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ABSTRACT

The tirst part ofmy thesis dealt with the physical mapping of human chromosome

2 employing the yeast artiticial chromosome (YAC) cloning system. To generate a

chromostJme 2 YAC sublibrary, over 1,000 interspersed repetitive sequence (IRS)-PCR

probes were generated and used to screen the CEPH midi YAC Iibrary and approximately

2,000 chromosome 2-specific midi YACs were identified. These YACs were divided into

223 y AC groups, i.e., sets ofunordered overlapping YACs, and using publicly available

contig analysis software, a tentative order ofYACs within each YAC group could be

established. To order YAC groups, the chromosome 2 YAC sublibrary was screened with

87 genetically mapped microsateIIites and cytogenetically mapped expressed sequence tags

(ESTs), and 44 YAC groups were locaiized along the genetic map ofchromosome 2q. In

addition, 16 known genes were physically Iinked with microsateIIites within YAC groups,

thus providing integration points for genetic, cytogenetic and YAC-based physical maps of

chromosome 2q. In a subsequent step ofthe analysis, the chromosome 2 YAC mapping

data created by the Whitehead Institute (WI)/MIT Genome Center were integrated into

our àataset. The integrated dataset consisted of240 YAC groups, ofwhich 14 iarge

groups containing both our and WIIMIT Genome Center YAC groups were located on

chromosome 2q. These 14 groups consisted ofl,195 YACs, which will form the

backbone for the construction ofa complete YAC contig for human chromosome 2q.

The second part ofmy thesis deait with. the identification ofgenetic markers within

or in the vicinity ofNRAMPJ, a candidate tuberculosis susceptibility locus. The human

NRAMPJ gene was mapped to chromosome 2q35 by PCR analysis in a

monochromosomal hybrid panel and by YAC contig analysis. N'me sequence variants and

polymorphisms were identified within the NRAMPJ gene by single strand conformation

analysis (SSCA), DNA sequencing and Southem analyses. Furthermore, two highly

informative microsateIIites, D2SJ04 and D2SJ73 were shown to be lir.ked to NRAMPJ

within a 1.5 Mbp YAC contig. Together, these markers provide molecuIar tools for

further genetic analysis ofinherited susceptibility to tuberculosis and related diseases of

the macrophage.
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RÉsUMÉ

La première partie de cette thèse décrit la cartographie du chromosome 2 humain

par la technique de clonage en chromosomes artificiels de levure ryAC). Plus de mille

scndes de séquences répétitives (FCR inter-A/u) ont été générées et ensuite utilisées pour

le criblage de la librairie de YAC du centre d'étude du polymorphisme humain (CEPH)

dans le but de créer une librairie spécifique du chromosome 2. Environ deux mille YAC

ont ainsi été identifiés. Ces YAC ont été assemblés en 223 groupes, chaque groupe

représentant des clones de YAC se chevauchant mais non ordonnés. L'utilisation de

progranunmes d'anll1yse de segments contigus nous a permis d'établir un ordre provisoire

de YAC à l'intérieur de chacun de ces groupes. Afin d'établir une collection ordonnée des

différents groupes de YAC, la librairie des YAC du chromosome 2 a été criblée avec 87

microsatellites et EST (expressed sequence tags) préalablement localisés par analyse de

liaison ou par cytogénétique sur le chromosome 2q. Quarante-quatre groupes de YAC

ont ainsi été localisés sur la carte génétique du chromosome 2q. L'utilisation de 16 ADNc

de gènes connus a permis l'intégration de la carte physique dans les cartes génétique et

cytogénétique existantes. Dans un deuxième temps, la carte physique créée par le centre

du génome du Whitehead Institute (WI) et du Massachusetts Institute ofTechnology

(MIT) a été intégrée à nos données de cartographie physique du chromosome 2. La carte

physique ainsi générée est représentée par 240 groupes de YAC dont 14 sont localisés sur

le chromosome 2q. Ces 14 groupes sont composés de 1,195 YAC et serviront de

squelette pour ia construction d'un carte physique couvrant la totalité du chromosome

humain2q.

La deuxième partie de ma thèse décrit l'identification de marqueurs d'ADN situés à

proximité ou à l'intériC'.1I" même du gène NRAMPl, un locus candidat pour la susceptibilité

à la tuberculose chez l'humain. La localisation de NRAMP1 dans la région q35 du

chromosome 2 s'appuie sur les analyses d'hybrides d'irradiation et de collections

ordonnées de YAC contigus. Un total de neufmarqueurs polymorphes a été identifié dans

le gène NRAMP1 par des analyses de séquence directe, de polymorphisme de longueur des

fragments de restriction (RFLP) ou de conformation de simple brin (SSCA). Ces

ii
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marqueurs polymorphes, de même que les microsatellites D2S10.f et D2S173, deux

marqueurs étroitement liés au gèneNRAMPl, servivont d'outils moléculaires pour

l'analyse génétique de la susceptibilité innée à la tuberculose et aux maladies impliquant le

macrophage chez l'humain.

ili
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PREFACE

My Ph. D. thesis project originated !Tom genetic studies of susceptibility to

tuberculosis and leprosy. Specifically, my project involved the generation ofgenetic

markers located on human chromosome 2, region q35, for analysis of linkage with

susceptibility to tuberculosis and leprosy. The generation of markers !Tom chromosome

region 2q35 required the establishment ofa physical map ofthis region. Thus. during the

course ofmy Ph. D. study, my project was expanded to include a large scale physical

mapping ofhuman chromosome 2, particularly the telomeric halfof the q arm. This thesis

therefore consists l)ftwo parts: the isolation ofyeast artificial chromosome (YAC) clones

carrying inserts derived from human chromosome 2 (Chapters 2 and 3) and the generation

ofgenetic markers on human chromosome 2, region q35, specifically !Tom the candidate

tuberculosis susceptibility gene NRAMP1 (Chapter 4).

