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ABSTRACT

While replication origins. ci.l'-acting sequences dirccting the initiation of DNA

synthesis. have been well-characterized in many model organisms. the llIultiplc s~qucncc

and protein components present at the chromosomal origins of highcr cukaryolic

organisms have not yet been l'ully defined. Genetic assays that identify origin fUilction in

c10ned DNA fragments would provide a uscful approaeh for thc isolmion and analysis of

mammalian DNA replication origins.

[n this thesis, (1) c10ned fragments l'rom a known mmnnmlian origin, the mill of

the hamster 3' DHFR region, arc demonstrnted to replicale autonomously, hoth following

transfection into human l'cils, and when used as templatcs in an in vi/ro replicalion systclll

baseà on human cell extraets; (2) larger seale versions of these two assay mcthodologics

are used to isolatc over 40 novel putative Drigins of DNA replicmion l'rom anticrucifonn

purified human genomic DNA Iibrnries; (3) transfcction and in vitro autonomous

replication assays are applied to demonstrnte the potential origin function of a

mitoehondrial DNA sequence implicated in the inserlional mUhlgenesis of .1 11lIman

genomic locus; (4) an origin mapping strategy based on the in vitro assay is used 10

provide evidence for the existence of a replication origin in a c10ned and scquenced

p'Jrtion .:Jf the human [5q Il q13 ehromosomal subdomain, a region associaled with allclc­

specific replieation timing, genomie imprinting, and ger..;:ic disease; and (5) some of

these autonomously replicating origins are c10ned into a select:l~:~ YAC vector and arc

shown to permit the long term episomal maintenance, in human l'l'Ils, of the transfccted

plasmid constructs.

These results eonsistently demonstrate that short mammalian genomic DNA

fragmc!1ts l'an replicate autonomously. supporting Ihe applicability of Ihe replieon model

in humans, and couId be extended to the seareh for an origin core consensus c1emenl, to

the investigation of higher order organization and temporal control of human DNA

replieation origins, and to the construction of a complete human artificial chromosome.
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RÉSUMÉ

Quoique les origines de réplicat;.on, d~s séquences en cis qui dirigent la réplication

de l'ADN, soient bien caracterisées cbez plusieurs organismes modèles, les composants

multiples en sequence d'ADN ct en protéines presents aux origines chromosomiques des

organismes eucaryotes supérieurs ne sont pas encore complètement définis, Des tests

génetiques identifiant les origines de réplication dans des fragments d'ADN recombinant

procureraient une méthode utile pour isoler ct analyser les origines de réplication des

mammifères,

Dans celle thèse, (1) il est de montré que des fragments recombinant d'une origine

connue de mammifère, orip, provenant de la région en 3' du gène DHFR de hamster, se

répliquent de façon autonome après transfcction dans des cellules humaines ou lorsqu'

utilisés comme substrat dans un système de réplication in vitro utilisant des extraits de

cellules humaines; (2) des versions à grande échelle de ces deux méthodologies sont

utilisées pour isoler plus de 40 nouvelles potentielles origines de réplication de l'ADN à

partir de banques d'ADN génomiques purifées avec des anticorps anticruciîormes; (3) la

fonction d'origine d'une séquence mitochondriale impliquée dans la muta!!énese

insertionelle d'un locus génomique humain est de montrée par des essais de réplication

autonome rar transfection et in I.itro; (4) une stratégie de cartographie d'origines basée sur

l'essai in vitro procure l'évidence de l'existence d'une origine de réplication dans une

portion clonée et séquencée du sous-domaine chromosomique humain 15qllq13, région

associée au minutage de la réplication d'une allèle spécifique, à l'empreinte génetique,

ainsi qu'aux maladies génétiques; et (5) il est montré que quelques unes des origines de

réplication autonomes, clonées dans un vecteur YAC selectable, permettent la

maintenance à long terme de ces plasmides recombinants dans les cellules humaines

transfectées.

Ces resultants systématiquement demontrent que des courts fragments d'ADN

génomique de mammifère peuvent se répliquer de façon autonome, supportant

l'upplicabilité du modèle du réplicon chez l'humain, et peuvent s'étendre à la recherche du

consensus de l'élément essentiel des origines, à l'examen du control temporel et de

l'organization supérieure des origines de réplication d'ADN humaines, ainsi qu'à la

construction d'un chromosome artificiel humain complet.
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PREFACE

This thesis is presented in manuscript-hascd funn. under thc lenns listed hv lhe

Facully of Graduate Studies and Research in their Gllidelines fur Thesis Preparatiun:

Candidales have the oplion of including. :IS pan of lhe thesis. lhe lext uf
one or more papers suhmitted or tu he suhmitted fur puhlicatiun. ur the
c1early-duplicaled texl of onc or more puhlished p:lpers. These texts must
he hound as an integral part of the lhesis.

If lhis option is chosen. conneeting lexts Ih:1l pnl\'ide logical hridges
hetween the different papers 'Ire mandatory. The thesis must he written in
such a way that it is more than a mere eolleelion uf nmnuscripts: in ulher
words. results of a serie:. of papers must he imegrated.

The lhesis musi still conform to ail olher requirements of the "Guidelines
for Thesis Preparation". The thesis musl include: A Tahle uf Colllenls.
and Abslraet in English and French .•111 introduclion whieh c1early stales
the ralionale and ohjeetives of lhe study. a cumprehensive review of the
literaIure, a final conclusion and sununary. and a thornugh hihliography ur
referenee Iist.

Additional material must he provided where appropriate (e.g. in
appendices) and in suflicient detail to allow a clear ami precise judgement
to be nUlde of the imporlance and originalily of the researeh reported in
the thesis.

ln the case of manuscripts co-authOled by lhe eandiuate and others. Ihe
candidate is lequired to make an explicit stalement in the thesis as to whu
contributed to such work and to what extent. Supervisors must attest tu
the accuracy of such statemenls at lhe doeloral oral defense. Sinee the
task of the examiners is made more dillïcult in these cases, it is in the
candidate's interest to make perfeetly c1ear the responsibililies of ail the
authors of the co-authored papers. Under no circumstances can a co­
author of any component of such a thesis serve as an examiner for that
thesis.

Chapter 1 eonsists of a detailed review of the litenllure eoncerning origins of DNA

replication. Chapter 2 presents a short summary of the mtionale and ohjeetives of the

work described in subsequent chapters. Chapters 3, 4 and 5 arc reprints of published

articles, while Chapters 6 and 7 contain the complete text of articles submiued for

publication. Chapter 8 contains the final summary discussion. A short stalemcnt, placcd

in the linking text before those chapters containing a published paper, contains the details

of each article's publication and includes a statement of contribution, dcscrihing the extent

of my raie in these multi-authored papers. Addendums to chapters 4 and 6 providc

- vii -
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relevant additional data which wus not included in the published or submilled manuscripl.

Each chapter contains its own separate reference lisl.

An acknowledgements section is present in each of chapters 3 through 7, detailing

thc assistance providcd by others who were not co-authors. 1 would lik.:: to express my

gratitude for the funding 1 have received l'rom the Medical Research Council of Canada,

the McGili MD/PhD program, the McGill Faculty of Medicine, and the Défi Corporatif

C.mderel. 1 would also like l(l thank my supervisor, Prof. Gerald B. Price, and my

advisor, Prof. H••rry L. Goldsmith, for their constant and unwavering ~UppOfl, l'r'1m my

days as a bemused linal-year undergraduale at the University of British Columbia, until

my return this month to c1inical rncdicinc hcrc at McGill. My thanks also go out to Dr.

Pricc for editing this thcsis, and to both him and Prof. Maria Zannis-Hadjopoulos for

advicc in cxpcrimcntal priorities, planning and analysis. The French trunslation of the

Abstract was prepared with the assi~:ance of Richard Pelletier and Prof. Maria Zannis­

I-Iadjopoulos.

Finally, 1 would like to thank the students and staff, past and present, of the

McGill Cancer Centre, particularly my co-workers in the Price and Zannis-Hadjopoulos

laboratorics, for so graciously putting up with me over the past four years, and of course

illY wife Karen, and rny family back in North Vancouver, and those friends 1 met along

the way who helped me become who 1am today.

Torsten Nielsen

August, 1995.
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CLAIMS TO ORIGINALITY

The following results. presenteù in Ihis Ihesis .mù eonslilliting my OWH worl:. arc origimll:

1) Demonstration of the reproùueible anù signiliemll aUlonomous rcpliedtion of shlll'i

« 5 kb) DNA fragments ùeril'eù fromthe hamster 3' DHFR-associated llI'igin of

biùirectional rcplication. ori~l.

2) The ùevelopment of a methoù for Ihe isolalion of pUlative hunmn origins of DNA

replication by mass transfeclion or mass ill vitro assllY of plasmids subcloned from

anticruciform immunoaflinity-purilieù human genomic DNA libraries.

3) The ùemonstration of aUlonomous rcplication lIclivily in li DNA fragmcnt cremed

by the insertion of milochonùrial DNA inlo hunllln gene,mie DNA. anù nmpping uf

the initiation site for ils replication ill vitro.

4) Analysis of the statistical signilicance of malches to origin-llssocillleù consensus

clements Ihat arc observeù in a 13.022 bp sequenced portion of Ihe imprinteù

human chromosome 15q II-q 13 rcgion. lInd dem!,)nstration lhat plasmid p1l2

replicates autonomously, initiating ill vitro repliclltion within its 1() 12 bp genomic

insert c10ned from this rcgion.

5) The eloning of short « 5 kb) DNA fmgments eontaining m'lmmalian origin

sequences into a circular yeast artificial chromosome vector. and th~

demonstration. by fluctuation assay and PCR analysis of cesium chluride/ethidium

bromide ultracentrifugation fractions, that such constructs clin be nmintllined in

human cells in a purcly episomal state.
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OVERVIEW

DNA replication may be the fundumental process of Iife. From a completely

reductionist perspective, the upparent goal of life itself muy he simply the propugmion of

DNA, the c10sestthing to an immortal constant aeross generations of cclls und independent
organisms.

To a large extent, the physiology of the ccII is geared towards the preparation,

execution, and resolution of DNA replication. The control of replicution is careful and

precise; multiple pathways for signal transduction and cellular growlh regulatory

cheekpoints converge upon the DNA to permit replication only when the internai and

external environment is appropriate. Intricate bioehemical processes ure generally reguluted

ut an early step in their pathwuy, und DNA replicmion is no different: the key control point

seems to be at initiution. The cis-acting DNA clement defining the position und providing

control over initiution is the repliemion origin, the foc us of this disserl.ution. It is hoped thul

inereusing our knowledge of the nuture und function of mummuliun und purticulurly IlUmun

origins of DNA replieation will eontribute to u beller understunding of human cellulur

physiology, including not only replieution and its direct regululion, but also the reluted

processes of DNA transcription, repair, und recombinution. Ultimately, this line of

investigation muy ulso help to unswer questions ubout the cuuses of und Ireatments for

humun genetie and neoplustie diseuses.

REPLICATION ORIGINS IN MODEL SYSTEMS

The human genome, with u haploid size of three billion base pairs, is the produet of

about as many billion years of evolution. Not surprisingly, investigators have found the

meehanisms by which human DNA is replieated to be extremely eomplex; eonsequently,

most of our eurrent knowledge of DNA replication has come l'rom the study of model

organisms, both prokaryotie (bacteria, baeteriophages, and plasmids) and eukaryotie

(viruses, yeasts and protists, and mammalian eultured eells).

The two key phases of the replieation proeess arc initiation and elongation, and the

latter is the better eharaeterized, in large part due to the development of soluble purified il!

vitro replication systems, such as those based on plasmids containing the E. coli

ehromosomal origin of DNA replieation oriC (Fuller ct al., 1981) or the mammalian SV40

viral origin and transaetivating T-antigen protein (Li and Kelly, 1984). Several general

prineiples have emerged l'rom work disseeting the replication process in these and other

model systems (Kornberg and Baker, 1992). DNA replication is semiconservative,

-2-
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yiclding double strand products containing one originaltemplate DNA strand paired witb

one anliparallc1 newly synthesized product strand. The basic enzymatic activities required

arc the hclicaJc, which unwinds the double strand template and defines the head of the

"growing fork," a lo(loiJolllcraJc, to relieve supereoiling stress which builds up ahead of

the growing fork, SSIJ'.'· (single-stranded binding proteins), whieh stabilize the unwound,

single stranded template DNA, and the (lo[YIIICraJC, which aetively adds new nucleotides to

the growing nascent strand whieh arc complementary to those of the template. New bases

ean only be added by polymerases to free 3'-OH ends of the growing chain (in part, to

facilitale associated cxolluclcaJc proofrcading functions which help ensure the fidelity of the

process), and this requirement for 5' - 3' replication polarity means thatthe two unwound

template strands must be treated somewhat differently. The [cading stralld, which is

unwound 3' - 5', can acl dircctly as a template for 5' - 3' antiparallel elongtllion of the

Ilascent strand in the same direction as growing fork progression. However, the [aggilll:

stl"lllld must be periodically reinitiated by (lrilllase activity, laying down RNA primers for

polymerase extension as new tracts of template strand DNA arc unwound. DNA

polymerase extension of these primers produces Okazaki fragments, which are variable in

size but generally about 2000 bp long in prokaryotes and 200 bp long in eukaryotes, and

must eventually be connecled by DNA ligClse activity after ail RNA has been replaced with

DNA.

Kornberg and Baker (1992) assert thatthe key principles of replication with regard

to the initiation step arc that control over replication takes place at initiation, and that the

initiation sites arc specifie DNA sequences termed origins. It is important to realize that the

term "origin" can refer either to a cis-acting control sequence (sometimes termed a

"rcplicator" or a "genetic origin") directing the beginning of the replication process, or to the

actual initiation site (or "functional origin") where the template unwinding begins and the

first Ilew bases arc laid down (DePamphilis, 1993a; Stillman, 1994). In the model systems

characterized so far, the control elements and the initiation site coexisl within a small

functionalullit a fe\\' hundred base pairs in size.

Model organisms may have important differences in their mechanisms of

rcplication. Perhaps primary among these is the number of origins present in the genome.

A single origin is sufficient for ail known prokaryotic systems, as weil as for most

eukaryotic viruses, but each of the much larger eukaryolic chromosomes requires multiple

initiation eVl1nts, if the genome is to be replicated within a reasonable time (considering that

rcplication forks progrcss at the mte of about 100 kb per minute in prokaryotes and 2 kb per

minute in eukaryotes) (Kornberg and Baker, 1992). Some of the polymerases and other

enzymes have fundamental differences in prokaryotic versus eukaryotic systems. The

-3-
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controls over the replic'Ilion process exerted :Il the origin levclmllst also he grossi;! "iffercnt

in viruses and phages in comparison with thcir host cells. sinee viral genomes in Iylie

growth will divide as quickly as possible. whereas prokaryolie and eukaryotie cells arc

under strict growth control reluted to exterm,1 signais .m" to their Cllrrenl position in the cell

cycle. Another major contrast among model systems rclutes to whether Ihey replieale in a

bidirectional or a unidirectional fashion -- does a single initiation event reslllt in Iwo

growing forks progressing in opposite direclions from Ihe urigin (prohahly Ihe more

common case overall) or just one growing fork? Finally. the mechanism of Ihe initial

priming event for leading and lagging stnmd synlhesis can v.n·y dranHltic.lIly. While RNA

primers laid down by primase activity is typical in must syslems. RNA polymerase is

employed by ColEl plasmids and M13 phage. and relroviruses hijack tRNA 10 acl as a

primer. Perhaps even more unusual ure the adenoviruses (King and van der Vliel. 1994)

and PRD 1 phage (Savilahli and Bamford. 1993). linear DNA viruses which use a prolcin to

prime initial strand synthesis. DNA primers resulting from a nicking event on a circulaI'

molecule (or Iinear DNA with hairpintermini) can also be employed to begin the new chain.

resulting in the "rolling circle" type replication scen in the pTI81 plasmid (Wang ct al..

1993) and the <I>X 174 and Ff phages, among others.

Several model systems have been especially instructive fm lInderslanding lhe

structure and function of replication origins, nnd these include both proknryolic nnd

eukaryotic examples.

Prokaryotes

Bacteria, phage, and proknryotic plasmids replicnte Iheir genome following a single

initiation event, which includes several steps: identiricntion of n stnrting point, locnl

denaturation of the double helix, loading of helicnse activity to permit further unwinding,

and docking of primase and polymerase complexes 10 commence the c1ongntion phase

(Marians, 1992). The most common strategy, exemplified by E. coli and", phage, involves

the cooperative binding of an initiator protein multimer at a specific genomic site. This

initiator complex alters the local DNA structure, rcsuhing in the dennturntion of a nearby A­

T rich region, and binds and loads DNA helieases to commence bidirectionnl replication.

An alternate strategy, employed by colEl-type plasmids and by T4 and T7 phage, uses

specific cleavage of an RNA transcript as a primer for DNA synthesis, Inking ndvantngc of

the DNA denaturation inherent in the process of trnnscription to fncilitate docking of

replicative helicase and primase activities, creating a single fork for unidireclionnl

replieation.

-4-



•

•

Ewherichia coli

A single, specific origin clement, oriC. allows the gram (-) enteric bacterium E. coli

to replicate its entire 4.7 x 106 bp genome. The minimal size of oriC is 245 bp;

substitutions arc not tolerated in l'ully hall' of these nucleotide positions (Benbow ct al.,

1992), and spacer DNA sequences separating functional components arc of fixed length.

One side of the oriC clement eontains four separate TTATMCAMA (9-mer) "dnaA boxes,"

arranged as two inverted rcpeats. The other end of the locus contains a c1uster of three A-T

rich 13-mers.

Origin activation begins with the binding of dnaA prote in monomers to the 9-mer

boxes (Schaper and Messer, 1995), followed immediately by a highly cooperative cascade

of dnaA oligomerization, with the double stranded chromosomal DNA of much of the oriC

region left wrapped around the outside of a protein complex containing thirty dnaA subunits

(Kornberg and Baker, 1992). The stresses on the DNA structure imposed by complex

formation promote melting of the duplex at the A-T rich l3-mers, regions with fewer

interstrand hydrogen bonds, creating an "open complex." The dnaB helicase protein, itself

a homohexamer, is ordinarily sequestered as a soluble complex with the dnaC protein, but

the affinity of dnaB for the combination of dnaA and the denatured 13-mers is sufficient to

unload dnaB l'rom its interaction with dnaC and dock this helicase to the open complex,

forming a "prcpriming complex." The helicase action of dnaB then begins to unwind the

template further, with the assistance of single-stranded binding protein to stabilize

thermodynamically the denatured DNA, and of DNA gyrase to relieve supercoil buildup

ahead of the helicases. Two dnaB homohexamers define the heads of two growing forks,

moving away l'rom each other. The primase peptides then recognize, at the initiation site,

the dnaA protein, dnaB protein, and single stranded denatured DNA, allowing RNA

primers to be synthesized on the leading strand of each fork. Helicase procession then

uncovers short DNA hairpins, formed l'rom denatured inverted repeats, that can act as pa.\',

or primosome assembly sites for the priming of lagging strand synthesis (Kornberg and

Baker, 1992). Elongation of these primers requires loading of the DNA polymerase III

holoenzyme complex, itself composed of ten subunits.

Regulation of the initiation process at oriC can occur at one of several steps

(Marians, 1992). The dnaA protein is the key "initiator" prolein in E. coU, and ils

lrunscription is under lighl aUlorcgulalory control, such thal ils concenlralion is dependent

on overall cell size. Many olher genomic binding siles for dnaA arc known 10 exist, which

may serve 10 sequesler the prolein, preventing il l'rom reaching a crilical mass for

-5-
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oligomerization and initiation until a suitable excess Ims been synthesized. Furthennorc. Ihe

dnaA protein is active only when conjugated to ATP••md hydrolysis of ATP during

initiation may help prevent reinitiation. A second and perhaps more important check on

premature reinitiation comes through the interaction of oriC wilh the cellmembnme. The

oriC region contains thirteen GATC dClIll-methylase recognition sites. which arc len in

hemimethylated form following replication of the genome. The hemimethylated GATC

c1uster is tightly bound to the ccII membrane. sequestering orlC from interaclion with dnaA

until after the relatively slow methylase activity can return thesc sites to fully mclhylated

form.

Regulation of initiation also takes place at the second step. formation of the open

complex (Marians. 1992). While the melting of the duplex at the A-T rieh 13-mers is

favoured by the dnaA oligomerization and the close relation of lIuee A-T rich tmcts. melting

also requires negative superhelicaltension in the DNA. Localtranscriplional aClivity. in the

nanking gidA and lIIioC loci a few hundred base pairs away. helps establish a DNA domain

with the appropriate supcrhelical state. and transcription-dependent structural c1mngcs may

be transmiued into orie. Structural changes conducive to denaturation arc also facilitated hy

binding of the HU and Fis proteins. which induce DNA bending; HU Ims a strong binding

affinity for DNA cruciforms (Bonnefoy ct al.. 1994). Finally, the Kornberg labomtory Ims

discovered a novel protein, IciA. which binds the 13-mer sequences and bl'lcks

denaturation: a negalive regulator of DNA rcplication atthe level of open complex formation

(Hwang and Kornberg, 1990).

In summary, the E. coli origin of DNA replication contains a reitemted binding site

for an initiator protein, inverted repeat clements, an A-T rich region of redueed helical

stability, close relation to regions of active transcription, and an interaction with the hacterial

eell membrane. The oriC element is weil eonserved across the enterobacteriaceae fmnily;

indeed, the basic design of oriC is maintained in most gram (-) bacteria (Kornberg and

Baker, 1992).

;1, phage

The initiation of DNA replication in the E. coli bacteriophage 1" has been very weil

charac~erized and is similar to that of its host. The 1" phage genome is 48 kb in length, and

while this phage is capable of integrative Iysogeny, replicating passively with the host

chromosome, it initiates its own Iytic replication while in free circular form. The replication

origin region, ori1", is about 2500 bp in size and includes one of the phage's two major

promoters, PR' as well as a 200 bp core origin region containing multiple 19 bp inverted

·6-



•

•

repeat "1..0 boxes" (arranged as a series of four direct repeats), f1anking a 40 bp A-T rich

region, which itself borders on a 28 bp inverted repeat (Komberg and Baker, 1992). An

intrinsically bent oligo'dA sequence is also present. The phage replaces dnaA with the 1..0

protein, and dnaC with I..P, but otherwise relies on the host replication apparatus.

1..0, the initiator protein, recognizes the 19-mers, and binds cooperatively, forming

an "O-some" complex; 95 bp of oril.. DNA is wrapped around 8 1..0 monomers (Marians,

1992). An open complex is then formed by unwinding of the neighbouring A-T rich

sequence; again, this is favoured by negative supercoiling of the genome, and is dependent

upon transcriptional activity from the nearby PR promoter. While PR directs tmnscription

into and through oril.., plasmids based on oril.. maintain replication when PR is deleted and a

different promoter is introduced anywhere within 100 bp of oril.., regardless of the new

promoter's transcriptiona1 orientation (Kornberg and Baker, 1992), suggesting that

structural changes induced by transcription are vital to origin function, rather than

tmnscription per se. The cl À transcriptional repressor blocks initiation, and for À phage, so

too does the HU protein (which stimulates open complex formation in the host), perhaps

because oril.. is intrinsically bent without HU action (Marians, 1992). ACter formation of

the open complex, the dnaB helicase is 10aded through the action of I..P, which recognizes

the combination of the O-some and the denatured A-T rich box (StiIlman, 1994). I..P

captures dnaB from its host complex with dnaC by virtue of a very high binding affinity,

but atthe same time inhibits dnaB's helicase action and does not dissociate spontaneously

from the prepriming complex. Removal of I..P requires the action of three host heat shock

chaperonin-type proteins: dnaJ, dnaK and GrpE. The free dnaB helicase then becomes

active, unwinding the oril.. region further; primase and polymerase host proteins are in tum

recruited to the growing forks. StiIlman (1994) notes that the actual initiation site, where

the first new bases are laid down, is a malter of debate and may include a broad zone of

possibilities on either side of oril... Furthermore, up to 25% of initiations create only a

unidirectional growing fork, but since a unidirectional fork can be switched to a rolling­

circle replication mechanism, Ihis represents a strategy for the phage to continue Iytic

replication without requiring further initiation events (Komberg and Baker, 1992).

To summarize, the origin region of bacteriophage À includes binding sites for an

initiator protein, and inverted repeat, A-T rich, and bent DNA elements. Activation is

dependent on the influence of transcription, and on action of heat shock proteins to modify

the prepriming complex.

Many other bacteriophages and prokaryotic plasmids ensure their own replication by

a similar strategy: replacing dnaA with their own initiator protein (Komberg and Baker,

1992). In general, their replication origins display a structure including inverted repeat
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sequences and multiple copies of an initialor proiein binding site, hordering on an A-T rich

region. In an inleresling twist, the PI phage (Chatloraj et al., 1988) and the R6K plasmid

(Mukherjee et al., 1988) each have two c1usters of initiator protein binding sites located

about one kilobase apart, which are induced 10 form a DNA loop during formation of an

initiator protein oligomerized complex.

Most typical plasmid vectors commonly employed in molecular hiology

laboratories, including pBR322, contain a replication origin originally derived l'rom the

ColEI E. coli plasmid, and employ an initiation slralegy which differs signilicantly l'rom

oriC and oriÂ (Kornberg and Baker, 1992). The ColE 1 origin sequence contains ;1

promoter 555 bp upstream of a "c1eavage sequence," followed by two dnaA boxes 100 bp

downstream, and a pas 50 bp further on. RNA polymerase transcriptio,j begins at the

promoter and reads into the centre of the origin region, transiently crealing an RNA:DNA

hybrid together with a displacement loop (R- or D-Ioop) of single stranded DNA (Marians,

1992). Inverted repeat sequences transcribed into the RNA nmke its tail form a particulllr

secondary structure of s'tem-Ioops, which is recognized by a specilic RNase. Cleavage of

the RNA within the origin provides primers for DNA polymerase ( leading slrand

elongation, and DNA synthesis partially stabilizes the displacementloop. Two dnaA boxes

just downstream of this c1eavage site bind dnaA, and the combinalion of dnaA and the

single-stranded DNA of the displacementloop atlracts the dnaB helicase, which thcn heads

a unidirectional growing fork. DNA polymerase [ on the lellding strand is replaced by the

polymerase III holoenzyme; meanwhile, helicase action uncovers the pas sequence for

Okazaki fragment priming and lagging strand synthesis is begun.

The frequency of initiation is controlled by an antisense RNA system: a second

promoter in opposite orientation produces a transcript through the origin region, which can

form an RNA:RNA duplex with the initiating RNA which would otherwise go on to adopt

the secondary structure required for RNa~e recognition and c1eavage (Kornberg and Baker,

1992).

The ColEI-type strategy, using RNA polymerase to synthesize a primer for DNA

synthesis, is also used by the T-even and T-odd phage groups, the best sludied of which

are the T4 and 17 bacteriophage.
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Eu ka ryotes

Replication in eukaryotes has consistently proven to be more compliC<lled than in

prokaryotes. At the levcl of replication enzymology, eukaryotes employ multiple subtypes

of ligases (Lindahl and Barnes, 1992), DNA polymerases, RNA polymerases, and

topoisomerases (Kornberg and Baker, 1992) and elongation is thought to employa huge

multiprotein apparatus including polymei'ase, primase, ligase, helicase and topoisomerase

activities together with processive factors and proteins mediating entry and exit of others

from the complex (Wu et al., 1994). Eukaryotic DNA differs in subtle ways from that of

prokaryotes, for example by the presence of methylcytosine instead of methyladenine, and

more frequent inverted repeat and A-T rieh clements (Krysan et al., 1993). Large stretches

of eukaryotic DNA may he transcriptionally inactive, and the coding sequences themselves

lIsuully contain introns (Lambowitz ami Belfort, 1993). Importuntly, eukuryotic DNA is

puckaged by histones, and further orgunized intCl tertiary structures to the level of large

chromosomal subdomains, which may differ greatly in their overalltranscriptional aetivity

und degree of Iinal DNA condensation. The long Iinear ehromosomes eontain multiple

replic<llion origins spaced f)ut along their length, and overall replicution is under tight cell

cycle control.

While ull these complexities may make the anulysis of human DNA replicution a

daunting tusk, problems can be simplilied through the use of convenient eukaryotic model

systcms. Many such systems have been studied, and each offers certain advantages; for

example, human adenovirus is easy to grow and its overall size is very manageable;

Physartllll pO/ycepllClllllll forms a plasmodium in which ull nuclei replicate in synchrony,

fucilit<lling detection of origin function (Benard et al., 1992), und many fungal systems exist

which may represent relatively early evolutionary steps beyond the prokuryote (Peng et ul.,

1993). However, 1 will concentrate on four specilic model systems which have been

especiully weil churaclerized and muy prove relevant to particular aspects of human genomic

DNA replicution: the human milochondrion, Simian Virus 40 (SV40), Epstein-Barr Virus

(EBV), and the budding yeast, Saccharolllyces cerevisiCle.

Mjtochondria

Although the numbers vary widely according to celltype, a typical human cell may

possess on the order of 500 mitochondria, each with 8 copies of the 16,569 bp human

mtDNA (mitochondrial DNA) genome, accounting for roughly 1% of total cellular DNA

(Kornberg and Baker, 1992). The complet" human mtDNA sequence has been detcrmined,
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and it contains two l'RNA genes. 22 tRNA genes. and cOlling scquence for Ihirlccn

polypeptides involved in :lxidutive phosphorylalion. including. for cxumplc. thrcc suhunils

of the cytochrome c oxidase complex (Anderson ct ul.. 1981). Imporluntly. ull cnzymes

required for mitochondrial replication ure encoded in the nucleus. trunsluled in the

cytoplasm. und transported into the mitochondrion. mtDNA contuins two replication

origins. but this is somewhm llIisleuding; euch origin directs the replicution of only one of

the two mtDNA strands -- terllled the H (heuvy) and L (1ight) strands hused on dilTercnliul

purine content (Clayton. 1992). 011. the heuvy strand replicutiun origin. is locuted in the D­

loop region of mtDNA. the only noncoding portion of the very compuct mitochondriul

genome. which contuins both transcriptional promoters (un J-I und L strand promoler lie in

the D-Ioop. pointing in oppositc directions). The light stnmd rcplicution origin 01. lies in u

tRNA gene cluster some 6000 bp uwuy.

In the cuse of the human mitochondrion. replicution is primed hy cleuvage of an

mRNA transcript. l'Cminiscent of the ColEl origin. Initimion takes place m the L slrand

promoter. which uses the L strand as a templute to synthesi~.e u new 1-1 slnmd as RNA.

Initiation requires the nuclear-encoded mitochondrialtranscription fuctor 1 (MTFI). which

induces DNA bending und wraps the promotcr uround itself (Ghivizzuni ct ul.. 1994). uml

mitochondrial RNA polymerase proteins. acting on u mitochondriul genome conwining

about 100 negative supercoils (Cluyton. 1992). Most such events leud to complete

polycistronie mRNA transcription. but occasionully Ihe transcript is cleuved ul 011 by

specif:c. sequential RNase ribozyme action to creute a primcr for DNA repliculion.

recognized by y-polymeruse.

However. 95% of such DNA extensions ure terlllinated ubout 500 buscs

downstream. and do not go on to replicate the mitochondriul genome (Mudsen ct ul.. 1993).

Premature termination seems to be under control of specilic. reguluted DNA hillding

proteins which recognize a site just upstream of un approximutely 80 bp terminution zone.

The result is a 570 - 655 bp aborted DNA strund with an RNA primer. which remains

hybridized to the mtDNA L strand. leading to u stable displucement loop of J-I strand

mitochondrial genomic DNA; hence. the term D-Ioop is used to describe this portion of

mtDNA (Clayton. 1992). Under electron microscopy. the vast IUujority of IUIDNA

genomes appear as supcrcoiled covalently c10sed circles with a visible D-Ioop. In this state.

the DNA is free to reinitiate transcription atthe L strand promoter. and the transcript could

subsequently he switched to another replication altempt by RNase action ut 011'

In cases where initiation is not terminated. replication of the H-strund by y­

polymerase continues unabated around the 16 kb genome. displacing the original J-1-strand

as it progresses at the very slow rate of about four nucleotides pel' second (one order of
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magnitud~ slowl:r than eukaryotic genomic DNA. two orders slower than prokaryotic

replication).

The 01. portion of mtDNA is not replicaled untilthe H-strand has progressed 10 kb

around the circle. Once the original H stiand is displaced at 01.. an inverted repeat sequence

is free to1imn a stem-Ioop structure which is recognized by mtDNA primase (Kornherg and

Baker. 1992). An RNA L-strand replication primer is the~ synthesized and extended by y­

polymerase in a proccss reminiscent of lagging strand synthesis in prokaryotes. except that

in this case the lUIS is 10 kb downstream of the 1eading strand origin.

Control points for replicution (as opposed to trunsl:ription) occur ut the steps of H­

strund RNuse c1eavuge and premature termination. Overall mitochondrial growth is kept

proportional to cell growth. and thus mitochondrial numbers ure relatively constant through

ct::H divisions; however. there is no ccli cycle limitution on the timing of mtDNA replication.

and the choice of which mtDNA genomic copies will replicate seems to be a stochastic

process, since .':ome genomes replicate twice in a cell cycle. others not at all (Kornberg and

Baker. 1992). Mitochondrial division is stimulated with the oxidlllive stress brought on by

even rnild exercise (Madsen et al.. 1993), but the manner in which the cell influences the

mtDNA initiation apparatus has yet to be worked out. although it is known that the ;evel of

the key l'I-strand RNase is proportionalto cellular growth rate.

The endosymbiont hypothesis holds that mitochondria evolved l'rom cuptured

prokuryotic organisms. und evidence for this includes the prokuryotic protein synthesis

apparlllus (rRNA and tRNA that work in an 80S ribosome) and polycistronic nature of the

mRNA transcripts of the mitchondrion. The transcription-primed mechanism of replication

resembles ColEl-type prokaryotic ol'Ïgins much more than eukaryotic genomic DNA

replication. In addition. DNA repair systems in the organelle are very poor; large de1etions

of mtDNA are common in the 10 kb interorigin region. and the RNA primers for replication

ure not repluced by DNA and become permanent parts of the genome. Thus. human

mitochondria. while interesting in their own right. may not be a very good mode1 for

replication processes in the nucleus of the cell, where the very enzymes used for mtDNA

replication are encoded.

[n sUll1mary. human milochondrial replication uses RNA priming requiring

promoter and ribonuclease activity. in a region which contains induced DNA bends. a

triple-stmndcd displaccment loop structure. and extensive negative supercoiling. An

inverted repcat is key to light stnmd replication. atleasl.

Other verlebmles seem to use the same general origin design; the inverted repeat

struclure of aL is conserved in other species, even if primary sequence is not (Anderson el

al.. 1981). Lower eukaryotes have 1arger. more comp1ex mtDNA. but atleast in the case of
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Nellrosl'ora crassa. the slructure of origin cis-componcnts. hascd on pmnllltcrs and

inverted repeats. seems 10 he maintained (Almasan and Mishra. 1'l'lOl. [)r"",,,!'''i/,,

me/alloga.wer, on the other hand. requires a large A-T rich component in its mitochondrial

origin (Lewis Cl al., 1994). S. œrel'isiae has a compHratively huge 75 kh milochondrial

genome with multiple replicHtion origins, but has yet to be thomughly char:lcterized

(Clayton, 1992).

Simian Virus 40 (SV40) is a eukaryotic virus for whieh primate eclls :Ire thc natural

host; it has a simple douhle-stranded DNA circulaI' gcnonu: 5.4 kilohascs in size. This

virus makes a purticularly good model for humun DNA replic:llion hecuuse. following

infection, it is tnmsported into the nucleus where it replic:ltes strictly in S phase (Fotedur

and Roberts, 1992). The viral DNA is packaged by host nucleosomes. ullli ull replication

machinery is supplied by the host, excepl for one virul protein: Ihe SV40 lurge T amigen l'l'­
Ag). l'-Ag possesses the multifunctionul uttributes of initiutor prolein. hcliease, ullli

transcription factor, and interucts not only with the virul DNA. hu ulso with hoth the

elongution upparutus and seveml proteins involved in ccII cycle control.

The SV40 replication origin lies within the 450 bp noneoding virul control region.

also containing the carly and late viral gene promoters und a transcriptionul enhancer

clement. The indispensuble minimal origin core is 64 hp in size, und includes 4 copies of

the l'-Ag recognition site GAGGC arranged us a 27 bp GC-rieh inverted repeut clement,

fianked on the early gene side by a second inverted repeut, und on the lute gene side hy a 17

bp AT-rich clement (Benbow ct ul., 1992). III vivo, SV40 is negativcly supercoiled, und un

inverted repeut in the origin region hus heen shown, hy electron microscopy, to he uble to

adopt a DNA crucîform alternate secondary structure (I-\su, 1985). The AT-rkh region has

an intrinsie static bend (Schuller ct al., 1994), and its ubsolute sequence is not us important

as its overall structure and AT content (Galli ct ul., 1993).

Initiation is achieved through the binding of two SV40 lurge T untigen

homohcxamers to their recognition sites in the origin core, which induces a structurul

destabilization in the fianking inverted repeat and AT-rich sequences (Benbow cl al., 1992).

The l'-Ag helicase activity then proceeds to unwind the DNi\ bidirectionally from the origin

(Ramsperger and Stahl, 1995), and through its interaction with the polymeruse (l'primase

complex, loads the enzymes necessary to lay down the tirst new bases.

The efliciency of this initiation process is heuvily infiuenced by auxiliary control

clements which fiank the origin core: uux l, a site where l'-Ag binds as a transcription
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factor, anù aux2, which is recognizeù by host transcription factors (DePamphilis, 1993a).

Each alone stimulates initiation three to sixfolù, but combineù ùeletion of a neighbouring

cnhancer region anù both aux clements reùuces replicalion by a factor of at least 100 (Guo

ct al.. l'Jll'J) suggesting a synergistic elTecl. While in theory, eukaryotic transcription

factors coulù function in initiation by proviùing primers, ùisplacing nucleosomes, or

assisting in the loaùing of the initiator protein, eviùence from the SV40 system is most

consistent with a moùel whereby the regional binùing of transcription factors influences the

DNA structure ut the ongin, facilitating its unwinùing by T-Ag -- similar to the inlluencc of

transcription on orie anù ori}..

Because only a single viral protein is requireù to replicate SV40 in human cells, it

has proven a parlicularly useful moùel for il/ vivo anù il/ vilro analysis of human DNA

rcplication, except for the initiator anù helicase roles (which arc lïlleù by T-Ag). Arter T-Ag

loaùs polymerase ',X'primase, a 10 bp RNA primer is laiù ùown, followeù by a 34 bp initial

DNA sequence; subsequently, the polymerasc li holoenzyme complex takes over, a process

performeù once on each leaùing stranù, but repeateù, on the lagging strand, approximately

every 200 bases (Waga anù Stilhnan, 1994). Elongation continues at about 50 bp per

seconù. terminuting when the replication forks evenlually collide. Typically. 100,000 virus

genomes will be made (Kornberg and Baker, 1992); replication is shut down when high

concentrutions of T-Ag allows its binùing to lower-aflïnity sites which switch olT

replication and carly gene transcription in favour of late gene transcription (viral capsid

proteins).

The host proteins requireù for viral rep:ication arc only aclive in the S phase of the

ccII cycle, so the virus forces its host into ac!.îve cycling by using T-Ag to bind and

sel)uester the Rb and p53 llImor suppressors (Zhu et al., 1991). Phosphoryllllion of T-Ag

hy host cdk proteins is necessary to activate the helicase function of T-Ag. but not any of its

other DNA or protein binding functions (Moarelï et al., 1993).

Plasmiùs carrying the SV40 origin core and auxiliary sequences replicate as

episomes in IJUman or mc>nkey cells. ifT-Ag is provided in cis or Irell/s. The eflïciency of

initiation ut the SV40 origin is inlluenced, in these engineercù conlexts, by the nature of the

Ilanking DNA sequence; for eXalllple, hunmn Alli repeat elements increase origin function

(Saëgusa et al., 1993), while some pBR322 sequences inhibit initiation (Lusky and

Botchan, 1981).

Thus, the key features of the SV40 origin are the presence of a short reiterated

initiator protein binding site. inverted repeats capable of forming cruciform secondary

structures. an AT-rich component which includes bent DNA. and the influence of

neighbouring flanking DNA rcgions (especially sequences binding transcription factors) on

-13-



•

•

ongm actlvlty. These componenls function in Ihe nucleus, as l'ac'kaged DNA, under Ihe

inlluenee of ccII cycle control. However. the relevance of SV40-origin hased systems to

human genomic replication is challenged hy the rcquirement for a viral inilialor pl'lltein. and

Ihe nalme of SV40 as a short. circulaI' clement with a single replie'llion origin Ihat can he

activatcd morc than oncc pel' ccII cycle.

Polyomavirus (l'y). another conullonly-studied modcl system. is the rodent

cquivalent of SV40. Il utilizes the S'Ulle h'L,ic origin stnlcture and funclion. hased on the l'y

large T-Ag; initialion is if anylhing even more greatly inlluenced hy flanking mL.iliary

sequences (Tang ct al.. 1987). while the l'y 'l'-Ag docs not have the same high alïinity for

hosl l'53 as does SV40 (Manfredi .md Prives. 199.'). The l'y origin has also heen used to

make murine ccII episomal vectors (Gassman ct al.. 1995).

Epsleir, -Barr Virus <EBV)

Aiso known üs Human Herpesvirus 4 (1-II-IV-4). EBV is the causative agent of

infectious mononucleosis. and can infect hmllan lymphocytes in a I.llent stale. persisting in

Ihe host ccli nucleus as a 172 kb covalently-c1osed. circulaI' supercoiled episomal clement

(Grirtin ct al.. 1981; Frappier and O'Donnell. 1991).

EBV Ims two replication origins. oriL for Il' tic replicalion. and oril' for lalenl

persistence. oriL requires the virally-encoded EBV ONA polymerase for activalion, and

uses a rolling-circle Iype of replication to amplify the virul genome during ilS acule

infectious spread (Yates and Guan. 1991; Kornberg and Baker. 1992).

However. it is oriP which is of greater interest as a model for human DNA

replicalion. becausc it is aclivaled in concordance wilh its host: once and only once pel' ccII

cycle. oriP spans 1700 bp. and requircs only onc vimlly-encodcd prolcin for activalion.

Epstcin-Barr virus Nuclear Antigen 1. or EBNA-I (Yates and Guan. 1\.191). oriP has a

bipartite structure. wilh two functional components aboui one kilobase apart. termed the

dyad symmelry element (OS) and the family of repeals (FoR) (Frappier :md O'Donnell.

1991). The OS elemenl consisls of a 65 bp inverted rcpeal. with four assoeialed binding

sites for EBNA-I. each of which is an 18 bp imperfect inverled repeat wilh the scquenee

GGATAGCATATACTACCC (Williams and Kowalski. 1\.1\.13). The FoR is composcd of

21 rcpeals of a 30 bp sequence (each including an EBNA-I sile). and has cnhancer activity

(Frappier and O'Oonnell. 1991). Interestingly, the spacing and orientation of the FoR

relalive 10 OS is not crucial 10 oriP function. In addition. the entire oriP region is slably

a,socialed Wilh lhe nuclear matrix (Jankelevich ct al., 1\.192).
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ln the case of oriP, DNA structure may be particularly important for origin

activation. Williams and Kowalski (1993) used SI nuclease hypersensitivity analysis of

oriP-containing plasmids to demonstrate that, even in the absence of EBNA-I, secondary

structures arc formed at key regions. Specifically, under conditions of negative

supercoiling, the DS clement (the actual initiation site) can unwind to form single-stranded

DNA, with the inverted repeats forming hairpins, while the FoR extrudes DNA cruciforms

at a subset of EBNA-I binding sequences. Both can thus be considered as DNA

unwinding clements (DUE), with a function similar to that of AT-rich regions in other

origins. EBNA-I binds first to sorne ofits sites at the FoR, and eventually reaches a critical

binding concentration and forms a cooperative homocomplex (reminiscent of initiator

binding at oriC and oriÀ). Only at this point does binding occur at the DS EBNA-I sites,

and a DNA loop with the FoR and DS connected by an EBNA-1 complex is formed

(Frappier and O'Donnell, 1991). The DS element provides the initiation site (Niller et al.,

1995), but mapping of initiation events, by two-dimensional gel electrophoresis, in one

EBV-infected cellline suggests that a second, delocalized initiation zone may be used in mre

cases (Little and Schildkraut, 1995). Ensuing steps in activation remain unknown, but it is

Iikely to be host proteins which then act on the unwound DS element.

Rcplication of EBV is bidirectional, but one fork is blocked at the FoR, meaning

that most of the genome is replicated by the other fork, with termination occurring at the

FoR (Kornberg and Baker, 1992).

Thus, the FoR element is necessary for initiator binding, but also binds transcription

lilctors, and functions as a replicatioll terminator. Ali EBV-based plasmids require the FoR,

but many mammalian sequences greater than 12 kb in size can apparently substitute for the

DS (Heinzel et al., 1991). Bacterial DNA fragments, which have fewer inverted repeats

and AT-rich elements, cannot replace DS function unless they are considerably larger

(Krysan et al., 1993). A known human replication origin, cloned beside the FoR, is

initiated proper'y at the correct site (Virta-Pearlman et al., 1993). Many details of the

initiation process remain to be worked out, but already Sun et al. (1994) have used the EBV

oriP to design human episomal vectors, capable of propagating inserts in the 100 kb size

range, although only following transfection into EBNA-I producing human celllines.

The EBV model is particularly interesting because oriP-containing plasmids have

been shown to replicate in S phase, once per cell cycle, and to segregate evenly at mitosis

(Yates and Guan, 1991). EBNA-I and the FoR are key elements in this control (Krysan et

al.. 1989), but overexpression of EBNA-I or the presence of extra cloned oriP sequences

does not lead to amplification (Yates and Guan, 1991). Hence, host cell proteins (whieh

may serve similar roles in chromosomal replication) must play an important role in limiting
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replication al oriP and directing segregation of the two product molecules: such Iml/s-acting

factors arc the subject of active investigation (Kirchnlllier and Sugden, 1995).

While our picture of the mechanism of replication initiation in EBY is not yet

complete, it is c1ear that activation at oriP again requires specific initiator prote in hinding

sites. Inverted repeats are present and form secondary structures which may faeilitate origin

activation, and sites of reduced helical stabilily exist where unwinding actually commences.

An element with transcriptional enhancer activity is a component of the origin. Effeets of

higher order DNA structure may be involved, including fonmllion of DNA loops, llnd

association with underlying nuclear substructures via matrix auachment regions (MAR).

Bovine Papillomavirus (BPY), Iike EBY, replicates once pel' ccII cycle during latent

infection and is maintained as an episomul circulur clement (Kornberg und Buker, 1992).

The late"t origin does not require any stahly bent DNA (Schulleret al., 1994), hut includes

an AT-rich DUE, inverted repeat clements, and u transcriptional promoler and enllllncer.

Auxiliary sequence effects seem to be especiully important, since the virul E2 enllllncer

protein is indispensable for replication. AT-Ag like BPY protein, El, is the only other

viral factor required, funetioning both as an initiator and us u helicuse.

Sacc/wrnmyces cerevisiae

The budding yeust S. cerevisiae hus proven to be u convenient modcl for molecular

biologists. A unieellulur eukuryotic orgunism, lhis yeust puckuges its snmll genome (1.5 x

107 bp, 0.5% of humun size) into typicul nucleosome-bused chromosomes within its

nucleus. S. cerevisiae hus 16 chromosomes, runging in size l'rom 250 kb 10 1.5 Mb, which

contain little repetitive DNA (Brewer und Fungmun, 1991). A complete ccII cycle during

log phuse growth requires ubout two hours. Importuntly, us u non-virul eukuryolie

replieution model, S. cerevisiae must coordinately regulute the firing of multiple replication

origins. Interorigin spucing is estimated at 50 - 100 kb, meaning thut approxinmtely 200

origins must be uctivated during each S phuse (Brewer ct ul., 1993), und replication, as in

the human, is under the influence of both ccli cycle control and the constraints of higher

chromatin structure.

