorge Hind III blocks (repetitiue 

uersus single copy blocks). In fi recent article published by Neil 

ct ru. (t 990), Sftt ellite 0 NRs, ho mologo us to the 3.5 K b Hae III 

satellite ONA loc8ted in the heterClchrornotic region of the long 

orm of chromosome Y ([ooke !tl !li., 1979), were found organized 
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1 on a series of repetitiue itll fragments ranging from 90 Kb to 

ouer 300 Kb in length, in the human cell line OHEN (49, Uyyyy). 

UII-Chromosomol distribution of soteliite DNRs 

Using Human/rodent hybrid-cellline DNOs, we uttempted to 

determine the specific chromosoma~ location of twn reloted 

satellite Il lJNAs, the 1.8 Kb f.tQRl insert of pKS36 fmd the 1.0 Kb 

KIm 1 insert of clone pBK1.8[20). Though these two sutellite DNAs 

were shown, by restriction analysïs tlS lUell us bU soutlH'rn 

hybridization y not to be identicul, their hyhridizfltion puttel n to 

a hybrid cell lJNA panel appeared identical. lIurnun sotf'llite Il 

ONA relfl'ted to both the EcoRl and the KIlnl ~ntf~lIitp UJpre found 

mainly to reside on chromosomes 7, 12, 14, 1 ~), 16 tille) 27. 1 n 

order to norrow down the chrornosonHlI distnbutlOn of pKSjfi-

mee satellite sequences, the 49 mer (unique region fotllld in pKS­

lil<e sequences) wos used to probe, under permissiup strin~F~ntY 

conditions, the same hybrid ONA piJnel. Unfortunately, due to 

cross-reactiuity of this probe to rat lJNA; wc lUere not uLJle to 

giue a more precise distribution of pKS36-lIl<e seQuence~. 

Satellite Il ONAs related to pKS36 {loti pBK 1.3(20] LIJere found blj 

dot blot hybridizBtion to represent 2 \0 3 '79 of the genorne of 

Helo eells. Uoweuer, pKS36-like sequences, containing the 49 

mer element, appeBred to moke up less than 1 0'/0 of Helo ONfL 
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DIRECTIONS FOR FUTURE RESERRCH 

A clearer picture of the chromosomal organization of 

pKS36-like satellite DNAs, could be readily achieued by the use 

of human cell sorted chromosomes, a technology that is not 

currently auailable (unfortunately) in our laboratory. Analysis of 

sorted chromosomes would clarify wether or not satellite Il ONU 

display a chromosome-specifie orgrwization, as ïs the case for 

the a:phoid centromeric ON As (Chapter 1). 

Recently, ONA binding proteins that specifically recognize 

and bind to mini-satellite ONA lsee Chapter J) were discovered in 

several species (Collick and Jeffreys, 1990). In these 

eHperiments, diuerse nuclear protein eHtrBcts were size 

separoted by SOS-polyacrylamide gel electrophoresis and 

sub seQuently transferred to nitrocellulose filters. As substrB tes, 

a series of mini-satellite DNAs, tomposed of diuerse numbers of 

the repeat unit 5'GTGGGCRGGRRG 3' in tandem (200 to 500 bp 

long), were labeled by random priming and allowed to bind to 

the immobilized proteins on the membrane. The results show 

that minisatellite-binding proteins are found in mouse brain and 

rabbit (40 Kdolton protein), Henopus (35 and 39 Kdalton 

proteins), and in Drosophilo (37 Kdalton protein). Moreover, 

their eHperiments show thot not only the sequence, but the 

numbers of tandem repeats, Bre imporhmt factors for \tahle 

DNR-protein interactions, as increosing the number of repeots 
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from 4 to 5 induces 0 ten-fold increase in the binding affinity of 

the protein to its substrote. Rnalysis of satellite ONA-binding 

proteins ond the genes that encode them rn0!l prouide dues to 

the function or behauior of satellite ONAs, as weil os their 

euolution. 

During the course of this study, attempts were repeatedly 

mode to identify ONA binding proteins that would specifically 

recognize and bind to our cloned EcoR 1 satellite Il UNA member. 

Using whole cell, on d subsequ ently nu cie or, p rotei n eHtracts in 

gel retardation assa!:f) (Strauss and Uarshausl<i, 1984), 1 was 

un able to identify any specific binding actiuity ouer the 

background of non-specifie protein-UNA interactions. Recently, 

however, {) student from our laboratory (Claire Fouquet) 

attempted to approoch the sorne problem using the technique of 

Collicl< and Jeffreys (1990) as described aboue. In these 

eHperiments, Hela nuclear protein eHtracts were size separated 

by SOS-polyacrylamide gel electrophoresis, transferred (uia 

electroblotting) to membranes, and binding assays performed 

using random-primed fragments of the [coR 1 satellite IlONA. 