The work presented in Chapters 2 and 4 ofthe thesis has been published, and

Chapter 3 is to be submitted.

CHAPTER 2: Liu, 1., Stanton, V.P., Jr., Fujiwara, T.M., Wang, J-X., Rezonzew, R.,

Crumley, 1., Morgan, K., Gros, P., Housman, D. and Schurr, E. (1995). Genomics

26:178-191.

CHAPTER 3: Liu, 1., Wang, J.W., Simkin, L., Stanton, V.P.,Jr., Fujiwara, TM., Morgan,

K., Gros, P., Housman, D., Schurr, E. (to be submitted).

CHAPTF.R 4: Liu, 1., Fujiwara, TM., Buu, N.T., Sanchez, F.O., Cellier, M., Paradis,

AJ., Frappier, D., Skamene, E., Gros, P., Morgan, K. and Schurr, E. (1995). Am. J.

Hum. Genet. 56:845-856.

iv
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1have made the most significant contributions for the work described in Chapters

2,3, and 4.

Chapters 2 and 3 describe the large scale cloning ofhuman chromosome 2 YACs.

For this part ofthe worle, my contributions included: copying and transferring the CEPH

Mark 1YAC library from Dr. D. Housman's laboratory at MIT, Cambridge to our

laboratory at McGiIl, generation ofail the A/u-PCR filters and most ofthe A/u-PCR

probes for screening of the YAC libraries, and selection ofSTSs for screening the

chromosome 2-specific YAC sublibrary. 1was also responsible for the data analysis, and

the integration ofour data with the data generated by the Whitehead Institute (WI)/MIT

Genome Center. Ors. Vincent Stanton and David Housman (MIT, Cambridge) shared

with us the CEPH YAC Iibraries and the DNA ofYAC pools for the generation ofthe

IRS-PCR filters. Jian-Xue Wang provided technical assistance in screening the YAC

libraries. Mary Fujiwara and Dr. Kenneth Morgan helped to initiate the development of

the YAC mapping database. Dr. Philippe Gros is the co-investigator of the project. In

Chapter 2, Rebeca Rezonzew contributed technical assistance in screening the YAC

libraries, Joyce Crumley helped to develop the mapping database. In Chapter 3, Leah

Simkin wrote the computer programs for the data analysis.

Chapter 4 describes the identification ofpolymorphisms and sequence variants in

the humanNRAMP1 gene. Forthis part ofthe worle, 1have mappedNRAMP1, a

tubercuiosis susceptibility candidate gene, to chromosome 2, region q35, by PCR analysis

ofthe monochromosomal hybrid panel and by YAC contig analysis. 1 identified 2 and

verified 6 polymorphisms and sequence variants by sequence analysis ofhuman NRAMP1.

In addition, 1positioned two highiy informative microsatellites to the vicinity ofNRAMP1

b:-; YAC contig anaIysis. In this chapter, Natalie Buu did the SSCP analysis. Fabio

$anchez did the Southem analysis. Ann Josee Paradis and Danielle Frappier (from Dr.

Kenneth Morgan's group) genotyped the families with the markers. Mary Fujiwara

supervised the genotyping, and Dr. Kenneth Morgan performed the statistical analysis of

NRAMP1 association with tuberculosis disease in the parent generation ofthe tuberculosis

v
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families. Drs. Mathieu Cellier and Philippe Gros provided the primer information for the

intron-exon boundaries, and located one microsatellite in the immediate 5' region of the

NRAMP1 gene. Dr. Emil Skamene arranged the collection ofDNA samples !Tom the

tuberculosis families.

Candidates have the option ofincluding, as part of the thesis, the teX! ofa paper(s)

submitted or to be submitted for publication, or the clearly-duplicated text ofa published

paper(s). These teX!s must be bound as an integral part of the thesis.

Ifthis option is chosen, connecting texts that provide 10gica1 bridges between the

different papers are mandatory. The thesis must be written in such a way that it is more

than a mere collection ofmanuscripts; in other words, results ofa series ofpapers must be

integrated.

The thesis must still conform to ail other requirements of the "Guidelines for

Thesis Preparation". The thesis must include: A Table ofContents, an abstract in English

and French, an introduction which clearly states the rationale and objectives of the study, a

comprehensive review ofthe literature, a final conclusion and summary, and a thorough

bibliography or reference list.

Additional material must be provided wlere appropriate (e.g. in appendices) and in

suflicient detail to aIlow a clear and precise judgment to be made ofthe importance and

originality ofthe research reported in the thesis.

In the case ofmanuscripts co-authored by the candidate and others, the candidate

is required to make an explicit statement in the thesis as to who contributed to such work

and to what extent. Supervisors must attest to the accuracy ofsuch statements at the

doctoral oral defense. Since the task ofthe examiners is made more diflicult in these

cases, it is in the candidate's interest to make perfectly clear the responsibilities ofail the

vi
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authors of the co-authored papers. Under no circumstances can a cO-c1uthor of any

component of such il thesis serve as an examiner for that thesis.

vii
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6.

ORIGINAL CONTRIBUTIONS TO KNOWLEDGE

Generated a large collection ofchromosome 2-specific A/u-PCR probes, wlùch, in

addition to YAC library screening, also can be used to screen other genornic

libraries such as Pl, BAC or cosrnid libraries.