NaturaI S. cerevisiae plasmids exist, which tuke udvuntage of host proteins to

replicate in early S phase. The 2~ plasmid converts a single initiation event into an

amplified copy number through the use of a recombinase acting upon large inverted repeat

elements to create a shift to rolling-cil'cie refJlication; copy number is stable at approximately

100 pel' cell, with a MAR assisting in partitioning at mitosis (Kornberg and Baker, 1992).
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Initiation events, however, remain Iimited to once per origin per cell cycle (Kornberg and

Baker, 1992).
The foundation of the relatively advanced state of knowledge of yeast replication

origins is the ARS (autonomous replicating sequence) assay, the observation that genomic

digest fragments cloned into prokaryotic vectors will sometimes function as yeast

replication origi:;s. These ARS plasmids transform yeast at a high frequency, and replicate
autonomously, maintained in vivo us non-integrated episomal genetic elements (Stinchcomb

et al., 1979). While their mitotic instability (caused by an inaccurate partition at mitosis)
meuns that these constructs are lost without selective pressure, and can integrate into the

genome during long-term culture, ARS plasmids have proven invaluable in identifying and

defining replication origins in yeast (Held and Heintz, 1992).

Sequences capable of functioning as ARS r.re present ruughly eve.-y 20 kb in the

yeast genome (Fangman and Brewer, 1991), meaning that there are two to five times more

ARS than active replication origins. When the neutral-neutral and neutral-alkaline two

dimensional gel electrophoresis techniques for mapping initiation sites in yeast became

available, it was found that not aIl ARS elements function as chromosomal origins in their

native context (Dubey et al., 1991). However, to date aIl bona fide yeast chromosomal

origins function as ARS when cloned into plasmids. Thus, ARS assays are extremely

sensitive, but not completely indicative of origin function in any given chromosomal context

or cellular state. Il may be lhat sorne of the constraints imposed by chromosomal structure

on origin function are relaxed in the plasmid context (Held and Heintz, 1992).

The relative simplicity of the ARS assay, particularly as a screen to identify new

potential replication origins, has meant that this approach has been invaluable in the

definition of lhe structure of functional yeast origins. Deletion analysis has shown that

ARS need only be 100 - 120 bp in size, with an Il bp short core sequence

WTITATRTITW (A domain) in common among ail ARS, but with indispensable flanking

sequences (B domains) which may differ greatly (Fangman and Brewer, 1991). Relatively

inefficient ARS, conferring reduced plasmid stability, often contain one or two mismatches

to the A domain consensus, and their activity can be increased by cloning in other weak

ARS elements, or unrelated sequences containing transcription factors, or inverted repeat or

bent DNA structures (Kipling and Kearsey, 1990; Hyman and Garcia-Garcia, 1993). In

fact, many heterologous DNA fragments, from prokaryotes, organelles, or other

orgunisms, can have ARS activity if they contain a near perfect match to the consensus, in a

context of trunscriptionally-active or AT-rich flanking DNA (Kipling and Kearsey, 1990;
Delouya and Nobrega, 1991). However, "strong" ARS elements are those consistently
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activated during every S phase; cIoning in extra ARS or other stimulatory sequences cannot

enhanee plasmid stability any further in these cases (Hyman and Garcia-Garcia, 1993).

Mutational analysis of ARS elements has shown that the conserved AT-ricIl core

consensus element, WTTTATRTTfW, is the only portion wherc point mutation can knock

out origin fl!Oction (Umek et al., 1989), but divergent f1anking B regions 3' to the T-ricIl

strand, often containing transcription factor binding sites, potential DUE, or bent DNA,

cannot be deleted (Held and Heintz, 1992; Newlon and Theis, 1993). Marahrens and

Stillman (1992) performed an especially thorough analysis of Iinker substitution mutants

across ARS l, a yeast origin from chromosome IV, and proved that the A clement wus

absolutely required, while mutation of any one of three separate B sequences (B l, B2, B3)

slightly decreused ARS plasmid stability, and if ail three were mututed, origin aetivity was

comp1etely lost. B3 is a known transcription factor binding site (for ABFI); other l1anking

regions have beel1 postulated to be rich in DUE, bent DNA, nucleosome free regions,

attachments to the chromosome scaffold, or extra ARS matches (Diflley and Still man,

1990). Marahrens and Stillman's data suggest that f1anking transcription factor binding

sites are important, but extm ARS consensus matches arc not; Huang and Kowalski (1993),

in a mutationa1 analysis of ARS305 on chromosome III claim instead thut DUE aetivity is

the only vital function required in the f1anking sequence. Regardless, it seems thut when

two ARS consensus matches ure availuble, the f1unking context makes ail the differenee as

to which origin gets activated (Marahrens and Stillman, 1994).

The determination of the ARS core consensus allowed the application of DNA

footprinting to the search for the first eukuryotic genomic iniliator protein, although initial

attempts served to isolate associated trunscription factors and SSB's instead (Li :md Alberts,

1992). A breakthrough in the field came in 1992 with Bell and Stillman's isolution of a

protein complex, which in u highly purified stute bound specifically (in an ATP-dependent

fashion) to double stranded DNA ut the ARS A clement consensus sequence. Christened

the ORC, or origin recognition complex, it is composed of 6 subunits ranging in size From

50 to 120 kD. Mutated ARS which confer poor plasmid stubility correlute with poor ORC

binding. Diffley and Cocker (1992) showed by "nucleotide resolution genomic

footprinting" that the same ORC footprint is visible in vivo. This ORC complex binds und

protects the A element, in an internucleosomul space, und uppurently wrups the DNA

around itself, keeping it under torsional strain but in double-strunded form (Bell und

Stillman, 1992; Diffley and Cocker, 1992). An extension of the footprinting work suggests

that the BI region, 10 - 20 bp away from A, may also be important for ARS recognition

(Rao and StiIlman, 1995).
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Subsequent evidence that aRC mutants arrest as a large, budded ccII with a single

nucleus helped con/irm that aRC functioned in yeast DNA replication (NewIon, 1993), but

its possible activities remain many: binding and defining the origin, loading replication

factors, directing chromatin assembly and nucleosomal distribution, localizing itself to the

nucleus, and interacting with ccII cycle control proteins (Bell et al., 1993b). Several of the

polypeptides comprising aRC have been isolated (Bell et al., 1993a; Foss et al., 1993;

Micklem et al., 1993), but the amino acid sequences deduced largely have been novel,

giving few functional c1ues (Newlon, 1993). ORC2 has, in addition to a weak homology

to human topoisomerase l, many potential phosphorylation sites (Foss ct al, 1993), and

genetic evidence suggests that it may be involved in ccII cycle control of origin activation

through interaction with CDC46, as a checkpoint preventing premature entry into DNA

synthesis (Bell et al., 1993b). ORC6 also interacts with ccII cycle proteins, including both

CDC46 (MCMS) and CDC6 (Li and Herskowitz, 1993). The sequence of aRCS suggests

that it may have a direct role in binding ARS clement DNA (Loo ct al., 199S).

The observation that aRC is bound to the ARS site throughout the yeast ccII cycle

(Diffley and Cocker, 1992) served to beg the question: what activates aRC? An important

in vivo footprinting study (Diffley et al., 1994) showed that while the A (recognized by

aRC) and B3 (recognized by ABFI) elements remain protected in the chromatin context, an

extra footprint, appearing in the 20 bp BI - B2 region, is present strictly between carly

telophase and very late G 1. This footprint is not seen in GO cells. Interestingly, this

pattern of binding exactly fits the model for a "licensing factor," a protein required for

activation of initiation which can only access the genome in M phase, and is irreversibly

inactivated by replication; consequently, such a protein would serve to limit initiation events

to once per ccII cycle. The identity and function of the protein responsible for the B I-B2

footprint has yetto be determined, but Stillman (1994) speculated thatthe yeast "licensing

factor" may turn outto be CDC46 (MCMS), and it may function like the ÀP protein, as a

vital part of the "prereplication complex" which must be removed during initiation. Genetic

evidence predicts that CDC6 is another component of the prereplication complex (Liang et

al., 1995).

The interaction between replication origins and transcription remains an active topic

of research. On one hand, it is known that the B elements in ARS sequences are frequently

transcription factor binding sites; in fact, Marahrens and Stillman (1992) showed that ARS

B clements can he removed but full origin activity maintained if replaced by any of several

other defined tmnscription factor binding sequences. On the other hand, active transcription

through the ARS element impairs origin function (Snyder et al., 1988), possibly by

displacing aRC. Most ARS-associated transcription factors are at best moderately potent;
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engineering a strong promoter beside an ARS decreases rcplication function if lnll1scription

is induced through the origin region, and in S. ccrcl'isiac until rccently no il/ l'i\'(} nrigin Imd

been found within a transcribed sequence (Tanaka cl al., 1994).

Interestingly, in loci controlling expression ofyeasl nmting factors, an ARS c1emenl

serves as a transcriptional silencer (Rivier and Rine, 1992), and this aclion requircs aRC

protein binding (Foss et al., 1993). aRC binds 10 ARS clements at ail four yeust maling

loci, but only at one of lhese sites can any rcplieation origin activity he demonslrated (Bell ct

al., 1993a). Thus, the role of aRC in transcriptional silencing may be independenl of its

role in replication, and perhaps even specific to the mating loci (NewIon, 1993).

Overall, the part transcription factors play in yeast origin activution remuins

enigmatic. They may weil function, as in other systems, to aller DNA struclure or

potentiate DNA unwinding, and while aRC recognilion of lhe ARS may not require

transcription factor assislance (Bell and Stillman, 1992), trunscription faclors may

alternalively help to load Iicensing factor or other proteins associated with activulion of the

aRC (Marahrens and Still man, 1992). Considering the proven role of aRC in

transcriptional silencing, origin arrangement may hclp to direct formation of large-scale

chromosomal transeriptional domains (Bell el al., 1993a).

There are many more ARS consensus matches present in the yeasl genome than

lhere are origins utilized during S phase (Stillman, 1994; Murukami ct al., 1995). The

subset of potential origins which will be used for ehromosomul replicalion in lhe next ccII

cycle can be determined in late S phase, when some newly replicated ARS sequences arc

bound by limiting quantilies of aRC (Rowley et al., 1995), in laie M or in the ao - al
commitment, when aRC is recognized by licensing factor, or in S phase, when hound

origins are aetually aetivated (Diffley ct al., 1994). From late S 10 carly M, lhe aRC

complex is bound to a subset of ARS. A prereplication complex forms on aRC in late M

with the addition of CDC6 and MCM protcins, licensing lhose origins lhal will be used for

replication. Action of other ccli cycle faclors is needed to aclivate some or ail of these

licensed origins during S.

Within S phase, ehromosomal origins can be activaled al differcnt limes: a particular

ARS sequence may be aetivated at the beginning of S, or alternatively at some poinllaler on

in S phase (Brewer ct al., 1993). Chromosomal contexl can influence the liming of origin

firing within S, or even serve to shut down particular origins (Brewer and Fangman,

1991). As discussed previously, cryptic ARS which are non-funetional il/ sUu can work as

efficient origins in the eontext of an ARS plasmid assay. An ARS cloned into a plasmid

may replicate early in S phase, but lhe same ARS engineered into a posilion wilhin 5 kb of a

telomeric ehromosomal end will now replicale late in S phase (Ferguson and Fangman,
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1992), suggesting that the subtelomeric chromosomal context promotes late replication.

However, non-telomerically located late replicating ARS do exist, and sometimes retain

their late replicating phenotype after cloning into an ARS plasmid (Brewer et al., 1993);

thus, sorne aspects of timing control appear to be conferred by small, cloneable elements.

Another example of higher level ARS regulation cornes from the observation that if two

ARS are c10ned into one plasmid, within 10 kb of each other, only one, stochastically­

chosen ARS is activated on each molecule in each S phase (Brewer and Fangman, 1993).

Nevertheless, in the chromosomal context, cryptic ARS are not activated following deletion

of the nearest functioning ARS origin.

The sequencing of entire yeast chromosomes will soon yield important information

about how ARS sequences function as origins in their chromosomal contexl. While, as of

this writing, the complete sequence of seveml of the shorter yeast chromosomes has been

published (Oliver, 1995), a concurrent survey of functional ARS components has been

undcrtaken only in the case of chromosome VI (Murakami et al., 1995). This 270 kb

chromosome contains eight ARS which function as origins, distributed in relatively AT-rich

regions that can be 5', 3' or within active transcriptional units; none are located within ~3

kb of the telomeres.

Origins of DNA replieation, together with telomeres and centromeres, constitute the

three necessary cis-active elements required for a functional eukaryotic chromosome.

Advanced understanding of these components in the Saccharomyces cerevisiae system has

permitted the successful assembly of yeast artificial chromosomes (YACs), which have

since shown their utility in many aspects of molecular biology.

The strategy employed in the construction of a YAC is instructive for those

allempting to build other artificial chromosome systems. The story begins in 1979 with the

initial identification of short, c10neable S. cerevisiae origins of DNA replication, designated

as ARS (Stinchcomb et al., 1979). Circular plasmids containing ARS sequences (YAC-R)

are capable of replication within yeast and can be maintained indefinitely if the plasmid

carries a selectable marker; however, upon removal of selective pressure, ARS plasmids are

mpidly lost (unless a recombination event has integrated the plasmid into a host

chromosome) because they lack a centromere and do not partition accurately at mitosis.

While most ARS elements can confer origin function on a YAC, sorne are considerably less

efficient than others (Hieter et al., 1985). Szostak and Blackburn (1982) found that easily­

c10ned Terre/hymena rDNA 0.7kb telomeres are functional in yeast, and added them to

(circular) YAC-R constructs to create linear ARS plasmids (YAC-RT). Such short, Iinear,

acentromeric constructs were no more stable than their circular counterparts (Table I), so the

next step was the addition of c10ned yeast centromere elements (CEN) to form short,
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had a maximum stability of 98% pcr genemtion without selection. It was up to Murray allli

Szostak (1983) to complete the construction of a stable YAC with their discovery that,

particular1y for Iinear artificial chromosomes, size ilself is an important parameter for

stability, and only 1arger (> 50 kb) constructs can exceed 99% stability per genemtion.

These large YAC constructs require the presence of multiple origin clements for maximum

stability, as they are too long to replicate efficiently from a single origin (DershowilZ and

Newlon, 1993). The relative stability of these YAC constructs is detuiled in Table 1. While

y ACs were built from the ground up by piecing together c10ned componenls, deletiun

derivatives of native yeasl ehromsomes were able to confirmlmmy of Ihe cunclusions about

YAC slability (Surosky et al., 1986). Refinements to the YAC design, such as the additiun

of markers selectable in other systems (Traver ct al., 1989) and tricks for amplifying copy

number (Smith et al., 1990) have since been made, but the basic origin, centromere and

telomere elements used remain the same.

Table 1: Stability of Yeast Artificial Chromosome Constructs Il

•

CONSTRUCT COMPONENTS FORM SIZE STAI3ILlTY h COPY"

YAC-R ARS Cireulllr Anv 66% Sil

YAC-RT ARS. TEL Lincur Anv 84% Sil

YAC-RTC ARS. TEL. CEN Lincur 10 kb 90% 15

YAC-RC ARS. CEN Cireular Ill· Sil kb 98% 1

YAC·RTC ARS. TEL. CEN Lincar 50 kb 99% 1

YAC-RTC ARS. TEL. CEN Linellr 137 kb 99.85% 1

Yeast Chromosome 111 Cireulllrized 350 kb 99.7% 1

Yeast Chromosome 111 Linellr Wild Tvne 351l kb 99.996% 1

a. Data from Murray and Szostak, 1983; Hieter et al .. 1985; Surosky ct al., 1986.

b. Stability = fraction of mitotic events whieh result in the construet being faithfully

transmilled to both daughter cells.

y AC technology has proven to be va1uable for mo1eeular biologists, its best known

application being as a c10ning vector (Burke et al., 1987) with the capacity to carry 1 Mb

inserts in whieh repetitive and certain "uncloncable" elements are much more stable than in

prokaryotic systems (Schlessinger, 1990). y ACs have hastened genome mapping projects
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and have heen used to generate complete genomic libraries and chromosome contig maps

for lower eukaryotes (Kuspa ct al., 1989), and with improvements in yeast strains and

computer analysis, mice (Chartier ct al., 1992) and humans (Bellanne-Chantelot ct al.,

1992). y ACs can carry intact large genomic rcgions and complete tmnscriptional units, and

with the addition of mammalian-selectable markers, YACs arc being used in large-region

complementation studies following fusion of yeast spheroplasts with mammalian cells

(Traver ct al., 1989). The potential application of YACs in gene therapy and genetic

engineering is already being explored; transgenie mice have becn made with complete

transcriptional unit transgenes (Forget, 1993). For the purposes of genetic engineering,

y ACs ean be further manipulated by yeast homologous reeombination, but also face a

disadvantageous requirement for integration to achieve a stable transfection of non-yeast

hosts.

Knowledge of replieation origins in yeast is relatively advanced, due to the

availability of ARS plasmid assays to study the genetic elements which define an origin,

and convenient mapping techniques such as two dimensional gel methodology which

localize initiation sites in vivo (Fangman and Brewer, 1991). To summarize the lessons

learned l'rom this model system, S. cerevi.l'iue represents a eukaryotic organism with

hundreds of fixed origins of replication spaced across the lengths of its chromosomes,

where the ci.l'-uctive defining origin sequence, the ARS element, coincides with the initiation

sites for DNA synthesis (Stillman, 1994). Origins may differ in their efficiency of

activation (the chance of a particular ARS being used during one S phase, a function of its

binding to ORC and ORC-activating cofactors) and, independently, in their timing of

activation within S phase. However, timing of activation may be more a function of the

case of the unwinding step which follows formation of a preinitiation complex (Dilier and

Raghuraman, 1994). Yeast origins are relatively simple structures. Instead of each being

composed of elaborate sequences dictating cell cycle control, limitations in frequency of

origin firing, and temporal regulation within S phase, many of these properties are

conferred by trems-activating factors like ORC (Li and Alberts, 1992), or by the higher

order chromosoma1 architecture of eukaryotes. Degree of chromosomal condensation,

origin position relative to other functiona1 chromosomal components, and transcriptional

domain arrangement are examples of higher order structural purameters which may

innuence origin function (Fangman and Brewer, 1991). Indeed, origins may fulfill a

concurrent role in transcriptional regulation (Rivier and Rine, 1992). Such higher order

effects are still a subject of active research. Other current foci of research in S. cerevi.l'iue

rcplication include the development of an in vitro replication system to help in the definition

of the enzymology of initiation and replication, and the quest to define the function of ORC
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components and to find homologs in higher eukaryotes (Bell and StillnHln, 1992). Of

course, sueeessfui strategies in yeast arc also being adapted for the study of more

eomplieated, multicel1ular eukaryotie organisms.

Studies of origin biology in other rU~gi arc not as advanced as in S. cerl'I'isiae, hut

the ARS methodology has worked in Nellrmpora, Aspergilllls, and Sc"i:o.l'tlcc!lCIrtJmyce.\'

pombé. In the fission yeast S. pombé, evolutionarily very distant l'rom the hudding yeasts,

a similar AT-rieh ARS consensus has been derived, whieh is generally found in the conlext

ofunusual1y AT-rich sequences with pOlential DUE funetion (Zhu ct al., 1994).

ORIGIN STRUCTURE IN HlGHER EUKARYOTES

Studies of simple eukaryotie organisms, including viruses, yeast, prolozoans, and

slime molds, have revealed a eommon general origin structure, where the cis-aelive genctic

origin control clements exist in a 50 - 1000 bp region cncompassing an iniliator-binding

core and modulating auxiliary clements, very closely related to a DNA unwinding clement,

wherein lies a specifie initiation site (DePamphilis, 1993a). Higher cukaryolcs, truly

multieel1ular or "metazoan" organisms, have more eomplex genomes, typically containing

on the order of 6 x 109 buse pairs spread over '20 - 50 chromosomes (HlIIlllin ct al., 1994),

incorporating vast amounts of non-coding DNA including rcpetitive sequences (whieh make

up 35% of the human genome, for example), nUll1erous introns, and large inlcrgenic

spaeers. A complete ccli cycle requires 16 - 30 hours (including 6 - 9 hours in S phasc),

with an M phase where the nucleus is entirely disassembled and then rcasscmbled.

Three lines (lI' investigation have suggested that origin funetion in metazoans is

signifieantly different l'rom that in other organisms, and in faet does not require specifie

origin DNA sequences, a phenomenon not entirely without precedent, sincc SV40 T-Ag

mutants show low efficieney nonspecifie replieation initialion evenls (Umek ct al., 1989).

First, any exogenous DNA injeeted into Xenoplls eggs will be replicated

semiconservatively in the early amphibian embryo, with equal efficiency, once per cell

cycle. No specifie origin sequences are required, and the initiation sites me apparently

situated at random (Mahbubani ct al., 1992). Seeondly, when Iwo-dimcnsional

electrophoretic (2DGE) techniques, used so successful1y for mapping initiation sites in

yeast, were applied to mammalian origin regions such as the hamster dihydrofolate

rcductase (DHFR) locus, results indicated the presence of a very broad "initiation zone," 30

- 50 kb in size, in which replication intermediates associated with initiation events couId be

found (Vaughn et al., 1990). Final1y, an allemptto apply autonomous replieation assays to

human eeUs, using mainly EBV-based vectors containing the FoR portion of oriP together
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with c10ned human genomic fragments, suggested that any sufficiently long human DNA

fragment (>12 kb) possessed the capacity for autonomous replication and therefore had

potential origin activity, allowing (as mapped by neutral-neutral 2DGE) initiation at

randomly placed sites on the plasmid construet (Krysan and Calos, 1991).

However, the Interpretation of these results has been ehallenged. The completely

relaxed origin requirements seen in fertilized Xellopus oocytes may be a funetion of the

presence of an extremely high concentration of replication initiators (Umek et al., 1989),

and while Drosophila embryos behave similarly, neither mouse embryos, nor XellOpU.I'

cells beyond the c1eavage embryo stage maintain the capacity for replieation of any

exogenous DNA (DePamphilis, 1993b). Another important point is that the original

observations were carried out using naked DNA substrates. Subsequently, it has been

shown that histone-paekaged DNA is initiated more efficiently by Xellopus egg extraets

(Sanchez et al., 1992), although still at random positions, and more importantly that intact

foreign nuclear DNA added to Xellopus eggs is replicated starting at its specifie

chromosoma1 origin sequences (Gilbert et al., 1993), implying a role for nuclear chromatin

organization in origin specifieity.

2DGE techniques rely on assumptions about the structure of fragmented replication

intermediates, whieh are present only at very low frequencies when probing for a unique

site in a large genome. The key structure, the "replieation bubble," eould be damaged

during the relatively extensive steps required for mammalian genomic DNA purification

(DePamphilis, 1993b), leading to artifacts which might confuse the Interpretation (Hamlin

et al., 1994). Alternatively, if a relatively large region of DNA is unwound in the origin

region, unusual structures couId be formed which challenge the assumptions required for

Interpretation of neutral-neutral 2D gels (Benbow et al., 1992).

Several groups have shown that specific, short human DNA sequences can confer

the capacity for autonomous replieation onto standard prokaryotic vectors transfected into

human cells (Frappier and Zannis-Hadjopoulos, 1987; Ariga et al., 1989; McWhinney and

Leffak, 1990; Landry and Zannis-Hadjopoulos, 1991), while random genomic fragments

lack such replication activity (Bell et al., 1991). Results have been reported (Virta­

Pearlman et al., 1993) that eontrast eompletely with Krysan and Calos' (1991) observations

supporting non-specific origins; using the same EBV-based veetor, Virta-Pearlman and

coworkers (1993) found that specific origin sequences were necessary for autonomous

replication, and directed initiation events atthe same fixed site on the plasmid as is utilized

in the origin's chromosomal genomic context, as mapped by a sensitive nascent strand PCR

technique. AIso, very large episomal cireular elements in a mammalian cellline have been

shown by Carroll et al. (1993) to replicate synchronously in early S phase, utilizing a
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specific fixed origin mapped by the earliest labeled fragment anù Okazaki fragment stranù

switching techniques.

In faet, as Coverley and Laskey (1994) state. the "evidence is now overwhehning

that eukaryotic DNA replication normally initiates al specilic sites." This eviùence incluùes

results l'rom electron mieroscopy. strand extrusion, earliest labeleù fragmenl, nascent stral1ll

PCR. Okazaki fragment strand switehing. imbalanced DNA synthesis, 2DGE, anù

fluorescent in-situ hybridization mapping methodologies. applied to chromosonml genomic

loci in Telralzymenll, Plzy.\'{/rllm. fly, ehicken. mouse. hamster, monkey anù hllnulIl ccli

systems (Umek ct al, 1989; Razin ct al.. 1990; Benard ct al., 1992; Gilbert et al., 1993;

Kitsberg et al.. 1993b. Berberich et al.• 1995). The presence of properly spaced, speeilie

replication origins in the metazoan genome, eontrolled by specific initiators inturn reglilated

by cell cycle controls, ensllres an efficient completion of S phase, and may help coorùinute

replication and transcription (DePamphilis, 1993b; Coverley ,md Laskey, 19(4).

Eff0l1S have been made to reconcile the cases of apparent non-specilic initiations in

higher eukaryotes with the results obtained suggesting that specilic origins are requircd.

Most mapping techniques in faet identify the position of the initiation site, as distinct l'rom

an initiator-binding, cis-aeting origin control clement (Stillman, 1994), and if there is more

than one potential start site near this origin. some techniques like neutral-nelltral 2DGE

might show a large initiation zone, where other mapping methods localize only the most

common initiation site (Gilbert et al.. 1993). Several models have been proposed to explain

the apparently divergent results. The "Jesuit" model suggests that. as was the case for yeast

ARS. there are many more possible origins present in the genome than are required for

replieation, and a stochastic process. where the joint probabilities of initiator binding. DNA

unwinding, and initiation of new base synthesis are influenced by the chromosomul and

transcriptional context (which may be relaxed in sorne assay systems) to yield a finul

probability of any individual origin firing in any one S phase (Gilbert ct al., 1993). ln the

"strand separation" model, a very large unwound region is opened. an unstable initiation

zone is defined by chromatin loop domains. and duplex melting occurs at multiple

"microbubble" sites, followed by unwinding over a broad region ,md initiation ut multiple

possible sites within this initiation zone (Benbow et al.. 1992; Hamlin et al., 1994).

However. there is no good evidence as yet for the presence of the kilobase-sized single­

stranded regions predieted by this model. A "unidirectional bubble" model suggests that

predominant initiation sites exist. butlocallow effieieney secondary sites may be induced,

perhaps by structural stresses on the DNA near a primary origin, to unwind and initiate

leading strand priming and synthesis (DePamphilis, 1993a). The related "reformation"

model (Coverley and Laskey, 1994) allows for multiple initiations by polymerase
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u·primase in lhe origin region, which ar" eventually spooled through a polymerase li

holocnzyme complex "replication factory," that replaces the potentially inaccurale first bases

laid down.

ln facl, many of these models arc actually concerned with the events which

immediately follow activation of lhe origin. The question remains: what controls origin

activation in higher eukaryoles'l Extrapolating from the comparatively well-characterized

simpler prokaryotic and eukaryotic syslems already described, and adding what is known

from the currenl handful of higher eukaryolie origin regions which have been positively

idcntificd and characterized, a functional human replication origin is postulated to b.:

designcd Iike a multicomponent "promoter of DNA synthesis" (Held and Heintz, 1992;

DcPamphilis, 1993a). Its core would be an AT-rich DUE aClivated by an as-yet

uncharaelerized initialor protein recognizing an as-yet uncharactcrized binding sequence,

which may inc1ude unusual DNA secondary struclures whose presence may be influenced

by the local chromalin stale. Auxiliary sequences near the core, binding transcriplion

factors or enhancers, modulate the function of the iniliator and DUE either directly, or

through alterations in DNA or chromatin structure. The underlying nuclear matrix, a

cytoskelelal slructure, may serve to ground the iniliation and replication apparatus and to

define ch.omosomal replication domains, while the higher order chromosomal context

influences the choiee of which potential replicalion origins will be activaled.

The DNA Unwinding Element (DUE)

DUE are regions of reduced helical slabilily where lhe DNA duplex can be unwound

rellllively easily, a key step in the process ofreplication initiation. The thermodynamic cost

of duplex melting is partiaily offset by subsequent association of SSB's (like the human

RP-A protein), and is favoured by negative supercoiling, but opposed by the association of

duplex DNA with polyamines, histones, and other double strand DNA binding proleins

(Kornberg and Baker, 1992). DUE generally coincide Wilh AT-rich regions, since the two

hydrogen bonds present per AT base pair ure intrinsieally easier to break than the three

bonds present in Ge pairs. However, base stacking interactions are also a factor in the

energy cost of duplex melting; consequently, the DUE activity of a sequence is more than a

simple function of ATconlent (DePamphilis, 1993a). A computer program, "Thermodyn,"

has been developed by Kowalski und colleugues (Natale et al., 1992), which can calculate

the free energy for DNA strand separation as a function of sequence. DUE sites predicted

using this progmm have shown excellent correlation with the accepted standard method for

DUE identification, PI nuclease hypersensitivity mapping: PI endonuclease functions al
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neutral pH to CUI negatively supercoiled single stranded DNA (Williams and Kow'llski •

1993).

l'otenlial DUE sites arc not only found in model system origins. hut arc '1lso flllmd

in mammalian origin-enriched lihraries. autonomously rcl'Iicaling selluences. and known ;1/

v;vo chromosomal origins. Human (Tribioli cl .11.. 19!!7). monke)' (Rao cl al.. 1990). and

mouse (Dimitrova ct al.. 1993) origin-cnriched lihraries formed hy c10ning the shorl. newly

synthesized nascent slrand DNA produced at the beginning of S phase have hcen found hy

three independent groups 10 contain asymmetric c1usll'rs of AT-rich scquences. suggesting

that AT-rich potential DUE arc consistently associated wilh lhe DNA at or near active

mammalian replication origins. Deletion analysis of hunum (Wu cl al.. 1993a) and monkey

(Todd et al.. 1995) sequences displaying auIonomous replication acli\·;'y afler tnmsfection

into human l'clis has shown lhat AT-rich tracts arc pari of indispensuble 200 - 400 hp

minimal origin core regions. AT-rich DUE have been found in the chrol11osonml rcplicution

origins associated wilh lhe human l'-mye and hamster DHFR (Caddie ct ul.. 1990).

rhodopsin (Gale et al.. 1992). and RPS14 (Tasheva und Roufu. 1994) loci. In thc case of

l'-mye. Berberich ct ul. (1995) Imve shown lhat the thermodymnnic l'ost of unwinding 100

bp of lhe origin-associated DUE is 101 kcal/mol. similur to lhe l'ost of unwinding uttypical

yeasl ARS clements. and Jess than the energy requircd for unwinding .11 the SV40 origin.

Thus. it appears that areas of reduced duplex stability. generally including a stretch

of tens or hundreds of bases of DNA which l'un be as much us 75% AT-rich••Ire l'omIllon

features of ull replication origins. ineluding lhose of lhe human. DUE siles in modeJ

systems arc generally found immediutely beside an initiutor binding site; Del'amphilis

(1993a) poinls out that this may mean thal only on,' unidirectiomil replicalion fork l'un be

uctive immedialely following inilialion. processing away fromlhe inililllor complex. nt leust

until the initiator eomp1ex l'an collapse and allow lhe olher fork to replicute through the

origin core.

lt should he noled that AT-rich sequences may have olher funclions. besides ueting

us a DUE. The reduced helical stabilily of such regions facilitates the kinetics of switching

to alternate secondary DNA struclures. such a~ DNA cruciforms. Z-DNA. or triple-strunded

DNA (Caddie et al.. 1990). Bent DNA sequences are commonly AT-rich (Krajewski and

Razin. 1992). as are the consensus clements for nuclear matrix ulluchment regions. and

chromosome scaffold allachment and topoisomera~e Il binding sites (Tribioli ct al.. 19!!7).

Furthermore.just a~ the yeast ARS core initiator binding clement WTTTATRTTTW is AT­

rich (Gale et al., 1992), mammalian AT-rich sequences may also conlain the binding site for

an initiator protein (Galli et al.• 1992).
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Initiator Protein

The initiator protein is the central trans-acting factor operating at a replication ongin.

Examples of such proteins from replication model systems include E. coli dnaA, ~O, SV40

large T antigen, EBNA-I of EBV, and ORC of S. cerevisiae. Perhaps the latter can be

expected to be the c10sest homolog of a higher eukaryotic initiator. ORC is a rare protein in

the cell, and specifically footpnnts the minimal origin core, although it is responsible for

only one of the several footprints found in the origin region (Bell and Stillman, 1992).

Higher eukaryotes are expected to employa similar ongin-binding initiator protein, perhaps

functioning, as in some model systems, through a cooperative oligomerization or

multifunctional complex to wrap the origin DNA around itself and alter local DNA

structure, facilitating duplex unwinding (Stillman, 1994). Such a protein might remain

bound throughout the cell cycle, waiting for a signal to start its work, under the influence of

cell cycle controls including a licensing factor which limits initiation to once per S phase

(Diffley et al., 1994).

Several strategies have been employed in the search for a mammalian initiator

protein. In the absence of any generally-accepted minimal origin consensus element

eq:Jivalent to the yeast ARS, some groups have investigated the proteins binding in the

neighbourhood of known replication origins or binding to early-replicated nascent strand

DNA, while others have looked at factors which bind DNA structures associated with

ongins, or alternatively at proteins which are bound by certain replication inhibitors.

Bergemann and Johnson (1992) examined a known human origin mapped to a

position just 5' of the C-IIlYc gene. A 28 kD HeLa protein, christened the PUR factor,

footprinted the single-stranded form of a purine-rich region of bent DNA containing the

consensus element GGNNGAGGGAGARRRR, also found near other origin and promoter

regions. The PUR factor may serve to induce a DNA bend which may alter local DNA

structure, but a causative role in initiating unwinding is difficult to envisage for a protein

which recognizes single-stranded DNA. PUR may function in replication, or its role may

instead concern transcription or recombination.

Iguchi-Ariga and coworkers suggested in 1987 that since anti-c-myc antibodies

inhibit cellular replication, and c-IIlYc binding sites exist in short autonomously replicating

mouse fragments, that C-IIlYC is a candidate mammalian initiator protein. The c-IIlYc protein

recognizes a TCTCTTA motif present in a 21 bp minimal autonomously replicating

sequence derived from the chromosomal origin region 2 kb upstream of the c-IIlYc gene

(Ariga et al., 1989). A c-myc binding site has also been found in the lamin B2 origin,

located in '.1 transcriptionally active region on the short arm of human chromosome 19
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(Biamonti et al., 1992), and in an origin mapped in the promoter of human heut shoek

protein 70 (Taira et al., 1994). The role of e-lII)'c in eell physiology hus now been

convincingly shown to he that of a carefully regulated transcription factor component (Ayer

et al., 1993), and thus any function it may have in replication is mostlikely us un uuxiliury

factor. The Ariga group hus subsequently identified other protein binding uctivities which

specifically bind to their 21 bp minimul autonomously replicating sequence. The 50 kD

MSSP-I protein recognizes un AT-rich WCTWWT motif, has homology to RNA binding
factors, and is expressed in G1 und S phases in most humun tissues except the bruin

(Negishi et al., 1994); MSSP-I muy interuct with transcription fuctors like C-III)'C, but its

primary function in initiation now seems likely to be us an upstreum fuctor involved in ccII
cycle control (Takai et ul., 1994). A closely-related but sepunllely-encoded 52 kD protein,

MSSP-2, binds the same AT-rich sequence from the 5' C-III)'C origin region, und is ulso

hypothesi' "1to be involved in cell cycle control over tmnscription or replicution.

The well-churueterized humster DHFR associated 3' origin hus ulso been seurched
for tralls-uctivating factors (Humlin et al., 1994), und u 60 kD protein, RIP60, hus been

found which recognizes a sequence SOO bp away from the most likely initiation site, neur a

region of bent DNA. RIP60 binds cooperatively to ATT repeats, oligomerizes, und

establishes looped-out supereoiIed chromatin domuins (in a fushion similur to EBNA-I)

which may eontribute to duplex unwinding (Mustrangelo et ul., 1993). However, un ill

vivo physiological role for RIP60 in initiation has yet to be demonstrated.

Because there remain few examples of completely sequeneed, known mammuliun

origins with a small, defined critical region, another approach that has been tuken is the

isolution and eloning of short nascent strands encompassing initiation sites und their

flanking regions, which are then probed for proteins which consistently bind this origin­

enriched DNA. Using such u strategy, Dimitrova etuI. (1993) have identified a 63 kD/65

kD protein doublet bound to replication initiation sequences, while Ruiz etuI. (1995) have

identified u ISO kD protein whieh specifically reeognizes the minimul region required for the

autonomous replication of the nascent strand clone orsS, und which copurifies with several

replieation elongation factors in a HeLa cell fraction capable of supporting initiation and

autonomous replieation ill vitro.

The novel approach employed by Pearson et al. (I994a) involves the search for

factors which bind specific DNA structures associated with replication origins. An

engineered, stable DNA cruciform (Nobile and Martin, 19S6) served to identify a novel 66

kD cruciform-specific binding protein (CBP); given the frequ~nt association of inverted

repeat elements with replication origins, CBP becomes an immediate candidate for a

potential human initiator protein (Boulikus, 1995).
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A completely different tactic for the identification of a mammalian initiator involves

the study of replication inhibitors. The tyrosine analog mimosine causes a characteristic

slow-stop inhibition of replication atthe DHFR origin, suggestive of a block in the initiation
step (Hamlin et al., 1993). This drug can be crosslinked to a 50 kD protein, termed MBP

or p50, with a pl of7.0 (although it may undergo optional posHranslational modifications).

Protein levels and the mimosine binding activity of p50 are constant throughout the cell
cycle (Mosca et al., 1995). It is not yet clear where this protein may function in the

initiation of replication, and recent data (Gilbert et al., 1995) showing that mimosine is
actually an inhibitor of elongation rather than initiation suggests that p50 probably does not

function as an initator afler ail.
A protease inhibitor, aprotinin, inhibits initiation and replication of isolated nuclei in

a semi-in vitro system (CofflTiiil et al., 1993a). An aprotinin-binding protein (ADR) greater

than 90 kD in size has been identified which stimulates polymerase lX- and ll-dependent

DNA synthesis; the authors suggest that ADR is vital for initiation in vitro, but ils exact role

in replication has yet to be determined (Coffman et al., 1993b).

In spite of intense efforts, there remains as yet no definitive, proven mammalian

initiator protein. The lack, in mammals, of an identified, minimal origin consensus

sequence has hampered this work, but more mammalian origins are being identified, cell

cycle controIs which may interact with initiators are being sorted out, and work is

progressing rapidly on sorne candidate initiator proteins.

DNA Cruciforms

Inverted repeat (palindromic) DNA elements have been implicated in the structure of

single-strand replication start sites such as E. coli pas sequences, the mitochondrial oriL,
parvoviruses, and the 04, Ff, MI3, and <IlXI74 phages (Kornberg and Baker, 1992; Wang

et al., 1993), as weil as in replication origins of the ColEI, pSClOl, pT/81, F and R

prokaryotic plasmids, ~ phage, E. coli, SV40, Herpes Simplex Virus, EBV, BPV, and the

yeast 211 and other fungal plasmids (Almasan and Mishra, 1990; Kornberg and Baker,

1992). Overall, inverted repeat sequences (IR) are quite common in eukaryotes, where they

are hypothesized to be formed by polymerase "backtracking" afler hitting a block to

replication (Cohen et al., 1994). An estimated 2x106 inverted repeat elements are present in

the human genome, representing 6% of total DNA. Prokaryotes, where palindromic DNA

elements are notoriously difficu1t to maintain on plasmids (Frappier et al., 1989), typically
contain far fewer IR (Komberg and Baker, 1992).
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The DNA cruciform is an alternate secondary structure, silllilur to the Holliduy
junction, whieh ean be formed at inverted repeut elements by the extrusion of huirpin Joops

l'rom both strands. Hydrogen bonds ure Illaintuined ut the 4-wuy junetion ut the buse of the

stems, as weil as on each extruded B-helix stem, but notutulllinimum 3 buse loop present
ut the tip of each newly extruded cruciform urm. Cruciform formution is favoured by

negative supercoiling, because the intrastrand twists of the cruciforlll which replucc the

interstrand twists of the linear duplex remove one supercoil per ID buse pllirs (Kornberg

and Baker, 1992). Importantly, cruciform extrusion is also fuvoured by the presence of

flanking AT-rich sequence tructs (Bowater et al., 1991), and may fucilitate llction of

neighbouring DUE. Cruciforms are not bound by nucleosomes (Pearson et al., 1994u),

and are not as stable as the parentlineur duplex beeause of the thermodynamie cost of the

single strand 100ps, and sterÎc limitations induced atthe base. In spite of the kinetie und

thermodynamic barriers against adoption of this secondary structure, analysis with specitic

nucleases (such as T7 endonuclease 1) suggests that cruciforms do form lmnsiently at

inverled repeat sequences in genomic DNA. In theory, even small inverted rcpcats can
form transiently stable cruciforms, with stems containing four or morc base pairs and loops

with less than 20 unpaired bases; such potential cruciforms can bc identilied by eomputer

analysis using the Genetics Computer Group STEMLOOP program (Williums und

Kowulski, 1993).

Cruciforms have been demonstrated to form atthe replicalion origins of the pT 181

prokaryotic plasmid (Wang et al., 1993), SV40 (Hsu, 1985), und EBV (Williams und

Kowulski, 1993). In mammals, early replicated naseent strands and autonomously

replieating sequenees have been demonstrated to be highly enriched for inverted repeat

clements (Iguchi-Ariga et al., 1987; Tribioli et al., 1987; Rao ct uI., 1990), und the

published humster DHFR origin sequence contains a 46 bp poly (AT) repeut (Cuddle etuI.,

1990) capable of forming mllllY alternative cruciform structures.

In order to study the association of cruciforms with replication origins, a tool was

needed to probe for cruciform formation in vivo. A breakthrough in the field came with the

development of monoclonal antibodies direeted against an engineered stable cruciform

llIltigen whieh had been formed by heteroduplexing two DNA slrands with differing cenlral

IR sequences (Frappier et al., 1987). These anti-eruciform monoclonal antibodies

reeognize, specifically, the cruciform DNA structure and not double Sl.randed Iinear DNA,

by binding to the four-way junetion at the base of the crueiform stem loop in a sequence

independent fashion (Frappier et al., 1989). Using this arolibody, severallines of evidence

have been found to suggest the association of DNA crueiforms with human origins of DNA

replication. First, introdueing llIlti-eruciform monocionallllltibodies into permeabilizcd eells
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enhances S phase nucleotide incorporation by a factor of two to seven; genes (like c-myc)

close to known replication origins are amplified, suggesting that the antibody might bind

and stabilize otherwise transient cruciform structures and thereby aIlow multiple rounds of

initiation to proceed from each associated origin (Zannis-Hadjopoulos et al., 1988).

Secondly, immunofluorescent labeling of human cells with the anti-cruciform monoclonal

antibody demonstrates that cruciforms are limited to S phase, and in fact peak at the very

beginning of S (Ward et al., 1990). There are on the order of 105 cruciforms per nucleus,

matching the estimated number of active human replication origins, and the observed

biphasic peaks of antibody binding within S immediately precede bursts in nucleotide

incorporation. Finally, anti-cruciform immunoaffinity purification of genomic DNA

fragments has created Iibraries not only enriched for previously-identified origin sequences,

but also highly enriched for autonomously replicating sequences (Bell et al., 1991).

Inverted repeat elements can act as protein binding sites (Tribioli et al., 1987); for

example, the estrogen, glucocorticoid, and thyroxine steroid-type receptors function as

dimers and recognize inverted repeat DNA as their "response element" (Mader et al., 1993).

However, the unique structural determinants present at the DNA cruciform present a

particularly attractive site for protein recognition (Pearson et al., 1994a). A number of

proteins involved in DNA recombination recognize and bind the cruciform motif, as do

HMGI, an abundant mammalian DNA-binding protein which helps in establishing higher

order DNA structure (Pauli and Johnson, 1995), Sry, the mammalian sex-determining

protein (Harley and Goodfellow, 1994), the E. coli HU protein, which facilitates orie

unwinding in vivo (Bonnefoy et al., 1994), and the pTI81 initiator protein, RepC (Wang et

al., 1993).

Recently .. using a stable heteroduplex cruciform as a probe for cellular proteins

binding to a cruciform motif, a novel human protein, designated CBP, has been identified

(Pearson et al., 1994a). CBP binding is structure- instead of sequence-specific,

recognizing existing cruciforms, but not inducing cruciforms from Iinear IR DNA. Cellular

levels of this protein peak in late G I. Binding of the 66 kD CBP affects the regional DNA

structure, increasing the binding of sorne other proteins to neighbouring Iinear DNA

regions. Thus, the properties of the CBP make it an attractive candidate for a potential

human initiator protein.

Although cruciforms are not, apparently, closely associated with the nuclear matrix

(Ward et al., 1991), at least one author (Boulikas, 1995) has presented a model of the

mammalian replication origin with a cruciform as the core, initiator-binding element,

activating a neighbouring DUE in conjunction with transcription factors to initiate

replication.
_.:------'
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DNA direct repeats could also alter their slructure to produce single-slranded rogions

for replication priming, according 10 anolher model (Wanka, 1991), bul only al u much
higher energetic cost.

Other Secondmy Structures Associated with Origjn Actjvity

Several other potential DNA secondary structures have been associated wilh
replication origins, including bent DNA, triple-stranded DNA, und Z-DNA.

Bends in the longitudinal axis of the double helix can occur in any 50 bp or longer

sequence, containing in one strand runs of throe to six adenines repeated with a len to
eleven base pair periodicity, which causes a narrowing of the minor groove at the same

place in consecutive helical turns (Kornberg and Baker, 1992). Such a bend couId facilitale

binding of proteins Iike topoisomerases, or alternalively DNA bending couId itself be

induced by the binding of other proteins sueh as the PUR factor (Bergemann and Johnson,

1992). "Antibent" sequences, oligo d·A with a six to eight base periodicily, resisl prolein­

induced bending and may funetion as DUE when placed next to a benl sequence. The

presence of DNA bending is assayed using two dimensional eleelrophoresis, room
temperature agarose followed by conformation-sensitive 4°C acrylamide gels (CaddIe ct al.,

1990; Todd et al., 1995). Bent sequences have been found near the À and SV40 origins, in

ARS elements replicating in yeast (Nakajima et al., 1993), in the minimal deleled nascenl

strand ors8 monkey autonomously replicaling sequence (Todd et al., 1995), and in the

regions of the hamster DHFR (Caddie el al., 1990), hamster RPS14 (Tasheva and Roufa,

1994), human ~-globin (Wadakiyama and Kiyama, 1995), and human c-mye (Bergemann

and Johnson, 1992) replication origins. At this poinl, however, no role for bent DNA has

been proven in the mechanism of origin activation, and alleast in the case of BPV, bends

near the origin are functionally dispensable (Schuller et al., 1994).

Triple-stranded DNA is an alternate conformation for long homopurine :

homopyrimidine sequences. A denatured portion of the polypyrimidine tracl loops back

and forms Hoogsteen hydrogen bonds with the purine rich strand of an A-form duplex

(which has pre-existing Watson-Crick hydrogen bonds with the upstream portion of the

homopyrimidine sequence). The reversed strand polarity c&ncels out one negalive superooil

per eleven bases of triplex DNA, but the baekbone distortions and single-stranded leftover

homopurine DNA make this a very high energy state. Triplex DNA is only formed in vitro

in plasmids with extensive supercoiling, at an acidic pH that protonates cytosine, a

prerequisite for Hoogsteen hydrogen bonds. Caddie et al. (1990) have shown that the

DHFR origin has a potential triplex that can form in vitro at pH 5.2, and suggest that if such
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a structure could form transiently in vivo, it would create a single-stranded region for

priming of DNA synthesis. Polypyrimidine traets have also been reported in the human c­

mye and hamster rhodopsin origins (Benbow et al., 1992), and act as preferred start sites

for mammalian polymerase o:·primase in vitro (Suzuki et al., 1993). There is no evidence,

as of yet, that triple-strand structures form in vivo at mammalian origins under

physiologieal conditions.