Proteins that ml;!y be specifie to the eloned satellite, when 

compared to a non-satellite control UNA (pBR322), were 

deteetable. They ore noru pending anBlysis. 

With regard to possible satellite-specifie ONR binding 

proteins, it Î$ possible that interactions between sotellite ONA 

and nuclear proteins, if they do occur, may be tissue-specific or 

else moy depend on the deuelopmental stage of ft giuen eell. 

Gaubatz and Cutler (1990) an{)lyzed 0 mouse satellite ONR that 
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1 was assumed not be tronscribed in mouse cells, as no sHtellite 

transcripts were detected in mouse liuer, kidney and broin 

tissues. Howeuer, in an alyz ing to toi RNA prep ara t ions from 

heort tissues at different oges, they found thot, though no 

satellite ONR-related tronscripts were detectoble in young 

animais (up to 6 months old), the leuel of satellite-deriued 

transcripts began to appear at 12 months and increosed with the 

aging of the animal. With this in mind, it may be worthwhile to 

eH tend the type of gel retardHtion Hnd binding HSSHyS performed 

on the cloned EcoR 1 sHtellite uNA using nucleHr eHtnlcts from 

diuerse tissue origins and/or Hges. 

Unstable eHpression of euchrornHtic genes has been shown 

to be connected with reorrangements of ONR sequences which 

result, uia non-homologous recombinHtion or the action of 

transposable elements, in positioning heterochromatic regions 

close to the gene under study. This phenomenon, cHlled 

"position effett uariegation ", has been identified in Of"osophila 

melanogoster and in mouse cells (Spofford, 1976; Talorico et 

ru., 1 988). Mou ses a 1 e Il i te 0 N A lU as s h 0 w n toi n fi u en cet h e 

eHpression of adjacent TK (thymidine kinase) genes in mouse 

cells (TBlarico .!li.!!!., 1938). These Huthors suggested that the 

phenotypic instabilities the y obserued resulted from sotellite 

ONR induced- heterochromBtizBtion of the inserted eHogenous 

TK gene. 

ln order to study the effett of human satellite ONR 

sequences on adjacent gene eHpression, Cloire Fouquet hos 
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cloned, upstreom or dOUJnstream from the HSU-TK gene ot" 

plasmid pSU2neoKT (60ring Hnd OuBow, 1985), one or multiple 

copies of the pKS36-llQR 1 satellite IlONA. Following 

electroporation of these constructs into a TK-deficient humon 

cell Bne (nK 1438), the frequencies of stable TK+ transfectants 

were recorded. Plasmïd pSU2neoKl, deuoid of soteWte 

sequences, wos used as a control. Preliminary results suggest 

on inhibitory effect of these satellite sequences on the 

eHpression of the TK gene in mommolion cells. Furthermore, it 

seems thot the inhibition increoses (though not proportionolly) 

with on increose in the number of 1.8 Kb odjoce:lt sotelli te DNA. 

It is not clear, howeuer, if the inhibition is sequence specifie. lo 

oddress this point, plosmids contoining 1.8 Kb (or 3.6 Kb) long 

non-satellite DNA in ploce of the sBtellite element will be 

included as controls in further tronsfection onolysis. 

Comprehension of satellite DNAs biology is stiU 0 long woy 

off. One way to fully understand their significonce moy only be 

ochieued by the manipulation of model chromosomes. 1 n this 

opprooch the need is great for the deuelopment of new 

technologies thot would allow the placement of these repeoted 

DNAs into conteHt on humon artifieial mini-chromosomes (HRC). 

Though HAC technology is not yet ot hand, the ideal eukaryotic 

uehicle should contain an origin of replieation (capable of 

replicating long lineor ONA molecules), 0 functional centromere 

(to ensure proper segregation into daughter cells), terminal 

telomeric sequences, and one or seueral reporter genes. As 
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preuiously reported by Neil ~t !!l., (1990), yetlst tlrtificial 

chromosome (y AC) cloning uectors moy not be suitüble for the se 

types of analysis as satellite ONAs appeared unstBble in this 

system. A lil<e~y alternatiue to YRCs may be the use o~ the npwly 

deueloped t»1 cloning technology (Sternberg, 1990). Pt uector 

has been shown to support the stable ml1intenonce, under the 

tightly regulated Pl-plasmid stringent origin of replicHtion, of 90 

Kb to 95 Kb humHn ONA inserts in E. coli. In oddition, the 

presence on the uector of B IOHP site (recognition sequence of 

the Pl phHge f..re site specifie recombin{)se), aIlOl1JS its 

linearization in uitro (Sol Hnd Sternberg, in prepHrotion). After 

the cloning of diuerse lengths (and sequences) of sotellite ONA 

into the Pl uehiele, IinearÎz9tion uiH crp-medioted s.ite-specifie 

recombination and transfer by microl njection into mommnlinn 

cells, one might be able to Bssess the effec.ts (or absenre 

thereof) of these sequences on the behBlJior of the mini-

chromosomes during cell growth ond diuision. 