Generated a human chromosome 2-specific YAC sublibrary wlùch consists of

approximately 2,000 distinct YACs using the IRS-PCR method. These YACs

were divided into 223 YAC groups, i.e. sets ofunordered overlapping YACs,

wlùch provided the backbone for a YAC contig map ofhuman chromosome 2.

STS content mapped a set ofgenetical1y mapped rnicrosatellites and

cytogenetically mapped ESTs in the chromosome 2-specific YAC sublibrary.

These STSs were used to localize YAC groups along chromosome 2. Also, they

were used as anchor points to integrate genetic and cytogenetic maps with the

YAC contig map.

Integrated our chromosome 2 YAC mapping data with the data produced by the

WIIMIT Genome Center, resulting in 14 large groups consisting ofl,195 YACs

on the telomeric halfofchromosome 2q.

Linked the human NRAMPl, a candidate gene for tuberculosis susceptibility,

to VIL on a 1.5 Mbp YAC contig and thus, inferred the chromosomallocalization

NRAMPI to be in chromosome region 2q35.

Identified 2 and verified 6 polymorplùsms and sequence variants in the NRAMP1

gene, and linked two rnicrosatellites to NRAMP1 on a 1.5-Mb YAC contig.
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CHAPTER 1:

INTRODUCTION

Large scale mapping ofmammalian genomes and genetic studies ofinnate susceptibility to

tuberculosis and leprosy
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The human genome has 3xl09 base pairs ofDNA containing an estimated 50,000

to 100,000 genes. To date, we have knowledge about only a very small portion ofthese

genes. It appears likely that the complete sequence of the human genome will provide

pivotal information to understand the genetic basis of human biology and diseases.

Indeed, the ultimate characterization of the human genome by sequence analysis is the

final goal ofthe Human Genome Initiative which started at the end ofthe 1980s.

The first step towards sequencing the entire human genome is the construction of

physical maps which consist ofordered overlapping cloned fragments ofgenomic DNA

covering each chromosome. Given the large size of marnmalian genomes, it is only

realistic to clone the entire human genome if there is a vector system which allows the

generation oflarge DNA insert recombinant libraries which are amenable to high

throughput library screening. Fortunately, the development ofa number ofnew vector

systems including yeast artificial chromosomes (YACs), bacterial artificial chromosomes

(BACs), Pl-derived artificial chromosomes (PACs), and the advent ofnove11ibrary

screening techniques such as sequence-tagged site (STS) content mapping, interspersed

repetitive sequence (IRS)-PCR screening, and high density colony hybridization have

made physical mapping ofthe human genome possible.

Our interest for human chromosome 2 originated from the genetic studies of

susceptibility to tuberculosis and leprosy. By comparative genome analysis, the human

Bcg homologue was suggested to be contained on the telomeric half ofhuman

chromosome 2q and closely linked to VIL. My original project was the generation of

genetic markers localized to the vicinity of the VIL gene. During the course ofthis study,

l became involved in the physical mapping and YAC cloning ofthe chromosomal region

surrounding the VIL gene. At that lime very little chromosome 2-specific physical

mapping data were available, eventhough chromosome 2 corresponds to approximately

8% ofthe human genome (Fig. 1). Thus, it was decided to expand my Ph.D. project to

include YAC cloning ofchromosome 2 with specific focus on the telomeric halfof

chromosome 2q.

The aim ofour studies was to create a chromosome 2-specific YAC-based physical

map. Based on the assumption that data combined from many sources would create the

2



Figure 1

The compiled human chromosome 2 gene map as ofHuman Gene Mapping 10 (taken

from Cohen et al., in Genetic Maps, edited by Stephen J. O'Brien, 1990). Bars are used

to indicate a region within wlûch a locus or severalloci have been mapped.
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most accurate YAC-based physical map ofchromosome 2, we intended to incorporate our

results ,,~th data generated through whole genome mapping initiatives. Such an integrated

chromosome 2 physical map would not only be useful for gene mapping and identification,

but a1so provide a backbone for establishing a "sequence-ready" physical map for this

chromosom~.

This chapter therefore consists of two parts: an introductory overview ofcurrent

techniques and approaches for large scale mapping ofmarnmalian genomes and a short

review ofgenetic studies ofinnate resistancelsusceptibility to tuberculosis and leprosy. In

the first part, which is the major focus ofthe chapter, 1will review the development of the

major cloning systems and mapping techniques that make it now possible to construct and

analyze large-insert recombinant clones and to assemble physical maps encompassing

entire marnmalian genomes. In the second part ofthis chapter, 1will briefly descnbe

experiments that 100 to the isolation ofthe Nrampl gene (Bcg), which controls innate

resistancelsusceptibility to mycobacterial infection in the mouse, and the use ofa

comparative mapping approach to study the genetic component ofresistancelsusceptibility

to tuberculosis and leprosy.

Part L Large sale mapping of mammaIian genomes

1.1. Cloning systems

1.1.1 Cosmids

Cosmids are plasmids that contain a selectable marker, an origin ofreplication, a

cloning site into which foreign DNA can be inserted, and a cos site from phage Â.. A cos

site is a DNA segment where a 12-bp cohesive overhang is generatOO by lambda ter. For

the construction ofrecombinant cosmids, the plasmid is cut with a restriction

endonuclease, and then ligatOO with foreign DNA which displays the compatible strand
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ends into concatemeric molecules by the enzymatic action ofDNA ligase. The ligated

DNA is then mixed with a packaging extract containing lambda head proteins. tail

proteins, a.'\d packaging proteins. Whenever two cos sites are present on a concatemer

and separated by 40 to 50 kb, these cos sites will be cut into two cohesive ends (cos ends),

and then packaged into phage heads. The cosllÙd cloning system thus has the capability to

clone foreign DNA as large as 50 kb. Upon injection into the cell. the cosmid DNA

circularizes via its complementary cos ends. The ends are covalently joined by the host's

ligase, and the resulting circular molecule replicates independen~ly of genollÙc DNA in the

host cell.