Z-DNA, a left handed helical structure less stable than the right handed B-helix,

removes one negative supercoil per six base pairs, but the B-Z transition region between

helical types is thermodynamically expensive (Kornberg and Baker, 1992). Z-DNA can be

formed at physiological pH at a (GC)S(AC)18 tract near the DHFR origin (Bianchi et al.,

1990), but has not been found us a regular feature at other replication origins.

Transcription Factors

Tnmscription and replication are broadly similar, both involving the unwinding of

the genomic DNA duplex and the processive addition of new nucleotide monomers to a

growing complementary nucleic acid strand. However, these two fundamental cellular

processes are physiologicially coupled in more ways than one; not only are RNA primers

used to begin each na~cent DNA strand, but also the cis-acting auxiliary components which

enhance core origin function have turned out to be transcription factor binding sites

(DePamphilis, 1993a). In fact, the replication origin can really be looked on as a

"promoter" of DNA replication.

Eukaryotes use three separate RNA polymerases: RNAP 1 for rRNA transcription,

RNAP II for mRNA, and RNAP III for tRNA. Each requires its own series of

transcription factors to recognize a promoter site, since the association of an RNA

polymerase with its template is intentionally weak, to facilitate processivity. Typical genes

coding for mRNA have several promoter components: a CA site at position + l, and

upstreum of the star! site a "TATA" box with consensus TATAWAW around posilion -25

(recognized by TFIID), several olher upslream activaling sequences Iike lhe CP-I/CAAT

box and Sp 1 GC box, and often al sorne distance from lhis promoler region, a

transcriplional "enhancer" which binds often powerful, lissue-specific factors Iike AP-I,

NF-KB, or sleroid receplors. The minimul core promoler binds lhe common TFII

componenls which inleracl direclly wilh RNAP II, while upslream sequences, aCling in a

more gene- or lissue- specific fashion, arc hypolhesized to funclion in one of several ways:

by louding the TFII proleins, by displacing hislones, by altering regional chromatin
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structure to facilitate transcription, or by forming DNA loops which place crilical regions in

closer apposition.

How might transcription factor binding be related to lhe function of origins of DNA

replication? DePamphilis (l993a) has proposed several models. First, RNA lranscripls

promoted by origin-associated tmnscription factors can serve as primers for DNA

replication. While this mechanism is utilizcd in prokuryotic systems Iike the T-odd series of

phages and ColE 1 plasmids, the only documentcd case of eukaryotic transcription-primed

replication occurs at the mitochondrial OH, which builds on a lranscript iniliated at the

mitochondrial light-strand promoter. Alternatively, transcription factors can fllnction by

directing the loading of the initiator complex (as is the role for host NF-I in adenovirlls

replication or viral E2 in BPV initiations) or other components of the replieation apparat liS,

sllch as the mammalian SSB RP-A, which can be recrllited to viml origins by the E2 (Li ct

al., 1993), p53, VP16 or GAL4 transcription factors (Coverley and Laskey, 1994). For

this reason, DePamphilis (1993a) has presented a model of a ellkaryotic replication origin

showing possible direct interactions between auxiliary-seqllence-binding transcription

factors and both the initiator complex and replication apparalus. However, in a third model

these interactions may not be based on the loading of important proteins, but instead 011

activation of the bound initiator, such that transcription factors facilitate lhe luter steps of

initiation, duplex unwinding and the addition of the first new bases. A final proposed

mechanism for the activation of origins by transcription factors suggests that they function

in preventing chromatin-structure mediated repression of origin flll1ction, by displacing

histones or cOllnteracting chromatin hypercondensation. This model explains lhal distant

enhancers can facilitate origin activation at the chromosome domain level, and is gel1erally

consistent with the observation that euchromutin replicates much earlier in S than does

heterochromatin.

These models make predictions about the organizalion of auxiliary binding sites

(DePamphilis, 1988). If transcription factors act by direct interaction with the iniliator, lhey

would be expected to lie in a fixed orientation close to the origin core, but if their action is

through facilitating unwinding, they may billd neal' the DUE rather than the illiliator.

Alterations to chromatin structure couId be possible even with bindillg sites several

kilobases away.

Unfortunately, most of the studies probing the role of particular transcription factors

in origin function have been carried out in viral systems, which may be pOOl' models for

what goes on in the mammalian genome (Biamonti et al., 1992), and which have sometimes

given contradictory results. Guo et al. (1989) have shown that in SV40, the host AP-I,

SpI, and NF-I transcription factors act at the auxiliary sites by facilitating origin
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unwinding, and not by priming active transcription, assisting in the (oading of T-Ag, or

displacing histones. In BPV, the situation seems different; evidence suggests thatthe E2

enhancer displaces histones to increase the specitic interaction of the El initiator with the

origin (Li ct al., 1993). Different mechanisms are suggested, for example, when SV40 is

sludicd ill vivo versus ill vitro (Coverley and Laskey, 1994). Clearly, the role that

transcription factors do play at the origin is still a matter of active debate. Il is agreed,

howevcr, thatthe ability of transcription factors to stimulate replication does not correlate

quantitatively with their ability to stimulate transcription (Bennett et al., 1989; DePamphilis,

1993a). From studies in yeast, it is known that relatively "weak" transcription factors are

often the oncs present at origins, including negative regulators which decrease or silence

transcription, and thatthe function of a factor is to sorne extent interchangeable with that of

other trunscription factors (Marahrens and Stillman, 1992).

A consistent observation, in mammals, is thatlranscriptionally active euchromatic

DNA replicates atthe beginning of S phase. Ali of the mammalian chromosomal replication

origins isolated and sequenced to datc have come l'rom tl':mscriptionally active regions of the

genome. In repetitive ribosomal DNA regions, replication initiates in the intergenic spacer

betwcen rDNA genes. The functional components of the c-mye associated origin which

confer autonomous replication capacity onto plasmids are contained within a 2.4 kb

genomic fragmentlocated immediately 5' to exon l, containing ail key portions of the c­

mye promoter domain (McWhinney and Leffak, 1988). An origin activated at the

beginning of S has been mapped at high resolution by Biamonti et al. (1992) to a position

on the short arm of human chromosome 19 (I9p 13.3) centered on a 600 bp spacer

separating the active nuclear lamin B2 gene l'rom a second, unidentified transcripl.

Recently, it has become clear that in humans, origins may l'eside on actively trunscribed

DNA, becausc: human cDNA clones arc enriched for autonomously replicaling sequences

(Wu ct al., 1993a). Chromosomal ill vivo origin activity for one such sequence has been

demonstrated by nascent strand PCR (Wu et al., 1993b), and mapped to chromosome 6,

region q22-qter (Shihab-EI-Deen et al., 1993). Two groups have used the nascent strand

PCR technique to map an origin to the murine immunoglobulin heavy chain intronic

enhancer (EIl), between the J and Cil regions of this important locus (Ariizumi et al., 1993;

Iguchi-Ariga et al., 1993). Interestingly, the Ell origin is only able to confer autonomous

replication onto plasmids transfected into B lymphocytes, and is used during S phase at

least tcn times more often in B ceUs than in fibroblasts; nonlymphoid ceIls which do not

have a transcriptionally-active IgH gene replicate this locus l'rom a downstream initiation

site (Ariizumi ct al., 1993).
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Timing of replication within S phase is not controlled by the E!l enhanccr and origin

(Ariizumi et al.. 1993); Stillman (1994) notes that in the case oflhe hunmn Il-glohin locus.

sludies have shown Ihatthe Locus Control Region. which is not a functional component of

the p-globin-associated replication origin. not only activates transcription in the globin gene

c!uster but simultaneously controls timing of origin activation within S. suggesting thal

timing of activation may be a function of higher order stnlcturc. while lisage of a repliention

origin is determined at a locallevel.

While most authors have assumed thnt it is transcription whieh mOllulntes

replication. it may welltufll out to he the other wny nround in some enses. Coverley and

Laskey (1994) suggest that replient ion of 01 gene lenves it in 01 transient stnte. hefme

chromatin pncking and condensntion is reestnblished. highly conducive 10 net ive

transcription. and thus replication may serve to activnle genes otherwise repressed hy

chromatin structure. In the case of E!!. the enhancer nmy function !irst hy netivnting its

associnted replication origin, which then lends to a secondary chnnge in chromnlin slruclure

necessary for VOl recombination and active transcription (Ariizumi ct nI.. 1993). Boulikus

(1995) hus suggested thnt alltrnnscription enhnncers function olS "replicntion enhnneers,"

nnd thut the resulting nctive origin is mechnnisticnlly required for Inlllscri pl ionnl

enhancemenl. Another model suggesting thnt replication origins control transcriplion in

neighbouring loci was proposed by Smithies (1982), who hypothesized tlml the direction of

replicalion through a gene could "open" that gene for Iranscription if the replicntion fork

proceeds in the same direction as transcription. or "close" the gene if it is replicnled in Ihe

reverse polarily from ils coding. For example. lhe C-IIIYC and p-globin origins nre locnled 5'

to lheir genes and support lhis model, while DHFR does not. As nn OIS ide, 01 consequence

of anlilrnnscriplional replicalion mOlY be a "fork collision," nnd if lhis slnlls or tel111innles

replicalion, lhe resull may be an apparenlly unidirectional or imbalnnced hidirectionnl

replicalion process from the responsible origin (Ariizumi cl al., 1993).

Ail lhings considered. lhe mechnnism of the observed nssocinlion belween

replicalion and lranscriplion is slill a subject of inlense sludy. The role lhnt lranscriplion

faclors play in origin biology is nol l'ully underslood, nnd mOlY vnry nI differenl origins.

The biological reasons for lhe interconneclion of lhese fundamenlal processes remnin to be

worked ouI even allhe basic level of c'luse-and-eflcel.

Known mammalian repliention origins displny mnny differenl nuxiliary lranscription

faclor binding elemenls. The murine IgH imronic enhnncer E!! contnins siles for lhirleen

different lranscription faclors. including Ocl- J, 2, and 3, a series of NF!! clements, USF.

and others (Slaudl and Lenardo, 1991); a minimal aUlonomously replicating sequence

derived from El! contains a TNATTTGCAT molif reeognizing Oel-I and NF-Ill (lguchi-
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Ariga ct al., 1993). Oet-I is a relatively common finding in origins; a near match to the

consensus binding site is assoeiated with the minimal ors8 autonomously replieating

~equence (Todd ct al., 1995), and two perfect matches, together wilh an AP-I site, are

found in the 3' DHFR origin (DePamphilis, 1993a). The hamster rhodopsin origin, in

contrast, lacks Oct-l, but has AP-I and NF-III, as weil as a CP-I/CAAT box (Gale et al.,

1992). The hamster RPS 14 origin is similar to rhodopsin, with NF-l instead of NF-III,

and additional sites for p53 and Sp1. The 5' e-mye origin contains basic promoter elements

Iike the TFllD TATA box, and siles for NF-l as weil as for other proteins Iike mye, PUR

and MSSP whieh may be either initiators or transcription factors (Negishi ct al., 1994;

Berberich ct al., 1995). The 19p13.3 lamin B2 origin also contains a site for the mye

protein, as weil as forSpl and suspected enhaneers (Tribioli et al., 1987; Biamonti et al.,

1992).

Consensus Sequences Present at Mammalian Replication Origins

The many transcription factors and potential initiator proteins associated with origin

regions illustrate an important problem in the field, the definition of what functional CÎs­

acting DNA consensus sequences are present at higher eukaryotie replieation origins.

Computer methods arc available which identify common clements in different

sequence fragments, by using a weight matrix technique to define the probability of each

base in a sequence being conserved across a group of aligned fragments (Staden, 1984).

Such l11ethodology has proven useful in identifying consensus sequences for spliee

junetions, ribosome binding sites, and conserved promoter elements, where the RNA or

cDNA positions relative to genomic DNA provide an obvious landmark for the alignment of

different fragments.

Short consensus elements which function as protein binding sites have also been

identilied precisel',: and more directly through DNA footprinting techniques, which ean be

enzymatic or chemical and probe interactions ill vitro or even ill vivo (Rein et al., 1994).

Similar information on the DNA sequences required for factor recognition ean be obtained

by eombining bandshift assays or southwestern blots with the synthesis of selective

oligonuc1eotide mutants.

Se~eral sequence elements thought to be assoeiated with replication origins have

been defined with the above techniques. AT-rieh ten base pair seaffold attaehment region

(SAR) consensus sequences, whieh may mediate association of DNA with the chromosome

seaffold (termed by others the nuelear matrix), were identified by testing labeled fragments

for binding to an immobilized DrosoplJila scaffold preparation (Gasser and Laemmli,
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1986). When later eompared with a number of sequences found to altach to the nudeal'

matrix in other organisms, only a very short perfect common consensus (A'ITA or Al1TAl

eould be derived, which is also found in homeobox domains ami in Ihe Oct-I transcription

factor binding site (Boulikas. 1992). The pyrimidine-rich primase stmt sitc conscnsus was

determined by applying an in vitro primase assay to synthctic oligonuclcotide suhstrates

(Suzuki ct al., 1993). The recognition of ATT rcpeats hy RIP60 \Vas cstahlishcd hy DNase

1 protection assay (Mastrangelo ct al., 1993), while the HeLa PUR f'lctor consensus

GGNNGAGGGAGARRR was detcrmined by bandshifl assay and computer analysis of

GenBank sequences (Berge'11ann and Johnson. 1992). Following dcletion studies that

established a minimallength autonomously repliealing sequence. soulhweslern hlolting and

DNase 1 protection assays were used to establish binding sites fol' the mye protein and

MSSP factors (Ariga et al.. 1989; Negishi ct al., 1994).

When the complete sequence of 1111 origin rcgion has bccn obtuincd, il is a rclutively

simple malter to look for matches to these consensus clements. any of dozens of known

transcription factors, or to repetitive DNA clements or other homologous sequences in

GenBank. As a result, the lamin B2 origin has been nllltched to the topoisomerase Il

recognition site, the Sp 1 transcription factor. and the Alli rcpclitivc clemcnt (Trihioli ct al,

1987). Nascent strand ors clones arc enrichcd for SAR, ycast ARS, the Jl-globin control

element CACCC, and thc BI intron (Rao ct al.. 1990). The hamster rhodopsin origin

region contains SAR. ARS. Alli, B l, and transcriplion factor siles Iike Ap-I, Oct-l, and

CP-l/CCAAT (Gale ct al., 1992), while the mouse 3' adenosine deuminase origin has PUR

and RIP6D sites. in addilion to NF-l, Oet-I. p53. ARS, and matrix altachmenl matches

(Virta-Pearlman ct al., 1993). The minimal form of the 343 origin carries SAR and yeasl

ARS matches (Wu et al., 1993a).

Few consensus clements have shown up eonsistently, but when a malch is found. a

second question must be asked which is. unfortunately. alltoo frequently ignored: what is

the statistieal significance of having lound this match'! When no funetional IOle in origin

aClivalion has been definilively assigned 10 a particular binding site. il is cspecially

importanlto understand the probability of a match oceurring strictly by random c111Il1CC in a

sequence of the same length. if one wishes 10 imply that the presence of a consensus

elemenl is Iike1y to be biologieally important. Assuming thatthe clements to be scarched for

are defined li priori, Ihe significance of a match ean be determined by finding the expccted

number of times a parlicular base sequence wil] oceur by chance in a random DNA

sequence of Ihe same size and base eomposilion as the analyzed region (Rao ct al.. 1990).

A 95% confidence interval can be assigned 10 this value. and the case for lhe funelional

relevance of a match is made much slronger if it is presenl significanlly more often than
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would be expected by chance. Because genomic sequences arc not random, the resulling

values should have laken into accounl lhe overall AT-richness of a sequence (Rao cl al.,

1990).

The real goal of origin sequence analysis is the iûenlificalion of a common binding

site for an as-yet undelermined mammalian inilialor prolein, which could lhen be used 10

isolate lhal proIe in, the slralegy lhal proved successful in yeas!. However, as Rao cl al.

(1990) stale, "an enormous difference exists belween looking for a previously eSlablished

consensus in any slrelch of DNA and deducing a new consensus from lhe malching of Iwo

[or more) slrelches of DNA." The lalter problem is far more difficult, and especially so in

the case of a search for origin cOlllponents, where the first problem in aligning two

sequences is knowing which complementary orientation to choose (when key transcription­

related consensus clements were determined, the difference between lhe "coding slrand"

and "telllplate strand" was obvious). Multiple sequence alignment algorilhms (Higgins and

Sharp, 1989) could separale slrands into Iwo groups for comparison, but only if the

consensus among them is large relative to their length. Secondly, it is unclear where

sequences for compurison should be aligned, in the absence of any landmark for exact

origin position. This problem can approaeh inlractability when deuling with large

sequences, but is Illanageable where minimal origin clements can be defined. Third, if the

key origin components are slruclure- inslead of sequence-specific, analysis for common

base sequences will fail. Fourth, lhere is the possibility that origins may fall into a number

of different subfamilies which have differenl core elements, mueh as they appear able 10 use

:IIlY of a number of differenl transcription faclors. Finally, lhe consensus may tum out to

be a short. degenerate clement like the yeast ARS (Kipling and Kearsey, 1990), which in

the absence of functional data can only be recognized with confidence after computer

analysis of a very large number of sequences. Because DNA is composed of only four

bases, ail sequences eomparisions have a defaull expected homology of 25%.

Consensus mitochondrial origins have been relalively easy to determine, because

lhere is a defined strand polarity, lranseriptional starl sile. and primer cleavage sile

(AlmIL~an and Mishra. 1990). Identification of lhe yeasl ARS consensus WTTTATRTTTW

was facililaled by lhe availabilily of a large number of minimal origin sequences defined by

ARS plasmid assay. One group (Dobbs el al., 1994) has altempted a thorough compuler

lInalysis of rellllions belween published sequences of six higher eukaryotie repliclllion

origins, lhose lIssoeillted wilh TetralrymellCl rDNA, Dro.l'oplri/C1 chorion gene. chicken

hislone H5. hllmster DHFR lInd rhodopsin, lInd hUlUlIn c-myc. They find eommon

elements include potentilll DUE. pyrimidine-rieh primase start siles. SAR, lInd various

tmnscription flle tors, lInd derive li degenerule consensus sequence present in eaeh:
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WAWTTDDWWWDHWGWHMAWTT. While the)' show Ihat this panicular sequence is

present more commonly than would be expeeled by chance in a rmlllolll sequence. th.1l

claim is only relevant when the consensus is defineù Il pr;"r;. The Illore complicated

question of whal the chances arc of any 21 bp consensus of equivalent degenemey falling

out of any comparison of six random sequences of the same size (i.e. the signilicance of the

fact that they found a consensus) is left unadùressed. Also. the identilied sequence could

be an associated functional clement. like a DUE or SAR. ralher than an initiato!' hilllling

site.

Ullimatcly. biologica1 proof of the l'devance of any idenlilied consensus dement is

required. In the search for a mamlllalian initiator-binding demelll. it would he helpful if a

large number of relatively short origin sequences l'rom a single organislll couId he

identilied. Until then. the best way to predictthe presence of origins in a sequence may he

through the search for clusters of origin-associated c1emenls (DUE's. potential crucifllrms.

transcription factors. SAR's).

Nuclear Matrix

The nuclear matrix. an entity lirst recognized in the l'Ile 1950s, is the illlermediate­

tilament-like cyloskeletal meshwork remaining in a nucleus after the digestion of 'III

ehromalin (Georgiev ct al.. 1991). Through periodic altachments lU this insoluble

proteinaceous matrix. nuclear DNA is organized into 10 - 100 kb lUpologieally-constmined

loop domains. A related structure, the chromosome seaffold, may represenl a collapsed

furm of the matrix present during mitosis.

A "matrix fraction" of subcellular material can be obtained by high salt or detergenl

extraction of nuclease-treated. washed isolated nuclei. and contains essentially ail cellular

DNA and RNA polymerase activity, as well as prinmses. Illpoisomerases. DNA

methylases. and transcription factors (Mah ct al., 1993); thus. the proeesses of transeriplion

and replication appear to occur in close association with the nuclear matrix. pcrhaps tll allow

for management of loop topology. Thorough microscopie examinations have shown thut

human DNA replication occurs in distinct "replication factories" on the nudear matrix

(Hozak et al., 1993), and the exogenous DNA of invading viruses also assembles onto the

matrix while replicating (Jankelevich et al.. 1992; Chaly and Chen. 1993).

In prokaryotes, repliealion origins are grounded by fixation to the plasma

membrane, and there is abundant evidence that eukaryotic origins arc similurly grounded, in

this case through attaehment to the nuclear matrix (R,azin ct al., 1990). The earliest

replieated DNA in the ceIl, the extrudable nuscent strands, is bound by the nucleur matrix,
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and the little DNA remaining in the matrix fraction;' highly enriched for autonomously

replicating sequences, to the point where it has been estimated that about half of ail

chromosomal matrix allachment regions include replication origins (Georgiev et al., 1991).

Matrix allachment may be a key char<1cteristic which defines a sequence as an in vivo origin,

since in the otherwise relaxed Xenopu.I' oocyte system, only nuclear matrix-packaged DNA
has been found to initiate correctly at specific origin sequences (Gilbert ct al., 1993).

Since the earliest replicated DNA stays fixed to the matrix, it is postulated thatthere

is a constitutive allachment of origins to the nuclear matrix (Razin et al., 1990). Each
chromosome may be allached to the nuclear membrane at one point, and to the nuclear

matrix at many other points, including ail of its replication origins (Georgiev et al., 1991).

A model of a fixed replisome remaining allached to the nuclear matrix as the DNA is

spoolcd through it and replicated has direct microscopic support (Hozak et al., 1993);

hundreds of repIieation factories arc visible during S phase, each bound to the matrix and

containing around 20 growing forks, initiated at JO matrix-bound origins. Neighbouring

matrix allachment regions on the chromosomal DNA are modeled to be neighbours on the

nuclear matrix, meaning that neighbouring chromosomal origins may end up clustered

together in a single region of the matrix which williater become a replication factory; each

neighbouring origin pair subtends a chromatin loop domain, and the group of c1ustered

origins on the matrix constitutes a larger chromosomal replication timing domain (Wanka,

1991). The loop domains subtended by origin pairs are from 10 - 100 kb in size, and are
hypothesized to border the 5' and 3' regions of genes, thereby simultaneously defining a

transcriptional domain (Boulikas, 1992).

How are matri:: allachments mediated, and how is this reflected in the DNA

sequcnce atthe origin? Working in the Dro.l'ophila system, Gasser and Laemmli (1986)

identified an A-rich (strict match = AATAAAYAAA, loose match = WADAWAy AWW)

and a T-rich (strict match =TTWTWTTWTT, loose match =TWWTDTTWWW) "SAR"

consensus in sequences bound to the chromosome scaffold (nuclear matrix). These

sequences also frequently contained matches to the topoisomerase II consensus binding site

GTNWAYAITNATNNR (core cleavage sequence =WAYATT); topo II is a major scaffold

protein component and functions to control the topological state of DNA loops, with peak

activity during G2/M chromosomal condensation. The only absolute "MAR" consensus

umong a lurger number of mutrix auachment regions from different higher eukaryotes is

ATTA or ATTTA, a very common sequence (Boulikas, 1992). Inverted repeuts are also

present in matrix-bound DNA (i3oulikas and Kong, 1993), but anti-cruciform antibody

immllnofluorescence does not detect cruciform formation at MAR (Ward et al., 1991).
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Matrix allachment rcgions have bcen demonstrated to exist at the EBV oriP

(Jankelevich et al., 1992) and at known higher eukaryotic replicmion origins, including the

hamster DHFR origin (Dijkwel and Hamlin, 1988), mouse IgH mtronic enlmncer origin

(Ariizumi et al.. 1993) and the human 343 (Wu et al., 1993a) :md p-globin (Boulikns,

1993) origins. SAR binding site matches have been found in the human lamin B2 origin

(Tribioli et al., 1987) and in several human cDNA with autonomous replication activity (Wu

et al., 1993a), but examples of mammalian autonomously replicating sequences which lack

SAR matches or detectable matrix binding have also been found (Wu et al., 199311; MlIh et

1Il., 1993).

In spite of the idemilication of short consensus clements associated with matrix

allachment sites, the role of cytoskeletally-mediated higher order structures in origin

function is difficu1tto investigate experimentally, liS tools Iike DNA c1oning, sequencing

and footprinting are of Iimited use atthatlevel. Nevertheless, liS the DePlImphilis group hlls

stated (Gilbert et al., 1993), "site-specific initiation 01' DNA replication in metllzoan cell

chromosomes appears to be determined by nudear orgllnization as weil liS DNA sequence."

CHROMOSOMAL ORGANIZATION

The association of matrix allachment regions with replication origins serves as a

reminder that human DNA is organized into higher order structures, up to the level 01' the

visible metaphase chromosome, and that origins must fill a particular role in the biology of

the complete chromosome.

Interphase chromosomal DNA is wrapped around core histones as a 10 nm fibre of

nucleosomes, which are sequentially stacked into a 30 nm solenoid through interaction with

Iinker histones such as Hl, and then organized by high mobility group (HMG) proteins, the

nudear matrix (in part via its topoisomerase activity) and heterochromatin-assoeiated

proteins into paeked loop domains and major chromosomal subdomains (Clarke, 1992).

Taylor, in 1960, first noted thatlarge chromosom~.i subdomains are replicated at defined,

reproducible times within S phase, with the tramicriptionally-active euchromalin regions

replicating at the beginning 01' S, and the more. condensed heterochromatin replicating

towards the end of S. Modern techniques have allowed a more eareFul dissection of

chromosomal subdomain replication in the human S phase (O'Keefe et al., 1992): 30

minutes into S, ail visible replication occurs in euchromatin; at 2 hours, euchromatin and

bordering heterochromatin replieates; at 5 hours, perinucleolar heterochromatin begins to

replicate; at 7 hours, interconneeting electron-dense heterochromatin is active; and near the
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end of the 9 hour S phase only a few large regions of heteroehromatin still show ongoing

replication. The degree of chromatin condensation is thus intimately assoeiated with both

replication and transcription. Moving an early-replicated origin into a region of

heterochromatin eonverts it into a late-replicating state (Ferguson and Fangman, 1992);

m(lving an expressed gene from euchromatin into heterochromatin turns it off (Brewer et

al., 1993); and genes whieh arc active and early-replicating in some cells arc replicated late

in S in other ccII types whieh do not express the assoeiated gene (Kitsberg et al., 1993b).

ln addition, drugs (5-azacytidine analogs) which inhibit chromosome condensation shift

late-replicating heterochromatin to an early-replicating stale, and can thereby activate

expression of some genes (Haaf, 1995).

The arrangement and activation of replication origins along the length of a

chromosome may thus be re1aled to overall chromosomal organization and transeriptiona1

activity. The basic unit of replication on the chromosome is the replieon, the region of

DNA replieated from a single origin. Eaeh chromosome consists of perhaps 1000

replicons, with their origins c1uslered into synehronously-activated groups of 20 or so.

Grigin arrangement may have a role in determining areas of chromosomal instabiIity,

including amplified regions, or sequences which may form extrachromosomal circular

clements (Gaubatz and Flores, 1990). The association of origins with the higher order

domain structure and transeriptional activity of their replicons may portend a role in the

phenomenon of genomic imprinting. Cell cycle controls limit replication to S phase, but the

mechanisms of temporal activation of origins wilhin Sare largely unknown, although it has

been recognized that the number of aetivated origins is significantly higher in embryonic

cells (whieh have a shorter S phase), and that the overall pattern of replication in S shows

biphasic peaks in DNA synthesis (McAlear et al., 1989). Finally, origins function

alongside centromeres and telomeres as the three necessary ci.r-aeting components required

for the replication and maintenance of a chromosome.

The Concept of the Repiicon

The c1assic fibre autoradiography work of Huberman and Riggs (1968) showed that

DNA replication in higher eukaryotes is initiated at a large number of discrete origins spread

over the length of each chromosome. At least 90% of origins promote bidirectional

replication, with two growing forks moving in opposite directions away from an origin,

before eventually colliding with forks initiated at neighbouring origins; the region of the

chromosome replicated from a single origin is termed a replicon (Razin et al., 1990). There

are approximately lOS total replication origins in the human diploid genome, with an
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average replicon size (and interorigin spacing) of abolit 100 kh. While prokaryotic

polymerases lay down approximately 1500 bases per second. replication forks in

eukaryotes progress at a relatively constant rate of 50 hases per second. an apparent

handicap counterbalanced by the hundreds or thousands of origins utilized on each

chromosome (Kornberg and Baker, 1992). The length of S phase is rclatcd dircctly to

replicon size and inverse1y to origin number, but the ovemll Icngth of S pfUlse is longer than

wouId be predicted considering only the number and size of replicons and the rate of fork

progression, suggesting that delays in the activation of origin clusters also constitutc an

important parameter (Diflley and Stillman, 1990).

A vital concept is that "there are more potential replicators lorigins] in the

chromosome than are actually needed. perhaps to allow for selected use of different

replicators during deve1opment" (Still man, 1994). Cells of the early embryo cmploy

approximately ten times as many origins during their abbreviated S phascs. implying that

there are a number of weak. cryptie or embryo-specifie origins in the genome. Thc

embryonie eell may aetivate weak origins by establishing very high levels of iniliator

protein, or alternatively may activate cryptic origins by synlhesizing extra subtypes of

initiator. Interestingly. transformed cells may also activate cryptic origins notutilizvd in

their parent eell lineage.

Particular chromosomal origins can be efficient. aelivated in virtually every S phasc.

or inefficient. Chromosomal orgins ean also be classified as tempomlly carly (aclivaled al

the beginning of S phase) or late (activated hOUIS al'ter the start of S). Fibre

autoradiographie studies of clonaI cell populations (Amaldi ct al., 1973) and Dro.\'OfJ"i/Cl

polytene chromosomes (Umek et al., 1989) suggesl that for origins loeated in regions of

similar ehromosomal condensation, the eflicieney and timing of lIetivlltion is atleast partly a

stoehastic proeess. The likelihood and timing of origin firing b a function of bolh lhe

initiator binding affinity and the initiator activation eflicieney atthal partieular origin (Diller

and Raghuraman, 1994). The binding affinity is influeneed by the exact ds-aetive binding

sequence present and by hypothetieal, possibly tissue-speeific variations in cellular lra/ls­

acting initiators. Activation effieieney refers to the case of unwinding allhat origin, which

may be a fUlletion of DUE sequence, chromatin condensation, uanscriplional stalUs, and

accessory factors in flanking regions; the laller three parameters may again be lissue­

specific.

The timing and choice of chromosomal origin activation is intimately connected with

transcriptional status. For example, the ~-globin associated origin initiates carly in S in cells

whieh express globin, but late in S in those whieh do not (Kil~berg et al., 1993b). A single

gene may be replieated l'rom different origins depending on whether it is transcriptionally
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active or not, and the direction of replication through a transcribed gene tends to be the same

as transcription (Razin et al., 1990). Studies on the El! murine IgH origin suggest thal

timing is not control1ed by ci.l'-acting elements present within 15 kb of flanking sequence

(Ariizumi et al., 1993), leaving open the possibility thattiming of origin initiation may be

control1ed by a long-range cis clement, like a Locus Control Region enhancer (Kitsberg et

al., 1993b), or by the context of higher order chromosomal structure (Oiffley and Stillman,

1990).

What end could bc served by regulating the choice and timing of replicon activation?

Ariizumi et al. (1993) suggest that the activation of the IgH intronic enhancer could

secondarily cause structural changes which allow access of transcription factors and

recombination enzymes to the IgH locus. More generally, genes replicated carly in S may

have a competitive advantage in the binding of transcription factors or of structural proteins

which maintain chromatin in an open state (Haaf, 1995). However, suggestions that early

replication may cause gene activation arc speculative atthis point; it is just as likely to be the

other way around, Le. transcription creates an open chromatin state which permits early

origin activation (Oiller and Raghuraman, 1994).

On a locnllevel, origins have been observed to fire in synchrony, with clusters of

contiguous replicons activating almost simultaneously to replicate an entire chromosomal

region (Oiffley and Stillman, 1990). Consecutive origins on a chromosome have been

hypothesized to be permanently allached in linear order to a structural backbone, the nuclear

matrix (Wanka, 1991). This organization may serve to define replicon clusters and

therefore chromosomal subdomains. The observations by Brewer et al. (1993) on the

position of replicon termination sites support this model; wherc two early-rcplicating origins

,Ire chromosomal neighbours, they activate in synchrony as part of an origin cluster, and

constant fork progression means that fork-collision-mediated termination will occur

reproducibly Hl a very similar genetic position, whereas a late-replicating origin nextto an

early replicating one will be part of a different replication domain, activating at a different

time. In this case the position of fork termination will end up closer to the late origin, and

in a morc variable position dependent on the eventualtime of the late cluster's activation.

ln conclusion, the arrangement of replicons along the length of human

chromosomes defines perhaps 50 - 100 subdomains on each chromosome, generally

rcplicated by clusters of 10 - 20 replicons each, 50 - 300 kb in size.
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Imprinting

If replication origin biology is intimately associatcd with both the proeess of

transcription and with higher order chromosomal domains, perhaps it is not ail tlmt

surprising that recent work has suggested that origin function is altcred in regions of

genomic imprinting. Replication of a gcnomic locus can be visualized by fluorescent ill si/II

hybridization (FISH) and mapped specitically to the paternal or maternai allele when a

second probe for a heterozygous locus on the same chromosome is available. The timing

within S phase of locus replication can be determined by synchronization-release, flow

sorting for DNA content, and/or the simultaneous use of other probes for which timing

patterns have already been established. Using these techniques, Kilsberg cl al. (1993a)

demonstrated that while typical alleles throughout the genome replicate synchronously in S

phase (both alleIic copies replicate at the same point within S, be it early or hlte in S), this

rule breaks down for imprinted aileles. In the mouse genome, ail four known imprintcd

genes are repIicated earlier on the paternal copy than on the maternaI. The same result Ims

been shown in humans, where the 15'111-'113 imprinted genomic region displays allele­

specitic timing asynchrony at severalloci (Knoll et uI., (994), where the puternal copy is

repIicated in mid-S, but the maternai only in late S. The tirst example of a maternai

early/paternuJ late pattern of repIication timing asynchrony was ulso identilied in this region,

in a GABA receptor gene cluster (LuSalle und Lulunde, (995).

The hallmark of imprinted genes, of course, is allele-specilic transcription. Seme

kind of signul is imprinted onto un alle1e during gumetogenesis, which is muintained

follr.wing embryogenesis, such that the udult progeny express only the maternai or the

paternal copy of that gene, although both are present. As un epigenetic phenomenon

controlling the differential expression of allelic copies, imprinling is related to, for eXHlllple,

X chromosome inactivation (Lyon, 1993). A handful 'lf imprinted loci have been identified

to date: the SnrpnlZllfJ27, HJ91Igj2, and Igj2r gene regions in mice, und the 15'111-'113,

Ilp15'5, und sometimes the 6'125-27 regions in the humun (Nicholls, (994). Imprinting

has a role in several genetic diseuses, including Prader-Willi Syndrome (PWS), Angelman

syndrome (AS), Beckwith-Wiedemann syndrome and Wilms tu mol', und possibly in

chronic myelogenous leukemia, fragile-X syndrome (Nieholls, 1994), und some

neurobehaviouruJ disorders (Durcan und Goldmun, 1993).

The human 15'111-'113 region is particularly interesting beeuuse it is associated with

two distinct genetic syndromes, depending upon which allelic contribution is missing.

PWS, characterized by hypotonia, failure to thrive, hyperphagia, mi Id rctardation, and

hypogonadism, occurs in one birth in 25,000 (Nicholls, 1993). Patients either carry a
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deletion in the paternat 15qJ l-ql3 region, or lack a paternal chromosome 15 entirely, Le.

maternai uniparental disomy (Knoll et al., 1993). Angelman syndrome is rarer, and is

characterized by severe retardation, seizures, and malformations of the head; patients lack a

maternaI contribution from 15q 11-q 13, usual1y because of a deletion. Families with smal1

deletions have permilled liner mapping studies, and it is now clear that "the imprinted AS

and PWS loci are separate" (Nichol1s, 1994). The critical PWS region has been localized to

400 kb (Lalande, 1994), including three transcripts which display paternal-specific

expression: the smal1 ribonucleoprotein-associated polypeptide N (SNRPN), and two other

transcripts which lack an open reading frame, reminiscent of XIST, which controls X­

inactivation (Brown et al., 1992). No maternaI-specifie transcripts, eandidates for AS,

have been identified in the region, but an identified deletion under 200 kb in size (Buxton et

al., 1994) suggests thatthe AS crilical region is distalto PWS, and proximalto the GABA

receptor cluster (Reis et al., 1993; Sinnell et al., 1993).

However, in the case of imprinted genes, the critical regions carrying differential1y­

expressed coding sequence for the gene(s) responsible for the disease phenotype may not

tel1the whole story. Acis-acting, heritable imprinting control element may not be part of

the critical gene per se, but may lie elsewhere in the same genomic region or chromosomal

domain. As yet, no model for how imprinting is transferred, maintained, or imposed by

cis-acting heritable clements has been proven, but perhaps the most popular mechanism

invoked is that of differential methylation (Razin and CedaI', 1994). Methylation of

upstream CpG islands may inhibit transcription factor or enhancer binding and prevent

expression of genes dependent upon hypermethylated activating sequences. In support of

this mode1, islands of differential methylation have been identified neal' ail recognized

imprinted loci, and recently it has been shown that methylation pallerns spread over

hundreds of kilobases near the PWS critical region are dependent on the methylation pallern

in the SNRPN Il exon (Sutcliffe et al., 1994). However, there are problems with CpG

methylation as the definitive mechanism for imprinting; for example, sometimes it is

hypomethylation which correlates with gene activation (which could be explained if

transcriptional repressors have methylation-sensitive binding). More seriously, il is now

apparent that gametic meth)'lation pallerns are not maintained in embryogenesis. An

extensive or possibly complete demethylation takes place in the pre-implantation morula,

fol1owed by de /IOVO methylation at implantation which establishes the adult pallern (Razin

and CedaI', 1994). Il is not yet known how the establishment of the adult methylation

pallern is control1ed by the paternal source of a chromosome, nor is there any direct proof

that methylation itself causes the alt~.red transcription at an imprinted locus.
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Thus, it remains possible that epigenetic inheritance may be contrulled hy factors

other than differential methylation. In S. [Jombé, an imprinting-like phenomenon

controIling mating type interconversion is caused by inheritance of specilic douhle strand

breaks and a "c1eavable" chromatin state, which is estnblished lit the time of chromosome

replication (Klar and Bonaduce, 1993). In higher eukaryotcs, the state of chrOlnatin

condensation has been put forward as a trait inherited in cis which could, hypothctically,

confer the imprinted phenotype. The observation of replication timing asynchruny in

imprinted regions suggests that differential function of replication origins may have a rule in

the establishment of imprinted expression patterns (Lalande, 1994), and some authors have

suggested that it is replication timing which directs imprintcd transcription and not the llther

WllY around (Coverley and Laskey, 1994). However, the relationship may again be

complex, because regions with a single pattern of patcrnal early rcplication timing

asynchrony sometimes contain not only a patcrnal-specilic imprinted gene, but alsll non­

imprinted genes, or even (in the case of murine H19 and 1,tif2r) a nltlternal-specilic

imprinted gene (Nicholls, 1994). In fact, a combination of models muy be invllived, sincc

DNA methyltransferuse can localize to replication factorics (NichoHs, 1994), und

methylution directed l'rom u single control element muy uffect large chromUlin domains

(Sutcliffe et al., 1994).

The nature of the observed relutionship between allele-specilic replication timing

asynchrony and uHele-specific (imprinted) tmnscription remains to be determined.

Regardless of which is the cause and which the effect, investigations of thcsc two rcluted

genetic phenomena will shed light on the nature of chromosomal rcplication origins, and

perhaps even their raie in genetic diseuses. Identification of a rcplication origin in llll

imprinted, asynchronously-replicating genomic region wouId be a valublc Iirst step.

Replication. Amplification. and Genetic InstahililY

While DNA replication is c10sely rclated to transcription, it is also associated with

the two other fundamental processes of DNA biology, repair and recombination.

Even in the absence of mutagenic insults, DNA has limited stability ill vivo

(Lindahl, 1993). Each day, acid-catalyzed hydrolytic damage to the human genome crcates

6000 apurinic sites, and deaminates 300 cytosine or 5-methylcytosine residues, which can

lead to transition mutations. Oxidative damage to about 300 guanine rcsidues can cause

transversion mutations, and non-enzymatic methylation of 600 adenine rcsidues creates

potential blocks to replication. During replication, mismatches caused by polymerase base

pairing errors occur Ilt a frequency of 1 base in 106 with polymerasc lX, but only 1 in 10"
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with polymerase li, which has an associated 3' - 5' exonuclease "proofreading" activity

(Kornberg and Baker, 1992). Polymerase incorporation errors can also occur when

replicating short polynucleotide repeats (perhaps by Okazaki fragment slipping), or after

hilling a replication block (Cohen et al., 1994). Many types of damage can accumulate,

including missing, modified, dimerized or mismatched bases, deletions, insertions, strand

breaks, and crosslinks.

The ccII protects ils genome From damage through its structural design (oxidative

metabolism is sequestered in the mitochondria, histones quench damaging chemical agents)

and by employing DNA repair pathways (Lindahl, 1993). Specifie enzyme systems repair

Ihe common types of damage; for example, AP endonucleases clip out hydrolyzcd apurinic

nucleotides, and the small DNA polymeruse ~, present at constant levels throughout the ccli

cycle, fills the gap, which is subsequently sealed by DNA ligase I. The excision repair

pathway provides a backup system flexible enü.:gh to fix unusual mutagenic lesions.

Deficieney in an enzyme responsible for postreplicative mismatch repair makes HNPCC

patients susceptible to early-onset colon cancer (Cleaver, 1994), but most transformed ccII

lines ure not deficient in mismutch repuir, ulthough they do show increased genetic

instubilily, manifested by u propensity to uccumulate genomie reurrangements (Boyer et al.,

1993). Tnmscribed sequences ure preferentially repaired, with lesions fixed much more

quickly than in other genomic sites (Troelstra et al., 1992). While sorne repair genes

upparently double us transcription fuctors (Schueffer et al., 1993), a likely explanation for

the observation of preferential repair is that the changes in superhelical density and

chromatin condensation assoeiated with transcription and carly replication may fucilitate

DNA repair processcs.

Genetic rccombination may be similarly related to replicutive phenomena. The four

c:tlegorics of recombinative events arc homologous (between two identical sequences), sile

specific (requiring vital sequence signaIs at ull c1eavage sites), transposition (only one of the

two sequenccs involved needs u sVecifie motif), and illegitimate (ail other events). In

generul, reeombination is also more eommonly ussociated with transcriptionally-uctive,

carly rcpIieuting sequences. For exumple, V(D)J immunogiobulin site-speeific

recombinution, which uses its own partieulur recombinuse enzymes, requires a

trunscriptionully-uctive substrate that may reflect an open chromatin, early-replieating state

(Sehutz ct ul., 1992). The intronic enhaneer origin has been proposed to be the key 10

lIchieving this reeombinative stale allhe IgH locus (Ariizumi et al., 1993), and could play a

similar role in subsequenl immunoglobulin class swileh recombination (Harriman et al.,

1993). In replicating mammalian cells, iIIegitimate recombinalion is' the major process, and

oceurs partieularly al bent DNA sequences which may be prone 10 the necessary strand
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breaks. An example of illegitimate recombination is the surprisingly cummon insertiunuf

mitochondrial DNA fragments into nucleur genomÏC DNA (Thorsness and Fux. 1990).

which may have a role in carcinogenesis und uging (Shay and Werbin. 1992). The

mechanism behind illegimute recombination in l'il'O. including whether rcplieation origins

contribute in any way. is lurgely unknown. Il hus been observed thut in sume cases cryptic

replicution origins cun be uctivated by f1anking sequence reurrangements. pussibly by

creating inverted repeat clements where there were none befme (Leu and Humlin. 19l)2).

Finully, in sorne bacteriophages. replicution and recombination arc lighlly intenlependent

(Kornberg and Baker. 1992).

Amplification represents a cuse of u genetic inslUbility which eould involve demnged

origin function. The DHFR gene. c-lIlye, and the epidermul growth fuctor receptor (Dulf cl

al.. 1991) are examples of genes amplified in ccli Iines to confer u growth udvanluge (li"

drug resistance. The repeated region of DNA is termed the amplicon. and contains al leasl

one replication origin; DePamphiiis (1988) has suggested Iimt it is those origins most tightly

associated with auxilliary transcription fuctors und uctive genes which ure most Iikely tu

amplify.

Amplified loci are found in vivo in two forms. as double minule chromosomes ur us

homogeneous stuining regions. Double minutes ure circulur. ucentromeric lurge episomes

which can exist in variable copy number due to unequul segregutions ut mitosis. The

amplified mouse adenosine deuminase double minute hus been shown to employ the saille

5' origin used for replication of the nutive chromosomullocus. umlcr the same ccli cycle

control (Carroll et al., 1993). The mechanisms required for f0t111atiQ.n nl'eXlmchl"OlllOSOmal

circulaI' DNA remain enigmatic (Gaubatz und Flores. 1990). but the presence of a single,

controlled origin confers the capacity for apparent amplification via unequul segregutions

under selective pressure. Homogeneous staining regions are large, ectopie chrolllosonmi

domains containing nothing but repeuted umplicon copies. Ma et al. (1993) Imve presented

evidenee that unequal somatic recombination wilh sister chrolllutid exchanges is Ihe mujor

process ut work in the formation of homogeneous staining reglOns, and is cuused by defects

in strand break repair rather than any origin hyperaetivation.

Thus, while origins are present und active in amplicons. Ihe key event in most

amplifications secms to be a recombination rather than 1111 origin hyperJctivation, ulthough

examples of origin overactivation do exist in certain cuses of progmmmed deve/opmenla/

amplifications, such as at the Drosophila chorion and Te/rahYlllena rDNA loci (Yu and

Blackburn, 1990).

Mutations and large rearrangements occur most commonly in decondensed, carly

replicating chromosomal regions (Haaf, 1995). In this respect, origin activity may be
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related to fragile sites whieh are more commonly involved in translocations and

rcarrangements, such a~ the sister chromatid exchanges which can lead to amplification.

CcII Cyclc Control

Research on human ccli cycle control has expl'nd~<l rapidly into a large, multifaceted

field of study. However, perhaps the most important single event to take place in a cell

cycle is the initiation of DNA replication. How is origin firing regulated by cell cycle

control factors'!

Eukaryotic cells are in one of two states: GO or active cycle. In Ihe former state,

cells contain about 1/3 less protein and RNA and require a number of physiological signais
before they can rcturn to an actively cycling state. A complete cycle in a higher eukaryotic

cell requires sorne 16 - 30 hours. G1 phase can last any length of time (there is no G1 in
c1eavage embryos, white sorne cells can move from G1to GO and rest for an indeterminate

period or lime), although 12 hours is most typical; a key event near the end of G1 is the

passage of a START point, where the cell commits to entering and completing the S, G2,

and M phases. Ali genome replication takes place in S phase, which can last 6 to 12 hours

-- the overall time spent in S is relati\'ely eonstant for a given cell type (Hamlin et al.,

1994). G2 phase, where sister chromatids remain paired and uncondensed, requires about

4 hours, during which a checkpoint must be passed to ensure that the cell is ready for the M

phase of active mitosis, which requires 1 • 2 hours to complete. Levels of the cellular

proteins known as cyclins arc dependent on cell cycle position: cyclin A is present during S,

the cyclin B famity during M, and cyclins C, D, E, and F dominate in G1 (Dowdy et al.,

1993). Cyclins drive posttranslational modification of select enzymes by activating cell

cycle dependent kina~es (cdk), and the control over origin function by cyclins and cdk's is

suggested by the observation that protein kina~e inhibitors can specifically inhi'Jitreplication
initiation in human cells (Gekeler et al., 1993).

ln S. cerevisiCle, present evidence suggests that at least one eomponent of the

initiator protein, ORC6, has serine/threonine phosphorylation sites and is activated by yeast

cdk factors like CDC6 and CDC46/MCM3 (Li and Herskowitz, 1993). Yeasts have been

popular models for investigation of ceU cycle control factors, but may not model ail that

weil those controIs required in multiceUular eukaryotes (Heichman and Roberts, 1994).