Jt is difficult, to say the (east, to decipher the role thHt the 

highly repeated simple satellite sequences mHy plüy in humHn 

cells. Walk:er (1971) discussed ot length the selectiue 

aduantages (or disaduantages) of orgHnisms houing Hmplified 

ONR sequences. He argued that "Hmplified mouse satellite IJNns 

confer an aduantage, not to the mouse, but to its 

chromosomes". It seems thHt tondemly orroyed sütellite ONAs 

became molecular steps in the construction of chromosomes, 

since they Bre common (in structure if not in sequence) to mo\t 
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eukoryotes. The tondem organizotion of non-coding ONA h6S 

been preserued for millions of y{;élrS of euolution, ond thus can 

hordly be eHp~cted to be non-functional. 1 f indeed they 

contribute to cell suruiuol, 1 belieue thot satellite ONAs m6y do 

so os epigenetic (or structural) informotion. 

The bulle of the morle presented in this thesis has pointed 

out the microscopic ond macroscopic moleculor dynBmic 

structure of human sutellite Il and III llNAs, as a means to 

conuey a be~ter "feel" for satellite ONAs as entities that seem to 

be hounting eul<aryotic chromosomes (and their investigators) 

for, os yet, no apporent reason. 
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RPPENDIH 1 

LI ST OF mORD RBBREU 1 RTl ONS 

Word Abbreuiation 

5-bromo-4-chloro-3 -indolyl­
b-O-ga la cto-p yranoside 
Rmpicillin 
Bose pair 
BOlline serum albumin 
Calf intestinal 
olkoline phosphotase 
Cesium chloride 
Colony forming unit 
Counts per minute 
Curie 
Oensity 
OeOJ-cyribonuclease 1 
Dithiothreitol 
Ethidium bromide 
Ethylenediomine­
tetroacetic ocid 
Fetol bouine serum 
Gram 
1 sopropyl 
b-O-thiogalactopyranoside 
Kilo base pair 
liter 
Lurio broth 
Megobose 
Molecular weight 
Nanometer 
Nucleotide 
Open reoding frame 
Phosphate buffered saline 
PloQue-forming units 
ONR polymerase 1 
Polynucleotide kinase 
Rellolutions per minute 
Ribonuclease A 
Single stranded ONA 
Sodium dodecyl sulfote 
Tetromethyl­
ethylenediamine 
Ultrollio le t 
Uolt 
Uolume 

H-Goi 
Ap, Amp. 
bp 
OSA 

ClAP 
CsCI 
Cfu 
cpm 
Ci 
p 
ONasel 
OTT 
EtBr 

EDTA 
FBS 
9 

IPTG 
Kb 
1 
LB 
Mb 
MW 
nm 
N 
ORF 
PBS 
PFU 
poil 
PNK 
rpm 
RNase A 
SS-ONA 
SOS 

TEMED 
UU 
U 
uol, or u 

-------------------------------------------------------------
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RPPEND 1 H Il 

pKS36 COPY NUMBER 

1 Kb of nS-DNA = 6.6 105 dllitons 

1 dalton = 1.66 10-24 9 

pKS36 = 6.1 Kb =) 1 copy of the 1.8 Kb ONA insert = 4 106 doit ons (1 ) 

O.l)1g of pKS36 = 6.02 1016 dllitons (2) 

(1 ) llnd (2) =) 0.1 Jlg of pKS36 = 1.505 10 10 copies of the 1.8 Kb ONA insert 

Hybridizotion signlll of 0.1 I1g of pKS36 = 3.31 107 pellk oreo (relotiue numher 

recorded by densitometry). 

=> 3.31 107 pellk areo = 1.505 1010 copies of the 1.8 Kb ONA insprt (3) 

Hybridizotion signal of 0.1 I1g of Hela = 20.454 105 pellk oreo (1) 

(3) Bnd (4) => 0.1 Jlg of Hela = 9.3 t 08 copies of 1.8 Kb sBtellïte UNA (5) 

One Hela cell (6 106 Kb) contains 3.3 106 copies of 1.8 Kb lonl] nNA 

segments (6) 
1 Hela genome =-- 6.57 1 O-{jJlg => 0.1 Jlg of Hela::: 1.52 104 genomes (7) 

(6) and (7) => 0.1 Jlg of Hela = 5.016 1010 copies of 1.8 Kb long ONA 

segments = 100 % (8) 

(5) ond (8) => sotellite ONA represent 1.8 % of the Hela genome 
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