CosllÙds have been successfully used to construct contiguous overlapping clones

(or contigs) and high-resolution physical maps for eukaryotic organisms with sma1l

genomes such as Caenorhabditis elegans, and fission yeast Saccharomyces pombe

(Coulson et al., 1986; Hoheisel et al., 1993; Mizukarni et al., 1993). More recently,

cosllÙds were also used to construct contigs for specific human genome regions such as

the Huntington disease region on human c.hromosome 4 (Zuo et al., 1993; Baxendale et

al., 1993) and entire chromosome 21 (N"lZetic et al., 1994; Soeda et al., 1995). However,

the relative small insert size (maximum of40 to 50 kb) has prevented the more widespread

use ofcosllÙds as the primary vehicle to obtain 10ng-!aIlge contigs for mammalian

chromosomes. Nevertheless, a number offeatures suggest that the cosllÙd system is

useful for high resolution physical mapping ofdelirnited genome regions and for gene

identification. First, pure cosllÙd DNA can be isolated from bacteria by a simple standard

rninipreparation protocol. This DNA can be used directly to construct a high-resolution

restriction enzyme map. Second, cosllÙd inserts can easily be subcloned into sma1ler

plasllÙds, which can be used directiy as sequencing templates. DNA sequences also can be

deterllÙned by sequencing directiy from cosllÙd templates using primers complementary to

the TI and TI promoters present in the vector (SlIÙth et al., 1993). CosllÙd contigs are

thus considered sequence-ready maps. Third, the use ofcOsIIÙds can simplify transerlpt

ana1ysis since techniques for isolation ofexpressed sequences including the 3'-terllÙna1

exons by exon amplification from cOsIIÙds are weil established (Buckler et al., 1991;

Krizman and Berget, 1993), and the use ofcOsIIÙds for direct selection and amplification

s
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ofcDNAs (Lovett et al., 1991; Kom et al., 1992) gives a lower background ofnon­

specific hybridization as compared to experiments using yeast artificial chromosomes

(YACs) as hybridization probes (Tagle et al., 1993).

1.1.2 Yeast artificial chromosomes (YACs)

1.1.2.1 The YAC cloning system

The YAC cloning system is based on the minimal structural requirements for

chromosome maintenance in yeast wlùch include a functional centromere, an origin of

replication, and two segments containing telomere sequences (Murray and Szostak, 1983).

In 1987, Burke, Carle and OIson (1987) developed a vector wlùch incorporated these

functions required for the maintenance ofa chromosome in yeast into a single plasmid that

could be replicated in Escherichia coli. Tlùs plasmid, termed as 'pYAC2' vector,

contained a cloning site witlùn the SUP4 gene, whose interruption resu1ted in a phenotypic

change from a wlùte color for non-recombinants to a red color for recombinants, an

autonomous replication sequence (ARSl), a centromere (CEN4), two telomeric sequences

(TEL), and selectable markers on both sides ofthe centromere (TRP1 and URA3).

Digestion ofthe YAC vector with BamHI and SmaI results in three DNA segments, the

left and the right ann, and a "stuifer" region that separates the two TEL sequences in the

circular plasmid. The two arms are treated with alkaline phosphatase and then ligated

with lùgh molecular weight DNA ofup to 1 megabase pairs (Mbp) in length. The ligation

produets are then transformed into yeast spheroplasts resulting in telocentric YACs. The

y AC cloning system thus provides a means for cloning DNA segments one order of

magnitude largerthan any other cloning systems (Burke et al., 1987; Cohen et al., 1993;

Chumakov et al., 1995). The outline of the YAC vector system is shown in Fig. 2.

1.1.2.2 Human YAC hllraries

Since the establishment ofthe YAC technology (Burke et al, 1987), a number of

human YAC libraries have been constructed. These YAC hllraries can be classified into

different categories based on the source ofhuman DNA used. First, whole genome YAC

6



Figure 2:

The yeast artificial chromosome exAC) cloning system pYAC2 (taken from Burke et al.,

198?). Thin lines represent pBR322-derived sequences. SUN, 1RPl, HlS3, and URA3

are yeast genes: SUP4 is an ochre-suppressing allele ofa tyrosine tRNA gene that is

interrupted when foreign DNA is cloned into the veetor; 1RP1 and URA3 are seleetable

markers which al10w selection for molecules that have acquired both chromosome arms

from the veetor; HIS3 is discarded during the cloning process. ARS, an autonomous­

replication sequence, is the yeast equivalent ofan origin ofreplication. CEN4 and TEL

provide centromere and telomere funetion, respectively.
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hbraries which were constructed from DNA ofXY males (Brownstein et al., 1989; Traver

et al., 1989; Anand et al., 1990; Imai and Oison, 1990; Albertsen et al., 1990; Chumakov

et al., 1995). Second, libraries that were targeted to specifie chromosomal regions. For

example, YAC libraries specifie for chromosomal region Xq24-Xq28 were constructed

from the DNA ofhuman-hamster hybrid celllines containing Xq24-Xq28 as their only

human material (Abidi et al., 1990). Third, tumor cell-specific YAC libraries. which were

constructed from DNA derived from tumor tissues or cells (Feingold et al., 1990), and

fourth, chromosome-specifie libraries such as the chromosome 21- and

chromosome Il-specifie YAC Iibraries (McCormick et al., 1989; Qin et al., 1993).