For example, yeast cell cycles arc ten to twenty times shorter than in human ceUs, and the

breakdown of the nuclear envelope in M phase is not observed (Coverley and Laskey,
1994).
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ln the 1970s, the cell cycle-imposed Iimitutions on DNA replic"tion \l'cre IÏrst

investig"ted with " series of now cl"ssic cell fusion expcriments (Dil1lcy "nd StiHm"n.

1990; Heichmun und Roberts, 1994). When a GI ccli is fuscd with an S phuse ccli, the GI

nucleus is pitched into an early S phase, suggesting thc presence of tral/s-acting activaIors

of VNA replication initiation in S cells -- but not in G2, M, or G 1 cclls. When" G2 ccli is

fused with an S cell, the G2 ccII does not initiate DNA replic"tion, implying thm il I;"s " ds·

acting factor preventing replication, such as a ch"nge in nuclcar org"niz"tion or the lack of u

bound "licensing fuctor" required for replication, but not " trtll/s-"cting inhihilllr of

replication, since the S nucleus continues its normal replic"tion.

Only very recently h"s the nature of some of lhese faclors Iv.: gun 10 be c1aritïed, and

the picture is complex. Cdk2, the verlebrate homolog of yeast CDC28, is Ihe ccli cycle

factor most closely associated with the initiation of DNA replication in higher euk"ryotes

(Diffley and StiIlman, 1990), and is a required component for cntry into S ph"se and for

replication in vitro by Xel/oplls egg extmcts (Van and Newport, 1995). The 32 kd cdk2

protein, which complexes with cyclins A and E, is similar to but dislinct l'rom the p34",/t-l

kinase, which instead binds cyclin B to form MPF (mitosis- or muturalion-promoling

factor), the key complex promoting entry into M ph"se from G2 (Coverley "nd L"skey,

1994). During G l, there is almost no cellulur cyclin A, and cdk2 is locuted in the

cytoplasm; however, on entry into S, high 1evels of cyclin A und cdk2 ure f(l:lI1~ in Ihe

nucleus (Brenot-Bosc et ul., 1995). This ussociution of cdk2 with the S pllllse cyclin A is

particulurly intriguing: cdk uctivity is needed for the assembly of nuelear replic"tion

faetories, and cyclin A coloculizes with active replicon clusters (Heichnmn and Roberts,

1994). The mechanism by which u eyclin A-cdk2 complex could promote initiution renmins

a malter of controversy; some groups suggestlhat cdk2 phosphorylution of u subunit of the

humun RP-A SSB aclivales this necessury replicalion proie in (Brenol-Bosc cl ul., 1995),

while others insisllhat cdk2 acts neilher on the origin recognition slep nor lhrough RP-A,

bul inslead by aclivaling uncharaclerized proleins needed for stuble origin unwinding and

lhe later Swilching slep converling RNA priming 10 DNA polymeruse extension (Yun and

Newport, 1995). Cdk2 hus also been hypolhesized to act by activaling helieuse aclivily

afler association wilh eyclin E (Heichman and Roberls, 1994).

An alternalive possible l'Ole for cdk2, or pcrhaps a complemenlary mechanism by

which il indirectly induces repliealion, comes lhrough ils kinase aclion on a key tumor

suppressor subslrale, lhe retinoblasloma prolein (Rb). Cdk2, when complexed wilh cilher

cyelin A or E, hyperphosphory1ales lhe Rb protein, inaelivaling ils mullifaceled growlh

suppressing funclions (Dowdy el al., 1993). One result is lhal hyperphosphorylaled Rb

ean no longer bind and sequesler cyelin D, which is lhen free 10 complex wilh cdk4 10
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activate the kinase and act as a START signal, although cdk4 can still be kept in check by

the action of the recently discovered tumor suppressor pl6 (Parry et al., 1995). Rb also

acts by downregulating the E2F transcription factor (White, 1994) and by binding and

sequestering the c-lIbi nuclear tyrosine kinase (Welch and Wang, 1993). Thus, cdk2­

mediated deactivation of Rb frees up multiple pathways which promote progression from

late 01 to the first initiation in S.

A strong candidate for a negalÎve regulator of replication has emerged in p21 Ci"I,

which directly deactivates cdk2, and may thus knock out any direct activation of initiation

by cyclin-cdk2 or indirect aclivation of S phase by cyclin-cdk2 phosphorylation of Rb

(White, 1994). A second, independent function of p2 1Ci"1 is in blocking the activity of

PCNA, the processive factor for the polymeruse li holoenzyme complex. In this manner,

p21 Cipl muy actto regulute the switch between priming and elongution (Yun und Newport,

1995), or to check both initiution und elongation when S phase must be arrested becuuse of

DNA dumuge (Heichman and Roberts, 1994).

The tumor suppressor p53 is thought to serve us a mujor checkpoint in late 0 l,

ensuring thut S phuse does nol sturt (no inilialion lakes place) unlit the cell is ready und uny

oUlstanding DNA damuge hus been repuired (Humlin el ul., (994). The observution thul

loss of p53 correIules with frequenl formulion of telruploid und olher aneuploid lumor cell

subclones suggesls lhut one specific munifestulion of this fUllclion of p53 is us a checkpoinl

againsl overreplication, by ensuring lhal S phase cannot ensue if M has nol been properly

completed (Cross el al., (995). Evidence now suggesls that p53 blocks replication by

acting as a transcription factor for p21 Ci"1 , which lhen blocks the cyclin/cdk complexes

needed for induction of S phase (White, 1994). Should inappropriate replication

nevertheless ensue, p53 aclivales lhe apoptosis palhwliY.

The licensing factor model for cell cycle conlrol of origin funclion postulales lhe

exislence of a prolein which is necessary for aclivalion of the inilialor (or deaclivalion of an

initialor inhibitor) and which, by virtue of ils presence in 01 bul nol 02, limits origin

activalion to lhe appropriale phase of the cell cycle. Such a factor would lack a nuclear

localizalion signal and could only access lhe nucleus after lhe milolÎc nuclear membrane

disinlegrution, and lhen remuin 10 "license" the DNA for replicalion before being consumed

during S phase (Huberman, 1995). If lhe licensing faclor becomes part of a pre-formed

inilialion complex, il mighl be deslroyed during origin activaIion, limiling firing of lhut

origin 10 once per cell cycle. In S. cerevi.l'ille, lhe footprinl of a suspecled licensing fuclor is

present al origins neur the conslitulive ORC and auxiliary transcriplion faclor foolprints, bul

only between carly lelophase and the end of 0 l, suggesling thut a licensing faclor does in

fuct contribute to u prereplication complex at origins (Diflley et al., 1994). The idenlÎty of
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the yeast Iicensing factor is a subject of aClive research. with the MCM2. MCM3. and

MCM5/CDC46 minichromosome maintenance proleins (mulanls lose ARS pl'lSlllids

rapidly) us postulated components, because they only enter the (non-disintegrating) yeast

nucleus during M. Xel/oplls and human hOl11ologs of MCM3 have recently been

discovered (Kubota et al.. 1995) and seem to aet as part of a larger multiprotein cOlllplex

(Chong et al.. 1995). whieh includes homologs of MCM2 and MCM5 (Madine ct nI.,

1995). These proteins are only bound to chromatin during G 1. dissocillling during S phase

and only reassociating with ehromatin in late M. "Licensing factor" seel11s to be a large

protein cOl11plex, and its subcomponents may play separllle roles in eonferring its

properties. Another interesting observation is that a murine MCM3 homolog assoeiates

specifically with heteroehromatic regions (Starborg cl al., 1995). This mises the exciting

possibility that the use of different Iicensing factors. Iike the yeast MCM series. l11ay help

determine the timing of origin activation within S (Di 11er and Raghuralllan, 1994). Anolher

group has speeulated that mammalian "licensing factor" could include the unphosphorylaled

34 kD subunit of RP-A. RPA34 binds newly replicated DNA in laie G2. serves as ;1 sile

for assembly of other RP-A components (thereby rceruiting an SSB to the site uf potential

unwinding), and is phosphorylated by cyelin A-cdk2 to deactivale its DNA binding

property following initiation (Cardoso et al.. 1993). This model is attractive beeause it

shows how cdk-mediated phosphorylation can activate a Iicensing factor atthe beginning of

S, butunfortunately this model also begs the question of how the G2 dephosphurylation of

RPA34 is achieved. and leaves no role for nuclear membrane dissolution in the Iicensing

proeess.

The eell eycle control proteins regulating entry inlo M phase from G2 bear sorne

similurities to those involved in the G Ils transition. but have been bcller charaeterized. The

MPF eomplex. eomposed of cyclin B ami p34cdc2• is struclurally similar tu the cyclin A­

cdk2 complex. but is not found at replication foei (Cardoso el al.. 1993). MPF directly

regulates the three key steps needed for entry into M: chromosome condensation. by

phosphorylation of histone HI, nuclear envelope breakdown. by phosphorylation of

nucleur lamin A. and spindle formation, by phosphorylation ofRMSA-1 (Yeoet al.. 1994).

Cheekpoints Iimiting MPF function inelude the RCC-I - p25"1II system. whieh associales

with growing forks and reports on the eompletion of replieation (Coverley and Laskcy,

1994), and the weel - cdc25 system, which downregulates MPF if the DNA is dal11aged al.
the end of S (Heald et al., 1993).

The elucidation of the complete pathways by whieh eell cycle control is imposed on

origin activation has proven difficult, orten because the specific substrates for cdk

phosphorylation events ure not eusy to identify. As a rcsult, il hus not yet bcen possible to
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discovcr novcl direct origin transactivaling factors by working forward from known cyclins

and cdk's (Heichman and Roberts, 1994). However, exciting links have been made

between suspecled Gland S phase progression factors and known oncogenes and tumor

suppressors; indeed, cyclins A and D are now recognized 10 be protooncogenes (Dowdy et

al., 1993). The most important gaps in our knowledge concernillg the human proteins

involved in initiation are Iikely to turn out to be cdk subslrates, including a yet to be

characterized human initiator, Iiccnsing factor, and DNA helicase.

Centromeres

Replication origins represent one of the three vital cis-acting structures requirlld for

the stable maintenance of a chromosome, the other two being centromeres and telomeres.

The centromere, the genetic locus directing mitotic and meiotic partition, lies at a

metaphase chromosome's primary constriction; its function is posilion-independent on

natural and artificial chromosomes.

In the case of the budding yeast, S. cerevisiae, the centromere has been c10ned as a

220 bp CEN element (Mann and Davis, 1CJR6), containing a short 125 bp core, composed

of three defined consensus CDE subregions. Specific binding proteins directing chromatid

and spindle interactions have been discovered through studies of temperature-sensitive

mutants (Earnshaw and Tomkiel, 1992). In at least one case (CBF3, binding CDEIII), a

centromere-binding protein has been shown to represent a phosphorylation-dependent

complex under ccII cycle control. The function of thllse very short, defined S. cerevisiae

centromeres can be knocked out by transcription directed through the CEN locus (Smith et

al., 1990).

Unfortunately, the relevance of budding yeast as a model for human centromeric

function is questionable, as it is structul'aiiy very much simpler: while 2% of a human

chromosome is taken up by the centromere, the value for budding yeast is only 0.02%

(Bloom, 1993). This is the CEN value paradox; animais, plants, and some specific lower

eukaryotes such as fission yeast (S. pombe'), which have larger chromosomes than S.

cerevisiae (5 - 6000 Mb DNA vs. 1 -5 Mb) and attach more than 1 microtubule per

chromosome at mitosis (humans use 20 - 30), nevertheless seem to require up to two orders

of magnitude more centromeric DNA per microtllbllie. The cen clements of the three S.

pombé chromosomes are 60 - 100 kb in size, and contain B, K, and L repetitive sequences,

with K the only one indispensible for function (Hahnenberger et'al., 1989). Fission yr,' .st

may be the best available model, and is the model of choice for active research into the

protein-binding and higher order folrling properties of large centromeres (Steiner and
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Clarke, 1994). The equiva.~nt centromere locus in humans is estimated to span 0.5 - 10

Mb, mostly in the form of short a-sallelite repetitive clements organized into highcr order

repeats specific to each chromosome (Earnshaw and Tomkiel, 1992). The Y chromosome

centromerc may be the best defined of these, and includes, minimally, a 200 kb a-satellite

array and 300 kb associated moderately repetitive DNA (Tyler-Smith ct al., 1993). a­

satellite DNA is indispensible for centromere function, although the actual repcated DNA

sequence as weli as the number and structure of repcats shows interchromosonml variation

(Lin et al., 1993; Tyler-Smith et al., 1993). The primate a-satellite monomer is 171 bp in

length and IT ·rich; the only binding site identified to date is for the CENP-B protein,

which may help define centromeric chromatin structure (Bloom, 1993). Other repetitive

satellite centromere sequences arc present on sorne chromosomes, with unknown function.

No direct microtubule-binding activity has yet been demonstrated for any of the DNA

elements of the centromere, although elaborate fibre folding structures Imve been proposed.

Histones are required to maintain proper structure of the centromere, which is not

distinguishable from other heterochromatin except during M phase, when the kinetochore

becomes apparent and the degree of condensation of centomeric DNA is less than that of the

rest of the metaphase chromosome (Earnshaw and Tomkiel, 1992). Multiple domuins arc

formed within the metaphase centromere: a pairing domain involved in sister chromatid

interactions, a central structural domuin, and a kinetochore domain concerned with

microtubule atta~hment (Rattner, 1991).

The kinetochore, an ultrastructural specialization thoughtto function in the tethering

of microtubules (1) chromosomes, .hows a trilaminar constitution under the electon

microscope, consistÏl1g of electron dense outer and inner plutes surrounding u middle spüce,

with the whole struct,Jre nestled on the surface of the centromere (Rattner, 1991). An

additional possible mIe for the kinetoehore is in monitoring nondisjunction, delaying

anaphase until ail chromosomes have aehieved proper spindle interaction (Bloom, 1993).

Given the poor conselvation l'f centromere architecture between budding yeust und the

human, as weil as the Iikely more complicated role required of the human kinetochore in the

capture of multiple microtubules, there may be Iittle similarity bctween yeast CBP proteins

and their human couriterparts. Nevertheless, several human centromere proteins have been

isolated by various methods, and they fall into two major categories. INCENP (inner

centromere proteins) localize to the sister chromatid interface and represent a nClvel group of

cytoskeletal proteins which are "chromosomal passengers," delaching at metaphase to direct

the cytokinetic cleavage (Earnshaw and Bernat, 1991). The CENP (centromere binding

proleins) are associated with the inner plate of the kinetochore il~elf (no outer plate proteins

have been isolated to date), and direct the interaction between kinetochore and ccntromcrc
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• heterochromatin (Earnshaw and Tomkiel, 1992). Included among this family are proteins

directing higher order DNA structure (CENP-A and CENP-B), microtubule-based motors

(CENP-E), and cell cycle control factors (RCC-I is a1so known as CENP-D).

A large centromeric region spanning hundreds of kilobases must contain its own
internai replication origins. In this regard,.Mah et al. (1992) have shown that the ors 12

nascent strand enriched autonomously replicating putative monkey origin contains both an

a-satellite portion and a low copy sequence specific to monkey centromeres.
The nature of the human centromere as a vast, as yet undelineated chromosomal

region has presented problems for those who wish to clone a human CEN element.

Because a functional chromosome must always retain a centromere, one approach has been

lo create deleted chromosomal derivatives (by radiation, translocation, or direeted insertion

of telomere-containing DNA) which are by their nature enriched for centromere sequences
that must remain (Miller et al., 1992; Tyler-Smith et al., 1993). A 14 kb sequence derived

from sonicated human chromosomes, which reacts with autoimmune sera and contributes to

dicentric chromosome formation on transfection into mice, generated sorne initial

excitement, but has since been shown not to be a functional centromere (Hadlaczky et al.,

1991).

Since ail evidence suggests that human centromeres are huge in size, the appropriate

cloning vector is an incomplete artificial chromosome containing origin and telomere
components, which need a cloned centromere insert to gain complete chromosomal

function. In the absence of a functioning centromere, an origin-containing plasmid does not

segregate evenly, and progeny cells show either amplification of the plasmid to high copy

number, or complete loss (Smith et al., 1990); however, a functioning centromere stabilizes

the construct at a copy number of 1. Such a cloning strategy worked in S. cerevÎsÎae

(Murray and Szostak, 1983) and S. pombé (Hahnenberger et al., 1989) leading to the

construction of the first complete artificial chromosomes in these systems.

Telomcres

Telomeres represent the third vital CÎs-acting chromosomal f;tructure, serving to

stabUize replication of Hnear chromosome ends against the progressive loss of the 3'

overhanging strand terminus, which cannot be primed for repHcation by conventional

means (Kornberg and Baker, 1992). In addition, telomeres are postulated to protect against

exonuclease action, tn block unwanted chromosome fusion events, and to act as a nuclear

matrix attaehment regic!l (Runge and Zakian, 1993) for nuclear subcompartmentalization,

perhaps directing chromosome arrangement in mdotic prophase. In many eukaryotes
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(Drosopllila is an exception), telomere structure is similar; a simplc repeat sequence, with

multiple nicks on one C-rich 5'-ended strand and a singly nicked G-rich 3'·ended strand

(Szostak and Blackburn, 1982). The major repeat is T2G4 in Tetrallymellll, TGI_J in S.

cerevisiae, and T2AGJ in mammals (Tyler-Smith, 1993). Long stretches of simple

repetitive sequences, sueh as those present in telomeres, can adopt unusual seconda l'y

structures which may play a role in telomere function and recognition hy specilïc proteins

(Kang et al., 1995). Proximalto the tclomere repeats arc transcriptionally-silent 4 - 200 kh

proterminal repetitive regions, which may play a role in synapsis or metaphase (Brown ct

al., 1990). Telomere funetion is partially conserved across species boundaries, such tlmt

Tetrallymella telomeres are recognized by yeast, and mammalian telomeres could be initially

cloned in yeast by complementing the funetion of YACs with one missing telomere

(Schlessinger, 1990). 0.5 kb human telomere sequences isolated by YAC assay have since

been demonstrated to funetion as telomeres in humans, permilling stable truncation of

chromosome ends (Farr et al.. 1991). However, native telomeric structures ill vivo arc

somewhat more complicated: typical chromosome ends carry a 7 - 10 kb army ofT2AGJ

repeats, but the length is variable and can be several kilobases longer, for example in

sperm, or shorter, as in sorne tumorcelllines (de Lange ct al., 1990).

Te10mere 1ength depends on the action of telomerase, (1 ribonucleoprotein reverse

transcriptase which extends the T2AGJ repeat of the G-rich strund (Blackburn, 1992).

There is no deteetablp. telomerase activity in most somatie cells, and only very low

telomerase in highly jJroliferating normal tissues like bone marrow; in contrast, telomeruse

activity can be very high in malignantly transformed tissues (Counter ct al., 1995). Thus, a

key event in immortalization and tumorigenesis may be the reactivation of telomeruse, and

telomere integrity may be a limiting factor driving cellular senescence.

While human and mouse T2AG3 telomeres arc functionalty indistinguishahle

(Barnell et al., 1993), Tetrallymena T2G4telomeres seem not to work in mammalian celts

(Shervington, 1993), which only tolerate T2AGJ telomeres. However, T2AGJ arrays as

Slïluit as 500 - 800 bp in length can fun~tion in human cells whether nicked or intact, and

even if interspersed with T2AGS sequences or initiaity capped by up to 1 kb of non­

telomeric DNA; the key to te10mere function seems to be recognition by a specilïc telomeric

repeat binding factor, TRF (Hanish et al., 1994). Budding yeast (but not lïssion yeast)

may be unusualty permissive for foreign telomeres beeause they arc able to perform a gene

conversion, perhaps mediated by a common telomere secondary structure, with endogenous

chromosome ends to cap foreign telomeres with the yea~t TGI_3 repeat (Wang and Zakian,

1990). When an '1rtificial chromosome containing a functional origin and centromere, but
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non-functional telomeres, is transfected, for example, into S. pomhé, the Iinear construct is

often found circularized in those cells which maintain it (Hahnenberger et al., 1989).

Experience from the construction of YACs suggests that while small circular

constructs containing origin and centromere components are about as stable as Iinear
constructs with an origin, centromere, and telomeres, the Iinear versions become the much

more stable form when overall size exceeds 100 kb. Thus, human artificial chromosomes

designed to act as cloning vectors for the study of large genomic regions are eXfJected to

rcquirc functional telomeres. Il seems highly Iikely that the Telrahymella telomeres used in

YACs will have to be rcplaced wilh cloned mammalian telomeres if one hopes to generate a

linear acentromeric human artificia1 chromosome, which couId then be used to clone a large

cenlromeric clement.

MAPPING REPLICATION ORIGINS

Over a dozen commonly-used techniques are currently being employed by

laboratories around the world for the localization of active origins of DNA replication. Each

methodology has its own set of inherent assumptions, advantages and disadvantages, and

capacity for mapping resolution which must be taken into account when interpreting the

results. In fact, when multiple techniques ale applied to the same replication origin, the

apparent answers are nnt always in fun ngreelTlent (Burhans et al., 1990).

Mapping techniques fall inlo IwO major categories: physical methods which loealize

the initiation site (func:iiondl origin) where the first new bases of the nascent daughter

strands arc laid down, and replication assays whieh determine the position of the ds-acting

origin control element (genetic origin) directing i!1itiation in lts assoeiated genomic region

(DePamphilis, 1993a).

The various JTlur:Jing methodologies currently uvailable have been the subjeet of
extensive and thorough reviews (Vassilev and DePamphilis, 1992; Falaschi et al., 1993;

Harnlin et al., 1994).Consequently, this section of the dissertation will coyer most

methods only in brief, and emphasize those methods nctually employed in the experiments

to follow.

Physical Methods for Locating the Initiation Site

A simple, direct and obvious way to identify an initiation site of DNA replication is

to add radioactive precursor and visualize the restriction fragments which incorporate the
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label immediately following initiation. In practicc, this is only applicable to in l'il'o origins

activated at the very onset of S phase in synchronized cells, and specifically to high copy

number origins (such as those present in amplified DNA regions) which yield obvious

specific fragments above the backf~round from low copy origins. Impcrfect synchrony

Iimits resolution to ten kilobases or so. This "earliest labeled fmgment" method hus been

used to map the origins present in the CHOC400 hamster dihydrofolate reductase l\I11plicon

(Hamlin et al., 1994) and the B-1/50 mouse double minute adenosine dealllinase amplicon

(Carroll et al., 1993). While opportunities for deterlllining an earliest labeled fmgment in

l'il'o are lilllited, cloned origins replicating autonomously in l'il/'() lire inherently

synchronized, inte!1sely radiolabeled, and present at a high copy number; consequently,

determinatior. of the restriction fragment predolllinantly labeled at early time pOilllS

represents. in this system, a particularly convenien, method for mapping lin initiation site

(Pearson et al., 1991).

A similar, direct method for mapping initiation sites uses the labeled, puri lied short

nascent DNA strands as probes to screen a restriction fragment panel. While this strutegy

has also been applied to the DHFR locus, for example, it suffers the same limitations liS the

earliest labeled fragment method, and is further complicated when repetitive DNA

sequences are involved.

However, a new technique which takes advantage of the incredible sensitivity and

sequence specificity of PCR has overcome many of the limitations in nascent stmnd

analysis. As a prerequisite, a suspected origin region must be sequenced und three or more

unique primer pairs chosen which amplify distinct genomic sequences spaced across the

region in question. Log phase cells are pulse-Iabeled with brolllodeoxyuridine (BrdU) and

total genomic DNA is prepared. Nascent strands are puri lied and size-fmctionat~d by

denaturing density grudient ultracentrifugation, and may be further purified from

unreplicated DNA with anti-BrdU antibodies. The size range of the nasccnt fmgments

present in each fraction can be determined by alkaline agarose gel electrophoresis, IInd

fractions .ore used as templllte in sepllrate PCR reactions with each primer pllir. The primer

pair closest to the replication origin will successfully IImplify the fraction containing the

shortest nascent strands, and the technique thus determines the distance ellch primer pair lies

away from their nearest replication origin. With three primer pairs separated by only a few

kilobases, nascent strand peR can map an initiation site to within a kilobase or so.

Importantly, this method can be applied to any unique locus in unsynchronized, replicating

cells. However, primers must be specifically and intentionally chosen in regions where

origin activity has been suggested by other data, and the instability of long BrdU-containing

sequences means that primers must he relatively close to an origin for the technique to work
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at ail. Nevertheless, since this technique was first applied to the mapping of the 5' human

c-myc origin (Vassilev and Johnson, 1990), it has be::ome a popular method for the high

resolution confirmation of or.gin activity in, for example, the hamster RPSJ4 (Tasheva and

Roufa, 1994) and DHFR 3' regions (Burhans ct ai., 1f/90), the murine IgH enhancer

(Ariizumi ct al., 1993), the promoter of human heat shock prote in 70 (Taira ct al., 1994),

and the human 343 origin from chromosome 6q (Wu ct al., 1993b).

Since rel<. amplification can sometimes give inconsistent results, because of

variable sample quality, contamination, or other factors, at least one group (Falaschi et al.,

1993) advocates the addition of specifically-designed competitor substrates to each nascent

strand PCR reaction, to allow quantitative comparison between different fractions and

primer pairs. For repetitive or viral loci, PCR detection is not required, and origin position

car. be mapped by direct probing and densitometry to measure the presence and abundance

of short nascent strand. (Yoon et al., 1995).

Instead of merely mapping the position of nascent DNA strands, it is possible to

iS01:11c and clone these short pieces of newly replicated DNA that must include replication

origins. The "origin trap" technique involves in vivo psoralen or trioxsalen crosslinking of

DNA every 1 to 2 kb, addition of BrdU and subsequent isolation and c10ning of the short

labeled uncrosslinked nascent fragments, which can only form in spaces containing an

initiation site thatlie between crosslinked positions of genomic DNA (Dimitrova et al.,

1993). Alternatively, short nascent strands can be obtained from those origins activated at

the beginning of S phase without having to use a potentially damaging crosslinking agent,

by "strand extrusion." In this method, synchronized cells are released briefly into S, and

their isola'ted, labeled DNA is heated to 50'C to denature and release the unstable nascent

strands in the replication bubble; after cooling, the genomic DNA prefers to close back up

with itself and the nascent strands are left to associate with their semiconservative

complementary partner (Kaufmann et al., 1985). Using either method, origin-enriched

libraries of nascent strand clones are obtained which can be probed to see if they include

sequences of interest, or themselves be used as genomic probes to localize the native

position of the identified initiation site. Because bulk genomic fragments can contaminate

nasccnt strand isolates, origin activity should be confirmed using another technique.

The identification of the position of short nascent strands also underlies initiation

site mapping by neutral-alkaline two dimensional gel electrophoresis (Dubey et al., 1991).

Unlubeled totul DNA from log jlhuse cells is restriction digested und eleclrophoresed first in

u standard agarose gl'I according to size, and then in a second dimension under alkaline

denaturing conditions which release nascent strands (Hamlin et al., 1994). The gel is then

blotted und probed with a series of defined genomic fragments; the probe which hybridizes
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to the shortest nascent strands is closestto the end of the restriction fmgment into which Ihe

replication fork first enters. In this manner, fork direction cun be delermined, pointing the

way to the genomic region contuining the initiation site. Neutml-alkaline 2DGE Ims yiclded

excellent results when used to map yeast origins, but has proven difficult to apply in higher

eukaryotes with large genomes and therefore vanishingly low concentmtions of any ,~pecitic

nascent strand sequence, and is further complicatcd by thc presence of any nicked or

damaged parental genomic DNA or of repetitive sequences in the probed regions.

A second 2DGE technique uses a high voltage, low temperuture second dimension

in the presence of ethidium bromide, which makes restriction fmgment mobility highly

dependent on molecular shape, allowing differentialion of buhble l'rom Y-shapcd replication

intermediates, a nove! method for nmpping initiation sites (Brewer ullll Fangnllln, 1991). In

fuct, "neutral-neutral" 2DGE yields a great de'l~ of information about the structures formed

during repIieation of a genomic frugment for which a probe exists, und modilicutions of the

technique ulso ullow the direction of fork movementthrough u fmgmentto he determined.

This method has become especiully popular for the analysis of yeast origins and requires

neither synchronization nor labeIing, allowing mapping to within a few hundred base pairs

resolution (Vassilev and DePamphilis, 1992). However, gel interpretation depcnds on

assumptions about replication intermediate structures formed by undumaged DNA

preparations, and about the bidirectionulity of fork movement. Application of neutml­

neutral 2DGE to higher eukaryotes hus been hampered for sorne of l,he same l'casons us for

neutl'lli-aikaline 2DGE, and observed hybridization patterns ure more compiicated than

expected by theory. In mammals, 2DGE has suggested, in direct contra., with man,;' other

techniques, thut initiation sites may be non-specific across a broad potential initiation zone

(Vaughn etuI., 1990; Krysan et al., 1993).

The key replication intermediate defining un origin, a "replication hubhle," can also

he visuulized direetly via electron microscopy. In cuses where a visuillizable landmurk (fol'

example, a restriction site in repetitive or plasmid DNA) is available, an initiation site can he

mapped by direct measurement on an electron micrograph (Peurson ct al., 1994b).

Mammalian origins mapped by (illY of the above methods can be assigned to u

specific chromosomal position by using the defined sequence as an in sill/ hybridization

probe (Shihab-EI-Deen et al., 1993). Alternatively, other mapping techniques are available

which examine replicon patterns on a larger, chromosomal scale.

One example is the classicaltechnique of fibre autoradiography, where pulse-Iabeled

DNA is spread over (\ slide and covered with a photoemulsion. This technique permits

identification of replieon elusters, and differentiates bidirectional l'rom unidirectional
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origins, but takes months to complete, and does not assign origin position within the

genome (Kornberg and Baker, 1992).

The direction of fork movement through a large restriction fragment can also be

determined by "run-off replication" (Vassilev and DePamphilis, 1992). Isolated S phase

nuclei contain replication bubbles of various sizes, which arc extended in the presence of

BrdU ill vilm, under conditions where no new initiations take place. Fragments furthest

away l'rom origins will contain the most BrdU. Run-off replication is useful for mapping

the predominant direction in which genes are replicated, for example, but permits only very

pOOl' rcsolution of initiation site position.

Large-scale analysis of the organization of replication timing domains has also

become possible, with the recent application of fiuorescent ill sim hybridization techniques

to S phase cells (Kitsberg ct al., 1993a). FISH probes light up as a visible singlet at each

locus, and as a doublet following replieation of that locus, allowing immediate analysis of

allelic synchrony in replication timing, when second, chromosome allele-specific probes

allow differentiation of the maternai versus paternal copi. Where still other probes with

known timing of replieation within Sare available, or wherc an initial FACS step separating

S phase cells on the basis of completeness of their DNA synthesis is included, the timing of

the replication of the chosen locus can be determined (LaSalle and Lalande, 1995).

Initiation sites in chromosomal replieons can also be mapped by the "imbalanced

DNA synthcsis" method (Vassilev and DePamphilis, 1992). /11 vivo, the protein synthesis

inhibitor emetine blocks lagging, but not leading ~:Irand synthesis, and when nascent

strunds arc isolated and unalyzed with strand-specifie riboprobes, the initiation site must lie

in the region where nascent strand polarity shifts. Some problems with this method are the

uncertuinty of how cmetine blocks lagging strand synthesis and what other effects it may

have on replieation physiology, and low (6 - 15 kb) resolution (Falaschi et al., 1993).

A related mapping strategy is the "Okazaki fragment strand switehing" technique,

where strand-specifie riboprobes arc used to screen 100 - 300 bp Okazaki frugments

isolated by denllluring gel electrophoresis, whieh by their nature are derived exclusively

l'rom the lagging strand (Burhans et al., 1990). A panel of short, unique riboprobes and

their complements ean localize the initiation site to within 450 bp, making this the most high

resolution technique currently available. However, the low levels of s'.Jeeifie Okazaki

fragments present at any single point in the cell cycle means that the tc.::hllique only works

when applied to origins activated at the beginning of S in cells synchronized with metabolic

inhibitors. Furthermore, hybridization of probes does not turn out to be perfeetly strand­

specifie (Carroll ct al., 1993), and this method would yield complieated or misleading
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results if, for exumple, initiution cun occur in multiplc c1oscly-spm:cd poilus ucross thc

length of a DUE.

Functional Assays to Identil'y ci~·.Acting Gcnctic Control Elements

Genetic assays, designed to idcntify "repliculors," c10ncahlc origin-dctcl1nining

control sequences, have p0tcnlial udvantages ovcr assuys which mcrcly localize iniliutioll

sites. By subc1oning, mutagenesis, and sequcncing expcrimcnts, the mininUlI componenls

necessary for origin function can be delined, and origins cun be c10ncd inlo new contcxls

for experimental investigation.

The S. cercl'i.l'illc ARS assuy represents the paradigm in this Iield. Whilc only ahoui

hulf of yeast sequences conferring autonomous replicution onlo plusmids tlll1lcd oui to he

!JO/ICI fidc yeast ehromosomal origins (Harnlin cl al., 1994), ARS ussuys serve as un

extremely sensitive test for origin function. This work eventuully led tothe de!ïnilion of th"

minimal yeast origin consensus sequence, the idenlilicalion of the ORC complex, und 111<;

construclion of yeast artificial chromosomes.

Smull arnounts of extraehromosomul closed circulur (episonml) DNA cun be fouml

in essentially ail types of eukaryotic cells (Renault ct al., 1993), although its biologicul role

remains up.certain (Gaubatz and Flores, 1990). In muny cuses, such sequences ure thuughl

to be temporary byproducts of recombinution evenls, but sollle episomes replicute und ure

maintained in the cell, inc1uding double minute chromosomes us smull us a few hundred kb

in size (0011' ct al., 1991), or larger ring chromosomes which Cllll in some cases be herituble

(Kosztolanyi ct al, 1991).

Autonomous replieation assays in mammalian cclls have been atlempled by muny

groups. Suspected origin sequences arc cloned inlo a prokaryotic vector und Irunsfcctcd

into eultured cells, most commonly by calcium phosphute coprecipilation (Chen und

Okuyama, 1987). Even if Ihe plusmids do conlain functional origins und replicate

efficiently, they luck a eentromere und do not partition uccuralc1y utmitosis, meuning thut

they are inherently unstable and ure lost l'rom the population without a selective pressure.

Thus, replication is assessed after transient transfection of 48 - 72 h, or artel' longer term

culture under drug selection for a marker presc t in the vector. Aulonomous replicution is

usuully assayed by one of two methods: "semiconservutive replicution assuy" in Ihe

presence of BrdU,looking for plasmids containing one or two completely BrdU-substitutcd

"heavy" strands, or alternatively by digestion with methylution-sensitive enzymes (Dp/li

and M!JoI), which recognize, under appropriate digestion condilions (Sanchez cl ul., 1992),

whether the bacterialmethylation patlern has b~en lost through replication in the eukaryotic
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system. With lhe latter method, enzyme-resistant DNA can be assessed by careful analysis

of Southem blots (Rao and Martin, 1988), by bacterial back-tnmsformation assay (Vassilev

and Johnson, 1988), or by PCR (Cooper et al., 1994).

Whereas in yeast, ARS assay is perfectly sensitive, jf not entirely specific (Dubey

el al., 1991), autonomous replication assays in mammalian cells seem to be considerably

less sensitive (Hamlin et al., 1994). When plasmid Iibraries of l'andom humun shotgun

frugments were trunsfected into human cells, it was not possible to isolme actively

replicating origin-containing clones (Biunh1ilti et al., 1985). In addition, two separate

groups have been unable to detect aUlonomous replication uctivity in frugments contuining

the known initiation site from the humster DHFR locus (Burhans et al., 1990; Caddie and

Culos, 1992). Episomul replication in humun ceUs is complicated by inaccurate partition

und possibly by depressed origin activation in the plasmid context (Faluschi et al., 1993),

and analysis is made more difficult b} non-replicative (repair) synthesis, and by potential

Integration of transfected plasmid into the host genome (Gilbert et al., 1989).

One group (Krysan et al., 1989) attempled to circumvent the problem of inaccumte

parlition by designing a crippled EBV-based transfection vector, retaining the fumily of

repeats element of oriP, which is believed to direct (in the presence of EBNA-I) equal

partition at mitosis. However, subsequent work showed that any cloned human insert

greuter than about 12 kb replicated in their system (Heinzel et al., 1991); yeast inserts

replicated ubout as weil u'; human DNA (Tran et al., 1993), and prokaryotic inserts, while

coni1iderably less efficient, were also active when arranged into large multimers greater than

30 kb (Krysan et ul., 1993). Initiation sites on the plasmids, assessed by neutral-neutral

2DGE, were rundomly positioned (Krysan and Calos, 1991). The same group hus recently

published similar results showing non-specific autonomous replication of human, fly, and

bucterial sequences in Dro.l'oplzilll ceIls (Smith and Culos, 1995). In summury, their results

suggest thm either metazoan origins do not require specifie or uncommon sequence motifs,

or thut autonomous replieation assays in metazoans show greally redueed specificity, and

can use ahnost any sequence as a potential origin.

Although the authors briefly address various problems with their system (ehoiee of

ccli line, effects of viral EBNA-I, partial function of the crippled veetor, and inability to

differentiate episomal replication from integrated construets when Iinearizing restriction

enzymes arc used), the strongest challenge to their results may be the simple faet that many

other groups have successfully used autonomous replication assays in mammalian cells to

detect specifie, short DNA sequences that confer putative origin activity, once pel' S phase.

Musukata ct al. (1993) demonstrated that, in 293S ceUs transfeeted with a purely

prokuryotic vector, replication effieiency is not dependent on simple size, but on specific
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c10neable subfragments, and BrdU semiconservmive replication assay suggested that

autonomously replicating plasmids were thirty times more active than vector alone. An

origin 3' to the murine adenosine deaminase locus replicmes autonomously when c10ned liS

a 4 kb insert in a defective EBY-based vector; initiution is spccitically localizcd to the inscl1

by nascent strand PCR (Yirta-Pearhnan ct al., 1993). A different origin, on Ihe 5' side of

the same mouse locus, is active on B-I/50 ccII episomcs; '. l!.azaki frngment strund

switching and earliestlabeled fragment assays show thalthc same specitic initialion sile is

used in the episomal and the chromosomal context of the IIdcnosine demninasc genc (Carroll

et al., 1993). OkazlIki fragment strand switching also shows thm the samc origlll is uscd hy

the hamster CAD gene when replieating episomally as when replicating in ils ill l'ÏI'o

chromosomal context (Kelly et III., 1995). Frugments l'rom Ihe upslream region of Ihe

human c-m)'e gene, where an initiation site has been localized by multiplc techniques, direcl

autonomous replication in short and long term BrdU and D{JIII/Mboi assay (McWhinney

and Leffak, 1990). Another group has subcloned a 210 bp region of the 5' c-mye region

which replicates autonomously, is maintained as an episome ill vivo (Sudo cl al., 1990),

and contains minimal consensus elements and footprinls of pOlenlial inilialors (Ariga cl al.,

1989). DNA sequences isolaled l'rom monkey eells by n«"cenl slntnd eXlrusion III sn

possess autonomous replication capacity by D{JIII and BrdU assay (Fruppier and Zannis­

Hadjopoulos, 1987); this ors activity can be subc10ned and searched for conscnsus

elements (Todd et al., 1995), or used as a probe for polenlial initialor prolcins (Ruiz cial..

1995). Anti-cruciform immunoaffinity purified fragments 0.2 - 3.2 kh in size alsn confer

autonomous replication capacity, under conditions where random human DNA frngmcnts

do not (Bell et al., 1991). Sorne human cDNA clones Imve also heen demonstrulcd 10

replicate autonomously following transfection into human cclis (Wu ct al., 1993a), and onc

such fragment has been subsequently proven to act as a bOllll.fïde chromosomal origin in its

native position on chromosome 6 (Wu et al., 1993b). More recently, aulonomous

replication assays have agreed with il! vivo mapping of chromosomal origin fUl1ction in thc

human heat shock protein 70 promoter region (Taira ct al., 1994).

Autonomous replication can also be assayed by using plasmid DNA as template in

an il! vitro replication system based on human ccII extracts ,f.>cllfson ct al., 1991). While a

background incorporation of radionucleotide occurs through repair activity in cnide

extracts, initiation occurs specifically within the autonomously rcplicaling inserl DNA, ,IS

assessed by EM mapping of ors clones (Pearson ct al., 1994b) and Okazaki strand switch

assay of plusmids carrying the 5' c-mye origin (Berberich et al., 1995).
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Autonomous replication assays represent a powerful technique for the functional

mapping of mammalian origins of DNA replication, opening the door to th~ isolation of

new origins, and to further studies that will increase our knowledge of the nature of

rcplication origins in highcr eukaryotes. In vivo transfection and in vitro replication

systems have been developed for the genetic assay of origin function. However, the

question remains: are thcse techniques sufficiently sensitive to detect, reliably, replication

activity in cloned origin sequences? To investigate this problem, fragments from a known

mammalian origin, previously well-defined by a series of alternative physical mapping

methods, will be assayed for autonomous replication, using the transfection and in vitro

techniques developed in our laboratory.

If mammalian autonomous replication assays do have the sensitivity and specificity

needed to identify sequences containing cis-active origin control elements, they will

subsequently be applied to the isolation of large numbers of new replication origins. To

date, only a handful of replication origins have been identified in vertebrate systems,

including those associated with histone H5 (Dobbs et al., 1994) and cx-glbbin (Krajewski

and Razin, 1992) genes in the chicken, mouse origins mapped in the immunoglobulin

heavy chain enhancer (Ariizumi et al., 1993) and at both ends of the adenosine deaminase

gene (Carroll et al., 1993; Virta-Pearlman et al., 1993), origins mapped near or in the
~ .

dihydrofolate reductase (Hamlin et al., 1993), rhodopsin (Gale et al., 1992), ribosomal

protein 814 (Tasheva and Roufa, 1994) and CAD (Kelly et al., 1995) loci in hamster cell

lines, and monkey ors clones (Zannis-Hadjopoulos et al., 1992). In the human system, the

list of identified chromosomal origins remains short: origins mapped immediately 5' to exon

lof c-myc (Vassilev and Johnson, 1990) and hsp70 (Taira et al., 1994), the lamin B2­

associated origin at 19p13.3 (Biamonti et al., 1992), the 343 origin located at the tip of the
"

long arm of chromosome 6 (8hihab-EI-Deen et al., 1993), and an origin mapped between

the li and ~ genes of the human ~-globin domain (Kitsberg et al., 1993). Autonomous

replication assays will be adapted to the screening of large numbers of sequences for origin

activity, using as a starting point libraries enriched for origins by anti-cruciform

imnilinoaffinity purification (Bell et al., 1991). If a large number of origins from a single

system (the human) can be identified, they could be sequenced and analyzed for the

presence of common sequence elements in an effort to determine the cis-active sequences

required for origin function.

Where a large genomic region has been cloned and sequenced, the possible presence

of a replication origin can be investigated by identifying clusters of elements associated with
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origin activity, such as transcription factor binding sites, matrix attachment regions, DNA

unwinding elements, and cruciform or bent secondary stluclUres. Autonomous rcplication

assays then pf'wide a convenient, complementary method for screcning a scries of

contiguous clones in an effort to identify the ones most likely to include a functional origin.

Indeed, the convenience of autonomous replication studies, and the possibility to adapt ill

vitro replication assays for mapping initiation sites, will !le applicd 10 the exmnination of

suspected replication origins, including those which may conceivably have a role in such

phenomena as insertional mutagenesis and genomÎC imprinting.

Finally, the functional assay techniques and newly-identified origins will !lc applicd

in the construction of a human artificial chromosome. If it can hp. achievcd, a human

artificial chromosome would be a valuable too1 for the investigation of chromosomc

biology, permitting origins to be arranged and analyzed in a large-scale defined contcxt,

allowing the cloning and study of the human centromere, and perhaps crcating a modcl for

epigenetic effects such as genetic imprinting and chromosomal inactivation. ln addition,

such a construct could serve as a human transfection vector with no practical size limit to thc

information it could carry, allowing assembly of complementation panels for gene mapping,

and genetic transfer of complete transcriptional units without the need for any viral matcrial.

As a tool for gene therapy, a human artificial chromosome could sce appiication in the

treatment of inherited metabolic disorders (Kay and Woo, 1994), cancer (Culver and

Blaese, 1994);or even some neurological disorders (Friedmann, 1994). Knowledge of

replication origins can permit the first steps to be taken along this road.
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CHAPTER THREE

AUTONOMOUS REPLICATION IN VIVO AND IN VITRO
OF CLONES SPANNING THE REGION OF THE DHFR
ORIGIN OF BIDIRECTIONAL REPLICATION (ORl8).

Maria Zannis·Hadjopoulos, Torsten O. Niclscn,
Andrea Todd and Gerald B. Priee

This chapter was published December 30, 1994, in the journal Gelle (151 :273-277).

Experimental results include work using cel! transfection autonomous replication assays,

which were performed by Maria Zannis-Hadjopoulos and Andrea Todd, and ill vitro

replication assays, which 1 performed and wrote up for the first draft of the manusc.ript,

otherwise put together by Maria Zannis-Hadjopoulos and Gerald B. Priee. Journal

reviewers requested several changes, additions and clarifications involving ail portions of

the manuscript, which·I dealt with personally to produce the final revised form of the

manuscript,presented here as a reprint of the journal article, with permission from the

copyright owner, Elsevier Science B.V.
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SUMMARY

Plasmids containing thc origin of bidircctional rcplication (oriff) of the Chincsc hamstcr dihydrofol:IIC l'cduct:tse·
cncoding gcnc (DflFR) wcrc tcsted for alltonomOllS rcplic<.Ition in vivo and in vitro. The rcslIlts show thal plasll.lids
pX24 and plleoSl3. that contain i.l 4.8- and a 11.5-kb fragment. respcctively. spallning thc or;!l rcgioll. ;lI"I~ :lhl~ tll
rcplicatc i.lutonomously in hllman cclls and in a ccll-free system that uses human ccII cxtracts. Anothcr pl:lslllid, pX 14.
eontaining a 4.8-kb rragf!lCnt that is il11mcdiately adjacent to the ori/J region. nlso rcplic:lted in thcsc Iwo :lSS:lYS.