Chromosome-specific YAC Iibraries were either constructed from monochromosomal

human-rodent somatic cell hybrids and then screened with human-specific repeat probes

(Wada et al., 1990; Abidi et al., 1990; Green et al., 1995) or from flow sorted human

chromosomes (McCormick et al., 1993). An alternative approach to generate a

chromosome-specific YAC Iibrary is to derive a chromoscme-specific YAC collection (or

sublibrary) by screening ofwhole genome YAC Iibraries with chromosome-specific probes

(Chumakov et al., 1992b; Ross et al., 1992; Green et al., 1995).

The average YAC size for clones belonging to the first generation ofYAC Iibraries

ranged from 100-300 kb (Guzman and Ecker, 1988; Brownstein et al., 1989; Garza et al.,

1989). Using improved techniques such as pulse field gel electrophoresis instead of

sucrose gradient fractionation for insert DNA preparation, the size ofYACs could be

significantly increased (Anand et al., 1989; Imai and OIson, 1990), and severa! hbraries

with an average clone size ofover one Mbp have been reported (Larin et al., 1991;

Albertsen et al, 1990; Cohen et al., 1993; Chumakov et al, 1995). To date, the most

commonly used human YAC hbrary is the so-called mega YAC hbrary generated by

CEPHlGenethon which is largely made up ofclones displaying an average insert size of

approxîmately 1,000 kb (Cohen et al., 1993; Chumakov et al., 1995).

1.1.2.3 YAC chimerism

The YAC cloning system bas revo1utionized genome mapping and YACs are

valuab1e too1s for many purposes, including positional cloning ofgenes, and construction

8
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ofphysical maps ofhuman chromosomes (Chumakov et al., 1995). However, the high

frequency ofchimeric, rearranged, and deleted clones found in YAC libraries has created

serious problems for genomic studies, since such clones do not represent a genome region

faithfully. It has been estimated that the proportion ofchimeric clones - i.e. clones that

contain DNA segments which are not adjacent on the chromosome - in manunalian YAC

libraries including the widely used CEPH/Genethon mega YAC library, is close to 50%

(Bronson et al., 1991; Bates et al., 1992; Dausset et al., 1992; Foote et al., 1992; Cohen et

al., 1993; Chumakov et al., 1995). In addition to chimeric clones, the fraction ofclones

with internal deletions or rearrangements, may also be considerable.

Two mechanisms may be responsible for YAC chimerisms: coligation ofmultiple

genomic fragments into a single YAC molecule, or homologous recombination of

repetitive sequences between two or more YACs transformed into same host cell. It is

thought that the latter is the major cause ofYAC chimerism. An example for the latter

mechanism was provided by Green et al. (1991b), who demonstrated that the chimeric

junction in at least one chimeric YAC was within an A/u sequence and not at the

restriction ~ite used for cloning as would be expected for coligation. Recombination

between repetitive elements in chimeric YACs is also consistent with the faet that the

frequency ofchimerism among YACs containing human DNA derived from human­

hamster somatic cell hybrid celllines appears to be significantly lower than that ofYACs

constructed from total human genomic DNA (Wada et al., 1990; SchIessinger et al.,

1991). Presumably, homologous recombination is less likely between human and hamster

DNA sequence.

Modifications ofYAC library generation protocols aimed at decreasing the rate of

chirneric clones include: 1) use ofexcess vector 1., ligation reaction to maximize ligation of

vectors to a1l insert ends, and hence decrease coligation ofinserts (McCormick et al.,

1993); 2) generation ot-'::hrom~s~me-specific YAC libraries from rodent-human hybrids, a

laborious effort which one would need to repeat for each ofthe 24 human chromosomes

to cover the entire genome; 3) the use ofrecombination-deficient yeast hosts. Recently,

Haidi et al. (1994) construeted megabase-sized human YACs using the recombination­

deficient yeast mutant strain rad52. Examination of48 YACs by FlSH anaIysis showed a

9
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rate of chimerism of approximately 8%, in contrast to 50% chimeric clones in the libraries

using wild type host AB1380. This result shows that it is possible to significantly decrease

the rate ofYAC chimerism through the use ofappropriate yeast host strains. However, it

appears unlikely that any of the alternative techniques mentioned above will have a strong

effect on the YAC-mapping of the human genome since mapping efforts in the CEPH

YAC libraries have advanced to the point that ail but excludes mapping in additional YAC

libraries.

1.1.3 Bacteriophage Pl and P1-derived artificial chromosomes (PACs)

1.1.3.1 The bacteriophage Pl cloning system

The bacteriophage Pl cloning system which allows cloning ofDNA fragments up

to 100 kb was developed in 1990 (Sternberg, 1990; Sternberg et al., 1990). The first

generation ofPl vectors such as pAd10 contains a Pl packaging site (pac) to initiate the

packaging ofvector and cloned DNA into phage particles, and two P1loxP recombination

sites present in the vector arms flanking the cloned insert. The two loxP sites are

necessary for circulation of the packaged DNA by the Cre-mediated site-specific

recombination mechanism following phage infection ofE. coli cells. The PI vector also

contains a kan' gene to select bacterial clones containing the cyclized DNA, aPI plasmid

replicon to maintain Pl DNA in E. coli at one copy per cell, and a lac promoter-regulated

Pl Iytic replicon to amplify Pl DNA to 20-30 copies per cell.

A major problem ofthe tirst generation P1libraries was that 10-20% ofclones in

the libraries contained insertless Pl vector DNA, and these clones outgrew the

recombinant clones (Sternberg, 1990; Pierce et al., 1992). To overcome this problem, a

second generation ofPl vectors (e.g. pAd10SacBll) incorporating the SacE gene, ...·Jùch

encodes an enzyme that catalyzes the hydrolysis ofsucrose to produets lethal to E. coli,

was constructed (pierce et al., 1992). In this vector, the cloning site is between SacB and

its promoter. Clones containing inserts separate SacE from its promoter, which inhibits the

expression ofthe SacB gene and hence permits the growth ofE. coli on medium

containing sucrose. Thus, recombinant clones are kanamycin and sucrose resistant. In
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addition, the cloning site is flanked by rare-cutting restriction enzymes, wlùch can be used

for releasing the insert. The T7 and Sp6 promoters in the vector also permit the

generation ofRNA probes from the vector ends (pierce et al., 1992).

1.1.3.2 Pl-derived artificial chromosomes (PACs)

It was shown that PI vectors can only accommodate fragments in the 70 kb to 100

kb range, presumably due to the headful capacity ofPl (Sternberg, 1990). The Pl system

is also restricted by the requirement for an elaborate in vitro packaging system (Sternberg,

1990; Pierce et al., 1992). Recently, an improved cloning vector termed P1-derived

artificial chromosomes (PACs) was consttucted by deletion ofthe adenovirus stuffer

fragment and by insertion ofa modified pUC19 plasmid into the BamHI cloning site ofthe

pAO10sacBII vector (Ioannou et al., 1994). In addition, PACs are introduced into E. coli

via electroporation, hence, avoiding elaborate packaging ofDNA and in vivo site-specific

recombination as required by previous PI vectOf:'", orhe PAC vector is able to

accommodate inserts up to 300 kb, more than double the maximum insert size descnoed

for the Pl veetor (Ioannou et al., 1994). The Pl and PAC cloning systems have an

intermediate cloning capacity between that ofthe YAC and cosrnid systems.

1.1.4 Bacterial artificial chromosomes (BACs)

The BAC cloning sy.tem wlùch is capable ofcarrying foreign DNA fragments in

excess of300 kb is based on theE. coli fertility F factor plasmid (Shïzuya et al., 1992).

The F factor, whose replication in E. coli is strictly controUed, codes for genes that are

essential to regulate its own replication. The BAC veetor (pBAC) developed by Shïzuya

et al. (1992) incorporates ail ofthe F factor regulatory genes including oriS, repE,parA,

and parB. The oriS and repE genes mediate the unidirectionai replication ofthe F factor,

whiieparA andparB control copy numberto one ortwo plasmids per E. coli cell, thus,

decreasing the potential for recombination between DNA fragments carried by the

plasmid. In addition, the pBAC vector contains a cloning region wlùch includes two

cloning sites (HindfIl and BamHI), flanked by TI and Sp6 promoters, wlùch tan be used

11
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to generate RNA probes from the vector-insert junetion. and severa! rare cutter restriction

enzyme sites which can be used to excise the insert.

Similar to the PI or PAC system, the BAC system also has an intermediate cloning

capacity between that of the YAC and the cosnùd. Recently, severa! whole human

genome BAC lioraries and a human chromosome 2-specific library (Rouquier et al., 1994;

Ashworthe et al., 1995; Wang et al., 1994) were construeted. The charaeterization of

these libraries indicated that the BAC cloning system has high transformation efficiency

(10-100 times higherthan that ofYACs) and a low frequency ofchimeric clones as a

result ofiow vector ccpy numbers. However, a critical appraisal ofthe BAC cloning

system in genome mapping still awaits further investigation.

1.2 Mapping techniques

1.2.1 Sequence-tagged site (STS) content mapping

Sequence-tagged sites (STSs) are short unique genornic fragments amplified by

PCR with two defined primers. STS content mapping is based on the logic that ifan STS

is unique to a particular genornic region, then ail the YACs in a library containing this STS

must carry inserts which are derived from the same genonùc region and therefore must

overlap. STS content mapping can thus be used to deterrnine which STSs are contained

on which YACs, and to construet sets ofcontiguous overlapping clones (or YAC contigs)

out ofthose YACs containing the same STSs.

STS content mapping has been and still is widely used to identify YACs

overlapping candidate regions ofdisease genes (Green and Oison, 1990a; Huntington's

Disease Collaborative Group, 1993). Since most ofYAC libraries contain 5-6 x 104

clones, the identification ofYACs corresponding to specific loci by STS content mapping

is general1y accomplished by reiterative anaIysis ofa hierarchy ofclone pools. The

original protocol for STS content mapping ofpooled DNA was developed by Green and

Oison, and was based on a three-step process (1990b). In this protocol, the first step was

a PCR screening ofprimary DNA pools. A primary pool was made up of5 sub-pools,

each containing 384 clones. In the case ofa positive signal detected in a primary DNA
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pool, those corresponding 5 sub-pools were subjected to PCR screening. The last step for

single-clone identification was accomplished by hybridization of probes to a filter

containing the appropriate 384 clones. This step was subsequently replaced by PCR

analysis with DNA pools collected from row and column ofthe 4 plates which

corresponed to the positive sub-pool (Chinault and Sternberg, 1994). A1though the

complexity ofpools and the number of successive rounds ofPCR screening May differ

from one Iibrary to the other, th.: general hierarchica1 screening procedure for PCR

screening ofYAC Iibraries remains the same and has been widely used in genome

mapping.

Since STSs are defined by pairs ofoligonucleotides and PCR conditions which can

be stored in publicly accessible databases, STSs are considered a "common language" in

genome mapping (Oison et al., 1989), and STS content mapping is accepted as one ofthe

major physica1 mapping methods. Indeed, a prlmary goal for the physica1 mapping ofthe

human genome is the development ofan STS map with an average spacing of 100 kb

between consecutive STSs (Collins and Galas, 1993). STS content mapping has initially

been used to assemble YAC contigs for the human Y chromosome (Foote et al., 1992)

and human chromosome 21 (Chumakov et al., 1992a). In the later case, Chumakovet al.