•

INTRODUCTION

Several dilTerent methods have been employed ror the
isolation or mammalian DNA replieation origins (ori)
(reviewed in Vassilev and DePamphilis. 1992). However.
a major diffieulty in their identification as runetional lII·i.
has been the laek or a simple, reliabic and suffieiently
sensitive rllnctional assay. One of the bcst candidatcs for " (
such aa assay is the Dplll resistancc assay (Pcdcl1 ct al..
1980), whieh has been very userul in the ruiletional assess·
ment or viral ori (Vassilev and DePamphilis, 1992). This
assay has been sueeessrully employed by us (Frappier
and Zannis·Hadjopoulos, 1987; Landry and Zannis·
Hadjopoulos, 1991; Bell ct al., 1991; Nielsen ct al., 1994)
and others (Iguehi-Ariga ct al., 1988; MeWhinney and
LelTak, 1990; Virta·Peariman ct al., 1993) to study the

COl'rl!.~l'ulldelice 10: Dr. M. Zannis-Hal1jopoulos. J'vlcGiIl Cancer Centre,
3655 Drummonl1 Street, Montréal. Québec H3G 1Y6, Canadll. 'l'cl.
(1-5t4) 398-3536; Fax ( 1-514) 398-6769;
e-mail: h:tdjopoulos@medcor.mcgiU.c:t

Abbreviations: bp, base pair(s): DHFR. dihydrofolate rel1uctase; 011FR,
gene cncoding DHFR: kb. kilobasc(s) or 1000 bp: nt, nucieoticJe(sJ; ul'i.
origin(s) of DNA rcplicalion: odll. bidircction:.ll or; of hamster 011FR
rcgion: ors. urj·cnrichcd sequences; 20, .\\'0 dimensional.

fUllclion of putative mammaliun chl'onwsol1l:t! 0";. In
addition, we l'cecnt!y developcd an in vitl'o DNA replica­
tion system. which supports the specilh.: initiation of OIlC

round of scmiconservativc l'CpliCHtioll in plasmids r.:on­
taining putativc mummalian or; (Pearson cl ;lI.. PNJ:
1994). As we have shown, thc ()l'i~contaillillg plusllliiis
that arc capable or autonomOlis l'cplicatioll in vivo. hy
transfcction, can also replicute in the in vitro replic:ltioll
assay (Pearson ct al.. 19~1; Nielsen et al.. 1~')4). III Ihis
parcr, \Vi.:: used the /)/)//1 rcsistancc assay, in vivo :lnd in
vitro, to fUl1ctionally assess a series of p!asmids cotltain·
ing the bidireetiollai replieation 'I/"i/I or Ihe dihydr"foiatc
reduetase-elleodi'lg gelle 1)1/1'1< (Ilurhalls cl al.. l')'JII).

EXPERIMENTAL AND DISCUSSION

(a) Transicnt rClllicutÎolI aS~i1Ys in \'ivu h)' IransfccliuJI
The alltonomOliS rcplication of a sl.:rics of pJ:t~mjd~

containi'àg scqtl~lces from the coding (pDG 1a; 7.5~kl·

Hil/dlll rragment or the 01/1'1< eoding region cio"ed io .
pUCI9J and 3' non-eodillg (pX 14, pX24, plI"OS' ,regi,,,
orthe DHFI{ gene (girts or Dr. M.L. Del'amp" Roch,
Institute or Moleeular Iliology) was ill"",(ip". . ïg. 1)

SSDJ 0378-1119(94)00597-4
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Appropriate conlrol plasmids of equivalent size con­
wining baeteriophage ). DNA sequences (pDG).8.6,
6.6 -1- 2.0-kb Wlldlll fragments of). DNA; and pDG1.6.6,
6.6-kb Hilld Il 1 fragmenl of ). DNA; gifls of Dr. M.L.

DePamphilis) Were also used. A monkey autonomously
rcplicating ors!2 sequence (Zannis-Hadjopoulos et al.,
1985; Frappier and Zannis-Hadjopoulos, 1987; Rao ct al.,
1990) was used as a posilive control. DNAs (5 ~tg) from
lhese plasmids were transfeeted in Hela eells by the
Ca-phosphale co-precipitation melhod (Graham and Van
der Eb, 1973) and 48-h laler Hirt supernatanls (Hirl,
1967) were prepared. Plasmid DNA reeovered in lhese
supernaUlIlts was digesled with Dp"j (Peden ct al., 1980),
whieh deaves unreplicated (fully methylaled) input DNA,
bul does nol deave DNA repliealed (hemimethylated or
unmethylaled) in Hela cclls, and subjeeted to Soulhern
blot analyses (Frappier and Zannis-Hadjopoulos, 1987;
Landry and Zannis-Hadjopoulos, 1991: Wu ct al., 1993a).
BlOIS were probed with eilher nick-translated pBR322
(Fig. 2A) or a mixture of l'DG 1a and plleoS13 (Fig. 2B).
which arc plasmids eonlaining veclors pUCI9 and

30 kb

pX.t!4

i
cri/' 1l. !

Ol/fUQtlfltI

pOG111

H) H3
"---7.5 kb ._--,
1.•••_---_._-_.....

o 20

Y'I-,--'-----'------'---
xx XXBH3XX

M~! '1 t ! 1 1

------' ----
pX14

1 p~S13
Xhol .

11.'15 kb ---_••--------_._

hg. 1. I)inljrmn of tht: J)l! FU j,!t.:llC 'lIld downstrcmn noncoding fcgions
Îndkating the fragments containcd in plasmids pDG Ill. pX14. pX24
:llId PI/l'liS 13. The position of the orill. as mappcd by Burhlllls ct al.
(Jl)I)()J, is abo indic:Ltcd. B, 1l(l/llHI; 1-13, //indlll; X. X11II1.

•

a b

-Dpnl

2 34

+Dpnl

1 2 3 4

:Dpnl

2 3 5 6 7

+Dpnl

2 3 5 6 7
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Fig. 2. AUlollomolis replie'Hion ass:lY of ori/J·contuining p\asmids. Hel:! ceUs werc transfeclcd with 5 J.lg of cach plasmid DNA. Aftcr 48 h Ü

n:co"crcd pl:lsmid DNA s:lmp\es wcrc split into two ha\vcs, one Imlf left untrcatcd (- Dpnl) .md the olhcr digestcd with 1.5 unils of Dplll for 2
(+ Opnl J, elcetrophorcscd 0I~1 % ag:lrose, blot-transferrcd .md probcd .with a mixlure of nick-trunslated pDG la and plleoSI3 DNAs. Full digcstio
by DI'III wus \'erified by inclû~i~g)OO ng of À. DNA in each reaetion,Ols described previously (Frappicr and Z.mnis~H:ldjopoulos, 1987). Lanes:
(JrsI2; 2, pX 14; 3, pX24: 4. pllenS 13: s, pDG/.6.6; 6, pDG ln; 7, pDG/.8.6. Pancls Il und b represcnt Iwo cxperimenls, performed in the same munnt
c:'iccpling comb size and the pl:lsmids lestcd. Supcrcailed farm 1(Al, rclaxcd circular farm Il (8) and lincar form III (C) molccules Olrc indic'lted i
white. Bands migr:lling bclo\\' form 1 rcprescnt Dplll digestion çroducts; bands migruting abovc form 11 inc1ude catenated circular products 1

replie'ltion and repliculi\'c illtcrmedi:tlcs.
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pdMMTnco that carry the various DNA fragments uscd
in the rcplication studics. As an internai control for full
digestion by Dplli. 500 ng of methylated i. DNA (NE
Biolabs. Beverly. MA. USA) were includcd in ail rcac­
lions, and the digestion products \Vcre ycrilicd by cthid­
ium bromidc staining and SOllthcrn blol hybridizatioll
(data not shown). The reeovcred plasmid DNAs werc of
the correct size cxpeeted for pOl'sJ2 (5.4 kb). pXI4
(7.5 kb). pX24 (7.5 kb), pDGla (10.2 kb). plleoSI3
(18 kb), pDG/.G.G (9.3 kb) and pDG/.8.G (11.3 kb). as in
previous assays (Frappier and Zannis-Hadjopoulos,
1987; Landry and Zannis-Hadjopoulos, 1991; Wu ct al..
1993b). The results (Fig. 2) show that 0I's/2. l'X 14, pX24
and plleoS 13 generated Dplli-resistant bands, whilc
l'DG la and the two control clones or baeteriophage A
DNA did not. The 01's/2 clement has been shown prc­
viollsly to have uutonomollsly rcplicating activity
(Fral'l'icI' and Zannis-Hadjopoulos. 1987). Plasmids
pX24 and plleoSI3 both eontain the O/'i{1 region of DHFR
(Burhans ct al., 1990). Plasmid l'X 14 includcs a region
in whieh initiation was deteeted by 2D-gel elcctrophore­
sis. but at a lowcr rrcqucncy than the fragments which
eontain the ol'i{1 (Dijkwel and Hamlin, 1992). The pro­
duction of Dplli-resist"nt supereoiled (form 1) DNA is
variable and generally lower than that of relaxed circulaI'
(form II) and linear (form 1JI) forms, as has also been
observed previously (Landry and Zannis-Hadjopoulos,
1991). This may be caused either by variability in topoi­
somerase activily (Pearson cl al.. 1991) or by lhe sensiliv­
ity of hemimethylated form-I DNA 10 nieking (Sanchez
ct al.. 1992) thal eonverls it to form II.

Thcse rcsults arc consistent \Vith prcvious observations
lhal smail (approx. 0.1-2 kb) Ol'S (Zannis-Hadjopoulos
ct al., 1985; Rao cl al., 1990; Landry and Zannis­
Hadjopoulos. 1991) or olher seleeled sequences (lhe 5'
e·mye origin: MeWhinney and LelTak. 1990; eruciform­
enriehed human genomic fragments: Bell cl al.. 1991;
Nielsen et al., 1994; a sequence 3' to the mouse adenosine
deaminase gene; Virta·Pearlman cl al.. 1993) of mamma­
Iian DNA can initiale autonomotls rcplicatioll in vivo
(Frappier and Zannis·Hadjopoulos, 1987; McWhinney
and LelTak. 1990; Landryand Zannis·Hadjopoulos, '1991;
Bell et al., 1991,Virla-Pearlman cl al., 1993; Nielsen cl al ..
1994) and in vitro (Pearson ct al., 1991: 1994; Nielsen
cl al.. 1994). In contrasl, some studies have reported lhal
only large fragments (> 10 kb) were observed to supporl
autonomous DNA replieation in human (Heinzel cl al.,
1991; Krysan ct al.. 1993) or rodent (Krysan and Calos, "'.
1993) eells, including those that eontain the DIlFR ol'i{/
(Caddie and Calos, 1992).

(b) In vitro replieation assay
We have reeently developed an in vitro replieation

syslem. in whieh monkey (Ol's) (Pearson et al.. 1991) and
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human (Nic1st:1l t:l,al.. 1994l :Il1llllh'IlHlUS\Y n:plk'ating
scqucnCt:s can initiatt: and calT)' out llllt: round llf al'hidi·
colin~st:nsitivt: st:mkonscl'vali\'t: I)NA rcp\kalhlll
(Pcarson d al.. 1991l. \Ve ne:-.:t asscsst:d 1he ahilit \' \If 1hi"
systcm to dClect :Il1tOlllllllOllSly replkating plaslllill",
amollg those lIsed ahort:. containing seqllcnl:l:s hllth frnll1
withill the eoding regkm or dowllstrcam l'rom J)JJ FJ~. III
vitro replication was calTied out as dcscl'ibcd in Pearson
ct al. (1991 l. lIsing eqllimolar :Illlo11nls (appl'l'x. lun Il!~1

of cach plasmid DNA as temp\atc. Sillet.: pNci.l_~IY\"<~ .. ·1
(9.3 kb) can he stlcccssflllly replieatt:d in Olll' in dIre
syst.;:m. consistent with in vivo tl'ansfcelinll L1at:l 01

rVlc\VhillllCY and LCmlk (198~). wc used il Blld /1,.....8 l'las­
mid DNA (4.9 kb) (l'ea!'son ct al.. 19'J!) as posill\" con­
trois (Fig. 3). Wc observed that Ihe same clones (l'X 14
pX24 and pl/eoSI3) thall'Cplicatcd in vivo artel' 1l'a nsfcc­
tion wcrc also capable or rcplieating in vilro. g\mcmlil\~

Dl'nl-resislant bands, while l'DG la and the t\\'o i. c1onc,
did nol (Fig. 3). Ail the ullI'epliealed inpui DNAs. bell)1'l
lheil' lise dthcr ill vivo or in vitro. \Vcn,: J)l'lIl~SCIiSili\'C

indicaling that they were l'ully melhylaled (l'edcn cl al.
1980: Nielsen cl al., 1994). As p!'cl'iously. in ail plasmid,
wc obscrved mulerial whit:h migralcs ~Inwer Ihall rol'll
Il. indicalive of eatcnatcd dimers and replic:ttivc Înlcrrnc
dialcs (Pearson cl al.. 1991). Conlrol cxpcrinwllls il
which template DNAs wcre Ilot illcluded in in vitro l'l.:ac
tions yiclded no pl'oduels (l'carson ct al.. 1991). Thus, a:
before (l'curson ct al., 1991; Nielsen cl al., 1994), IVe fuunl
that the in vivo and in vitro assays arc bollt capable 0

delcctillg autonommls rcplicating activity of plasmid
containing putative mamlllalinn ori.

Burhans ct al. (1990). using various, dil]'el'ent translee
tion pl'Otocols and a simi1ur in vitro systcm \Vith a vUI'ict,
of mamlllalian extracts, hml dillicliity obscrving signili
eant Dplll-I'esislanl replieation \Vith eilher pX24 or l'XI,!
Occasionally, howcvcr, undcr conditions lhal PCl'lllilll:(
borderline~dctectable rcplication, halh plasmids sh()WCI

equivalenl aetivity. Caddie and Calos (1992), lransfeetin!
293S cclis, observed aulonomous replieation of a 13.3-kl
3' DHFH fragmenl (ineorporating lhe in,el'ls of boll
pX24 and pX14), but did not obsel've any aelivily froll
a shorler eonslruel with the same 4.3-kb XI",I fragmell
present in pX24.

(e) Conclusions
(1) Aulonomous repliealion aelivity cao be deleeled i

transient cpisomal rcplication assays of plasmids CHfl'yill
lhe DHFR ori{i, regardless of their size (4.8-kb fragmen
pX24; 11.5-kb fragment, PlléOS 13).

(2) The in vitro replieation assay is an acceptable altel
native method to the in vivo assay for dctcction ofautor
omous rcplicating activily of plasmids containin
mammalian putative ori, corroborating our prcviol
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F!~. J. In vitro rcplicatioll :lssay. Eyuimolar llI110unls of cach plasmid DNA \Vere incubatcd for 1 h nI 30"C in rcaclion mixtures cOlltaining HcLrl
cc!ïcxtracls. ilS prcviollsly dcscribcd (Pc:\rson ct al.. 1991). The producl DNAs \Vere purificd, conccnlratcd. und dividcd inlo Iwo Imlvcs: one Imlr
(approx. 50 ng) ofcacll rC:lctio!l \VilS Idt untrc:l!cd (- Drnl) nnd the other \Vus digcstcd \Vith 1unit of Dplll for 1.5 Il (+ Drnl). Lanes: 1. pNco.Myc··2.4:
2. pX24: 3. pX 14: .J, pDG lu: 5. ol"sN: 6. plll'OS 13: 7. pDO).8.6: 8, pDO/,6.6. Panels :l .mtl b. as weil as clcctrophorcsis und the diITcrcnt rcplication
prl1ùur.:ts arc as t1cscribcti in the Icgl.":ud 10 Fig. 2.

•

observations (Pearson ct al .. 1991; 1994; Nielsen ct al.,
1994).

(3) ln botb the in vivo and in vitro replieation assays,
control plasmids earrying ), DNA inserts arc replication­
negative, wbereas the plleoS 13 plasmid does replieate
autonomously, as does the smaller plasmid, pX24 (dis­
cusscd in Burhans ct al., 1990); both or the lalter two
plasmids calTY inserts that contain orill. A third plasmid,
pX14, containing a 4.8-kb insert rrom the DHFR down­
st l'cam n:gion immcdiatcly 5' to pX24, a150 displays
:Iutonomous l'cplication: howcvcr. pDG la. cHl"rying
7.5 kb or the I)HFR coding rcgion, does not. The above
rc:mlls slIggcst lhat l'cplicution occurs only in plasmids
cOlllaining mammalian inscrts that carry an atltonc'~

mously replicating sequence (a potential 01'0 and is not
the result or random initiation rrom nicked, gapped or
CUl templates.

The observation that the inserts in pDG la (7,5 kb) and
pDGÀ8,6 (8.6 kb) do not replicate in OUI' assays, whereas
those in pX 14, pX24, pNeo.Myc-2.4 and 0I's12 (4.8, 4,8,
2.4 and 0.8-kb inscrIs, respeetively) do, implies thal these

resufts cannot be explained as simple rragment size
dependent DNA replication (Heinzel ct al., 1991). While
replication rrom the orill contained within pX24 is consis­
tcnt with results obtained by many mapping techniques,
including nascent DNA PCR (Vassilev et al., 1990), and
Okazaki rragment distribution (Burhans ct al., 1990), the
possibility or origin activity rrom pXI4 is supported by
severallower resolution mapping techniques (reviewed in
Burhans cl al., 1990), and by 2D-gel analysis (Vaughn
ct al., 1990).
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CHAPTER FOUR

A REPRODUCIBLE METHOD FOR IDENTIFICATION OF
HUMAN GENOMIC AUTONOMOUSLY REPLICATING

SEQUENCES

Torsten Nielsen, David Bell, Claude Lamoureux,
Maria Zannis-Hadjopoulos and Gerald Priee

Chapter 3 demonstrated that autonomous replication assays have sufficient

sensitivity to detect origin activity in DNA fragments derived from a mammalian

chromosomal initiation site. In Chapter 4, 1adapt these techniques to allow mass scrcening

of human DNA libraries that are enriched for sequences which form cruciforms in vivo, in

an effort to isolate large numbers of novel replication origins.

This chapter was published by Molecular and General Genetics in February, 1994

(242:280-288). 1 was responsible for ail of the experimental work, with the exception of

the construction of the initial anti-cruciform immunoaffinity purified Â. phage libraries

(performed by David Bell), and 1 was aided by Claude Lamoureux in the construction of

pBluescript secondary libraries. Gerald Price wrote the Introduction and Discussion

sections of the paper, but 1 wrote the remainder of the first draft and made ail rcvisions for

the published version. Maria Zannis-Hadjopoulos and Gerald Price provided supcrvision

in the initial planning of experiments, and edited ail drafts of the manuscripl.

The chapter is presented as a reprint of the published article (with permission from

the copyright owner;'Springer-Verlag) but 1 have included an addendum which elaboratcs

on the points made by Table 3, Figure 5 and the text at the end of the results scction,

relating the transfection and in vitro assays in mass screening and individual clone

experiments.
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Abstract. Wc demonstrate a method for the isolation of
autonomously replicating sequences from pools of clones
obtained from genomic DNA libraries conslruCled using
affinity purificalion of cruciform DNA. The selection of
autonomously replicating sequences was based on their
differential ability ta replieate as episomes after transfee­
tian of pools of plasmid clones into human HeLa cclls.
Two separate libraries containing affinity-purified cruci­
form DNA were used, one prepared from DNA of log
phase primary human genital fibroblasts and the other
prepared from DNA of log phase SW48 colon adenocar­
cinoma cells. Representative samples of the entire phage
libraries were converted ta phagemid clones by filamen­
tous helper phage-mediated mass excision ta produce
pBluescript libraries in Esc"el'icilia coli. Clones were
grown up individually and the bacteria pooled into
groups of 48 for recovery of plasmid DNA. Plasmid pools
of 48 independent clones (120 J.lg total) were then tmns­
fected by calcium phosphate coprecipitation onto log
phase HeLa cells, which were allowedto grow for 3 days
before recovery of plasmid by Hirt Iysis. The recovery of
plasmid from each transfection was estimated ta mnge
from 10 ta 60 ng. Dplll digestion was then used ta digest
plasmids which had not been replicated and therefore
retained a bacterial methylation pattern which was sensi­
tive ta digestion. We estimated from agarose eleetrophe­
sis gels that 40-200 pg of recovered plasmid DNA pel'
transfected pool ofDNA was resistant ta DpllI and there­
fore was capable of tmnsforming competent E. coli cells.
The Dplll-resistant fraction yielded from one ta seven
independent clones from each pool, with genomic DNA
inserts ranging in size from 0.35 ta 3.4 kb. The fidelity of
the procedure was demonstrated by performing duplicate
transfections from the same pool of plasmid DNA, and
identifying bands which were apparently common be­
tween duplicate transfections by size and sequence-analy­
sis. A second method of mass screening, using an in vitro
DNA repHcation assay instead of transfeetions, resulted

Communicatcd by G.P. Gcorgicv

Correspom/ence 10: G. Priee

in similar yields anu leu ta lhe isolaI ion ofan overlapping
subset of selectcu clones.

Key wnrds: Origins - DNA replicalion - II1Iman _. In
vitro l'cplication assay - Library sCl'ccning

Introduction

Invcrtcd rcpcat DN/\ (palindromie) sequences arc wiuely
uistriblltcd in ehromosomal DN/\ of ellkaryotes (Wilson
and Thomas 1973. 1974; Sehmid ct al. 1975). They have
the palential to lbrm intrastrand base pairs. which. ill

a negatively supereoiled moleellle, can Icad ta the forma­
tion of cruciform structures. Il has bccn sllggcstcd lha
such structures may form undcr physiological candi lion:
to serve as recognition signais for specifie rcgulator~

proteins of DNA replication. Invcrlcd repeat sequence,
have been found ta be a regular fealure of mammaliar
autonomously replicating sequences (Rao ct al. 1990
Landry and Zannis-Hadjopoulos 1991). In an effort Il
faeilitate the detection of cruciforms and evaluatc thci
rolc in DNA rcplication, wc reccnlly prouuccd mono
clonai antibodies with unique specificity for cruciforn
DNA moleeules (Frappier cl al. 1987). These anlibodie
recognize conformation determinants specifie ta DNI
cruciforms and do not bind linear double-strandcc
DNA, linear single-stranded DNA, or single-slrandet
DNA containing a hairpin; the conformation deter
minant has been shawn la be associated with the second
ary structure characteristic of the base, and the junetiol
of the eruciform structure (Frappier ct al. 1989). Whe,
this anti-eruciform antibady was used in permeabilize.
cells, wc observed a 2- ta II-fold enhancement of DNI
replieation and enhaneement in eopy number ofJow cap
genetie clements (Zannis-Hadjopoulos ct al. 1988). Re
cently, wc have sueeessfully used anti-eruciform mone
clonai antibody and negatively supereoiled genomi
DNA of monkey CV-I cells ta make an affinily-purifie
library ofsequences for analysis in assays ofautonomOl
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replication in human cells (Dell ct al. 1991). Wc found
that the library was enriched for sequences capable of
autotlomous replication artel' transfection into HeLa
cells.

We have made additionallibraries ofhuman genomic
sequences from negatively supercoiled DNA of primary
genital fibrobla~ts and colon adenocarcinonm cells. The
individual isolation of random clones. subcloning, and
individual assessment ofautonomous replicalion activity
cannat accommodate or use, to appropriate advantage.
such a large number ofpulatively autonomously replieat­
ing sequences. In this study, wc report a method for
assessment of large numbers of clones simultaneously.
The 10ss in sensitivity of detection duc to the more strin·
gent conditions that are necessitated by these types of
mass transfections is counterbalanced by the ability lo
screen large numbers of independent recombinants from
the libraries.

Materials and methods

COllstrllctioll of lambda bacteriophage'lihraries. Lambda
ZAPII origin·enriched human genomic libraries were
produeed by the anti·cruciform DNA affinity purifica.
tion method of Bell ct al. (1991). Briefiy, high molecular
weight DNA was extracted from log phase primary hu·
man genital fibroblasts and from SW48 (ATCC CCL231)
human colon adenocarcinoma cells, incubated with 'Inti·
eruciform monoclonal antibody 2D3 (Fruppier ct al.
1989) specific for DNA cruciform structures, and exhaus·
tively digested with EcoRI (BRL). The DNA was lhen
specifically recovered with anti·mouse immunoglobulin
immunobeads (BioRad). For each source, DNA from 12
such reactions was pooled, ligated to EcoRI·digested
Lambda ZAPII vector DNA (Stratagene, La Jolla, Cal­
if.) and packaged into phage particles as detailed by Bell
ct al. (1991). The phage were then used to infect XL-I
Blue bacteria at a low multiplicity, and the bacteria
plated in the presence of X-gal (Pharmacia) and IPTG
(Pharmacia) to determine the percentage of recom·
binants in the library. Artel' determining the titer of the
packaging reaction mixture, the library was amplified.
Herearter, the libraries made with EcoRI·digested, 2D3
anti-cruciform affinity-purified DNA from primary
genital fibroblasts and SW48 colon carcinoma cells will
be called PHF and SW48Il libraries, respectively.

Subc/oning and pBlliescript Iibruries. Mass excision or
phage to obtain phagemid clones was facilitated by the
pre~ence in the Lambda ZAPII vecl.Or of the fi filamen­
tous helper phage origin of replication and lermination/
packaging signaIs. Coinfection of host bacteria by both
Iibrary lambda phage and filamentous helper phage re·
sults in the production of single·stranded pBluescript
clones packaged as defective filamentous phage. For the
PHF library, 2 x 10', and for the SW48Il library, 4 x 10'
lambda phage were mixed with a 15:1 excess offilamen­
fous hclper phage R408 and 200 Jlliog phage host XL 1­
Blue Escherichia coli .. they were incubuted together for
15 min at 37' C to allow infection. Bacteria were then

shaken for 3 h at 37' C in 5 ml 2 x YT mcdia to allow
rcplication and extrusion of tHamcntous phage: UllY rc­
maining host cells and lambda phage were killed by
hcating ta 70° C for 20 min. and rcmovcd by ccntriruga­
tion. The supernatanl (s\ored with 10 III chloroform)
contains a Ir,ixturc of dcl'ccti\'c plllucscripl donc­
containing particlcs and intact hc1pcr phage. pBlucscripl
phagcmid lilers and optimal rcinfcclion ralios wcre dc­
tcrmincd by induction or ampicillin rcsistallcc in fl'csh
XLI·Blue cells. pBluescript douhle·strand plasmid li·
braries wcre then produCl:d by inlècting cxecss XLI-Blue
bactcria with suitably dilutcd mass excision supcrntltant
and platil1g on LB agar.conlaining SO fig/mi ampidllin,
80 ~g/ml X-gal, and 0.5 mM IPTG. The plate" were
incubated ovcrnight at 42° C to further limit the chance
of coinfeetion by the temperature-sensitive intact hdpcr
phage. Individual recombinant colonies were pickcd and
transferred to 96-\Vell plate" cOl1taining l Il/ampicillin
media and grown ovcrnight al 42° C: artel' addition of
glycerol to final concentration of 15%, the plates were
stored at - 80' C.

Production o/plasmid DNA pools. The hactel'ial colonies
werc reconfirmed to conta in recombinant plasmid by
growlh on LB/ampicillin/X·gal/i PTG agar plates. Ali­
quots of 20 Id from bacteria conlaining individual re­
combinant plasmid clones \Vere then singly removed
from 96-well plates and used to inooulale 15 ml cullures
of LD/ampicillin; the 48 individual culturcs WCI'C then
poolcd and the recombinant plasmid isolatcd. Alkalinc
Iysis and large.scale plasmid preparation wcrc perfol'llled
according to standard methods (Mania lis et al. 1982);
the plasmid DNA was puri lied using two consecutive
CsCI gradient ultracentrifugations.

FlIIu:lional purification o/llImuJJ1 {/cnomic.: cloncs hy trull,\'·
fectioll lISSlI)'. Hela ccIls (human cervical carciuoma,
ATCC CCL2) reccnlly rccovcred from frozen stocks
were placed in T·175 Ilasks (Nunclon) al a density of
1x 104/cm', and incubated overnight (37' C, 5% CO,) in
50 ml [L·minimal e",';nlialmedium «(L·M EM; Gibco) sup·
plcmented wilh 10% fetal calf serum (Flow Laborato·
ries), 50 U/ml penicillin (Gibco), 50 I,g/ml streptomycin
(Gibco), 292 mg/I L·glutamine (Sigma), and 44 mg/I 1.­
asparagine (Sigma). Immedialely priar to transfection,
the medium was removcd and replaced Wilh 25 ml fresh
medium; calcium phosphate coprecipilates (Graham and
van der Eb 1973; Bcll el al. 1991) of 120 ~g aliquots of
the purified plasmid DNA pools werc addcd ta thc cells,
and the cells were thcn incubatet! al 37' C 1'01' 20 h.
Subsequently, lhe cells were rinsed twicc with serum·free
lL·MEM hel'ore addition of 50 ml of fresh" growlh
medium. The transfccted HeLa cells wcrc allowcd 10

grow 72 h and the low molecular weighl DNA was
isolated by lhe method of Hirl (1967) as previously de­
scribed (Bell cl al. 1991: Landry ct al. 1991). ['Iasmids
that had undergone replication in transl'ccted HeLa cclls
were selectet! 011 lhe basis of differential ml\thylation and
resistance ta /)1'"1 digestion. A 75 JlI aliquol of lhe Hirt
supernatant containing low molel\ular wdght DNA was
digested for 2 h with 8 U Dpll!; the digestyd plasmid was
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Results

Anti-cruciform DNA affinity purification produced cru·
ciform-enriched primary human fibroblast (PHF) ane
adenocarcinoma (SW48II) lambda ZAPII libraries con·
taining 1.87 x 10' and 1.40 x 10' independent recom·
binants, respectively. ~ased on bromodeoxyuridine repli·

To assess replication, duplicate reactions were performed
in the presence of 30 IlM aphidicolin (Boehringer-Mann­
heim), or alternatively, the reaction products were digest­
cd with Dpnl (1 U, 1.5 hl. The purified product was
e!cctrophoresed 16 h in a 1% 1 x TAE (Maniatis et al.
1982) gel at 2.5 V/cm. The gel was dried down and used
to expose X-ray film directly.

kb
23

9,4

6.6
4.4

NotI

3 4
uncut

1 2

Assay o/replicllt;oll capuât)' ofindividuaf clones by frcms­
fectionllssay. Samples (5 Ilg) of CsCI-purified DNA from
single clones werc scparately transfected into HeLa cells
in T-25 flasks (Nunclon) using ascaled-down version of
lhe mass transfection assay described above. One-quar­
tcr of the product was set aside, and the remaindci
digested with 1 U Dpnl for 1 h at 37' C. An equivalent
amount of digested DNA was electrophoresed alongside
the uncut aliquots, Southern blotted and probed with
nick-translated pBluescript veetor. The rest, half of the
original lysate. was used to transform competent DH5a
cells, which were immediately plated on LB/ampicillin to
provide a colony count assay of replication efficiency.

2.3

2.0
Fig. 1. Distribution of clones in plasmid DNA pools. Aliquots c
21lg of two dilTercnt pools of 48 individual clones Wcre elcctrc
phorescd in 0.8% agarose gels and stained with ethidium bromid(
Lanes 1and 2, undigested; lanes 3 and 4, linearized by NotI dige~

tion

Analysis of fanctitlllally purified clones. Samples repre­
senting 5% of the Hirt supernalant, before and after DpnI
trentment, were analyzed by Southern blot (Southern
1975). DNA was separated by electrophoresis in an 0.8%
agarose gel in 1x TBE buffer (Maniatis el al. 1982), and
blolled onto 0.45 Ilm Nytran membranes (Schleicher and
Sehuell). B10ts were prehybridized according to the man­
ufacturer's specifications and lhen hybridized at 65' C
with a pBluescripl probe, prepared with a nick transla­
tion kit (Amersham) using u-[32P]dCTP (3000 Ci/mmol,
Amersham). The blots were washed extensively and then
an autoradiograph was prepared with Kodak XAR-5
X-ray film exposed at -70' C.

Demonstration ofthe reproducihility ofthe procedure. The.
fidelity of the procedure, the capacily to reprodueibly
isolate the same clones from the same input DNA, was
tested by performing duplicate transfections of HeLa
cells, and treating these identically thereafter. If match­
ing EcoRI banding patterns were present in clones isolat­
cd from duplicate transfeetions, homology of the clones
was proven by thymidine-tracking (T-lracking). Both
ends of each clone were tracked an4 suspected homologs
were compared. Seq uencing and T-tracking were per­
formed on plasmid DNA using a T7 sequencing kit
(Pharmacia), eilher T3 or T7 primers and u-[3SS]dATP
according to the manufaeturer's specifications.

immcdialcly used to transform competent E. coli DH5u
eells. Aliquots of 25 III of Dpnl-digested plasmid were
used to transform 100 III competent cells. As controis for
the baclOriaitransformation reactions, wc used undigest­
cd a:'d Dpnl-digested pBluescript vector DNA. Aliquots
were then plated on LB agar containing 80 Ilg/ml am­
pieillin ta determine transformation efficiency. The rest
of the transformed bacteda was used ta inoculate an
overnight culture of 50 ml LB broth containing 80 Ilg/ml
ampicillin. Arter eullure, LB/ampicillin agar plates were
streaked with the broth culture and individual colonies
were picked for screening of clones and characterization
of insert size after digcstion with EcoRI.

2X2

A.\,,"y of in vitro repliclllion cllpllciry of individulli clones.
Selected clones were grown in E. coli and the plasmid
DNA isolated by alkaline Iysis and two CsCI ultracentrif­
ugations. Samples (50 ng) were assayed using the same
in vitro replieation system described above, this lime
including 10 IlCi each of a-[32P]dCTP and a-[32P]dTTP.

Functionalpurification ~rlJllman genomic clones hl' in vitro
replicalion. Aliquots of250 ng of the same plasmid DNA
pools used for lransfection assays were replicated in vitro
using the system of Pearson et al. (1991), in a reaction
mix containing HeLa nuclear extract, HeLa low salt
eytoplasmic extraet, an ATP regenerating system, poly­
ethylene glycol, and non-radiolabelled dNTPs. The
produet was digested 2 h with 5 U Dpnl. bacterial trans­
formation and subsequent isolation of unique clones
then proeeeded as described above. T-tracking was em- _
ployed 10 compare isolated clones with suspected hom­
ologs previously isolated using lhe lransfection assay.

•
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kb

4.4

3.0
2.3

Fig. 2. Plusmid yicld from individunl pBlu-=script
Iibrary clones. I:"coRI-digcstcli plasmid l'rom 12
individual 3 ml cultun:s W:.IS ch.:ctrophurcscd in
0.8% agtlrosc and sHlÎncd with cthidiull1 hrnmidc
(Jalles 1-11). Scanning dCllsilOlllclr~' \Ising the Bio
Image dcnsilomctcr cmnpan:d Ihe intcllsilics or
the 3.0 kbp "cetOl' DNA band lu a sl:lml:ml (llllt
shown), c:<ccpt for tht: llolH:uuing IUlle 1,1. for
which the forlll 1ilnd Il band illll.:nsitics \\'Cl\~

summcd (sec Rcsu1ts)

Fig. 3A, 8. Southern blot showing pl;lsmid DNA rccovercd from
transfected Hela ceUs (probe: pBlucscript). SeparaI ion by ugllrose­
gel electrophorcsis ofplasmid DNA recovcrcd l'rom Hela cclls aner
transfcetion wilh pools of plasmids. A IJndigestcd plasmid DNA.
B Plasmid DNA aner digestion with DpnJ. Duplicatc transfcetions
of a pool of genomic clones obtaincd l'rom DNA of Ihe SW4HII
human colon adcnocarcinoma (lanes 1,2) and of a pool of genomic
clones obtaincd l'rom DNA of normal humull gcnilal fihrohlasl
(Ianes 3, 4). Lune U, 50 Ilg undigcstcd pBlucscript DNA. Lane D,
50 ng pBlucscript DNA digcsted under the sarne conditions as the
samplcs in 8

sent an cSlimatcd 36 clones at approxim:llcly 3 ~Ig plns­
mid DNA pcr clone. Artel' n.:mnval or the; transfccliotl
mediUlp..>HcLa ecUs rcmaincd in log pha~c Ihrollghollt
the sllbscqllcnt 7'2 h. with an estimated dOllhling lime ot'
15 h. After 1ysis and isolation or low Illolccul:lr wcighl
DNA (Hirl 1967), DI'III was lIsed to dig"stIlOIH'eplicated
plasmid: after digestion. the plasmids \Vere lIsed to 11':1 I1S­

fonn compelcnt DHSn baeteria. c
A SOllthcrn blot of the Hirt low moleelliar wcight

DNA fraction, before and ancr DI'III digestion, is showll
in Fig. 3. Thc majority of the recovered DNA is DI'III­
sensitive, bllt with longer eXpOSlIl'CS, several lIndigested
bands ean be secn, Some hands which were present be-

•

cation assays of a CV-l (monkey kidney) library
produced by the same procedure (Bell et al. 1991), nearly
one-half of these clones are likely to possess autonomou';
replication activity. c

Before attempting a functional purification of these
affinity-purified human genomic DNA clones, it was
necessary to subclone the DNA into a bacterial vector.
We converted phage to phagemid (plasmid) by using
filamentous helper phage-mediated mass excision from
the lambdà ZAPII vector. Burst ratios were of the order
of 20000 defective filamentous pBluescript phagemid
particles for each lambda library clone. Reinfection of
XLI-Blue bacteriacompleted the conversion; individual
bacterial colonies representing a total of 3072 PHF and
3552 SW48II plasmid clones were picked and stored as
pBluescript source libraries for further analysis.

Pools ofindividual cultures ofbacterial clones yielded
0.4-1.1 mg plasmid DNA. Figure 1 shows the distribu­
tion of clones within two of the pools of plasmid DNA
that were used for transfections. After digesting the pool
of plasmid DNA with NotI to linearize plasmid DNA
clones, we used quantitative densitometry to resolve 13
and 15 distinct bands, respectively; a comparison of the
relative density of sorne of the bands suggested that
multiple clones had comigrated. However, it was clear
that fewer than 48 clones had been successfully
propagated. In an effort to determine the proportion of
clones which did grow sufficiently to contribute to the
final pool, individual clones were tested for recovery of
plasmid DNA from 3 ml of bacterial cultures according
to standard procedures (Maniatis et al. 1982). The rela­
tive proportions of DNA obtained from cindividual cul­
tures are shown in Fig. 2. After quantitative den­
sitometry, we determined that 9 of 12 clones yielded
similar amounts of plasmid, averaging 440 ± 80 ng (95 %
CI, confidence interval) per 1.5 ml culture, while three
yielded significantly less, averaging 50 ± 30 ng (95% Cl)
per 1.5 ml culture, and would therefore be inadequately
represented in the transfection input pools. This result
was confirmed, and the mean size of inserts in the sub­
cloned anti-cruciform libraries was calculatcd cio be
1.4 kb ± 0.4 (95% CI), in close agreement with the size
range observed in previous anti-cruciform library con­
structions (Bell et al. 1991).

Thus, the 120 ~g DNA pools used for calcium phos­
phate coprecipitation transfections of HeLa cells repre-

u
A: uneut

1 2 3 4
B: Dpnl

1 2 3 4 D
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Table 2. FideliLy of recovery of :.lutonomously replicating human
gcnomic clones in duplicalc transfecLÎons

Table 1. Summary of autonomous rcpiicalion assays on pools of
anti-cruciform antibody affinity-purificd human gcnomic DNA
clones T

'",Q
'"

oC

5d :.

CGT TA

transformants in order to determine thé number an,
identity of those clones which had replicated after trans
fection into HeLa cells. The number of clones that w
needed to analyze, in order to obtain examples of a'
replicatcd clones and measure the specific insert size, wa
determined using the Poisson distribution and the equa
tion In(0.05)/ln«x-1l/x), where x= estimated maximur
number of Dplll-resistant clones observed by Souther
blot. Thus, there was greater than 95% certainty of sarr
pling ail ind~pendent clones surviving the abov
procedure. The mean number of unique clones from eac
pool of independent clones, which were replicated i
HeLa cells, was 3.6± 1.3 (95% CI, range 1-7). Combine
results of ail transfections are shown in Table 1.

After recovery ofplasmids with the ability to replicai
autonomously in HeLa cells, we determined the fidelit
of this method, i.e. the ability to isolate reproducibl
identical clones from the same pool of independel
recombinant plasmids. To test the fidelity of 01

proee.gure, duplicate transfeetions were run under ident
cal coilditions. Very similar banding patterns were 01
served after gel electrophoresis of either undigested (

Fig. 4. Confirmation of recovery ofhomologous clones from dupli
cate transfections by T-track sequence analysis. Clone 5d, rccoveret
after transfection of a pool of DNA clones from the PHF librar:
is shawn ta be identical to clone 9ah and diITercnt from clone 9bc
bath recovercd from one of two duplicatc transfection assays

2

3

la

10

8

60-110 pg
per 120 ~g

transfcclion

180

SW4811
Colorcctal adcno­
carcinoma ccII linc

23
(1-7ttran,rection)

Homologous Unique
pllirsb clonesc

2

2

4

3. 1

5.6.7

7.7

Number of
clones
isolateda

4. 3

6

PIIF
Normal human
gcnital fibroblasts

18
(1-7jtransfccLion)

Crucil"orm·cnrichcd
lambda Iibrary:
source oC cclI type

SW48 fidelity
paoli
SW48 fidclily
pool 2
PIIF fidelily
pool 1
PIIF fidclity
pool 2

Source of DNA

Approximalc total 108
number of clones
transfcctcl.!·
Numbcr of
Imnsfcctions
fJpn f·rcsistanL DNA 40-200 pg
rCl.'ovcrcd, as peT 120 J-lg
dctcrmincd by Iransfcction
transformlltion
cfficicl1cy
Indcpcndcnt
isolatcd cloncsb

• Wc dClcrmincd Lhat approximulcly 75% of clones in transfection
pools grcw sulIidcntly weil to he filirly rcprcscntcd in the pool and
in an assay of thcir aulonornous rcplicalion potential (see also
Rt:sulls und Fig. 2)
b Where duplicatc transfcctions werc performed to show fidelity of
Ihe proccdurt:. duplicated homologous clones are not included in
the finnl Lotal number of independ<:nL clones recovered. However,
they were includcd in the <ll1alysis of clones recovered per transfec­
lion

a The nllmbcr of scparatc clones. as idcntificd by inscrt sizc, which
\Vere rccovered from duplic<ltc transfecLions of a cornmon pool of
recombinant plasmids
b The numbcr of idemicul clones. as dctermined by T-tracking
sequence analysis. which wcrc isolatcd from duplicatc transfections
c Thl~ Illlmbcr of clones recovcred from only one of the duplicale
Lnlllsfections

fore Dp"! treatment are no longer visible after Dpnl
digestion. These results also indicate tlic,.reproducibility
of thc mcthod of isolation of autonomously replicating
scquenccs. since lancs from duplicate transfections (1 and
2 arc scparutc assays from the same SW48II pool; 3 and
4 arc separute assays from the same PHF pool) gave very
similar banding patterns before and after digestion.

The amounts of plasmid DNA recovered from trans­
fected HeLa cells after digestion with Dplll were esti­
mated at 40-200 pg of DNA. The presence of plasmid
DNA forms l, II, and III, and the possibility that over­
lapping clones occur madc it necessary to isolate single

•

•
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Table 3. Contingcncy comparisolls of :'IU­
tonomously rcplicating DNA nss:I)'cd h)'
transfcction and in vitro replie'llion•

a Null hYPUlhcsis
hl'. probability dclermined hy Fisher's exact test

•

Dplll-digested plasmid which was recovered from dupli­
cate cultures of transfeeted HeLa cells (Fig. 3). We used
sequence analysis (T-tracking) ta confirm with con­
fidence the actual number of recombinant clones which
could be reproducibly recovered from Hela cells (Fig. 4).
These results are summarized in Table 2. Sorne clones
were reproducibly recovered from duplicate transfec­
tians; however, not ail clones recovered from one of two
duplicate transfections were recovercd in the other. The
probability that 9 clones of affinity-purified genomic
DNA could be reproducibly obtained from duplicate
cultures by random chance, when 34 clones with autono­
mous replicating potential were detected and none of 12
random genomic clones have autonomous replicating
activity (Bell et al. 1991), is P=0.048 (Fisher's exact test).
Thus, mass transfections, Iike those described here, may
be judiciously used ta screen large numbers of indepen­
dent clones ta recover autonomously replicating human
genomic DNA clones from Iibraries of anti-cruciform
affinity-purified DNA.

Next, wc undertook ta test the ability of an in vitro
DNA replication assay system (Pearson et al. 1991) ta
detect autonomously replicating sequences among pools
of plasmid DNA clones. We performed four separate

. assays of250 ng DNAfassay from two pools ofplasmids
(approximately 36 clones/pool), each from PHF and
SW48lI. From two ta seven independent Dplll-resistant
subclone transformants were recovered from each (mean
4.5±2;:C95% CI), with inserts of size range 0.2-2.6 kb.
The number of clones recovered as having autanomous
replication activity was very similar ta that obtained
from the transfection-based assays. We estimated from
the transformation efficiency for each pool of plasmid
DNA, tested in vitro arter digestion with Dplll, that we
recovered from 20 ta 170 pg Dplll-resistant DNA. This
represents up ta 500 times greater yield of in vitro repli­
cated DNA than could be obtained from the in vivo
transfection assays for autonomous DNA replication.
We observed that of the 34 clones replicating arter in vivo

translèction of these pools. 11 were also reeovered as
replieated in the in vitro asxay. Of the extimated 110
clones whieh failed ta be replieated by in vivo transfec­
tion, 7'.werc recovcrcd by the in vitro rcplication assay.
The probability Ihat this classification of c10nex by au­
tonomous replieation potenlial ax axsayedby translèe·
tian and by replication in vitro wax -Tandom is
P= 2.5 X 10- 4 (Fisher's exact text, sec Table 3A). Thus,
thcrc is a majqr componcnt of similarity in thcsc two .
assays for autonomous l'cpiicating activity. Howcvcl'.
when we examine only those clones of poolx whieh were
deteetable as having been replieated by a Hingle in vivo
transfeetion assay, and then assayed those elonex in vitro,
':Je eould not eonclude that there wax an exact equiv­
aleney of the two assays (Table 3B: P=O.251<w the null
hypothesis, i.e. eonsidering replieating clones only, the
subset ofclones which replicated in vitro is not neeessari­
Iy the same as that whieh replicated on in vivo transfee­
tian). Overall, these results suggest that the same xubxels
of erueiform-purified c10nex arc not identically reeover·
able in bath systems, and therefore thoxe clones whieh
have repliealion potential may be aetivated with different
efficiencies by the two different replicalion axsay systems.

Figure 5 demonstrates that the in vitro replieation of
representative individual clones derived from pools
previously sereened is dependent upon (1/0 DNA poly­
merases. Clones S14 and F6 were previouxly identified
only by transfection, whereas F2 was identified only by
in vitro screening, and F4 was identified by bath systemx.
Treatment with aphidieolin inhibited incorporation of
radionueleolides significantly, i.e. incorporation was
DNA polymerase a/a dependent. Clone F4 showed the
greatest radionucleotide incorporation, implying that
those clones isolated from bath the in vitro and the
transfeetion systems may possess the strongest individual
replication eapacity. However, the other thrcc clones,
whether isolated by transfection or in vitro methodology,
also had replieation potential. Further tests showed that
individual clones FI, Fil, F12, FIS, F20, and SI5 were

-111-



+
+

+
+

+

+
+

+

+
+
+

+

+

+

+
+
+
+

ln vitro

++<:

+

++
+
+
++
+

++
+
++

+

+
+
+
++
+
+
+
+
+
++
+
+
+
+
+
+
+
++

+
+
+

+
+
+

ln vivo

a Two methods of identification of the .tIutonomously replicatin
sequences were used, in vivo transfection into somulic cells and t~

in vitro rcplication assay system
b Although the pBlucseript clone possessed u recombinant c10r
banding pattern, disruption of the EcaRl rcsistriction sites used i
eloning frugmcnts ùf genomic DNA excludcd the possibility of
simple asscssmcllt of sizc
<: + +indicates those clones that were recovcred rrom duplica
transfections in vivo

Table 4 provides a summary of the autonomous
replicating DNA clones recovered by mass screenir
assays for those anti-cruciform clone pools which we
analyzed by both in vivo and in vitro methodologies. TI
size of the isolated inserls ranges from 0.1 to 3.4 kb, wi
a mean of 1.20 kb± 0.28 (95% CI), and is thus not signi
cantly different from the siz'e range estimated for t'
clones of the anti-cruciform affinity-purified librari
(1.4 kb ± 0.4).