(1992) used 198 human chromosome 21 specific STSs to screen a whole genome YAC

Iibrary and isolated 810 YACs, which could be grouped into a contiguous array of

overlapping clones covering the entire human chromosome 21q. Recently, STS content

mapping has been used either alone or in combination with other mapping methods to

construct physica1 maps for a number ofhuman chromosomes including chromosome 3, 4,

7, 10, 11, 12, 13, 16, 19,21,22, the X and Y chromosomes, and the whole human

genome as reported during the 1995 Cold Spring Harbor Genome Mapping and

Sequencing Meeting.

1.2.1.1 Generation ofSTSs

The application ofSTS content mapping to mamma1ian chromosomes or entire

genomes requires the generation oflarge numbers ofSTSs. For example, about 2,000

STSs are required to construct a map with an average interva1 of 100 kb between STS
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markers for a chromosome of 200 Mbp and a map ofthe whole genome with the same

resolution will require the development and mapping ofat least 30,000 STSs. STSs can

be obtained from many sources. They can be polymorplùc genetic markers such as

microsatellites, trio, or tetra-nucleotide repeats, or genomic fragments randomly derived

from either the whole genome or specific chromosomal regions. STSs can also be

sequences derived from well charaeterized cDNA probes or expressed sequence tags

(ESTs) stored in public databases such as GDB or dbEST. Like other aspects ofgenome

analysis, the large scale generation of STSs is charaeterized by a Iùghly integrated data

generation and analysis laboratory f10w management system. Typically, the first step in

such an integrated system is to obtain specific DNA sequences from various sources. Tlùs

is followed by analysis ofsequences to eliminate repetitive elements and sequence

duplication, and design and test ofPCR primers in standard PCR assays, wlùch includes

controls to verny the genomic origin ofeach STS. Such data f10w systems have been used

to generate STSs for chromosome 4 (Goold et al., 1993), chromosome 7 (Green et al.,

1991a), chromosome Il (Smith et al., 1993), chromosome 21 (Chumakov et al., 1992a),

and chromosome 22 (Bell et al., 1995).

1.2.2 Interspersed repetitive sequence (IRS)

1.2.2.1 ms in the human genome

In the human genome, SINES (short interspersed repeated sequences) and LINES

(long interspersed repeated sequences) are two classes of the most prevalent interspersed

repetitive sequences (IRS), wlùch together account for at least 20% ofthe total human

genomic DNA (Jelinek and Schmid, 1982; Singer and Skowronski, 1985; Weiner et al.,

1986; Scott et al, 1987; Moyzis et al, 1989). The SINES class is dominated by theAlu

DNA sequence family, wlùch bas a consensus sequence ofabout 300 bp. It is estimated

that 500,000-1,000,000 copies ofAlu sequence are dispersed in the human genome

(Deininger and Schmid, 1976). Thus, on average, one Alu-element occurs every 3 to 6 kb

in the human genome (Rinehart et al, 1981; Hwu et al, 1986). The human LINES class is

dominated by LI DNA elements wlùch have a consensus sequence ofabout 6.4 kb. In
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contrast to A/u sequences which have a sunilar length, many UNES sequences have serial

deletions ofthe 5' end or internal deletions and rearrangements resulting in considerable

length variations among individual LI repeats. Nevenheless, most ofLl-elements share

their 3' end sequences. There are about 4,000-20,000 copies for the 5' end and 50,000­

100,000 copies ofthe 3' end ofLI elements in a haploid human genome (Grimaldi et al.,

1984; Hwu et al., 1986). Thus, on average, an LI repeat occurs in the genome once per

30-60 kb.

1.2.2.2 A/u family members have a consensus sequence

A/u-elements are ancestrally derived from the 7SL RNA gene (UIlu et al., 1984).

A/u-elements consist ofapproximate\y 300 bp and share a high degree ofhomology, which

allowed the derivation ofa consensus sequence corresponding to the entire length ofA/u

elements (Schmid and Jelinek, 1982; Fig. 3a). The human A/u-element is an imprecise

dimer oftwo directly repeated, approximately 130 bp monomer sequences with a 31 bp

insertion in the second monomer. The murine equivaient sequence (termed as BI repeat) is

130 bp long, corresponding to a monomer ofthe humanA/u-element while the hamster

sequence is 134 bp long (Schmid and Jelinek, 1982). AIl rodent Alu-like sequences show

considerable homology with one halfofthe human Alu sequence. Presumably Alu and BI

elements are descendants ofa common ancestral sequence that has been weil preserved

during recent evolution.

1.2.2.3 Tne distnoution ofAlu sequences

The distnoution ofinterspersed repetitive DNA sequence elements in the human

genome has been investigated by several groups. By in situ hybridization, Korenberg and

Rykowski (1988) found that the Alu family dominated in reverse R bands, and the LI

family dominated in GiemsalQuinacrine positive bands. These authors concluded that with

the exception ofsorne te\omerlc regions, Alu- and Ll-e\ements were precisely inversely

distnouted along the chromosome. Baldini and Ward (1991) also observed thatAlu

elements were not evenly distributed along the human chromosomes, but rather

concentrated in R-bands. In contrast, Moyzis et al. (1989) observed that repetitive
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Figure 3:

Consensus Alu sequence and scheme for Alu-element mediated amplification ofIRS. (A)

Consensus Alu sequence and location of selected Alu primers. The orientation ofthe

primers is indicated by arrows. The 31-bp primate-specific region is highlighted in gray.