Clone Size
name (kbp)

FI 0.11
F2 0.25
F3 0.25
F4 0.30
F5 0.35
F6 0.80
F7 2.1
F8 2.1
F9 0.50
Fla 2.2
Fil 0040
FI2 0.12
FI3 0.65
FI4 0.70
fl5 0.69
fl6 1.2
fl7 2.0
fl8 2.2
FI9 2.7
f20 0.30
F21 1.5
F22 2.6
f23 2.6
F24 2.0
F25b

SI 0.30
S2 0.90
S3 1.1
S4 1.15
S5 2.1
S6 2,4
S7 304
S8 0.10
S9 0.25
SIO l.l
Sil lA
SI2 2.0
S13'
SI4 0.50
SI5 0.30
SI6 1.2
SI7 1.3

Table 4. Summary of clones wilh autonomous replication activity

Method of identificationa
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Fig. 5. In vitro replication assay orindividual autonomously repli.
cnting clones. Plasmid clones 514 and F6, isolatcd by transfection
assay but not in vitro replication assllY, clone F4, isolatcd by bath
assay systems, and clone F2. isolatcd by in vitro rcplication but not
by lntllsfcctiol1 I.lssay. werc replicatcd in the presence of radiola.
belled dCTP and dTTP u,ing lbe metbod or Pearson cl al. (1991)

also able to replicate ia vitro, yielding a product resistant
10 Dplll undcr conditions which completely digested a
control plasmid (pBluescript containing a 0.7 kb human
cDNA inscrt). In summary, ten of ten anti-cruciform
mass screening isolates tested had demonstrable autono­
mous replication aclivity when individually subjected to
the in vitro assay.

Autonomous replication activity of isolates was also
confirmcd by individual transfection ass.ys. Seven of
scvcn cloncs (F4, F5, F15, F20, S3, S9, S14) tested de­
monstrated strong activity, showing Dplli-resistant
bands on Sou thern blot analysis, and yielding an average
of 30 limes as many Dplli-resistant transformants as
control plasmid. Furthcrmore, we observed that those
cloncs isolatcd by both the in vitro replication and in vivo
mass transfection methodologies gave the greatest num­
bcr of bactcrial transformants, apparently indicative of
grcater cfficiency in "activation" of eukaryotic DNA
rcplication.

Thus. whilc the anti-cruciform affinity-purified libra­
rics are highly enriched for sequences demonstrating
autonomous rcplication capacity in an individual assay
(cstimalcd at about 50% in Bell et al. 1991), these mass
screeaing procedures described here employa sufficiently
stringcnt selection to yield only about 10% of clonés with
apparent autonomous replicating activity; of these, the
most active subset are isolated with consislency by both
in vitro and transfcction-based assays.

•
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Discussion

It has previously been shown that cruciform-Iike struc­
tures are associated with mammalian DNA rcplication
activity (Zannis-Hadjopoulos et al. 1984; 1988). In
subsequent experiments, wc demonstrated a biphasic dis­
tribution of cruciform-Iike structures in mammalian cell
nuclei as they progressed from the G 1/S boundary
through S phase (Ward et al. 1990). Reeently, the cruci­
form-Iike structure was further implicated in DNA repli­
cation by the demonstration that anti-crucîform aflini­
ty-purified DNA is enriched for autonomously replieat­
ing DNA sequences (Bell et al. 1991). Sinee large Iibraries
of DNA fragments eoriched for autonomous replicating
sequences were now avaitable, a method for mass trans­
fection of large numbers of individual, indcpendent
clones of DNA was needed.

A method of analysis whieh allows the isolation of
autonomously replicating sequences from mass transfec­
tions of numerous individual genomic DNA clones is
described. In order to perform such mass transfections,
however, it was neeessary to reduce the amount of any
single plasmid DNA in a transfection (120 J.lg from 36-48
plasmids/I.8 x 10· HeLa cells) below the levels wc have
previously used (5-10 J.lg/3 x 10' HeLa cells). Such a dif­
ference in concentration requires that any individual
plasmid would have to be proportionatcly more eflicîent
in initiation of DNA replication in order that sufficient
plasmid eould be replicated and recovered in subsequent
steps of the assay. In the course of demonstrating the
ability of this method to recover the same plasmid out of
a pool ofup to 48 different recombinant plasmids, it was
realized that this would identify l'et another subset of
plasmids whieh would be incrementally motc efficient
than those recovered as autonomously replicating
sequences from only one of two duplicate transfeetions
of a given pool of plasmids.

When a mixture of different plasmids is transfeeted
into mammalian cells, intermolecular recombination
mal' oecur; the plasmids are, of course, composed of
about 3 kb of homologous sequence, excluding the hu­
man genomic DNA fragment. However, wc have
analyzed by restriction enzyme digests and by sequence
anall'sis over 34 independent clones, recovered from
HeLa cells after transfection of pools of plasmids, with­
out any indication of recombination. The frequency of
recombinant events for mammalian cells mal' be expect­
ed to be of the order of 2 x 10- 3 per rescued p1asmid
(Desautels et al. 1991). The application of this mass
transfeetion method, as we have described, should
therefore not be greatly confounded by recombination
between co-transfected plasmids. However, a series of
restriction digests must be performed to ensure the
preservation of the cloning site and the basic structure of
the pBluescript vector for any clones that are to be
further characterized.

The in vitro mass screening replication assay resulted
in a recovery of autonomously replicating sequences sim­
itar to that for the transfection assay, each selecting a
subset of perhaps 10% of the input clones. In addition,
the much smaller amount of DNA required for the in
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vitro replicalion assay (250 ng per assuy ralher than
120 J.lg) offers the possibility of scaling up lhe numbe( of
clones present in each pool l'or a more t'apid analysis of
the anti~crl1ciform librarics. Howcvcr. the in vitro sys­
tems does represent further distandng of the replication
system from what actually goes on during in vivo cluo­
mosomal replicalion. lt has been previously demon­
strated (Pearson et al. 1991) that this in vitro system is
capable of performing onIl' oue round of replieation pel'
plasmid DNA molecule. lu addilion aecessory lilctors
mal' not be proportionately represented or mal' funetion
differenlly in vitro by comparison to the trausfection
assay, thereby resulling in a lack ofa perfect correlation
betwccn the two assays.

Thcse mass transfection and in vitro assay mcthods
will now anard the opportunity to assemhle large pancls
of autonomolls!y n::plicuting sequences for charactcriza­
Ùon. Sequence analysis of over 30 monkC:::::,ulonomously
rcplicating sequences have failcd 10 reveul a single con­
sensus sequence; rather the l'eatures most eommonly
present arc structural and include regions of high AT
content and inverted repeat sequences which have the
potenlial to form eruciforms (Rao ct al. 1990; Landry
and Zannis-Hadjopoulos 1991). The inabitity 10 deteel a
single consensus sequence mal' be duc to the existence of
different subsets of origins of DNA replication, whieh in
turn mal' aceount for various aspecls of thdr differential
regulation, e.g. temporal regulation. In order 10 test such
a hypothesis, a larger numbei"ofcharacterized sequences
will be necessary to resolve any apparent heterogeneity
of primary sequence into its distinctive subgroups, Fur­
thermore, Ihere mal' also be a ditTerencc in the origins of
DNA replication of normal compared to malignantly
transformed cells; the number of origins of replication is
estimated to at least double with viral trii'nsformation
(Martin and Oppenheim 1977). Mass assays of Ihe libra­
ries prepared from normal fibrob!ast and adenocar­
cinoma cells can quickly provide large series of autono­
mously replicating sequences from eaeh source for eom­
parison. It mal' also be possible to modify the mass
screenings into a series of incremental steps that would
provide defined groups of plasmids earrying human au­
tonomously replieating sequences with different levels of
efficiency for initiation of DNA replieation. Sueh stratifi­
cation of autonomously replicating sequences by their
effieieney mal' result in a eompartmentalization that
would reveal the variables in slructure and sequence
whieh arc the essential regulatory clements of origins of
DNA replieation.
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• ADDENDUM TO' CHAPTER FOUR

The results describing individual clone transfection assays are added as a

supplement to the original rnanuscript. Subsequent work has ensured that a total of 13

clones, sorne recoverable by transfection mass screen only, sorne by in vitro rnass

screening only, and sorne recovered by both methodologies, were tested for individual

autonomous replication activity under the standard single-clone transfection and in vitro

assay conditions described at the end of the Materials and Methods section and presented, in

part, in Figure 5. The results of these experiments are summarized in Table 5:

Table 5. Comparison of transfection and in vitro autonomous replication assays for

identifying putative origins from anti-cruciform affinity purified libraries.

Recovery by mass Activity in individual auto-

l\
screening protocol nomous replication assay'

Clone

name Transfection In vitro Transfection In vitro

FI + + +
F2 + + +
F4 + + + +
F5 + + + +
F6 + + +
Fil + + +
F12 + + +
F15 + + + +
F20 + + + +
F21 + + +
S3 + + + +
S14 + + +
S15 + + + +

•
Il Negative controls for these expériments were pBluescript vector plasmid, and pBluescript

carrying a random 0.7 kb insert (plasmid 30.4; see also Chapter 5, Figure 1, and Chapter 6,

Figure 4).
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This data elaborates on the conclusions drawn l'rom Table 3. Both the transfection

and il! vitro mass screens reveal the subset of anti-cruciform clones which have the potential

to replicate autonomously, but they reveal these putative origins with differing efticicncies.

Each mass screening methodology is a stringent test where moderately efficient origins may

not survive the selection procedure, and the subsets recovered by mass transfection and

mass il! vitro replication show only a partial overlap. Nevertheless, as shown hcre in Tablc

5, when isolates are tested under standard single-clone transfection and il! vitro assay

conditions, all are positive for autonomous replication activity by both systems, regardlcss

of the method(s) successfully used for their initial isolation. Thus, the differences observed

between the mass screenings probably reflect differential sensitivities of activation of

replication l'rom among those clones with the potential for autonomous replication. As

mentioned in the Discussion section, the cell extracts used for the il, vitro assay may contain

full initiator activity, but different proportions (when compared to transfectcd cells) of

accessory factor activities responsible for modifying the efficiency with which particular

origins are used.

In summary, anti-cruciform clones can be separated into three classes through

application of mass screening techniques. Over 70% of clones are double negatives: not

isolated by either transfection or il! vitro mass screens (103 of 144 clones, as shown in

Table 3A). Since David Bell's data suggests that about 50% of anti-cruciform clones have

autonomous replication activity (Bell et al., 1991), this class includes the other 50% of

clones which are non-replicating, together with a proportion of autonomously replicating

sequences whose function is too weak to be detected with the increased stringency of the

mass screening procedures. A second class of clones are recovered by one of the two mass

screens, but not both. As shown in Table 5, all of these plasmids replicate autonomously in

both transfection and il! vitro individual clone assays, confirming that they are indeed

autonomously replicating putative origins of DNA replication. The final class consisls of

double positives, autonomously replicating plasmids which are recovered by bolh types of

mass screening assays. Less than 10% (II of 144 tested with both assays, Table 3A) of

the anti-cruciform clones fall into this category, and are likely to represent the most efficient

origins of replication present in the libraries.
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CHAPTER FIVE

AUTONOMOUS REPLICATION ACTIVITY OF
A HUMAN MITOCHONDRIAL DNA SEQUENCE

INSERTED INTO GENOMIC DNA

Torsten O. Nielstm, Mieczyslaw. A. Piatyszek, Jerry W. Shay,
Christopher E. Pearson, Maria Zannis-Hadjopoulos

and Gerald B. Priee

Preceding chapters have demonstrated that both transfection-based and in vitro

autonomous replication assays work to identify mammalian sequences which can funclion "

as eis-active origins. In Chapter 5, 1 use these methods, together with a modified in vitro

protocol designed to map the predominant replication initiation site on an autonomously

replicating plasmid, in a study of a mitochondrial DNA sequence, an invesligalion which

touches on the relation of origin function with genetic instability and transcriplional conlrol.

This chapter was published in the November 1994 issue of the International Journal

of Oneology (5:1003-1008) and is presented (with permission) as a journal reprint. The

work was done in collaboration with the laboratory of Jerry W. Shay (University of Texas

Southwestern Medical Center, Dallas), who provided plasmid pHL-1 and its sequencing

data, and helped edit the manuscript for submission. The experiment presented as Figure 2

was performed by Christopher E. Pearson, and the input provided by Maria Zannis­

Hadjopoulos was important in the design and execution of the kinetic mapping experiment

of Figures 4 and 5. Gerald B. Price managed the collaborative effort and contributed

extensively to the planning of the experiments and editing of the manuscript. Olherwise, r
performed ail experiments, assembled the results and wrote ail porlions of lheinitial and

revised forms of the paper.
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and nUIllCrous sm<l\l in"erted repc:.It sequ~lIcc;s which lllU)'

have a mie in chwlIlosonml origin rutll:lion (4-7), The: cDNA
inscrt of this clone malches humi\n llIitocilOlldrial DN/\
(mtDNA) positions 924S-<)l)l)X (X), cOlTesponding 10 the
cytoehromc c oxidase subunit ~ (eo:'\III) trallscl"Îpt (pllsition
9210-9990 in mtDNA) and tRNA (9991-111115S) beli"'e Iinal
proccssillg mu..! c1eavage of mljoining tRNA (9).

A eoxlli-colltailling cDNA spe:cilic to HeLaTG eells \Vas
isolated and c10ncu (a pBlucscl"Îpl clone, designatcd ns pIH..~ 1J
on the basis of homolngy with hoth IlltDNA and c..",.\'c, mi
part of a stuuy intn the mie nI' mtDNA sequenccs as mohile
genetic clements (10). Fragments of IllIDNA produced h)'
incompletc autophagic degradatioll have the potcnti<ll fm
insertion into Iluclcar DNA at relatively hii;h frcqucncy (II:
and may Ihercby cOlltrihule' tn cancer nmllhe i1gillg proccs~

in gcneral (12,13). Evidence J'rom sevcrui groups h
consistent with the pnssibility thal initochondriaJ genes nm)
be present and even transerihed in the nucleus (If seve!"H
types of tumor cells (14, J5). The eDNA eontain"(1 in plasmi,
pHL-1 comains euxlll (mtDNA ,9217-9990) allli e-mye exo",
2 and 3 (nueleotides 5 139-527i :md 6654-76S2. respeetively
(16,17) anù is dcrived l'rom a fusionmRNA tralls~rihed fron
one allelc of c-myc in HeLaTG ceUs into which the ~oxll

mlDNA has beeome inserted (10).
The mitoehondrial portions of pHL- J and NOA5 contai,

ncither the strand-specifie unidircclionaJ origil1s Il

mitochondriai DNA replication (oriL near mlDNA positio)
5750 and oriH in the D-Ioop region around position 200
(18), nor the mitochonùrial transcription prollloters (als(
found in the D-Ioop rcgion) (19): in faet, the coxlllle-/II)'.
fusion mRNA is transcribed us the milochondrial L-slrallC
sequence, which earries nUll1erous stop codons. Furtflcrmorc
the c~m)'c portion of pHL-1 ooes not conlain the hUIJHII

genomic origin of DNA replieation loealized in HeLa ccII
1.5 kb 5' 10 c-/II)'e exon 1 (20) which has heen shown t,
possess autonomous replieation aetivity (21). However, ther
is a precedent for S. ccrcl'isilic aulonomous replicaliol
(ARS) activity in yeast mtDNA fragments (22,23), as weil a
for yeast ARS activity in mtDNA fragments obwined fron
other fungi (24,25). Xellofll/" (26), DI'O,I"fI!li/u (27) and l'roI'
chloroplasl DNA (28,29). These fragmonts can be completel
independel1l of mitochondriai repliealion origins (30) an
replicale autonomously oulside lhe yeast mitochondri(
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Introduction

Evidence l'rom many sources suggests a Iink between
transcription and lhe function of cukaryotic origins of DNA
rcplication (1). Possible mcchanisms for trnnscriptional
activation of origin funetion includc thc production of RNA
primers. induction of structural altcrations in the origin
region and the potential accessory role cf4rranscription
factors in loading of the replication complex.{To study the
association betwecn these two fundamental ~roccsscs, we
tested (2) human embryonic lung Iibroblast cDNA scquenccs
with homology to monkey 01'.1' putativc origins of DNA
replication (3) for lheir ability ta confcr autonomous
replication onto otherwise non-replicating prokaryotic
plasmid vector upon trnnsfcclion into human cclls. Onc
active isolnte, NOA5 (2), contained neither repetitive DNA
sequences, nor matches to the yeast ARS or scaffold­
attachment region consensus, but did contain AT-rich regions

Abstract. Mitochondrial DNA (mtDNA) fragments can be
found inserted into nuelear DNA and may eontribute ta
cancer and aging. A HeLaTG-cell nuclear transcript was
shown to include human cytochrome oxidase subunit 3
(eoxlII) mtDNA fused ta e-mye sequences. Independently. a
eoxlIl-eonlaining cDNA wus discovered ta rcplicate
autonomously in HcLa cclls. Wc show that thc HcLaTG
mtDNA insertion has autonomous rcplication activity when
transfected into HeLa eells and in a mammalian il1 \'ilrO
replication system. Replication il1 \'ilro starts within the
fusion cDNA scqucncc. Inscrtion of an clcmcnt which could
function as a replication origin may affcct ccllular DNA
replication and prolifcration.

b-:;::-­,,
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organelle 122,31); they' generally possess AT-rich regions,
homoJogy Wilh the ycast ARS consensus and invcrtcd repent
clements.

Givcn the dcmonstratcd autonomous rcplication capacity
in human ccli transfcClion assays, of clone NOA5 carrying
coxlll oUlsidc ilS mitochondrial context and the disruptive
presence of this mtDNA sequence in an oncogcnc with a
c10scly associalcd origin of DNA replication, wc analyzcd
the plasmiù pHL-1 I(lf ilS abilily 10 replicale aUlonomously in
the human system.

Materials and methods

Seque"ce,\' and plllsmids. Ali sequences may be acccsscd in
GenBank. pHL-I: Locus HUMPHL 1 anù Accession No,
X54629. Thc eomplele ilUman milochonùrial genome: Locus
IIUMMTCG anù Accession Nos. JOl415, MI2548, M58503,
M63932, M63933. cDNA clone 343: Locus HUMAUTONJ
and Accession No. L08443, NOA5: Locus HUMAUTONH
anù Accession Nn. L08441. 01'.1'8: Locus AGMORS8A and
Accession No. M26221. The c-mye and llanking rcgions:
Lncus HUMMYC and Accession No. JOOI20. 950C was
crealed by subcloning the 957 bp CIal fragment of l'HL-l, in
reverse orientation. iota the unique Cial site of pBR322.
Plasmid 30.4 is il pBluescript clone containing a random
breast tllmor eDNA insen of 0.7 kb, Ali plasmids used in
Ihese sluùies were propagaled in baeterial hosts, HBIOI or
XL-I Bille and meùia. Plasmid DNA was isolaled by alkaline
Iysis of cells and purifieù by Iwo rounds of CsCllelhiùium
bromide gmdicl1l centrifugations (32),

[u"P]-dCTP and lu"P]-dTTP. Following 1 h incubation,
30'C, DNA isolation and purification, half of the product w,
digesled 6 h with 1 U Dplll and eleetrophoresed alongsic
the undigested samples, through a 1% agarose, lx TAE g'
(16 h, 2.5 VIcm). The gel was dried and exposed to XAR·
IiIm overnight.

Killetics ofpHL-] labelillg by Ihe ill vitro l'epUcalioll .l')'.I'le,
100 ng pHL-I was used as templnte for triplicate ill viti
replicalion assays as deseribed above, but this time with tl
stop mix added to separale reaetions al three evenly spae,
time points up to 2D minutes. The purified product w,
digested 1.5 h with 10 U Rsal, cutting the vector twice ar
the cDNA insert four times to yield fragments of 1902 bp (.
which ail but 77 bp is vector DNA), 1575 bp (entirel
cDNA), 1090 bp (entirely vector DNA), 289 bp (of whic
243 bp is cDNA) and 30 and 16 bp (both enlirely cDNA
One-half the R.I'al produet was further digested for 1.5 h wi'
10 U Styi, whieh cUlS only the large cDNA fragmen
liberating 748, 336, 248 and 243 bp subfragments ar
samples were electrophoresed overnight nt 1.2 VIcm in 2'
agarose, 1x TAE. The gel was drieà and used to expose bo
XAR-5 film and a Fujix BAS 2000 pho,pho·irnager scre<
for quantitation, exposures using phospho-imager seree,
providing a convenient and reliable system for 'linea
quanlilation of arnount of radioactivity ineorporated p'
band. Quanlitative densitometry was perforrned aft,
seanning of lhe phospho-imager screen using the Bio Ima)
(Millipore) Whole Band Analysis prograrn.

ResuUs
Replicatioll (f.\',my by plasmid trcmsfectiol1. HeLa cells werc
seeùeù al a ùensity of 2.5x 10' cells l'cr 20 cm' Jlask and
allowed to grow overnight in DMEM (Gibeo) supplemented
Wilh 10% FCS (Flow Laboratories), 50 Ulml penicillin
(Gibco), 50 ~g/ml streplomycin (Gibeo) and 292 mg/l L­
glutamine (Sigma). Meùium was replaeed and lhe cells
alloweù lo grow 3 h prior to calcium phosphate
coprecipilUlion transfeclion (33), with 5 ~g of test plasmiù
DNA: ors8 (3), pHL-1 (Hl). 30.4, pBR322, or 950C. After
overnight incubation, the cells were washed and left to grow
48 h in 5 ml fresh medium. Cells were Iysed by lhe method
of Hirl (34) and low molecular weight DNA isolated and
purified as described previously (35). Resulting DNA was
digesleù for 1 h with 1 U Dplll lo digest unreplicated
(bacterially methylaled) plasmid (36), or divided into Ihree
pans, one of whieh was left uncul, the second was digeSled
wilh Dplll (1 U, 1 h) and the Ihird digested with MIJOI (1 U,
1,5 hl; producls were electrophoresed in a 1% agarose gel,
bloUed and probed with nick-trnnslated pBR322 DNA (37),
or a random·primcd 692 bp Drai fragment of pBR322.
Analysis by quantilative densitometry of exposeù XAR-5
IiIm (Kodak) was perfonneù using the Bio Image (Millipore)
Whole Banù Analysis progmm.

•

The potenlial for autonomous replication ean 1
demonstrated by the ability of a cloned fragment to allo
non-replicating prokaryotic plasmid vector to replicate aft
transfection inlo human host cells. Using the previous
identified autonomously replieating clone 01'.1'8 (37) as
positive control, we tesled pHL-I for its ability to replica
into a Dplll·resistant form following its transfection in
HeLa cells by calcium phosphate coprecipitation ar
subsequent short·lerm cell growth (48 hl. Results a
presented in Fig. 1A. pHL- 1 produces the same strong for
III (linear) band seen for ors8 and while producing somewh
less form 1 (supercoiled) Dplll-resistanl product, the ove"
level of replicntion of pHL-1 is similar to that of the high
active positive conlrol (Le., by quantitative densitometry, li
total Dplll·resistant DNA obtained for pHL-I is 70% of th
seen for 01'.1'8). Form 1 DNA levels are expeeted to va
somewhat in Dplll·resistance assays Iike the one shown hel
ln general, form 1 levels are usually lower than those
forms Il or JJI (35), in part because Dpnl may sometim
result in nicking of hemimethylated form 1 plasmid (39)
because of variability in topoisomerase aClivity.

For further confirmalion of the autonomous replieation
coxlll-eontaining sequences, a 957 bp CIal fragment of pHL·

III "ill'O replicalioll assay. 100 ng supereoiled pBR322 and containing ail of the coxIII portion, was subcloned into t:
pHL-1 DNA prepared as described earlier wcre used as pBR322 vector (to ereate plasmid 950C) and tested f
templates in a cell-frcc rcplication system (38) composed of alltonomousriiplication activity in a transfection asSi
HeLa low salt cytoplasmie extracl, HeLa nuclear exlract, an together with pHL-1 and negative control plasmids 30.4 al

ATP regenernting system, PEG and a dNTP mix ineluding pBR322 (Fig. lB), by digestion with Dpnl and Mbol (40).
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Figure 1./11 \'im ephioillal [):\.\ n:[llk';llllllllll pl Il. J. l "1 ~';I~'h lIldl~·dl..:d pl'I"L1lld.." ~l~ ',"lll'!.· .. \\.·l~· II;l1I~fcCled 11110 IkL:t htl~1 ccll~ h)' l'akilllll plul"phlitc
coprecipit:llion. Afler Iwu dil)'S, I:ells were lyserJ imd lu\\' 1llulel:ular weiglll DNA i~lIlatcd Il)' the lllellllld of llirt (34). was digcsll'd with /)/1111 (i\), ur .splil
evenly inlo aliquOis Ihat were CÎther nOllrc.LwrJ (uncutl. digcsled \Vith 01'111.111' digcslerJ with MImI lB). SlIlllplcs were 11Icn ClcCIWpht'l"escd in li I(,~, lLgllrme
gel, blotlcd and probcd with veclOr sequences. The :tpproximille positions of furllls 1. 1I11nd III plilslllid ONA arc imlicalcd.

Figure 2. ln vitro DNA rcpliculion of pHL-I. 100 ng aliquots of supcrcuilcd
pBR322 and pHL- t DNA were rcplicuted using the cell-frcc system of
Pearson et a/ (38), in the presence of u_Hp_deTP and u_nP_ITP. The
products werc divided into two equal parts and analyzed by clcclrophorcsis
on 1% agarosc gel cilher undigeslcd or following digestion by DpllI. The
uppcrmost band is form Il and the nextlower band is fonn III plusmid DNA.•
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this cxpcrimcnt. !iule if <lny 1'01'111 1 DNA \VHS rccovcrcd
(l'rom <Ill Lransfcctions. somc cnntaminuling lincar gcnoll1ic
DNA produccd an Mbol-sensitive band prcsent in the D/JIII
and Ullcut lanes). More total cpisomal DNA was l'ccovcl'ed :il
48 h post-transfeetion from plasmid 950C and espeeially
pHL-1 eompared to plasmids 3llA and pBR322 (Fig. lB.
uneut); furthermore. 95llC and pHL-1 hands arc 1>(1111­
resislant. unlike those of 3llA and pillOn (Fig. 1Il. /J,,,, 1).

Ali plnsmid bands arc MhoJ-rcsistant. indicilling thal tlh'

pHL-1 and 950C transfeetions yield helllilllethylatcd
products l'rom a single round or rcplication. as CXpcClcd in il

shorL tcrm assay.
A second mClhod for Lhc dcmonslmlion of nulOIlUIHOUS

rcplicaLion capacily utilizcs an ill l'ilro rcpliculion systcm
(38) based on HeLa ccII extracts and an AT!' regeneratiilg
system, Fig. 2 prescnLs Lhc rcsults or slich an ill vilro assilY.
lIsing pHL-1 as a tcmplalc and pBR322 as a ncg:uivc control.
Whilc both plasmids incorpomlc prcclll'sor radionuc!cotidc
aner one hour incubation, only the incorporation jnlo "HL-!
is Dp/li-resistant. indicaling that the plasmid has heen
replicaled cOlllpletely and thus ail the Dp/li recognition siles
have heen eonvcrted to hemi-methylated or unmethylated
sequences that are rcsiswnt to digestion. Comparisoll. hy
quantitativc dcnsilOmetry. of the relative levels 01' the DI'/lI­
rcsistant proÙltcts Lhul \Vere gcncmLcd by il/ vilrtJ replic:llioll
praduets sho\\,:<1 th;ll by this assay pHL-1 l'0ssesses Illl% of
the rcplicutio" .;apucity of' orsK. The coxlll·coJlwining clone
NOA5. prevj'Jllsly shown to replieate all~"nolllously hy the
transCection a' say (2) was also found t(, !Je strongly positive
by the in vitro rcplication assay (daLa Ilot shown). Fig. 3
shows a comparison of the mtDNA SC(~-;'nces present in cox
IIJ-containing clones with autonomou:-. ;Jliclltion :Ictivity.
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Figure 3. Schcmalk: rcprCscllt.-IIÎOll of çoxlll·colllaining clones. Top line: the fulllcngth coxlll scqucm:c in ils nuti"c position in mitochondriul DNA. flllnkc
by the ATI'asc6 lll1U gl)'cinc-IRN/\ loci. Seconu linc: insl~rt rcgion of llulonomously rcplic'lting plasmh.l pHL·l. Numbcrs ubave indicute mtDNA posilic
cquivulcnls fnr clllb ;l/1l1 rcicv'1Il1 internat restriction sites. Positions of pHL-l-spccilic restriction fragments (748. 336. 289. 248 and 243 bpI gcncrlllcd b
double digestion with N.1"tI1 and S'yi arc inuiculcd (bnld); the 164 hp rcgion. common to the e;lrlicsi lubcled fr:lglllent :md to aIl uUlonol1lOusly rcpliculin
cuxill-conlainillg clolles. h ;llso indicalcd (hluck hox). Third und fourtll Hnes: inscris of NOA5 and 9S0C. COXIll·cOlll'1ining clones whkh 1.llso posse!
alllOl101l1011S n:plic;llillll ;u':livity. w:th Iype of veetnr and llllDNA positinns .lf insert ends shown.

Bccause of the case of its manipulation, high cop
number of the templatc and inherent initial synchronizatior
the in l'itro replication system is convenient for analyzin
origin position in an aUlonomously replicating plasmid. Thi
is accomplished by premature termination of the reaction ~

carly time points, followcd by restriction enzyme mapping (
the substrate plasmid to determine into which subfragment

. radiolabeled nuclcotides are most efficiently incorporated i
the initial stages of the reaction (38). This approach is similr
to the 'earliest labeled DNA fragment' origin mappin
strategy (41). Fig. 4 depicts Ihe autoradiogram produce
from a Rsal/SlyJ digest analysis of pHL-1 replicated ill l'ill'
in a time-course reaction (up to 20 minutes). The two large!
bands contain mainly vector sequences (the 1902 b
fragment includes 77 bp of c-myc exon 3), while th
rcmainder contains most of the cDNA sequence; two ver
short fragments (30 and 16 bp) of cDNA are lost to furth,
analysis. A schemalic map of the pHL-1 fragments and the:
relationships is presented atthe bollom of Fig. 5..

Quantitative densitometry, after background is sublracte
and signal is normalized for fragment size, reveals that th
greatest incorporation Iakes place within ihe cDNA inser
specilically, the apparent initiation site is localized to the 74
bp fragment containing both coxIII and c-m)'e sequence,
Note thm the 243 and 248 bp bands are not resolvcd on Ih
gel and had to be analyzed as a unit. The signal-to-noise rati
present on the gel in the region below 400 bp makes Ih
potential measuremenl error relmively high for the 336, 28
and 248/243 bp fragments; however, background i
insignificant relative to signal for the Ihree largest band,
meaning lhat even by the most conservalive interpretatiOl
the preferred intiation site for in vitro autonomous replicatio
lies witl:!n the insert. The degree of labeling preferenc,
when expressed as a ratio of the incorporation per base of th
maximally and minimally labeled fragments, is very similr
for pHL-1 (2.1) as compared \Vith 01's3, 01:.8 and 0l's9 (2.2
2.4) (38). Il should be noted that Ihe validity of plasmi
origin localizution by iu vitro frugment lubeling has nO'
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pHL-l
RsaI + StyI

13' 20'

Figure·t /11 \';/ro ()NA replk'Ulion kint:=lies of pHL-1. 100 ng uliquuls uf
pl-lt-I DNt\ wcre ust:=d us tcmpl:llc in pumUd ;JlI'i/1"fJ rcplicmioll rCileliuns.
whkh wcre slllppcd nflt:=r 7. 13. or :W minutes. After isolution und
purilicmillll of DNA. the produl't wus digcstcd consccmi\'ely with R.wl und
then Slyi bel"orc clcclrophorelic sepllT:ltion in u 2% ugurose gel. The gel \Vtl"

thcnllried and cxposcd tu X-ru)' tilm. pHL-1 is eut intQ 1902 und 1090 bp
fmgl\lt:=l\lS contuining nUli'nl)' pB1uescript \'l'l'lm sequences und il series of
snmllcr fmg,mcllls c'lrrying the coxlll/c-I1l)"l' inscl1.
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c-myc cxons :2 and .3 sequences. :1 common initimÎol1 rcgion
bClwccn pHL-1 and NOA5 Illight lie in a 164 hl' rcgiun
(mtDNA 9248-9411) of cosm. The "arious eonslrucls ,"1Il he
directly comparcd in Fig. 3.

Autonolllous rcplication acti\'ity nHlY nol al\\'uys
correspond 10 ;" \'Î\'o origin activÎty ",hell the scqucm:c is in
its proper chromosomal contcxt (43). Ho\\'c\'cr. a PCR-lmscd
;11 \"Ï\'O origin mapping Illctlwd. sensitive 10 chrlllllosnmai
context. now cxists (44). \Vhcll the chl'omosol\lal l'cgiull
cncompassing clone 343. a hlllllan cDNA iSO\;,lh::d in the
SaIne f:lshion as NOA5 and dCllUlI\S\I'ating :lu{nllomous
rcplication actÎvity by transl"cctÎol\ :.Issa)' (2), \Vus tested hy
nasccnt rcplicated strand PCR illllplilÏl.'atiun. the preselll'c ut
H funclional iu \'i\,o nrigin \Vas delcctetl anli \ocalized 10 a I.fi kb
region inclusive of the 343 sequcnce l'~): subsequentl)' the
34:, locus was mapped 10 the q22-qIL'r region of hUlllan
chromosomc 6 (46). Thus, Ihere is reaS\lll 10 helie\'e thnl the
eoxlll sequencc present in NOA5 and pltL-1 Illa)' also serve
as a rcplication origin artel' its inscrtion iUln I\uc\cnr DNA
and could possibly disrupt the normal l'unctionÎng of Illl

ncighboring c-myc 5' o!'igin in HeLaTG ec.:lls.
The effect of insertion into Ihe l1uclcal' gClHlmc l)f certllil

mitochondrii.ll DNA sequenc!.".;. which conlllin elemcnt~

which arc suflïeient for initi'lIlOl1 of DNA l'CpliCiltiull Î1

nuelell!' DNA. \Vould add signilïcillltly to argulllenll
rcgurding putalivc l'oies for insertion ufmtDNA as i.

mcchi.lnisl11 of disruplion of normal regu!:llion of cellula
proliferation. A disruptinn in not only transcription UIl<.

expression of the c-myc gene. but al sn in the control am
initiation of the gene's normal Chn.Hll0S01llf.ll rcpliclltioll c<lult
have major consequences for regulation of l'eplic:ltinn mu
cell prolifcrution and represclll one typc nf dysful1ctiOl
associatcd with malignant lransfornmlion and nging.
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The 1941 bp insert of pHL-1 possesses autonomous
replieation aetivity whieh has been demonstrated by bOlh the
transfeetion and in vitro assay methodologies. NOA5, a
eDNA clone previously shown to replieate aUlonomously (2)
and pHL·1 share overlapping miloehondrial DNA sequences
derived from the coxIII gene (mtDNA 9248-9990). If lhe
preferred site of initiation on pHL-1 lies in the 748 bp Slyl

Discussion

been independenliy eonfirmed, in the case of (Jrs8, by
eleetron microscopie mapping (42).

When the same analysis was performed Wilh an RSl/1
single digesl. the strongestlabeling was observed in the 1575
bp eDNA fragmenl (eneompassing the 336, 748, 243 and 248
bp subfragments in the RsaI/Styl double digest) and when lhe
pBlueseript veetor plasmid alone is analyzed for
incorporation of radionuclcotidc in vi/ro, no preference is
seen in the labeling of its Iwo Rsal fragmenls (data nol
shown).

Figure S. Gmphic rcprcsentlltion of in \';tm rcplication of pHL-1 fragments.
The gel shown in Fig. 4 was uscd 10 expose a phospho-inmgcr plille :mu the
bands analyzcd by quanlitative dcnsilornclry. Rcsults arc cxprcsscd ilS

normalizcd for fragment sizc and relative 10 the strongcst incorporating band
(assigncd a value of 10). Black bars dcnolc relative incorporution/kbp ut 7
minutes. whilc stripcd and white boxes rcprcscnl the cumulu\ivc
radionuclcotidc incorporation at 13 and 20 minutes. rcspcclivcly.
Immcdiatcly bclow the gruph. the fnlgrncnls corrcsponding 10 the Iincarii'.cd
mup of pHL-1 arc indicutcd. whcrc vcelar sequences ure rcprcscnlcd mi a
siripcd Hile and the cox lIlle-mye containing inscrl ure shown us l1oxcs.
R=R,WlI site; S=Sryl sile.
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CHAPTER SIX

IDENTIFICATION OF A PUTATIVE DNA REPLICATION
ORIGIN IN THE y-AMINOBUTYRIC ACID RECEPTOR

SUBUNIT p3 AND a5 GENE CLUSTER ON CHROMOSOME
15qllq13. A REGION ASSOCIATED WITH ALLELE­

SPECIFIC REPLICATION TIMING

D. Sinnett, E. Woolf, W. Xie, K. GIatt, E.F. Kirkness,
T.O. Nielsen, M. Zannis-Hadjopoulos, G.B. Priee,

and M. Lalande

Preceding chapters have shown the utility of the in vitro autonomous replication

assay as a test of origin function and as a method for mapping origin activity. In this

chapter, these'techniques are applied to the search for a replication origin ln an imprinted

genomic region, associated with human genetic diseases, that displays allele-spccific

replication timing asynchrony.

This chapter was completed as a collaborative effort with the lab6ratory of Marc

Lalande (Harvard University, Boston), and has been submitted to the journal Gene for

publication. My responsibilities included the design, execution, analysis and write-up of

the functional screening of the panel of cloned fragments (section (e) and Figure 4) and the

mapping of the predominant initiation site in p82 (section (f) and Figure 5). In addition, 1.

developed and utilized a computer program for the statistical analysis of the significance of

observed sequence motifs, the results of which are incorporated into section (b) and Table

1. This program, written in BASIC, is included as an addendum to the manuscript, together

with tabulated results from the statistical analysis, in à more thorough form than could be

included in the submitted article. Finally, l edited and revised ail portions of the manuscript

through several drafts.
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Identification of a putativ!,! DNA replication ongm
in they-aminobutyric acid receptor subunit ~3 and aS

gene cluster on chromosome lSqllq13,
a region associated with allele-specific replication timing.

Key words: parental imprinting, in vitro DNA replication assay,lambda phage cloning,

bent DNA, DNA helical stability, topoisomerase II binding site.

.,
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SUMMARY

The region containing the GABAA receptor p3 and aS subunit genes is subject to parental

imprinting and is organized in different aBele-specific replication timing domains. A 60 kb

domain displaying a maternaI early/patemallate pattern of a1lele-specific replication timing

asynchrony is nested within a larger region displaying the opposite pattern. The proximal

portion of this maternaI early replicating domain is incorporated into phage clone 1.84. In

order to identify DNA structures which may be associated with the boundary between the

replication domains, phage 1.84 has been subcloned into smaller fragments and several of

these have been analyzed by nucleotide sequencing. A plot of helical stability for 13 kb of

contiguous sequence reveals several A-T rich regions which display potential DNA

unwinding. The plasmid subclones from phage 1.84 have been assayed for bent DNA and

one of these, p82, contains bent DNA and overlaps with the region of highest potential

helical instability. Of the seven plasmids tested, only p82 shows strong autonomous

replication activity in an in vitro replication assay, with replication initiating within the

genomic insert. These results suggest that a putative origin of DNA replication contained

within p82 may play a role in establishing the aBele-specific replication timing domains in

the GABAA receptor subunit gene cluster.
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INTRODUCTION

Parental imprinting, which marks the parental origin of chromosomcs, results in

allele-specific changes in chromatin organization, transcription as weil as replication. One

of the best examples of parental imprinting in humans occurs in chromosome ISq 1I-q 13

where the absence of a paternal contribution to this region, either by deletion or through

uniparental disomy, results in Prader-Willi syndrome, while lack of maternai contribution

results in Angelman syndrome. Allele-specific replication asynchrony has been delecled at

severalloci surrounding the GABAA receptor P3 (GABRB3) and lXS (GABRAS) subunit

gene cluster in chromosome ISqll-13 (Kitsberg et al., 1993; Knoll ct al., 1994). These

two genes, which are separated by 100 kb, are arranged in a head-to-head orientation

(Sinnett et al., 1993). A domain of parental allele-specific replication has been localized 10 a

50-60 kb region between GABRAS and GABRB3 by using )" phage probes to delecl

replieation events by fluorescence il! situ hybridization (FISH) (LaSalle and Lalande,

1995). For this small region, replication occurs at the beginning of S phase on the malernal

chromosome 15, but is delayed untîl the end of S phase on the paternal homologue. In

contrast, the genomic regions on either side of this maternai carly replicalion domain exhibit

the opposite pattern, with replication of the paternalloci preccding thal of the malernal, but

both events delayed until mid to Iate S phase (LaSalle and Lalande, 1995). ln lhis paper,

we report the characterization of the genomic DNA spanning the proximal boundary of the

maternai early replieation domain. A 13 kb region is identified that conlUins most DNA

sequence motifs and structural features usually found at mammalian origins of replication

(Benbow et al., 1992; Gale et al., 1992; DePamphilis, 1993; Caddie et al., 1990) including

bent DNA, DNA unwinding elements, purine/pyrimidine tracts, scaffold associatcd regions

and transcriptional factor binding sites. In addition, we found a small region associated

with a very high autonomous replication activity il! vitro, suggesting that the establishment

and/or maintenance of the allele-specific replieation domains in the GABAA reeeptor

subunit gene cluster may be dependent on DNA replication origin activity.

RESULTS AND DISCUSSION

(a) Isolation and characterization of genomic clones

We have shown that GABRB3 and GABRAS genes are arranged in a head-to-head

configuration separated by approximately 100 kb (Sinnett et al., (993). In the same paper,

we reported a phage-contig assembly of 43 kb encompassing the 5' untransJated region
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(UTR) of GABRB3 (delimited by 1..60) and another of 21 kb corresponding to the 5' UTR

ofGABRA5 (defined by 1..l49). These two contigs did not overlap and were separated by a

gap of approximately 60 kb (Sinnett et al., 1993). In order to obtain genomic clones that

coyer this chromosomal region, a large insert phage library enriched in sequences derived

from chromosome 15 was initially screened with the oligodeoxynucleotide (5'­

GCCATTTATGAAACCAG-3') as a probe. From this initial screening experiment, three

phage genomic clones, 1..84, À.86 and 1..87, were isolated and characterized as described

previously (Sinnett et al., 1993). The 10calization of these genomic clones was confirmed

by FISH and long range restriction mapping (data not shown).

Single-copy probes (DNA fragments, PCR products and/or oligonucleotides)

derived from these phage clones were used in subsequent screening experiments in order to

extend the phage contig in both directions. This screening yielded three phage clones

(1..327, 1..324 and 1..329) and one Pl clone (tt205) and allowed the closure of the gap in the

genomic DNA between GABRB3 and GABRA5. These genomic clones were analyzed by

restriction mapping with a combination of KpnI, HindIII, BglII and several rare-cutting

endonucleases (only the rare-cutting restriction sites are shown) and the resulting 140 kb

contig is iIIustrated at the top of figure 1.

(b) DNA sequencing analysis

A region containing an allele-specific asynchronous DNA replication transition zone

has been localized between the genes GABRB3 and GABRA5 in chromosome 15qllq13

(Knoll et al., 1994; LaSalle and Lalande, 1995). A maternaI early replication domain

spanning phage 1..84 through 1..l49 has recently been identified (LaSalle and Lalande, 1995).

The loci detected by these phages in the FISH replication assay display the predominant

pattern where replication of the maternaI locus occurs at the beginning of S phase, while

that of the paternallocus is delayed until the end of S phase. The loci on either side of the

maternai early domain, including the one detected by the 1..87 and 1..86 phage, display the

opposite pattern of aliele-specific replication timing, with the paternal locus replicating

before the maternai. The transition between the imprin}ed replication domains occurs in the

overlap between 1..87/;.86 and ;'84. For this reason, the genomic clone ;.84 was further

characterized in order to determine whether DNA sequences and/or structural features couId

be associated with the transition between the two imprinted domains.

The ;.84 insert was digested with HindIII, and the restriction fragments were

subcloned into pBluescript II SK+ and restriction mapped (fig. l, bottom). Using the

subclones p88, p163, pl59, pl60, pl62 and p82 as sequencing templates, 13,022 nt of
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contiguous DNA sequence from À84 was generated. DNA sequence homology searching

revealed the presence of several features usually found in eukaryotic origins of DNA

replication (Table 1). In addition to 72 SAR elements, the 13 kb fragment contains 30 neal'

(10/11) or perfect (Il/II) matches to the yeast ARS elements (18 ARS-c and 12 ARS-p).

Taking into account the overall A+T content (61 %) of the 13kb region, the number of

matches to both the SAR and ARS elements are approximately twice that expected by

chance. Only a subset of the ARS elements could be expected to function as active sites of

replication initiation in yeast, however, and to date no il! vivo function has be"n assigned to

yeast ARS matches in the mammalian genome.

Perfect matches to consensus binding sites for seven tmnscription factors wem

identified in the 13kb fragment (2 for Sp l, 3 for OTFIINFIII, 2 for AP l, 6 for BI and 7 for

p53 consensus; see Table 1). Five close matches (14 out of 16 bp) to the PUR clcment

were also observed. PUR elements are present near initiation zones for DNA rcplication in

a variety of eukaryotes from yeast through humans (Bergemann and Johnson, (992). Thc

PUR protein shows a greater affinity for single-stranded DNA, suggesting a function as a

helix-destabilizing protein (Bergemann and Johnson, 1992) in order to maintain- an open

DNA duplex. Sixty-two overlapping DNA polymerase start sites, encompassing an

extensive polypyrimidine tract of 175 bp, are present between positions 700 and 900, and

another cluster was found in plasmid p162 near the junction with p82. At the samc

junction, a cluster of three topoisomerase II binding site matches (13/15) were identified

within only 100 nucleotides.

(c) Thermal energy analysis

DNA unwinding studies predict that the ARS activity should be associated with a

DNA unwinding element (DUE) that facilitates helix unwinding (Huang and Kowalski,

1993). Computer assisted analysis ofDNA helical stability has been applied to detect easily

unwound sequences (Natale et al., 1993). DNA helical stability is the free energy

difference (AG) between the double- and single-stranded states, ùnd is based on the

nucleotide sequence. The computer program Thermodyn has been designed to calculate the

free energy needed for strand separation of a given DNA sequence based on experimentally­

determined thermodynamic parameters (Natale et al., 1993). We used this computer

program to generate helical stability profiles of the 13 kb DNA sequenc~(Jescribed above.

In figure 2, the free energy required to me-It a given 100 bp (window si~equence is

graphed versus the nucleotide position at the center of that sequence. The r~lationship
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between domains of local instability and the A+T content is also shown in figure 2. As

would be predicted, the helical stability varies inversely with A-T content.

(d) Identification of bent DNA structure

Regions of bent DNA are highly conserved structural features of replication origins

in both prokaryotes and eukaryotes (Caddie et al., 1990; Eckdahl and Anderson, 1990),

and it has been suggested that they act as recognition sites for initiator proteins (Eckdahl and

Anderson, 1990). To investigate the presence of such bent DNA elements within the

putative replication origin, we tested a series of subclones spanning the 13 kb of DNA

derived from the phage ),,84 using a two-dimensional gel electrophoresis system. In this

assay, the first dimensional separation is performed at room temperature in a tube agarose

gel in order to fractionate the DNA fragments according to their length, while the second
. ,

dimension of electrophoresis is run at 4°C iÎ1'a slab polyacrylamide gel allowing the

separation of DNA fragments according to both their shape and length. Under these

conditions, bent DNA fragments show a low electrophoretic mobility in the second

dimension. gel as compared with the first, while non-bent DNA show a similar migration

behavior in both dimensions (Anderson, 1986). Consequently, bent DNA fragments are

observed above an arc formed by non-bent DNA molecular weight marker (123 bp ladder).

Using this approach, fragments p159 and p82 showed an anomalous migration when

compared to an internai control. Representative results ofbent (p82) and non-bent (pI62)

DNA are shawn in figure 3A. For the bent DNA analysis of p82, the HindIII plasmid

insert was c1eaved with EcoRI to generate fragments of 530 and 480 bp. Only the larger

530 bp subfragment contains bent DNA (figure 3A). The latter result was confirmed by

using an alternative assay for bent DNA (von Kries et al., 1990) which involves comparing

the mobility of DNA fragments in,;~lyacrylamide gels in the presence or absence of

ethidium bromide by one dimensional electrophoresis. Using this technique (von Kries et

al., 1990), the 530bp HindTIIlEcoRI fragment of p82 displays a significantly decreased

relative mobility in polyacrylamide with ethidium br~iJàe (compare lane 5 in figures 3B

and 3C) and, thus, contains bent DNA. On the other hand, the relative mobility of the

smaller 480bp fragment was not altered upon,electrophoresis with or without ethidium

bromide (figure 3B and 3C, lane 5). The results using the one dimensional assay also

confirm that the pl62 fragment does not contain bent DNA (figures 3B and 3C, lane 4)

while the inserts ofplasmids p180, pl59 and pl60 ail display slight alterations in mobility

(Janes l, 2 and 3, figures 3B and 3C) suggesting that the fragments are bent to sorne

degree. The two dimensional assay used in Figure 3A detected bent DNA in p159 but not
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in p160 (data not shown) suggesting that the one dimensional assay may be slightly more

sensitive for the larger (> lkb) fragments).

(e) III vitro replication assay

Figure 4 shows the results of in vitro replication assay (Pearson et al., 1991;

Zannis-Hadjopoulos et al., 1994) for autonomous replication activity of clones spanning the

putative origin contained within the 13 kb region. Purified DNA product from a Ih in vitro

replication reaction was analyzed by agarose gel electrophoresis, before and after digestion

by DpnI, whieh cleaves only fully methylated input plasmid DNA. The hemimethylated

proèluct of one round of DNA replication that occurs in the in vitro system used here

(Pearson et al., 1991) is resistant to DpnI cleavage. pX24, the 7.5 kb long plasmid

containing orip, the DHFR origin of bidirectional replication (Burhans et al., 1990; Zannis­

Hadjopoulos et al., 1994), used here as a positive control, shows strong incorporation of

precursor nucleotide into forms II (relaxed circular) and III (linear) DNA product; whilc

much of the DNA is sensitive to DpnI treatment, a resistant linear band is recovered,

demonstrating a newly replicated product. 30.4, a 3.7 kb clone carrying a piecc of IlUman

cDNA (Nielsen et al., 1994), also shows sorne incorporation of radioactive precursor

which, however, is not due to ils replication in vitro, sincc it is entirely DpnI-scnsitive. Of

the ten plasmid subclones (pI64, p88, p163, p362, p363, p159, p160, p162, p82 and

p161) obtained from the genomic clone 1..84 that were tested, only p82 shows strong in

vitro replication activity, as demonstrated by the presence (fig. 4) of strong DpnI-resistant

bands (both forms II ancl, III are visible). Indeed, analysis by quantitative densitometry

showed that the fraction of DpnI-resistant material using p82 as a template was 250% of the

amount obtained with pX24, suggesting that p82 may contain a highly potent origin of

DNA replication. In addition to p82, very small amounts of DpnI-resistant form JI( bands
'"

were visible for p159 «17% of pX24) and p362 (<14% of pX24); however, in the case of

p362, no resistant material is obtained with this same region, when included in the larger

context of p163. The p159 and p362 fragments, therefore, display a veryoidw level of in

vitro replication potential. These results also suggest that the differences in autonomous

replication activity are not related to insert size but rather reflect sorne intrinsie property of

the DNA fragment being tested.
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(f) p82 replication in vitro initiates within the cloned genomic insert

Origin function in p82 implies not only the presence of a genetically determined

origin control element -- termed a "genetic origin" (DePamphilis, 1993) or a "replicator"

(Stillman, 1994) -- but also of an initiation site for DNA replication. One method for

mapping the position of an initiation site is the determination of the earliest labeled DNA

fragment, either in vivo (Vassilev and DePamphilis, 1992) or in vitro (Pearson et al.,

1991). In vitro replication reactions are terminated at early time points and digested by

appropriate enzymes, chosen to yield distinctly resolved fragments, which are then analyzed

by autoradiography and densitometry for detecting the fragment with the highest specifie

activity of precursor incorporation. We have previously demonstrated that monkey and

human origin-rich sequences placed in the context of plasmids pBR322 or pBluescript have

been found to be preferentially labeled relative to the plasmid DNA, while the plasmids

alone showed no preferentiallabeling in vitro (Pearson et al., 1991; Nielsen et al., 1994).

Furthermore, analysis by EM of the initiation point of or.l'8, a mammalian origin-rich

sequence, confirmed that it contained the site of initiation of DNA replication (Pearson et

al., 1994).

Digestion of in vitro replicated p82 with the enzymes BanI and EstBI yields five

fragments, as shown in figure 5. Among these, only the 464 and 792 bp fragments contain

cloned genomic insert sequences (each includes an additional36 and 201 bp of pBluescript

vector, respectively); these are the two fragments which show the greatest radionucleotide

incorporation density after in vitro replication periods of 4, 8, and 12 minutes. Taking into

account the measurement error of densitometric quantification, the specifie activities of the

464 and 792 bp fragments, expressed as relative incorporation per base pair, are eq\l,al to

each other but significantly greater than those of the 389, 1231, and 1097 bp vector

fragments. Thus, the genomic insert contains the preferred initiation site for replication in

p82, which may be localized to a position relatively doser to the BstBI eut site.

p82 is a putative origin of DNA replication

The above data indicate that a 13 kb region from the transition between two

imprinted DNA replication domains (LaSalle and Lalande, 1995) shares many of the

features of prokaryotic and eukaryotic origins of replication (Table 1). These sequence

motifs are present at a higher frequency than can be explained by chance matching to any

DNA sequence of equivalent A-T content (Table 1). Of particular interest is the p82

fragment, which displays helical in8'tability and high A-T content (65%) (figures 2 and 6),
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contains bent DNA (figure 3) and has potent replication activity il./ vitro (lïgure 4), including

the earliest labeled fragment (figure 5). Another component of many prokaryotic and viral

replication origins is the DNA cruciform, a potential secondary structure formed from

inverted repeat elements. There is evidence suggesting that cruciforms may also have a role

in the structure and function of mammalian origins (Zannis-Hadjopoulos ct al., 1988). The

GCG version of STEMLOOP was used to search for inverted repeat sequences with a

minimum stem length of 6, a minimum number of bonds/stem of 12 and a maximum and

minimum loop size of 20 and 3, respectively (Wu et al., 1993). The region between

GABRB3 and GABRA5 contains severai such small inverted repeat clements, including

four from the p82 subclone with the potential to extrude as cruciforms eontaining 20 or

more hydrogen bonds per stem (data not shown). Our interprelalion of these results is tlmt

p82 may funetion as a putative origin of DNA replication in mammalian cells.

The aetivity of the putative origin in p82 I1ll1st be profoundly inllueneed by Ihe

organization of the surrounding ehromalin which, in Ihis region, is a funclion of parental

origin. Several features of the chromatin domain encompassing a pUlative origin could

influence its activity. Chromatin domains are believed to be organized as loops which arc

attached to an A-T rich backbone by scaffold attachment regions (SARs) or mall'ix

attachment regions (MARs) (Laemmli et al., 1992). The chromalin do mains or loops,

which are 5-100 kb in size (Laemmli et aL; 1992), may serve as the fundamentalunils of

replication and transcription in mammalian cells (Hassan and Cook, 1994). The major

protein component of SARs is topoisomerase II (topo Il) (Laemmli ct al., 1992). SAR

elements are specifically bound and contain multiple siles of cleavage by lopoisomerase Il

(Sperry et al., 1989), thus creadng targets for cellular DNA helicase aetivity. A good

candidate region for SAR activity is the border between pl62 and p82 (figure 6). In Ihis

region, a cluster of consensus sites for topoisomerase II has been identified that parlly

overlaps with a region of bert DNA. Clustering of topoisomerase Il consensus binding

sites has previously been observed in the SARs of several genes including Ihe mouse

immunoglobulin K gene (Cockerill and Garrard, 1986), the Chineseiïtii~nsler DHFR gene
--<'

(Kas and Chasin, 1987) and the human globin gene complex (Jarman lmd Higgs, 1988). It

will be interesting to determine whether DNA fragments containing this clusler region

display any in vitro or in vivo SAR activity and, hence, can play sorne l'ole in regulating
\\ :

origin activity. Bent DNA is also a preferential substrate for topoisomerase Il (Howard cl

al., 1991), suggesting that DNA bending regions may play a role in medialing altachmenl of

DNA to the nuclear matrix. Stable attachment sites formed by bent DNA could provide lhe

anehorage required for the introduction and maintenance of superhelical lurns wilhin
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chromosomal loops or domains. An anchoring function would also serve to position

replication origins, enhancers and promoters near the nuclear matrix. Both bent-DNA

structures identified in this paper are associated with an autonomous replication activity,

supporting the hypothesis that bent DNA structure may be acis-acting element in eukaryotic

replication origins. Intrinsically bent DNA elements are detected about once per 11 kb in

random DNA fragments (Milot et al., 1992). This high frequency may suggest that

juxtaposition of this structure and origins of replication is incidental rather than functional.

The potential for origin activity may, therefore, result from the overlap of features

such as bent DNA, high A-T content and helicai instabiIity, rather than be associated with

specific initiation sequences. This would be analogous in sorne respects to the so called

"Jesuit model" (DePamphiIis, 1993) where only a subset of aIl potential origins are used as

initiation sites in the chromosome. In this model, the chromatin structure will evidently

play a crucial role in selecting which origins are used in a given tissue and at a particular

time in development. Further studies will be required to determine whether this origin is

active in yivo and how chromosome parental origin is involved in modulating origin

activity. For example, it is possible that the pattern of imprinting dictates the direction of

the DNA replication fork either in the transcriptional orientation of GABRB3 (on the

paternal chromosorne) or in the transcriptional orientation of GABRA5 (on the maternai

chromosome). This would imply t:lat sorne origins are not bidirectional and their polarities

are affected by transcription. In this regard, the human c-myc (Leffak and James, 1989)

and avian globin (James and Leffak, 1986) genes are replicated in their transcriptional

direction when they are transcriptionally active, whereas their quiescent germ-line

counterparts are not. It is also possible that the maternai early replication domain, which

includes the 1,.84 locus, could contain other genes. Such genes could display allele-specific

expression and profoundly affect allele-specific replication timing. The identification of

specific sites of initiation of DNA synthesis is crucial to future investigations of the

mechanism resulting in the allele-specific replication asynchrony in this region of the

genome.
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CONCLUSIONS

1) A 13 kb region from an imprinted region of the human genome which displays DNA

replication asynchrony contains severa! DNA sequence fealures commonly found at _

mammalian origins of DNA replication. These include stretches of A-T rich DNA which

overlap with regions of significant DNA helical instability. There is also a clustering of

yeast ARS elements, topoisomerase II consensus binding site,s-and transcription factor
.~

binding sites. In addition most plasmid subclones from the l3kb,région contain bent DNA

and inverted repeat elements with the potentialto extrude as DNA crucifoms.

2) One plasmid subclone, p82, which is derived from an A-T rich region with h(ghest

potential helical instability, is the only plasmid clone tested which displays signiticant

autonomous replication activity in vitro. "

3) The suggestion that a putative origin of DNA replication is contained within p82 is

further supported by the observation that replication in vitro initiates within the genomic

insert. A replication origin within p82 couId play an important role in establishing the

allele-specific replication timing domains located within this imprinted region.
" .
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TABLE 1

Region position (nt) ARS-c ARS-p SAR PUR TOP II Pol start (P,S,B,O,53)11

088 1-1306 ° 2 5 1 ° 62h (0, l, l, l ,0)

0362 1307-4553 3 2 3 ° ° 2 (0,0,3, 1,1)

0363 4554-8509 7 2 23 2 2 7 (l, l ,2, l ,2)

0159 8510-9671 2 2 1 1 1 1 (0,0,0,0,0)

0160 9672-10820 3 3 14 ° ° 1 (1,0,0,0,1)

0162 10821-11490 2 ° 11 1 ° 8 rO,o,o,O,Q)

082 11491-12502 1 1 8 ° 4 0 (0,0,0,0,3 )
"

12503-13022 ° ° 7 ° ° ° (0,0,0,0,0)

"'T6i~i~1\:;:iEi',O?2U:, 1';":18: ,:?Y:li:' l",";;'::;"':' 1:'5?',1,,':.:.7,: """,:,/si'".,·,',',.',,', :;~ '., (2 ;;6"3;'7)"'": ,,,",,' l'''<':~<'

Table 1 footnote:

Sequence motifs associated with eukaryotic DNA replication origins. Computer arialysis of
the sequence was performed with either the Genetics Computer Group (GCG) software
package (Devereux et al., 1984) or the HIBIO MacDNASIS Pro system (Hitachi). To
determine the statistical significancç,of observed matches of short consensus clements to thc
genomic sequence, a program was '",i'j.ten in BASIC that calculatcs the probablc numbcr of
matches expected to occur if the same element was compared to a random double-stranded
DNA sequence of id~ntical size and A-T content (available from authors upon requcst),
using the strategy and equations described previously (Rao et al., 1990). Only those
elements present above the number expected by chance are included hcre. 1) Yeast ARS
element: minimliill lO of 11 match to ARS-c, (S. cerevisiae) WTTTATRTTTW (Gâlc et al.,
1992) and ARS-p (S. pombe), WRTTTATTTAW (Gale et al., 1992): 2) Scaffold
attachment region, (SAR): perfect 10 of 10 match to AATAAAYAAA, TTWTWTTWTT,
WADAWAYAWW, TWWTDTTWWW (Benbow et al., 1992; Galc et al., 1992): 3)
Purine-rich protein recognition element (PUR), minimum 14 of 16 match to
GGNNGAGGGAGARRRR (Virta-Pearlman et al., 1993): 4) Topoisomerasc II binding
site (TOP II): minimum 13 of 15 match to GTNWAYATTNATNNR with a 6 of 6 match
with the core WAYATT (Sander and Hsieh, 1985): 5) DNA polymcrase start sitc (Pol
start): minimum 16 of 17 match with YYYYYYYYYCTTTYYYY (Benbow et al., 1992): 6)
Transcription factor binding sites "; API (P), TGAGTCA (Angel et al., 1987); SPI (S),
CCGCCC (DePamphilis, 1988); BI (B), AARRGGAA (Gale et al., 1992); OTFIINFIII
(0), ATTTGCAT (O'Neil and Kelly, 1988); p53 (p3), RRRCWWGYYY (Virta-Pearlman
et al., 1993); [Codes for the consensus sequences are: W=A or T, R=A or G, Y=T or C,
D=T, A or G, and N=A, C, G or Tl. •

h most are contained in an extensive polypyrimidine tract of 172 bp
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FIGURE 1. ChromosomaI organization of the GABRB3/GABRAS

intergenic region. The 100 kb intergenic region that separates GABRB3 and GABRA5

was cloned and mapped. Phage genomic clones were obtained from the screening of a flow

sorted chromosome 15 phage Iibrary as described previously (Sinnett et al., 1993). PI

phage clone, lt205, was obtained from Genome Systems (St-Louis), by screening with

,PCR products derived from the 71.84 insert. The Genome systems reference address for the

PI clone is plate 377, weil A. The 71.84 phage insert was digested with the restriction

enzyme HindIII, and the fragments subcloned into pBluescript II SK+ (Stratagene). The

13 kb region that was analyzed by nucleotide sequencing is shown at the bottom. DNA

sequence was generated by the dideoxy chain termination method (Sanger et al., 1977)

using the CircumVent Thermal Cycle Dideoxy DNA Sequencing Kit (New England

Biolabs). The sequence data were obtained either8irectly from phage clones or from

plasmid subclones using universal sequencing primers and specifie oligonucleotide primers.

The p82 and p163 plasmids were sequenced by standard automated techniques using an

Applied Biosystems instrument. The nucleotide sequence has been deposited in GenBank.

(B, BssHII; BgI, BglII; E, EagI; F, SfiI; H3, HindIII; k, KpnI; M, MluI; N, Noll; R, NruI;

S, SacII; X, XhoI).

"'-
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FIGURE 2. Helical stability for the 13 kb region derived from the

GABRB3/GABRA5 intergenic region. In order to find potential DNA unwiiliUng

elements (DUEs) the computer program called Thermodyn (Natale et al., 1993) was used to

calculate the free energy needed for DNA strand separation at 25°C in a 20 mM salt

solution. The window (overiapping segments) size used in this study was 100 bp, with a

two base pair increment (step=2). The output data were converted to graphie form using

the lNPLOT graphies program. Graphical analysis of A-T content was performed for a 100

bp window using the HIBIO MacDNASIS Pro system. DNA heIicai stability (8G) and A-T

content are both plotted versus position.
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FIGURE 3A. Detection of bent DNA structure by two-dimensional gel

analysis. Plasmid subclone inserts derived from 1..84 were tested for migration anomalies.

by a two-dimensional gel technique (Anderson, 1986). Restriction digests of plasmid DNA

subclones were fractionated in a 2.0% Nusieve:agarose (3:1, PMC inc) tube gel in IX TBE

buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.2) at room temperature. The agarose tube

gel was recovered and reoriented 90° relative to the first dimension on a 6% polyacrylamide

(29: 1, acrylamide:bisacrylamide) gel in IX TBE. l"he second dimension gel was run at 4°C

to enhance the DNA bending effects on fragment mobility. After electrophoresis, the DNA

fragments were detected by stainin;;eJ.he gel with 0.25 Ilg/ml ethidium bromide and

photographed under UV light. Electrophoretic mobilities of the fragments analyzed were

compared to the mobility of a 123 bp ladder molecular weight marker (BRL). The results

obtained for the p82 (EcoRI-HindIII digest) and pl62 (HindIII digest) in the presence of a

123 bp ladder internai standard (Iow-intensity fragments) are shown here. The arrow

indicates the DNA fragment that migrates above the diagonal produced by the internaI

control, suggesting the presence of stably bent DNA elements.. M, molecular weight

marker (123 bp ladder).
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FIGURES 3B AND 3C. Detection of bent DNA structure by one­

dimcnsional gel analysis. Ail plasmid DNA samples were digested with HindIII with

pl80 and p82 also being c1cavcd' with SalI and EcoRI, respectively. Samples were

clcctrophoresed in a dual mini-vertical gel electrophoresis unit (Sigma-Aldrich model

E4266) as described previously (von Kries et al., 1990) in 5% polyacrylamide (49:1,

acrylamide:bisacrylamide), 2.5 X TBE buffer,Q.2%ammonium persulphate and 0.375%

TEMED (N,N,N',N' tetramethylethylenediamine) with (B) or without (C) the addition of

l~g/ml EtEr in both the gel and running buffer. The EtBr-treated (B) samples were run at 7

Vlem at 40 for 14 hr while the untreated samples (C) were electrophoresed at 9 Vlem for 8

hr at room temperature. The 123 bp ladder was used as a molecular weight marker. The

inscrts of pl80 (_l.Okb, lane 1), pl59 (l161bp, lane 2), pl60 (l148bp, lane 3) ail display

slightly rcduced mobility in tl1:e presence of EtEr (B) relative to that in the absence of EtBr

(C). The insert of p 162 (669bp, lane 4) shows a slightly increased mobility in B relative to

C. The smaller (480 bp) HindIIIlEcoRI fragment of p82 (Iane 5) displays the same

mobility in Band C while the larger (530bp) fragment (Iane 5) shows a larger apparent

molecular weight when trcated with EtBr (B). The 530 bp region of p82 thus contains bent

DNA.
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FIGURE 4. III vitro replication of clones from putative ongIn region

between GABRB3 and GABRA5. pX24 (positive control), 30.4 (negative control),

and a series of 10 plasmid subclones (cloned into pBluescript) spanning 19 kb of

chromosome ISq II q 13 were tested for autonomous replication by the in vitro replication

assay. The positive control pX24 contains a 4.8 kb insert corresponding to the oriJ3 region

of DHFR that has been described previously (Zannis-Hadjopoulos et al., 1994). The

'negative control, 30.4, is a pBluescript clone, randomly selected and containing a cDNA

illsert of 0.7 kb derived from human breast tumor. In the assay, equimolar quantities (23

fmol, for a final reactioll concentration of O.S mM) of supercoiled plasmid templates were

used in cell-free replication reactions (Pearson et al., 1991) composed of HeLa low salt

cytoplasl11ic extract, HeLa nuclear extract, an ATP regenerating systèl11, PEG <lnd dNTP's

incluçling [cx32p]-dCTP aild [cx32p]-TTP. One-half of the purified DNA pr~duct was

digeJi~d with 1V Dpnl, 90 min at 37°C, in the presencé of 200ng À DNA as a carrier.

Vncut and digested sal11ples were electrophoresed 16 h in an 1% agarose gel in IX TAE

buffer. To control the completeness and methylation specificity of Dpnl digestion, SOO ng

aliquots of À DNA derived from both dal11+ and dam- bacteria were digested under identical

conditions and monitored by agarose gel electrophoresis followed by ethidiul11 bromide

staining. The gel was then dried and exposed directiy to a Fuji BAS-III imaging plate, and

developed using the Fuji BAS ~:f)00 phosphoil11ager Image Analysis progralI1. Product

DNA in the lanes on the lefthàI;of the figure shows the total radioactivity incc.rjJaration for

each of the plasmids tested. Dpnl-digested DNA product on the right half of the figure

indicates replicated (Dpnl-resistant) plasmid, together with fragments resulting from the

cutting of Dpnl-sensitive DNA. The positions of relaxed circular (form II) and linear (form

Ill) DNA for p82 (4.1 kb) are shown on the right side of the figure. The total sizes of other

plasl11ids tested are as follows: 30.4=3.7 kb, pI64=S.2 kb, p88=4.3 kb, pI63=10.S kb,

p362=6.2 kb, p363=7.0 kb, pIS9=4.2 kb, pI60=4.1 kb, pI62-3.7 kb, and pI61=7.S kb.

! 1
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FIGURE 5. Determination of the initiation site of p82 in vitro by earliest

labeled fragment methodology. Triplicate in vitro replication reactions using p82

template were performed as described in figure 4, except that reactions were prematurely

terminated with one volume of 1% 8D8, 30 mM EDTA stop mix after 4, 8, and 12 minute

incubation periods. The purified product was digested with 30 U BanI and 20 U BstEI in

NEB butler 4 (New England Biolabs), 100 minutes at 37'C and then 25 minutes at 65'C

(the optimal temperature for BstBI). The resulting fragments and their positions relative to

the pBluescript vector and genomic insert regions of p82 are indicated below the graph.

Digested samples were separated by electrophoresis in 1.6 % agarose, 1 x TAE, which was

subsequently dried and U$tc1 to expose a phosphoimager plate. Densitometry was
, //

performed using the Fuji'J3A8 2000 image analysis software. Plotted values for nucleotide

incorpol'àtion were obtained as folJows: each band was quantified, and the background

signal present in an equal area in the immediately adjacent portion of the same lane was

subtracted. The resultfpg score was divided by the size of the fragment in question to

calculate the radionucleotide incorporation per base pair, and the highest value so obtained

was normalized to 100%. Errer in the plotted values ranges from 1% at the earliest time

points to a maximum of 7% for the smallestfragment at the latest time point. Incorporation

was carried out for 4' (black bars), 8' (crosshatched bars), or 12' (open white bar). In the

linearized plasmili'estriction map below the graph, pBlueseript vector sequences are

indicated by the thin crosshatched line.
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FIGUÛE 6. Nucleotide sequence of the p82/p162 junction and the p82

fragment. The overlap (13/15 nucleotides) with the consensus sequence for

lopoisomerase II is indicated by a box. In al! three cases;'ihere is a perfect match (6/6) with

the lopoisomerase II core (cleavage) sequence (WAy tATT). Three potential DNA

unwinding elements (DUEs) of 100 nt in length are underlined. The OUGO 4.0 (National
"

Biosciences) software package was used to identify these potential DUEs. For DUEs 1, 2

and 3, the melting temperatures are, respectively \20, 9° and 9° lower than the average value

(60°) for the entire 13 kb rêg,~on. The %A-T content are 84, 73 and 76 for DUEs 1,2 and 3,

respeclively. The shaded seq~ence is the portion ofp82 co~tâiningbent D]'IA'(I1gL!re 3).
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TCACATGTGGAITQAGTAAATAAAATTATATATATQCAAAAATQATAAACTAGAATTAT

GTTTAATAATAAATTATQAATTCTACCAATAATATTTAACAACTACTATAFI±TAT~
TACAGTA GAGACTGGGTATATGAAAGGAAGGAAGGAAGGAAAGAAAATAGGAAGG

AAGGAO OTTAT ATITITAC AGAA~?~~~!?~!~~i

!\ffiAilà\GGA'A'AGTAffiI::AGNrQft:tTAGT1WfGTTTA'AATATATOAGItrC'rJ-'1\A:èXOtiACTGi/:1

t'ATATGCACAA:A1\TA'ATTACATGGGCAl·I·111l·LI·I1III··LIGCCAGTCATTGTGGAGCAM

WTGTGAGAGCA'irGGTOATAA;A:GGT~GGAACNrGTlTICI,I ••·II··fIJAACI:CCI:crTCTGAië;t.
~\lmilll~W.~t~W®~t1tjw~t;~~lî11.t%~11f@t111~t~~~tçl~$'tt*4tIJ1~i1i,§11~j;i0B1t{1:{i1t1m~1~l1ti~~~~::f@r:@ii\11~~tj;~&t~1~;~~;m~1~i1h%f~:tt~;~{~Ùh{;~;~1~~~~1
WO'(AGCI:GTO'l'GAl'CI:IT'GOAC}ŒGCCI:A:A1\0Ii·ICGTOGOerACC'lmI'CGlffiiACATGQCA<+

!..l.~.~.~~.A.~.~.~.•.~.~.i.(~.f.~.;.~.:..f.:.i.~.;C.:.,..1lr.t.:.~..;.;r.:.:.:.~.i:~.L.I.r.;.:.~.!.·!m.~.~.~El.~.:.l.~.~~.~.~.\.i;.;llI11111~~ri.~~li!i~I!~
::ill:CiTA'ôTcer~êI*:~Z''êp:GlT(ft:'1tQiYJ1\iFÂG13 AAJTÇAACAAAAcrITCAmAAAATTA:)ât$%'r&t::.tt:;:nm:;.NtftWW;:$SWiNi:tt~Mi1l@4~1:tM:!1t1fuWjtWt~1Üs6 =>..L..I..><=..",,==:u..........,""'........u;;=U'OU-l......

TAGCAAAATTACACAAGTTAAGGTGATAcrATTTCATCATTATATTCIIIIAGTCTCTCT
~~."'-:'

crATGTATTCCITAÀCATÂATTTAGACAAGCATTTCAACAACAAAATACATAAAATAAG

TTATAGAcrTATATTACAATCACTACTAATACTCATAGCATTAGTAAGAAGTGAAAACC

TTTCATTGATAAAATGCAGGCATCATGGACGTACCTGGTTTCATAAATGGCAAAAAATG

TTCTGTGTTCTTTGACTGCGTTCCTGAAAAAAAAAAAACACAAAGAAGGATAAAAGGT
.- l' !

- ~J /'

AATCTTCATGATTATTGCTAAGGTCTAAAAGTCCTTTAATAAGCATGTrCCCAAACTCT
~ ,~

GTCTATTTAAGATATCTTGACTAGCATTTTGTGAAAATCAAG~AATAATA~AAAGAAI

~GTACAC~CAIIIIIAAAAAGTAATACACATCGTATTAGATA é'

)'Ir
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ADDENDUM TO CHAPTER SIX

A) The PROB2.BAS program

r wrote this program in GW-BASrC, but it couId easily be converted to other forms

of BASIC or to another programming language; it is based on the methods described in Rao

et al. (1990). The purpose ofPROB2.BAS isto help in the interpretation of the importance

of sequence analysis results, where short functional clements (cg. CCGCCC, the SP-l

transcription factor binding site) are matched to a genomic sequence, by determining the

statistical significance of these observed matches. This is accomplishcd by calculuting thc

number of matches such a consensus clement would be expected to show when compurcd

to a strictly random sequence of the sume length us that used during the mutching scurch.

The user is prompted for this genomic sequence length, us weil us thc sequence's AT­

richness. The AT level can be set at 50% to compure with totally rundom sequcnces of.

ATCG, or ulternatively can be set to the AT level of orgunism's genomc, or, us wc usuully

do, to the A1'% of the genomic sequence used for the mutching procedure in the l'irst pluce

(this then takes into account the overall AT riehness us an explunation of observed mutches

to highly AT-biased elements, like the S. cerevisiae ARS consensus WTTTATRTTTW).

The consensus element to be tested for expeeted random mutches must be input in

capitals (this'could be easily changed in the program, but 1 huven't bothered; it's simpler

just to hit CupsLock), and uccepts uU stundard designutions: A, T, C, G; W (A or l'), S (G

or C), Y (1' or C), R (A or G), M (A or C), K (G or l'); B (not A), D (not Cl, I-I (not G), V
.:':;\

(not l'); N or X (anybase).The most recently-added feature of the program ullows it to tuke

into account possible mismatches of 1 or 2 bp to the consensus sequence. It is ussumed

that the element can be matched independently of orientation -- thut it could exist on either

strand. If this ussumption is wrong, unswers must be divided by 2 und stundurd deviutions

by the square root of 2.

The program converts the input consensus sequence into individuul bases, then

assigns a probability for each base to oceur considering the overall AT%. Il then multiplies

these probabilities to get the chance of the seyuence of bases occurring in order, the overaii

probability of a consensus match inc;rr~ndom sequence of the same length us the consensus

element. Il then determines the number of opporlUnities to l'ind a new consensus clement

sequence in a test genomic sequence of the input length (i.e. in 100 qi,lse puirs of lineur DS

DNA, there are 200 separate 1 bp sequences that could be checked for a match to a 1 bp
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consensus, but only four 99 bp sequences). The two values are multiplied to give the

number of expected matches, by random chance, for that element in a sequence of random

DNA of defined length and AT%. If mismatches are allowed, the chance of perfect matches

is also displayed.

The standard deviation of this value, giving the range of the number of matches that

are expected by chance, is calculated from probability theory. To convert these values to

95% confidence intervals, it is approximately correct to multiply by two. Since DNA

contains an integral number of bases, the "maximum number of matches expected by

chance, at 95% confidence level" is rounded down to a whole number.
;;;'::6>

Limitations: uncertain gap lengths in the middle ottiJe tested consensus sequence

<;.:m only be taken into account by repeat analysis including different numbers of NNN's in

the midst of ea~rormof the consensus. To determine the total probability of any of a

family ,of sil)2ilar elements occurring (eg. any Scaffold Attachment Region, for which four

consensus elements èxist), add the expected number values, but note the P value for each

single match as weil, because the sum standard deviation must be calculated by hand as SD

=Square root of (sum of expected numbers * (1 - sum of probabilities of single matches by \.

each element)). The program assumes linear DNA; circular DNA has more possible

matches, although the error is not significant if the length of the consensus element « the

total sequence length. Finally, the program calculates each strand of DNA separately, not

assuming complementarity (i.e. if the first strand randomly had a highly purine~rich
-'

element, the second must contain a pyrimidine-rich element). This only causes problems if

the genomic sequence being.sêarched for match elements is very short (la bp); most

genomic sequences will be hundreds or thousands of bp long and rio error will be

introduced. .'.::
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LISTING OF THE PROB2.BAS PROGRAM
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2 REM ** THE "PROB2.BAS" DNA SEQUENCE ANALYSIS PROGRAM, BY TORSTEN NIELSEN,
HD/PhD PROGRAM, McGILT,'C.~= CENTRE, McGILL UNIVERSITY, MONTREAL, CANADA.

3 REM ** last mod1f1ed 94.11~~0 .
6 REM ** th1s program calculates the number of t1mes that an input short
consensus elament will be expected to match purely by random chance to a longer
sequence fragment of g1ven AT·r1chness
7 REM ** th1s mod1f1ed upgraded deluxe version also can get that probab111ty for
consensus elements allowing one m1smatch

8 REM ** assumes that sequence can be matched independently of orientation - 1e
looks on BOTH strends. If S' --> 3' orientation of element 1s f1xed, d1v1de aIl
match values by 2 end SD by SQRT(2),

9 REM ** Also does not assume complementar1ty, so inaccurate for short consensus
elements in short fragments esp. if AT% close to 0 or 100.

10 PRINT : PRINT : PRINT .
20 INPUT "Le::·gth of ent1re clone sequence in bp:"; L
30 INPUT "A + T content in ,:"; AT: AT • AT / 100
40 INPUT "Type the matched consensus sequence, in cap1tals:"; CO$: CO • LEN(CO$)
: DIM C$(CO): DIM P(CO):DIM XP(CO):DIM XXP(CO):PRINT:TP-O
42 MI-O:INPUT"' m1smatches allowed (max 2; default - O):";MI
50 GOSUB 1000
60 GOSUB 2000
70 PRINT "compar1sons - ("; L; "bases/strand - ("; CO; 'bases/w1ndow'- 1»(2 str
ands) -'; (L-(CO-l) )*2
80 NP • (L - (CO - 1»*2*SP
90 PRINT 'EXPECTED NUHBER OE' PER!i'ECT MATCHES: "; NP
92 SD.(NP*(1-SP»·.5 .
94 PRINT'STANDARD DEVIATION: ";SD:PRINT"Max. , perfect matches expected by rando
m chance at 95' confidence .';INT(NP+l.96*SD):PRINT
96 lE' MI>O GOTO 3500
100 INPUT "Type (1) to try. a new consensus against the same genom1c sequence,

(2) to test a new genom1c sequence,
or (3) to quit"; CII0ICE$: PRINT : PRINT

110 lE' CII0ICE$ - 'l' THEN ERASE C$: ERASE P:ERASE XP:ERASE XXP: GOTO 40
120 lE' CII0ICE$ • '2' THEN ERASE C$: ERASE P:ERASE XP:ERASE XXP: GOTO 10
130 IF CII0ICE$ • "3" THEN END
HO GOTO 100
1000 REM **CONSENSUS SEQUENCE ANALYZER**
1010 REM' ** converts input sequence to ind1v1dulll bases ii
1030 FOR N - 1 TO CO
1040 C$(N) - MID$(CO$, N, 1)
1050 NEXT N
1060 RETURN
2000 REM **MATCH IN A SINGLE COHPARISON**
2005 REM ** ass1gns probab111ty to each base, and to string of those bases
2010 FOR N • 1 TO CO
2020 lE' C$(N) - "G" OR C$(N) • "C' THEN peN) - (1 - AT) / 2
2030 IF C$(N) • "A" OR C$(N) - "T" THEN peN) • AT / 2
2040 lE' C$(N) - 'W" THEN peN) • AT
2050 IF C$(N) • 'S" THEN peN) • 1 - AT
2060 IF C$(N) - "R" OR C$(N) - "Y" OR C$(N) - 'M'OR C$(N) - "K" THEN peN) = .5
2070 IF C$(N) - 'D" OR C$(N) - "H' THEN peN) - 1 - «1 - AT) / 2)
2080 IF C$(N) - "V" OR C$(N) - "B" THEN peN) - 1 - AT / 2
2090 lE' C$(NI - 'N" OR C$(N) - "X" THEN peN) - 1
2100 PRINT "BASE Ni Ni • - "i C$(N); ": P • "; peN)
2110 NEXT N
2120 SP - 1
2130 FOR N - 1 TO CO: SP - SP * peN): NEXT N
2140 PRINT "Sum probab111ty for perfect match in single compar1son: "; SP
2150 lE' MI>O THEN GOSUB 3000
2160 RETURN
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3000 REM ** PROBABILITY ALLOWING ONE MISMATCII **
3005 REM ** algor1thm to recalculate allow1og on8 m1smatch by add1ng probab111ty
for match of (COnsensus element length) sequences where probab111ty for each
base 10 turn 1s made up to 1.

3010 TP • SP
3020 FOR N • 1 TC CO
3030 PIN) • 1 - PIN)
3040 XP(N) • 1
3050 FOR NN • 1 TO CO
3060 XP(N) • XP(N) * P(NN)
3070 NEXT NN '
30S0 PRINT"Add1t10nal probab111ty allow1og m1smatch of ";C$(N);" 1n pos1t10n";N;
•• - ;XP(N) '..."
3100 TP • TP + Xf(N)
3110 IF MI.2 THEN GOSUB 4000
3115 P(~) • 1 - PIN)
3120 NEXT N
3130 RETURN "
3500 REM ** ANSWERS WITH ONE MIf.MATCH **
3505 IF HI.2 THEN 4500 ,'"
3510 PRINT"Total probab111ty, for perfect match & all one-m1smatch poss1b111t1es
-";TP :.~-.

3520 PRINT "compar1sons' ."("; L; "bases/strand - ("; CO; "bases/w1ndow - 1» (2 s
trands) ."; (L-(CO-1»*2
3530 NP • (L - (CO - 1»*2*TP
3540 PR1NT "EXPECTED NUHBER 01.' AT LEAST";CO-1;"I";CO;"bp MATCHES: "; NP C;'

3550 SD.(NP*(1-TP»".5
3560 PRINT"STANDARD DEVIATION: ";SD:PRINT"Max•• matches expected by random chan
ce at 95% conf1dence .";I~(NP+1.96*SD):PRINT
3570 GOTO 100
4000 REM ** TWO MISMATCH CALCULATOR **
4010 IF N • CO THEN RETURN
4020 TTP • 0
..030 FOR TH • (N+l) TC CO
4040 P(TM) • 1 - P(TM)
405~ XXP(TH) • 1
4060 FOR' TTH • 1 TC CO
4070 XXP(TH).XXP(TM)*P(TTH)
40S0 NEXT TTH '
4090 PRINT"'-èxtra prob. 1f base" ;N;" (" ;C$ (N);") & bas,," ;TH;" (" ;C$ (TM) ;") m1smat
ched .";XXP(TM)
4100 P(TH) • 1 - P(TM)
4110 TTP • TTP + XXP(TH)
4120 NEXT TH
4130 TP • TP + TTP
4140 RETURN
4500 REM ** ANSWERS WITH TWO MISMATCHES **
4510 PRINT"Total probab111ty for perfect match & all one and two m1smatch poss1b
111Ues ." ;TP
4520 PRINT "compar1sons • ("; L; "bases/strand - ("; CO; "bases/w1ndow - 1»(2 s
trands) ."; (L-(CO-1»*2
4530 NP • (L - (CO - 1»*2*TP
4540 PRINT "EXPECTED NUMBER 01.' AT LEAST" ;CO-2;"1" ;CO; "bp MATCHES: "; NP
4550 SD.(NP*(1-TP»".5 ,-, '
4560 PRINT"STANDARD DEVIATION: ";SD:PRINT"Max•• matches expected by random chan
ce at 95~ conf1dence .";INT(NP+1.96*SD):PRINT
4570-=0·100

-:- ....... ::.'
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B) Detailed results of statistical analysis

The following three pages show the results of the application of the PRüB2.BAS

program to the sequences described in the manuscript and to the observed numbers of short

consensus clements, presented in Table 1. The significance of observed clements across

the whole sequenced region was determined, as was the significance of elements occurring

specifically in the autonomously replicating fragment, p82, and in the p82/p162 junction

region presented in Figure 6.

While not mentioned in Table l, the CP-I CCAAT transcription factor consensus

was present at levels significantly higher than expeeted by chance. The üTFIINFIII

transcription factor binding site, BI intronic element and PUR factor consensus were

significantly above the 95% confidence limit, while the AP1 and SP1 were also enriehed

above the expected number close to the 95% confidence limit. None of these matches

occurred in the p82 region itself, but as discussed in Chapter l, auxiliary replication factors

need not lie wilhin the minimal origin itself. p53 binding site occurrences are statistically

significant in the p82 fragment ilself. ARS, SAR, and polymerase start site matches are

concenlrated in regions flanking p82; the immediately neighbouring p162 region catTies

slatislically-significant numbers of matches to thehtter two elements. The telomere-Iike

consensus matches can be explained by random chance and were not discussed in the

manuscripl.

Consensus clements present above the 95% confidence limit of the number expected

by chance are suspected to serve sorne funetion in situ, although not necessarily in DNA

replication.

o
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SUMMARV Of STATISTICAL ANALVSIS: UKELlHOOD Of MATCHES Of TEST
ELEMENTS TO RANDOM SEQUENCE Of INDICATED SilE AND A-TCONTEN
sheet 1 of 3: analvsls of comolE'te seauenced subr9CIlon of 15011013

matches to 13.108 basa oolrs. 61% AT
allowed 1# oC (comoorlson to totol seauenced real9!:lL

NAME senuence mismalchu exoectcd 1# Std. Dcy. 95% Cl max obsCfY!.!t
i" /.'

CP-l CM SACCAATCAGG 0 0.008 0.087 0
. , ~-'---

,~
OTFI/NFlII AmGCAT 0 0.8 0.9 2 3

A.°1 TGAGTCA 0 1.7 1.3 4 2
AP2 GCCTGGGG 0 0.09 0.29 0

J. AP5 TGTGGMTG 0 0.1 0.32 0
BI AARRGGAA 0 2.2 1.5 5 6

SPI CCGCCC 0 1,4 1.2 3 2
1

ARS-c WITTATRTTlW 0 0.36 0.6 1 2
1 1 7.8 2.8 13 III

A~ WRmAmAW 0 0.36 0.6 1 0
1 1 7.8 2.8 13 12

ARS-c or ARS-o 0)"'" 0.73 0.85 2 2.---,
1 1 16 4 24 30
1

SARs AATAAAYAAA 0 0.3 0.55 1 1
1 1 6.7 2.6 11

TIWJWTTWTT 0 1.5 1.2 3 5
1 1 28 5 38

WADAWAYAWW 0 13 4 19 23
1 180 10 200

TWWTDTTWWW 0 15 4 23 43
1 210 10 230

onv of the four SARs '<. 0 30 5 40 72
1 420 20 460 367

PUR GGNNGAGGGAGARRRR 2 0.38 0.62 1 5
:'::-.

tooo Il " GTNWAVATTNATNNR 0 0.19 0.44 1
.. 1 4.5 2.1 8-

.' 2 49 7 63
"""'II core WI'.YATT/!..1-" 0 69 8 85

',' 1: ; /,', , ,-.
pol star! (s) YYYYYYYYVCrrrrYYY 0 0.02 0.13 0

, 1 0.44 0.66 1
pol star! (w) 'f'IYYYyyRCCCYYYYV 0 0.02 0.15 0.

1 0.63 0.79 2,
either nf)."merose stort site 1 1.1 1 3 30

telo-like TGGGT 0 18 4 26 22

D53 RRRCWWGVYY 0 5.7 2,4 10 7

il
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. ·SUMMARY Of STATISTICAL ANALYSIS: UKELlHOOD Of MATCHES Of TEST
'ELEMENTS TO RANDOM SEQUENCi: Of INDICATED SIZE AND A-T CONTENT

sheet 2 of 3: analvsls of D82 (the autonomouslv reDlicallna fraament)
matches to 1012 base oalrs. 68% AT

allowedlf of (comoarlson to 082 onlv)
NAME seauence mismatches expectcd# st<!. Dey. 95% CI max observcd#

CP·1 CM SACCAATCAGG a a 0.017 a
OTFI/NFIII AmGCAT a 0.08 0.28 a a

APl TGAGTCA a 0.11 0.33 a a
AP2 GCCTGGGG a 0.002 0,043 a
AP5 TGTGGAATG a 0.006 0,077 a .

-. - BI AARRGGAA a 0.17 0.41 a a
SPI CCGCCC a 0,03 0.18 a a

ARS-c WITTAmTITW a 0.08 0,29 a a
1 1.5 1.2 3 1

ARS-p WRmAmAW a 0.08 0.29 a a
1 1.5 1.2 3 1

ARS-c or ARS-p a 0.17 0.41 a a
1 3.1 1.7 6 2

SARs AATAAAYAAA a 0,06 0.25 a a
1 1.2 1.1 3

nWlvVIlWlT a 0.33 0.58 1 a
1 5,3 2.3 9

WADAWAYAWW a .·2.4 1.6 5 4
1 28 5 38

TWWTD11WWW a 3.3 1.8 6 4
1 37 6 49

anv of the four SARs a 6,1 2.5 la 8
1

PUR GGNNGAGGGAGARRRR 2 0.01 0.12 a a

toooli GTNWAYAllNATNNR a 0.03 0.17 a
1 0,64 0.8 2

/r 2 6.3 2.5 11
topo II core WAYATT a 9.2 3 15

pol star! (s) YYYYYYVYYCTITVYYY a 0,002 0.039 a
1 0.04 0.2 a

pol star! (w) YVYYYYYRCCCYYYYV a 0.001 0,032 a
1 0.03 0.17 a a

elther 00 merase start site 1 a

telo-like TGGGT 0 0.95 0.98 2 a
.--'--:'::::

053 RRRCWWGYVY a 0,37 0.61 1 3

"'.J
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SUMMARY Of STATlSTICAL ANALYSIS: UKELlHOOD Of MATCHES Of TEST
ELEMENTS TO RANDOM SEQUENCE Of INDICATED SilE AND A-T CONTENl

sheet 3 of 3: anal~ sis of P82/p1621uncUon realon. as shawn ln fla. 6
1 matches ta 1218 base pairs. 69% AT

a1lowed' oC Ccomoorlson to 082/0162lunctlon. fla. 6)
NAME sequence mismalches cxpected /1 Std. Ocv. 95% CI max obscrvcd /1

"

CP-1CAA SACCAATCAGG a 0 0.018 a
OTFI/NFIII AmGCAT a 0.1 0.31 a a

API TGAGTCA a
".

0.13 0.36 a a
AP2 GCCTGGGG a 0.002 0.042 a
APS TGTGGAATG a o.cm 0.083 a
BI AARRGGAA a 0.21 0.45 1 a

SPI CCGCCC a 0.03 0.18 a a
1 .

ARS-c wmATRTTIW a 0.12 0.34 0 a
1 1 2.1 1.4

~
4 2.

ARS-o WRmAmAW 0 0.12 0.34 0 0
1 2.1 1.4 4 1

AR5-c or ARS-p 0 0.23 0.48 1 0
1 4.2 2 8 3

SARs AATAAAYAAA 0 0.08 0.29 0 a
1 1.6 1.3 4

TTWTWTlWTT a 0.46 0.68 1 1
1 7.2 2.7 12

WADAWAYAWW a 3.3 1.8 6 6
1 1 38 6 00

TWWTDITWWW 0 4.5 2.1 8 9
1 1 00 7 64

any of the four SARs 0 8.4 2.9 14 16
1 1
1

PUR GGNNGAGGGAGARRRR 2 0.01 0.12 0 0

toooli GTNWAYATINATNNR 0 0.04 0.19 0
1 0.83 0.91 2
2 8.2 2.9 14

topo Il core WAYATT 0 12 3 18

pot star! (s) YYYY'fYYYYCTTfVYYY 0 0.002 0.043 0
1 1 0.05 0.22 0

pot star! (w) YYYYYYVRCCCYYYVY 0 0.001 0.033 0
1 1 0.03 0.18 a

elther 001'rnerase start site 1 0.08 0.28 a 8
1

telo-Iike TGGGT a - ""<>, 1.1 1 3 0-y '>

053 RRRCWWGYYV 0 1 0.43 0.66 1 3

.... '
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CHAPTER SEVEN

CIRCULAR YAC VECTORS CONTAINING SHORT
MAMMALIAN ORIGIN SEQUENCES ARE MAINTAINED

UNDER SELECTION AS HeLa EPISOMES

Torsten O. Nielsen, Maria Zannis-Hadjopoulos
and Gerald B. Priee

Preceding chapters have shown that short DNA fragments containing mal1ll1lalian

origins of DNA replication can replicate autonomously both in vitro and following transicnt

transfection into human cells. In this chapter, some of the origins described prcviously arc

cloned into a vector containing a marker selectable in human cells, allowing long-tenn

maintenance of transfected constructs. The vector and assay methods used arc chosen with

the hope that this research will help lead toward the development of a hUl1lan artificial

chromosome.

This charter has been submitted for publication in the Amer/clin .Inumal ofF-1ll1nan

Gene/Îcs. 1 designed and executed aIrexperiments, assembled the resuits imd wrote ail

portions of the paper. Maria Zannis-Hadjopoulos and Gera.ld B. Price helped in the

planning of experiments and the editing of the manuscript, and Gerald B. Priee assisted in .

the cell culturing work for the fluctuation assay (Figure 3 and Table 1).
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• Circular y AC vectors containing short mammalian ongm
sequences are maintained under selection as HeLa episomes

Running Title: YACs containing c/oned hWIlCln origins

Key words: artificial chromosome, autonomous replication, DNA rcplication, episomc,

human, replication origin.
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SU~,fMARY

pYACneo, a 15.8 kb plasmid, contains a bacterial origin, G418-resistance gene, and yeast

ARS, CEN and TEL elements. Three mammalian origins have been cloned into this

circulaI' vector: 343, a 448 bp chromosomal origin from a transcribed region of human 6q;

,X24, a 4.3 kb element containing the hamster DHFR origin of bidirectional replication

(orip), and S3, a 1.1 kb human anti-cruciform purified autonomously replicating sequence.

The resulting constructs have been transfected into HeLa cells, and G418-resistant
,',

subcultures were isolated. The frequency of G418-resistant transformation was higher with

origin-containing YACneo than with vector alone. After ten or more weeks of G4Ul

selection (> 45 generations), the presence of episomal versus integrated constructs was

assessed by fluctuation assay, testing stability of the resistance trait after removal of

selection, and by PCR of supercoiled circulaI' and lÏllear genomic cellular DNAs separated

on EtBr-CsCI gradients. In stable G4l8-resistant subcultures which had been transfected

with vector alone or with linearized constructs, as well as in sorne subcultures transfected

with circulaI' origin-containi~g constructs, resistanc{~as conferred by Integration into the

host genome. 'i-rowever, two examples~éi:e found of G4l8-resistant transfectants

maintaining the YAC.343 and the YAC,S3 'circular constructs)n a strictly episomal state

after long-term culture in seleètive medium, with 70% stability pel' cell division, and with

the PCR-detectable tra~stècted construct present in the supercoiled episomal and not the

lineur genomic CsCI fràctfon.
\'; ".:,:

'\ These versatile constructs, containing mammaliar. origins, have the capacity for
\' ;

further m~odification with human telomereor large'putativecentromere elements, in an effOlt

to move towards construction of a human artificial chromosome.
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• INTRODUCTION

Building a human artificial chromosome wouId not only provide a valuable tool for

addressing difficult questions about chromosome biology, but would also create an all­

human transfection vector with the capacity to carry large chromosomal regions including

complete transcriptional units,"from even the largest genes, for the purpose of

complementation mapping, or for gene therapy (Huxley, 1994).

Artificial chromosomes require three cis-acting functional eomponents: n::plicmion

origins, telomerps, and a centrom~r~<. S. cerevisiae origin-containing yeast ARS plasmids

(Strichcomb et al., 1979) providéd the basis for the addition of TEL (Szostak and

Blackburn, 1982) and CEN (Danianct Zakian, 1983) clements to complete the construction

of stable yeast artificial chromosomes, or YACs (Murray and Szostak, 1983). A similar

strategy proved successful for artificial chromosome assembly in the Iïssion yeast

Schizosacclzaromyces pombé, in spite of the far more eomplicated structure of its

centromeres (Hahnenberger et al., 198ÇJ). ,__
<'-

The first component required in sueh a "ground up" strategy for the assembly of a

prototype human artificial chromosome is a functional human replication origin. Different

techniques have permitted the identitication of a limited but rapidly-increasing number of

putative and proven mammalian origins (DePamphilis, 1993; Hmnlin et al., 1094). Our

group has been able to isolate large numbers of putative origins using such teclmiques as

nascent strand extrusion (Frappier and Zannis-Hadjopoulos, 1987) and anti-erlleiform
~, "

immunoaffinity purification (Bell et al., 1991); thesc sequences permit shoa::term
.... \\

autonomous replieation of plasmids transfected into human cells, and can aet as replie~lig}D

origins in their native chrom,Osomal position (Wu et al., 1993b). -. "CCc.. '

.;'~ To use such isolateil'origin sequences for the construction of a first stagc human
il,"
rirtificial chromosome, they must be cloned into a circular vector which permits transfeetion

into human cells and selection of transfected clonai subpopulations, and has the capacity for
: 1 _

further modification to carry human-functional telomeres and, potentially, very large

(hundreds of kilobases) putative centromere clements. In addition, methods must be

developed both to demonstrate that such constructs arc maintained in long-term culture as

independent episomal elements, not integrated into a host chromosome, and to measure

their mitotic stability.

•
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MATERIALS AND METHODS

Moleeular Cloning

The 15.8 kb 'Veetor pYACneo (Clontech) was digested with EcoRI. The,!.l kb

EcoRI insert of plasmid S3 (Nielsen et al., 1994) was ligated directly into the

dephosphorylated vector, whereas the 448 bp EcoRIIHincII insert of pURHc34 (Wu et al.,

1993a) and the 4.3 kb XbaI fragment of pXZ4 (Burhans et al., 1990) were blunt-ended

with T4 DNA polymerase before ligation into blunt-ended, dephosphorylated vector. The

resulting circular construets are designated YAC.S3 (16.9 kb), Y.343 (16.3 kb), and

Y.XZ4 (ZO.I kb). Eaeh was use<?to transform competent E. coli and ampicillin-resistant

colonies were grown for large scale plasmid preparation. The structures of the cloned

constructs were then confirmed by restriction enzyme digestion.

Trans!'ection and Culturing in Human CeUs

HeLa ecUs, passaged once since resurrection from frozen stocks, were seeded in T­

Z5 flasks at 1 x 104/cm 2, and grown for two days (in cx-MEM + 10% FCS) before

lransfection with ZO Ilg pYACneo, y AC.S3, Y.343, or Y.XZ4 DNA by calcium phosphate

coprecipitation. Linearized forms ofpYACneo and Y.343, with the Tetrahymena telomeric

ends of the YAC vector, were produecd by BamHI digestion of the circular constructs, and

similarly transfected. Sinec YAC.S3 and Y.XZ4 contain an extra BamHI site in their

inserts, they have not yet been tested in linearized form. Two days post-transfection, ceUs

were switched into medium containinîi'400 Ilg/mL G418, and a further two days later, T-Z5
i: .""

flasks were trypsinized, counted, ani\,} x lOs eeUs were seeded onto 60 mm dishes. The

HeLa ecUs were cultured in G418 untilZO days post-transfection, when dishes were scored

l'or visible growing drug-resistant colonies. Individual colonies were picked directly from

the 60 mm dishes to isolate clonai subpopulations for further analysis. Cultures were

m:iintained in 400 Ilg/mL G418 during this period, and had been actively growing for at

least ten weeks (an estimated minimum of 45 doublings) between the initial transfection and

the subsequent analysis of the episomal versus integrated state of the transfected constructs.

Fluet,:!3tion 3ssay

/rror eaeh cloned transfeetant ecUline to be tested, ecUs whieh had been maintained in

G418 ~vere counted and 4 x 105 ceUs were plated into two T-80 flasks, one containing
"JI

# .~fi ..
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• drug-free nonselective medium, and one used for maintaining the culture in G4IS-sclecti"e

medium. In parallel, cpis were seeded at a similar density onto two 24-wcll platcs (200

mm2/well), to allow t,béir growth curves to be followed both in the presence and abscnce of

drug selection. Triplicate wells were trypsinized and counted daily with a Coultcr Countcr

ZM apparatus. After six days of growth, both T-SO tlasks wcre trypsinized, countcd, and

diluted with either G418-containing or nonselective mcdium to final conccntrations of 5

cells/mL. 200 ilL aliquots were then distributed to each weil of a 96 weil plate (32

mm2/well). Two plates were used for tbe case of cells which had been passaged in

nonselective medium and were now being returned to G418. Eight days laler, the number

of wells containing a growing cell colony was scored under the microscope.

Southern Blots

DNA l'rom 1 x 106 cells was isolated by tbe alkaline Iysis method of Sun cl al.

(1994), using 25 Ilgglycogen as a carrier during precipitation stcps. Isolatcd DNA was

separated on a 0.7% agarose, lx TBE gel (5 h, 7.1 V/cm, at room tcmperature) and blol­

transferred onto a Nytran membrane (Schleicher & Schuell). The membrane was fixed,

prehybridized at 63°C in 6x SSC, 1% SDS, 10x Denhardt's conlaining 0.15 mg/mL boiled,

sheared herring sperm DNA, and hybridize-,Lovernight with7.5 x 105 dpm/mL nick-
';"'---'-..

translated pYACneo. The washed membnl?C was used to expose a Fuji BAS 2000 'J
phospho-imager screen, and densitometry was performed using the BAS 2000 Image

Analysis software. .-
, ".'

Demonstration of Episomal DNA

As a positive control, HeLa cells were transicntly transfected with Y.X24, by

calcium phosphate coprecipitation, and harvested 48 h later. Using standard melhods

(Strauss, 1-9R9), total DNA l'rom approximately 5 x 106 cells was isolated l'rom
.-........... '

untransfected ~HeLa (negative control), transiently transfected HeLa, and lhe c10ned

transfectant celllines to be tested. DNA preparations where mixed with 1 mg ethidium

bromidèagd 75 Ilg of a carrier plasmid, in this case F9, a pBluescript clone containing a 0.5
....;'~

kb human gèi'lliihic insert (Nielsen et al., 1994). CsCI solution was added to a final density
Il

,,~"'. of 1.56 g/~~Ybefore ultracentrifugation in a VTi80 rotor, 20 h at 67 500 rpm. Using tlié

<~ intact ~d:nicked carrier plasmid bands aS,<,l",visible guide to the position of supercoiled

\"\"'-"'C!c"gp~e/band) and Iinear and relaxed circulaI' (upper band) DNA, the two completely- /.

• "i li.. resolved fraetionscwere earefully removed Î~y side puncture. Ethidium bromide was

="'~/ ·:-:::·~~,__.c>::c:=:::::-<;-~·· -:~= :--~~':::::::c.:", ,.
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removed by two washes with CsCI-saturated isopropanol, and CsCI was removed by

ethanol precipitation with two 70% ethanol washing steps.

Aliquots representing one-eightil of the purified DNA were used as template in two

separate 50 !lL PCR reactions. 1'0 amplify a 131 bp region of the neo gene present in the

transfected constructs but not in the native HeLa genomic DNA, primers 5'-TCA GGA

CAT AGC GTT GGC 1'-3' and 5'-CGT CAA GAA GGC Gf,T AGA A-3', located in the

neo gene, were used (at 0.4 !lM) witha mixture of ail foUr dNTP's (each at 0.2 mM), 1 x
"

Taq buffer, and 1 U Taq polymerase (Pharmacia). 28 cycles were performed, each 94'C,

20 sec denaturation; 50'C, 90 sec annealing; and n'c, 30 sec extension; the first

denaturation and the final extension steps were carried out for 5 min. 1'0 amplify a 423 bp
. ,

unique region on the long arm of humari chrf!mosome 6, primers 5'-TGT GTA TGG GAC

GGT AGT CA-3' and 5'-GGA GCA AGG CAG AAC TAC TC-3' (Wu et al., 1993b)

werc lIsed at 0.25 !lM, with 1.5 U Taq, for 33 cycles (p.ach 94'C, 60 sec; 50'C, 60 sec;

n"C, 60 sec) followed by a 5 min final extension. Prodllcts of both reactions were

electrophoresed in a 1.6% agarose, 1x TBE gel.

RESULTS

Cloning Mammalian Origins into a Y AC Vector,

py ACneo is a versatile plasmid shuttle vector (Traver et al., 1989). Because it
"

includes the prokaryotic CoLEI origin and an ampicillin resistance marker from pBR322,

pYACneo (15,827 bp) can be grown in E. coli as a circular plasmid. Since this vector also

contains the S. cerevisiae ARS 1 replication origin and CEN4 ce~tromere elements, it can

al!~rnatively be maintained as a circular yeast artificial chromosome, carrying the TRPI,

URÀ3,ll.n9 HIS3 selectable markers. Digestion of the circular plasmid with BamHI

removcs the HIS3 gene,leaving a linear molecule capped by two 0.7 kb telomeric cassettes

(originally derived from Tetralzymena) which are functional in budding yeast and allow the

maintenance of the construct as a linear yeast artificial chromosome. In addition, pYACneo

carries a gene conferring resistance to the drug G418, a trait which is selectable in

mmnmuliun cells. Thus, this vector can replicate in both E. coli and S. cerevisiae, and
'(

contuins murkers for the selection of stuble bacteriul, yeast, or mummalian cell' _ransfectants.

Three mammalian sequences previously shown to permit autonomous replication in

human cells have been cloned into the EcoRI site ofpYACneo (Figure 1). 343 is a 0.45 kb

cDNA clone derived from a transcribed region on the long arm of human chromosome 6

(Shihub-EI']<::cn'et al., 1993), to which in vivo origin activity hus been localized by nascent
~;, /:/
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strand PCR mapping (Wu et al., 1993b). S3 is a LI kb human sequence isolated by anti­

cruciform immunoaffinity purification of genomic DNA, followcd by compctitive selection

for clones possessing strong autonomous replication activity by mass transfection and ill

vitro replication assays (Nielsen et al., 1994). Fimùly, X24 carries a 4.3 kb X/ml fragment

l'rom the hamster DHFR 3' region, and includes the predominant initiation site orip, as

indicated by multiple techniques (Burhans et al., 1990; Zannis-Hadjopoulos ct al., 1994).

HeLa Transfection Efficiency is Higher \Vith Origin-Containing Constructs

Since the Y.343, YAC.S3, and y.x24 constructs remain rclativcly small in size

(16.3 kb, 16.9 kb, and 20.1 kb respectively), they can be grown in bactcria, and pure

preparations can be transfected by the relatively high-efficiency calcium-phosphate

coprecipitation method, unlike YACs in the 0.1 - 1.0 Mb range, which necessitate the use

of techniques such as yeast spheroplast fusion for transfecting mammalian cells. Figure 2

shows that while ealcium phosphate-treated, mock-transfected cells yield no G418-resistant

eolonies, pYAClleo veetor devoid of any mammalian origin gave 45 colonies per 105 cells

plated. Importantly, the test constructs YACoS3, Y.343 and y.x24 gave 50 - 100% morc
\~

stably transfeeted G418-resistant colonies than the vector alone, suggesting that the

presence of a short, c10ned origin-containing insert is facilitating the maintenance of the

transfected neo trait in hunîan eells. Repeat experiments have further shown that linearized

versions ofpYACneo and Y.343, produced by BumHI digestion to free the T2G4telomeric

ends, are at least 100-fold less efficient in produeing stable transfectants (dtita not shown).

Isolated colonies were c10ned and grown in G418 to select for maintenanee of the

transfeeted constructs, and spent a minimum of 67 days (and in some cases up to 96 days)

in culture before testing for the presence and stability of episomailleo-containing DNA.

Stability of Transfeeted Constructs

A protocol based on the c1assical Luria-Delbrück fluetuation assay permits

ca!culation of the stability of the drug resistance ma.~er during cell growth in non-selective

medium. Stable/transformants obtained in the usual fashion, through integration of the

transfected rrd:ker into the host genome, maintain the drug resistance trait ev~n in the

absence of selective pressure. However, episomally-replicating DNA which laeks a

functional centromere will not partition accurately at mitosis and will display a eharaeteristie

loss rate per gceneration.
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Examples of G418-resistant clonai cell populations initially transfected with circular

pY ACneo, YAC.S3, Y.343, or y.x24, or with BamHI-linearized pYACneo or Y.343,

were tested by fluctuation assay. In essence, cells were passaged from G418 into

nonselecti.ve medium and allowed to grow, while in parallel, cells were also seeded onto 24

well plates to allow daily monitoring of their growth rate. Growth rates of individual clones

tendcd to fall into one of the two patterns presented in Figure 3. Half of the tested cell Iines

(including YACneo clone l, YAC.S3 clone 2, and Y.343 clone 1) grew slightly more

slowly in G418 than they did in nonselective medium, as did y.x24 clone 1 (Fig. 3).

Howcver, growth rates in the remaining ccli Iines, including Y.343 clone 2 (Fig. 3),

YAC.S3 clone l, and YACneo clones 2 and 3, were retarded in G418, with a doubling time

in nonselective medium approximately two thirds of that observed in the presence of G418.

A reduced population growth rate in G418 may reflect the 10ss of the IleO marker during

sorne cell divisions, or could instead reflect poor transcription of the neo gene in particular

integrated eontexts. From a regression analysis of the exponential growth rate in

nonselective medium, the number of dolib!ings which took place during the fluctuation

period was calculated.

Six days after seeding into nonse!cctive medium, while the cells were still in log

phase, the test flasks were trypsinized, diluted, and replated to determine the proportion of

cells that still retained the IleO marker. Results are shawn in Table l, along with the

calculated stability of the construets in each of the subpopulations tested. Ail HeLa clones

carrying circular pYACneo vector maintained the neo marker with a stabiIity of

approximately l, supporting the hypothesis that their transfection is the result of integration

events--, The same is true for several of the clones transfected with origin-containing, '
constrùè. \, However, in one of two YAC.S3 and one of two Y.343 HeLa ccli clones, a

-;"- ,1

significariCproportion of the cells in each population lost the G41 8 resistancc trait during the

nonselective fluctuation period, strongly suggesting that these clonai Iines carried only

episomal forms of the transfected construct;.' Indeed, their calculated stability of 0.7 per

generation is similar to that obtained by others during construction of S. cerevisiae and S.

pombé yeast artificial chromosomes, using equivalent plasmids which carried a functional

origin but lacked a &ntromere.

Tested clones which were transfected with Iinearized constructs have so far only

di?played fluctuation results compatible with integration, in line with observations that the

y AC vector's T2G4 telomeres are non-functional in human cells (Hanish et al., 1994). In

contrast, the ulâ~ate instability of episomally-maintained neo marker during long-term

nonselective growth has been confirmed, in the case of Y.343 clone 2, by repeating the

:;:;;--
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fluctuation assay using a 46-day period of nonselective growth, after which in excess of

99% of cells have lost their drug resistant phenotype.

HeLa Cells Maintain Human Origin-Containing YACs as Episomes

Initial attempts to differentiate episomal fro.ll integrated DNA by Southern blots of

low and high molecular weight Hirt lysate fractions wcre hmnpered by a pOOl' detection

threshold, Inadequate separation of 20-kilobase episomes l'rom genomie DNA, and the

inability, following restriction digests, to differentiate episomal DNA l'rom the productof

head-to-head multimeric Integration events. Nevertheless, results suggested that in Y.343

clone l, and in YAClleo cloues 1 and 2, transfected constructs were integrated into the

genome, whereas Y.343 clone 2 carried intact Y.343 at a total copy number of

approximately 30 per cell (data not shown). Using an alkaline cell Iysis technique, which

selects for covalently closed circular DNA, we found that Y.343 is present in clone 2 al 119

days after transEection, but only in the case where 0418 selection was constantly

maintained (Figure 4, lane A). Consistent with the results of the fluctuation assay, no band

was visible l'rom a cell population that had been passaged in nonselective medium between

day 89 and Iysis on day 119 (Figure 4, lane B). Most of the DNA migruted in the same

position as the form l supercoiled monomer in the Y.343 standard (Figlll'e 4, lane C). The

second band observed in lane Amay represent linearized monomer generated by the

introduction of double-strand breaks during the alkaline preparation procedure, since it

migrates at the same position as 16.1 kb unit length linearized Y.343, or, alternatively, it

could represent a episomal multimerie recombined form of Y.343.

In an effort to confirm that the modified YAC plasmids cOIitaining human origins

were indeed being maintained in episomal forrO, total DNA was isolated from HeLa

subclones YAC.S3 clone 1 and Y.343 clone 2, which had demonstrated instabi[ity of the

drug resistance marker during fluctuation assay. CsCI / ethidium bromide density gradient

ultracentrifugation was, in fact,. originally developed as a means for separating episomal

l'rom genomic DNA in HeLa cells (Radloff et al., 1967), and conveniently resolves

covalently-closect circular DNA l'rom linear DNA and nicked (1'01'01 Il) circular DNA, which

intercalate more of the buoyant dye. Any old, unrelated plasmid preparation which has

accumulated 50% nicked and linear forms can serve as a visible guide to the position of the

lower (supercoiled episomal) and upper (predominantly linear genomic) bands in the

density gradient. DNA fractions prepared in this fashion l'rom the HeLa subclones, as weil

as l'rom positive and negative controls, were analyzed by PCR, using primers l'rom the lIeo

gene (Figure 5).
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DNA From nonnal, untransfected HeLa cells did not yield a PCR produel (only the

carrier plasmid is visible) since these cells do not can)' a Ileo gene. A polyclonal population

of HeLa cells, transfected with y.x24 48 h before DNA preparation, contained large

quanl!J..ies of PCR templale in both the lower (intact circular) and upper (nicked or damaged

circJl;{~è;:;r integrated) CsCI gradicnt bands. However, the test c10ncs yielded a product

from only the lower, episomal DNA fraction, indicating that the translccted YAC.S3 and

Y.343 constructs are being maintained, in these subcullures, as covalently c10sed circular

episomes dming long-term culture in selective medium (81 days for YAC.S3 clone 1; 96

days for Y.343 clone 2). The rightmost lanes show, through the use of primers directed at

a unique genomic locus, that the linear genomic DNA segregates exclusivcly to the upper

CsCI band; thus, the lower band is free from contaminating genomic DNA, and if a copplf

the construct had integrated, it should have been detecled in the upper band fraction. In

fact, a 131 bp PCR product does become visible in lhe upper band fraction of YAC.S3

clone 1 and Y.343 clone 2, but only after 40 cycles of PCR (dala not shown), and not aCter

35 or 28 cycles (when an equal or lesser amount of lower band template yiclds a deteetable

product); this likely represents the small amount of episoinal DNA (less than 0.5%)

damaged during preparation and now presenl in a relaxed circular or linear f0I111. \n theOl)',

however, it couId also represent a very small subpopulation of cells in which an integration

event has occurred, perhaps even without any expression from integrated lieD.

DISCUSSION

Mammalian origin sequences have been cloned into a versatile shuttle vector,

capable of fvrther modification and of growth in several host systems. These construets
\:-'

remain small enough to be transfeeted into human cells by calcium phosphate

coprecipitation, and are selected for using the Ileo marker.

The efficiency of stable transfeetion is doubled by the presence of an origin

sequence, in line with previous observations using a c10ned portion of the 5' c-myc origin

(McWhinney and Leffak, 1990), but remains far Jess impressive than the 1000-fold

increased yeast transfection efficiency conferred onto plasmids by the presence of an ARS

element (Stinchcomb et al., 1979). Stable transfection of the IWO gene, using standard

vectors, requires integration of the plasmid into mammalian genomic DNA (Southern and

Berg, 1982). Recently, attempts have been made to use YAC vectors to transfect large

genomie regions (hundreds of kb) iilto mammalian cells (Forget, 1993), but again stable
c 0 .

transfection required integration into the host genome. Nonet and Wahl (1993) cloned a 70

kb region including the mouse 5' adenosine deaminase origin (Carroll ct al., 1993) into a
.'

-182-



• y AC and transfecteu mouse cells by yeast spheroplast fusion. In this case, examplcs were

found of stable transfectanL~ harbouring cpisomally-replicating circular constructs, but only'..

in the presence of cofxisting integrated copies. The modified YACs used here to transf~ci"­

human cells arc completely defined, can be grown in bacteria or yeast, can be transfected by ,

calcium' phosphate copr~cipitation (which gives higher transformation efficiencies and does

not cotransfect yeast genomic DNA), and YAC.S3 and Y.343 have been demonstrated to be

capable, in a G418-selected human cell system, of persisting for several months in a purely

episomal form. However, cells which carry episomalneo grow more slowly in G418 than

in nonselective medium, and, while this is also true for a subset of the integrated

transfectants, there may remain a selective pressure for eventual integration cf the episomes,

or for recombination into multimeric fonns which may replicate more efficiently (Kelly et

al., 1995).

While the orip from the hamster DHFR locus can permit autonomolls replication in

Imman cells (Zannis-Hadjopoulos ct al., 1994), only two Y.X24 subpopulations have been

analyzed for the presence of episomal elements, and neither showed fluctuation instability

or an exclusively episomal PCR product (one clone did, however, yield PCR product in

both the genomic and episomal fractions). If the rate of stable transfection with vector alone

defines the frequency of integration, and y.x24 has a 50% higher transfection efficiency

than pYACneo (Figure 2), an estimated one in three y.x24 transfectant subpopulations

might be expected to contain episomes; thus, analysis of more transfected colonies would

be required before eliminating the possibility that y.x24 can also be maintained as an

CpiSOIllC in a long-tenu assay. .:=,\

The overall stability of YAC.S3 and Y.343 episome maintenance during growth in

nonseleclive medium is comparable to lhat obtained with autonomously replicating yeast

plasmids (Tab:,).), which consliluted the first step in the construction of yeast artificial

chromosomes. To complete a human artificial chromosome, lhe T2G4 telomeres willlikely

have 10 be replaced by mammalian-functional T2AG3 telomere cassettes. The resulting

lincar accnlromeric chromosome would represent an appropriate c10ning veclor for the

isolation of a human centromere, which might be hundreds of kilobases or more in length

(Earnshaw and Tomkiel, 1992). The modified pYACneo constructs described here are

sufficiently versatile 10 allow such additions 10 be made. StabiIity in nonselective medium

would be ,,expe.cted to be enhanced, from about 70% to more than 99.99%, in larger

conslrucls (> 100 kb) containing a centromere.

Vectors capable of long-teml persistence in mammalian cells have been constructed

, by others, bul these rely on viral origins of DNA repIication. Examples include a murine

plasmid based on a defective polyoma virus (Gassman et al., 1995), and a "human artificial'
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epi~omal chron~;;~ome" which carrics the EBV latent origin. oriP (Sun ct al.. 1994). While

capable of acting as excellent gene vectors Ïlr vitro. such constructs are not helpful for

studying mammalian chromosomal origin biology. and require the presencc of viral

transactivating proteins for their replication. Attcmpts to creale artificial chromosomes by

deleting large blocks l'rom native chromosomes still leavc huge undefincd regions. The

potential of a mammalian artificial chromosome, not only as a ge,{è vcctor. but also as a

model for addressing questions about chromosomal biology, may be best reaehed through a

"ground-up" assembly of the functional cis-acting componcnts, origin:;, lelomcres, and

centromeres. Origins represent the logical firsl slep.
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TAULE J: fil Vivo Stability of Transfected Constructs by Fluctuation Assay

,

# growing colonies on number of STABILITY
lIos1 CcII Transfcction 96 weil pin les nfter ~cncrations per 4ivisiond

rJuetui.ltion

G418n nonsclcctivch #!!cn C

Hel..;, y ACneo clone 1 57 44 3.2 1.0

HeLn YACneo clone 2 42 47 2.8 0.9

Hel..;, YACneo clone 3 58 69 2.8 0.9

HeLn YAC.S3 clone 1 36 64 2.9 0.7

Heu, YAC.S3 clone 2 26 28 3.0 1.0

Heu. Y.343 clone 1 20 14 3.2 01.0
0

HeLn ' Y.343 done 2 .>; 26 56 3.4 n.7

HeLn YX24 clone 1 IS 28 3.5 0.9

Heu, Iinenr YACneo clone 1 12 14 3.3 1.0

Heu. Iinear Y.343 clone 1 37 38 3.3 1.0 .

S. cerevisiae circulnr ARS nlnsmid 0.7 e
,

S. cerel'Ü'ille Iinear ARS nlasmid 0.8 c
.

S. cerevisiae CEN-containinc y AC 0.9-0.999 c

S. [Jombé circulnrcars nlasmid 0.7 c' ,
, "

0.98-0.999 eS. f}ol1lbé cell·containinl! YAC :,

Anv host ccII
;-

intenrnted DNA \.0

Footnotes:
a. G418 = number of wells containing growing colonies, aner test clone cells, grown in
non-selective medium for six days, were relllmed to G418 selective medÎl/lll while plating
at one cell per well onto 9G well plates.

b. nonselective = number of wells containing growing colonies, aner test clone cells,
grown in non-selective medium for six days, were kept ill llOllselective mediulIl while
plating at one ccll per wcll onto 96 weil plates.

c. #gen =the number of ccll divisions which took place during the six day nonselective
l1uctuation period, as assessed by daily counts of pm'aIlel cultures. "

d. STABILITY refers to the chance, following each ceIl division, that a daughter cell will
inherit the selectable marker, and is caleulated l'rom the foIlowing relation:

(#gen)(ln STABILITY) =ln (In[(96-G418)/96]lln[(96-nonselective)/96] }
Results arc shown to one significant figure, where 1.0 is the maximum stability possible.

e. Data l'rom Murray and Szostak (1983), and Hahnenberger et al. (1989). StabiIi,ty of
centromere-containing yeast artificial chromosomes increases as a function of size. '-
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FIGURE 1. Diagram of pYAClleo and c10ncd mammalian llrl~1Il sCllllcnccs.

In the vector, prokaryotic sequences are indicated by a thin grey line. FlInctional ye.lst ci.\"­

acting chromosomal components arc shown as open boxes, while yeast murker genes are

indicated by shaded boxes. The mammalian-selectable G418 resistance marker is in black.

Two human (343,53) and one hamsler (X24) origin-containing, aL!.tonoll1ollsly replic,lling

sequences were cloned into the EcoRI site of pYAClleo; rcstriclion sites indicating the

orientation of the inserts are prcsented. Ail components 'arc drawn 10 scale.
, ~
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FIGURE 2. Colony assay for efliciency of stahle Ileo-trait tr:msfection \Vith

origin-containing circular YAC constructs. Thc number of G418-resislanl colonies

formed per 100 000 transfected ceUs is plotled for each construcl. for vcctor alonc. and for ";'­

a "dummy"-lransfected negative control, as scored 20 days foUowing calciulll phosphate

coprecipitation transfections of HeLa host ceUs.
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FIGURE 3. Growth curves 01' two represeiltalive HeLa clonai

subpopulations, derived l'rom transl'eclions with mammalïan OrIgIII­

containing, modilied YAC vectors. After plaling in 200 mm2 wells. ccli number

was delermined by eoulter count; eaeh plotted point represenls the average of lriplicale

wells for each day during log-phase growth. Open circ les denote ccli number in

nonselective medium. while filled squares track growlh in the presence of 400 ~lg/mL

0418. Dashed lines represent the exponential equalion derived l'rom regression analysis of

each series of points. l'rom which the population doubling lime is determined; in ail cases

the curve fit correlation (R2) value was better than 0.98.
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FIGURE 4. Southern blot 01' Y.343 clone 2. Total cellular DNA was prepan::d,

using an alkaline lysis technique (which pre~erentia1ly selects for cpisomal DNAl. l'rom

ce1ls maintained 119 days in G4l8 (lanc Al or 89 d'lYS in G4l8 fo1lowed by 30 days in;,
o

nonselective medium (Iane Bl, and clcctrophorcscd agaillst uncut Y.343 plasmid (Ialle Cl.

Probe: Ilick-translated pYAClleo vcctor.
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FIGURE 5. peR analysis of supercoiled episomal and Iineur genOillic DNA

fractions. Total DNA from HeLa subcultures was fractionatcd by C~CI / EtBr

ultracentifugation, usiIl!,: a carrier plasmid as a guidc to the position of thc lower band (L)

containing supercoilid-~ircular DNA, and the upper band (U) containing !incar and rclaxcd

circular forms of DNA. Fractions were tested for the presence of the transfccted constructs

by PCR amplification using a primer pair dirccted against the IWO marker (positive control

template is a pure y.x24 plasmid sample). The position of linear genomic chromosomal

DNA was confirmed in a separate amplification, shown in the thrce rightmost lanes, using

piimers that recognize a unique region on human chromosome 6 (positive control is total

genomic DNA isolated from the MEl80 human cellline, ATCC HTB 33).
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CHAPTER EIGHT

GENERAL DISCUSSION
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A consistenttheme lImong ail the experiments presented in this dissertation is that

short fragments derived from mammalian genomie DNA ean replieate alltonomollsly in

hllman cells and cell extracts. Results using transfection and in vitro assay systems are

consistent both with each other, and with results obtllined using different mapping

methodologies. Consequently, mammalian ccli replication, Iike the simpler model systems

discussed in Chapter l, fits the replicon model, inasmuch as initiation reqllires the presence

of specific, cloneable, cis-active sequences. Since origin fllnction is clonellble, alltonomolls

replication assays can be used to isolate new origins, by mllss screening of origin-enriched

libraries, or by the systematic testing of contigllolls fragments from larger genomic regions.

Identification and analysis of new origins could then help in ,lhe determination of consensus

sequences, the isolation of an initiator protein, and the examination of temporal controls and

the chromosomal domain organization of human replication origins. In addition, origins

can be cloned into larger constructs containing other cis-acting chromosomal components,

in an effort to build a human artificial chromosome.

Short, cloned mammalian DNA sequences that have been demonstrated to replîcate

autonomously in these studies include 4.8 kb fragments from the orip region 3' to the

hamster DHFR gene (Chapter 3), a subset of human fibroblast and adenocarcinoma anti-'

cruciform purifiedgenomic fragments (Chapter 4), ranging in size from 110 bp to 3.4 kb,

pHL-1 (1942 bp) and a 957 bp subclone containing portions of coxlll cDNA (Chapter 5),

and a 1012 bp segment, p82, from the asynchronously-replicating imprinted human

chromosomal region 1Sq Ilq 13 (Chapter 6). In addition, the autonomous replication of

plasmids ors8 and ors12 (Frappier and Zannis-Hadjopoulos, 1987; Pearson et al., 1991),

originally isolated by the nascent strand extrusion method, was confirmed. A 448 bp

fragment (Wu et al., 1993a) derived from the long arm of human chromosome 6 (Shihab­

EI-Deen et al., 1993) and mapped to a chromosomal initiation site by nascent strand PCR

(Wu et al., 1993b), was shown to permit long-term episomal replication in the new context

of the pYACneo vector (Chapter 7). In cases where the same plasmids were individually

tested by both transfection and in vitro replication assays, including DHFR fragments

(Chapter 3), 13 autonomously replicating anticruciform clones (Chllpter4 Addendum), and

pHL-1 (Chapter 5), results from the two assays \vere entirely consistent. Finlllly, mapping

of the initiation site, as the earliest labeled fragment ill vitro, confirmed that autonomous

replication initiates within the inserted putative origin sequence in both pl-IL-I (Chapter S)

and p82 (Chapter 6).
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The validity of short fragment mammalian autonomous replieation assays in relation

to physieal initiation site mapping techniques has also been eonfirmed by other

investigators. Pearson ct al. (1994) showed that initiation bubbles are seen, by eleetron

mieroseopy, to centre upon the cloned insert of the monkey ors8 sequence, replicated using

the same in vitro assay system employed in chapters 3 through 6. The human 5' c-myc

promoter region has been demonstrated to conwin a chromosomal origin of DNA replication

by several methods, including earliest labeled fragment, nascent strand PCR, and Okazaki

strand switching (reviewed in Gilbert et al., 1993), and has also been shown to direct

autonomous replication in transfection (McWhinney and Leffak, 1988; Iguchi-Ariga et al.,

1988) and il! vitro replication assays (Berberich et al., 1995). The initiation site il! vitro

maps, by neutml-neutral 2DGE, electron microscopy, and Okazaki strand switching, to a

2.4 kb c-mye promoter fragment (Berberich et al., 1995) which eontains the chromosomal

initiation site. Recent work shows that il! vivo chromosomal origins, mapped by nascent

strand PCR or Okazaki fragment strand switch assay, are also autonomously replicating

sequences, permitting episomal replication of the mouse IgH enhancer origin (Ariizumi et

al., 1993), mouse 5' (Carroll et al., 1993) and 3' (Virta-Pearlman et al., 1993) adenosine

deaminase origins, the hamster CAD gene internai origin (Kelly et al., 1995), and the

human 5'/zsp70 origin (Taira et al., 1994).

A chromosomal initiation site, orip, has been mapped 3' to the hamster DHFR gene

by many methods, including earliest labeled fragment, imbalanced DNA synthesis, nascent

strand PCR, Okazaki strand switching (reviewed in Burhans et al., 1990), and both types

of 2DGE (Vaughn et al., 1990). While fragments containing orip have been shown to

function as chromosomal origins after ectopic insertion into other genomic sites (Handeli et

al., 1989), at least two groups were unable to show significant and reproducible

autonomous replication of short (4 - 6 kb) fragments incorporating orip (Burhans et al.,

1990; CaddIe and Calos, 1992). However, in these experiments the assay conditions

employed were not sufficiently sensitive to detect autonomous replication of plasmids

containing c-mye origin or ors element inserts that had been shown to replicate by other

groups. Autonomous repIicàtion assays in mammalian cells are considerably less sensitive

than yeast ARS assays (HamIin et al., 1994), and the DHFR 3' origin may nôt be used in

every cell cycle (Dijkwel and HamIin, 1995). Under more sensitive transfection and in

vitro assay conditions, with mye and ors elements as positive controls, fragments from the

hamster 3' DHFR region do replicate autonomously (Chapter 3). To date, then, aIl

mammalian chromosomal origins tested by cloning into plasmids can direct autonomous

replication, much as aIl tested yeast chromosomal origins can function as plasmid ARS

elements.
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• These experiments substantiate the notion that the repliS:llion origins in human and

other mammalian chromosomes are structurally similar to those present in well­

characterized prokaryotic and eukaryotic model systems, such as E. coli, À plmge, SV40,

Epstein-Barr virus, and yeast (Chapter 1). The replieon modcl (Jacob and Brenner, 1963)

predicts that Gis-acting genetic control elements (replicators) are closely relaled to aetllal

initiation sites for DNA replication, and can be cloned as a functional unit. A complete

origin contains multiple components, including an initiator protein binding site and a DNA (',

unwinding element, with auxiliary proteins such as transcription factors facilit'Iting or

modulating origin function; l'articulaI' DNA secondary structures and interactions with the

nuclear matrix may also be necessary for recognition and activation of the origin (Clmpter

1). In support of this model, genetic replicator activity was found in DNA fragments

derived from a known mammalian ehromosomal initiation site (Clmpter 3), large numbers

of autonomously replieating putative human origins of DtlA replieation were isolated l'rom

Iibraries of sequences whieh form crueiforms in vivo (Chapter 4), and a~~man

autonomously replicating sequence was found to coineide with a genomic seqilcnce

eontaining a potential DNA unwinding element, bent and cruciform secondary structures,

and associated matches to nuclear matrix and transcription factor binding site consensu:;

sequences (Chapter 6).

Taking advantage of the eapacity to clone origins and screen for autonomous

replication activity, this thesis describes two methods for isolating new human origins of

DNA replieation; The tirst requires the availability of long sequenccd blocks of genomic

DNA, cloned contiguously from a ehromosomal region suspected, on the basis of

replication timing studies, to contain an origin (Chapter 6). The in vitro replication assay,

in l'articulaI', presents a rapid method for screening a series of such clones for putative

origin activity. A strong case can be made for the existence of a chromosomal replication

origin when a clone containing a DNA unwinding element and ather suspect'ed origin

components replicates autonomously in vitro, with initiation occurring in the genomic

insert. This approach could beeome increasingly useful as more and more regions of

human genomic DNA are sequenced in conjunetion with the Human Genome Projeet.

Secondly, genomic libraries enriched for the presence of origins can be screenâ.J by

competitive mass assays for autonomous replication aetivity, using a pool of clones in eaeh

experiment (Chapter 4). Shotgun libraries do not eontain a suftïcient density of origin­

containing c,lones to permit human autonomous replication assays to detect and isolate

genomic origins suceessfully (Biamonti et al., 1985). However, enriched iibraries ean be

created through the isolation of nascent strand DNA (Kaufman et al., 1985; Dimitrova et

al., 1993), or by immunoaftïnity puritication of fragments "whieh bind origin auxiliary
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factors (lguchi-Ariga et al., 1987) or adopt a DNA cruciform secondary structure (Bell et

al., 1991). In these experiments, sorne isolated clones were tested individually for

autonomous replicaticn activity, in an effort to screen for putative origins. While standard

single-clone assays have been 'Siii:cessfui in isolating a handful of autonomously replicating

sequences, including examples proven to function as chromosomal origins in vivo (Wu et

al., 1993b), libraries cal,1 be screened more rapidly and efficiently by mass assay of clone

pools, using the method described in Chaptcfc4(Concurrently, a Japanese group worked

out a mass screening protocol based on multiple cycles of bromodeoxyuridine

semiconservative replication assay, with isolation and cloning of heavy-heavy plasmids

from transfected 293S ceIls (Masukata et al., 1993). Unfortunately, this group presented

very little datù on the composition of the chromosomal DNA fragment panels used as the

starting point for their screening protocol, màking il impossible to assess the sensitivity.and,

specificity of their origin purification procedure. Nevertheless, their results are consistent'

with sorne of the observations made in Chapter.); human autonomously replicating

s:::quences function with differing efficiencies, and activity depends on the presence of

SR~::ific sequence compOhents rather than on simple fragment size (Masukata et al., 1993).'

Minimal, core origin function is contain<;fl within cloneable sequence modules, and
':' c;,

can be shuttled between different plasmid vectors (Chapter 7). Known autonomously

replicating sequences can b~sütc!g~ed and tested (Chapter 5), to determine the minimal

sequences necessary for act\?',it)'. T~$ opens the door to careful mutational analysis of
-~''"~. ~~.

mammalian origins to deterr!line t~i)(Iture and arrangement of functional sequence
,""'- n .

modules, much as was done with yeast ARScelements (Marahrens and Stillman, 1992).
~J

Isolation of signifieant numbers of replication origins (Chapters 4 and 6) from one

system (the human) would be a valuable aid in the recognition of any minimal consensus

DNA element that may be required for origin function, particularly if such a consensus is,

like the yeast ARS core, relatively degenerate, or if there exist multiple subtypes of

replication origins with different core elements. Subclo:Jes which retain the capacily for

autonomous replication (Chapter 5) can help c!elimit the required comparisons; sequence

'"and statistical analysis forthe presence of known consensus elements (Chapter 6) may

facilitate alignment of otherwise disparate sequences, and mutational ànalysis could id'êntify

potentially critical areas; Thus, techniques described in this thesis can be applied and

i~ extended to overcome sorne of the obstacles (Chapter 1) that may be impeding the

identification of a human replication origin core '60nsensus sequence.

ln S. cerevisiae, the origin core consensus sequence provided a tool for thej,501ation

of the ORC initiator complex (Bell and Stillman, 1992), and the same strategy may

eventually be applied in h'iirrlans. However, even in the absence of an availablé' core
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consensus as a starting point, work directed at identifying a human initiator protein C~\ll

hegin, employing some of the strategies described in this thesis. A 186 bp subclone of the

autonomously replicating sequence ors8 (Todd et al., 1995) has been used as a probe in

bandshift assays to identify proteins, present in the cell extra~ts used for ill vitro replieation

_ (Chapters 3, 4, 5 and 6), whieh specifically bind ta this pututive minimal origin (Ruiz et al.,

1995). An ors bind!ng uctivity, composed of a 146 kD and 154 kD protein doublet,

cofructionutes with the known replication proteins RP-A, topoisomerase Il, and. DNA

polym~rases a und 15. In this work, 1demonstrated that the HeLa cell extract fntction most

highly enriched for the ors binding activity still retains its capacity to permit ill vitro

replication of autonomously replicating plusmids, indicating that un initiator activity is

present (Ruiz et al., 1995). Thus, mammalian autonomous replication assays arc providing

a tool not only for the identification and analysis of replication origins, but also for the

isolati9n of a potential humun initiator protein. DNA footprinting techniques can then be
-'-:=:'< <;"':.;

applieato estublish the nature und pattern of initiutor-origin inteructions. An inithltOr C;lI1 be

used us a busis for exumining other tralls-acting factors responsible for activation of DNA

replication, und could estublish connections between the fundamental process of DNA

replicution, cell cycle controls and checkpoints, und oncogenesis.

Cis-ucting sequences may contribute to the control of replication timing wilhin S

phase. New data l'rom the Fangmun group suggest.~ lhat, in yeast, cloneable elemenls

associated with ARS sequences may function to delay activation of un origin lo a poinllme

in S (Brewer et al., 1993; Hubermun, 1995). In the human p-globin locus, replicalion

timing is influeneed by the ehoice of which origins arc activuted (Kilsberg ct ul., 1993), and

new results [rom the Wuhl groyP suggest that the transcriptionallocus control n;,gion, 60 kb

uwuy l'rom the region's internai replicution origin, is required for origin activation und carly

replicution of the gene cluster (Hubermun, 1995). Rcplication timing is ulso regulated at

imprinted genetic loci, which display the property of allele-specific replicatlon timing

asynchrony (Chapter 1). While the predominant pattern is that thc expressed imprinled

allele replicates earlier thun the non-expressed allele, the opposite is true al the murine [-/19,

muriné /gJ2r (Nicholls, 1994), and possibly the human X/ST (Hansen et al., 1995) loci;

thus, transeriptional status is not the sole determinanl of origin activation and timing in

imprinted chromos~mal regions. Until the identification of putative origin p82 (Chapler 6),

derived l'rom a 60 kb maternal-early replication liming subdomain:in the human GABA

rCceptor gene cluster of the imprinted 15q Ilq I3 chromosomal region (LaSalle and Lalande,

1995), no replication origin had been characterized involvingCan im'printed locus. Thus,

p82 provides a valuable focus for studies on replication timing, genomic imprinling, and

origin function. Subsequent experiments can be directed toward ill vivo mapping (by
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nasccnt strand PCR) of chromusomal initiation sites near p82, and analysis of possible

differential origin usage on maternai versus paternal alleles in normal and Angelman

syndrome cells. Eventually, charaeterization of differences in methylation and protein

binding footprints associated with p82 may help identify factors important in creating or

mainlaining tile impr1nted, asynchronously-replicating state. Allele-specific replication

timing control colocalizes with a putative irilprinting control clement in the 5' SNRPN gene,

l'rom the Prader-Willî syndrom~ critical region in the proximal portion of 15qllq13
,( -

(Gunaratne et al., 1995), 1000- 1"100 .kilobases away l'rom p82. While the Angelman

syndrome gene may in fact lie 200 to 400 kb proximal to p82, if a replication origin can

function as part of an imprinting control clement, the biology of a regional replication origin

may influence the etiology of Angelman syndrome (Lalande, 1994).

Origins TÛÏ1ction in temporally-synchronous clusters lo replicate entire chromosom.al

subdomains (Chapter 1), and the existence of p82 in a region of tmnsilion between different

allele-specific timing patterns suggests that it may lie near the border of such a subdomain.

Few methods exist for the study of replieon cluster regulation, even though disruption of

replicon function may contribute to aging or to malignant transformation (Chapter 5).

Chapter 7 demonstrutes that circular YAC vectors containing cloned origins can be

maintuined as episomes. Considering the versatility of YAC vectors, it may weil be
':, .

possible to clone in larger genomic regions and to anulyze replication timing patterns in

enlire domains and at domain borders. In this fashion, even carly stage construction of a

human arliticial chromosome can provide tools to help in the understanding of the higher

order organization and function of chromosomal replicalion origins.

The cloning and assay methods deseribed in Chapter 7 provide a-' basis for

conslructing a human artificial chromosome. As in the construction of yeast artificial

chromosomes (Chapter 1), the next step would be the addition of human telomere ends to

creale a linear aeentromeric chromosome, the perfect vector for cloning a human

centromere, although large pUlative centromere sequence blocks can also be cloned directly

into the Y.343, YAC.53, and y.x24 constructs (this work is eurrently being attenwted by

a collaborating group at the University of Calgary). In addition to its role as a tool for the

study of origin and centromere biology, a human artificial chromosome couId function as a

. gene veetor with no practical limit on the size of inserted DNA, no need for viral

components, and no requirement for integration into the host genome. If efficient methods

for transfecling such constructs irto humancells are available, a human artificial

chromosome couId weil see use in somalic cell gene therapy.
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