(B) Diagram showing Alu PCR amplification with primers Alu-end and ALE1. (This

figure is adapted and modified from Nelson et al., 1989).
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sequences are generally randomly spaced, with an average distance of3 kb in the human

genome. However, local regions of 'preference' or 'exclusion' for the integration of

specifie classes ofinterspersed repeat families, such as Alu sequences, were also suggested

by their data. Another study was condueted by examining the content ofAlu and LI

sequences in a group of435 YACs all arising from the Xq24-q28 chromosomal region

(porta et al., 1993). These authors observed a random overall distribution oftheAlu and

LI repeat sequences, and no apparent enrichment ofAlu or LI in DNA ofG bands

eompared to that found in R bands. However, they also found c1usters of repetitive

elements in de1imited regions ofup to 100 kb. These authors suggested that the local

concentration ofrepetitive elements May account for the Korenberg and Kykowski finding

ofdifferential hybridization ofAlu and LI probes to segments ofMetaphase chromosomes.

By sequeneing ofrandomly selected DNA clones from R- and~ bands on chromosome

Il, Yoshiura et al. (1993) also did not observe an uneven distribution ofAlu sequences

between R- and~ bands on this chromosome. In sumrnary, localization studies so far

have failed to provide a clear and consistent pieture with regard to the distribution of

repetitive sequences in the human genome.

1.2.2.4 ms PCR: application in human genome mapping

IRS PCR is a simple technique to amplify genomie fragments between two suitably

spaeed and oriented IRS (e.g. Alu elements; Fig. 3b). IRS PCR was tirst demonstrated by

Nelson et al. (1989) for the Alu element (Alu PCR or Alu-element mediated PCR) to be an

effective means ofproducing human-specifie DNA fragments from humanlrodent somatie

eell hybrid DNA. The principle ofthïs method is based on the faet that although the

repetitive sequence in rodent genomes have a high degree ofhomology to the human Alu

repeat (up to 70-80%), there is significant sequence divergence through mammalian

evolution. Primers can be designed for the primate-specifie regions ofAlu e1ements which

allow specifie amplification ofhuman sequences from hybrid cells on mouse or hamster

backgrounds. Thus, Alu PCR allows the generation ofhuman specific-sequences from

somatie cell hybrids without prior knowledge ofthe human DNA sequence. The simple

Alu PCR technique was soon widely adapted for rapid generation ofDNA probes from
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somatic cell hybrids carrying specific chromosomal regions (Ledbetter et al., 1990;

Brooks-Wilson et al., 1990; Cole et al., 1991). A/u PCR can also be applied to a variety

ofother DNA sources including YACs, PIs, BACs, and cosmids.

Recently, a new technique termed mS-bubble PCR was developed (Munroe et al.,

1994). Un1ike ms PCR, wlûch requires a pair ofmS in proper orientation and distance

with respect to each other, amplification by mS-bubble PCR requires only a single ms.

Genomic DNA from somatic cell hybrids, YACs, cosmids, or lambda phages is digested

with a 4-bp blunt-cutting restriction enzyme (e.g. &al, AM, orHaem) and then ligated

to a "bubble" anchor (a pair ofpreannealed primers with a non-complementary nuc\eotide

bubble in the middle). !fa bubble ligated genomic fragment contains a single ms, an ms­

specific primer is used to direct the first-strand synthesis of the region between the IRS

and the annealed "bubble" oligos. The bubble primer and the mS-specific primer then

direct the second-strand synthesis in subsequent rounds ofamplification. The resulting

amplification product is at least 10-fold more complex: than that produced by standard IRS

PCR. Thus, t1ûs technique is useful for the generation ofcomplex: ms PCR products

from YACs, wlûch can be used as probes for FISH analysis or for screening ofother

genomic libraries such as cosmid or PAC libraries.

A/u PCR was first applied to genome mapping by Nelson et al. (1991), who used

the A/u PCR method to generate probes from 110 X chromosome specific YACs. These

probes were then hybridized to somatic cell hybrid mapping panels for the X chromosome,

wlûch aliowed the regional assignment ofthe 110 YACs. More recently, theA/u PCR

approach was used as one ofthree methods in the construction ofa YAC contig map of

the human genome (Cohen et aL, 1993; Chumakov et aL, 1995). In t1ûs study, inter-A/u

PCR products for 25,000 YACs and a monochromosomal somatic cell hybrid mapping

panel were derived by PCR, and spotted at Iûgh density ante membranes. The membranes

were then hybridized with inter-A/U PCR probes derived by amplification ofindividual

YAC DNA, wlûch aliowed the identification ofoverlapping YACs. The information for

the overlapping YACs was then used to assembly YAC contigs. Chumakov et al. (1992b)

also used theA/u PCR technique to generate a chromosome 21-specific YAC subh"brary.

These authors performed A/u PCR using DNA from two mouse-human somatic cell hybrid
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lines containing chromosome 21 as the only human chromosome DNA to generate Alu

PCR probes. These probes were then hybridized to membranes dotted with Alu PCR

amplification products derived !Tom individual YACs ofa whole genome YAC library.

Using this inter Alu element hybridization approach, they identified 63 chromosome 21­

specific YACs which constituted a chromosome 21 YAC sublibrary.

1.2.2.5 Alu PCR primers

Since the introduction ofthe Alu PCR technique, a number ofAlu primers have

been described and used. These primers include: TC-65, 278, 32, 33, 34, 515, 517

(Nelson et al., 1989), PDJ66 and PDJ67 (Aslanidis and de Jong, 1991); Alu 559

(Ledbetter et al., 1990), Al (Brooks-Wilson et al., 1990); ALE34, ALE3, ALE1, and ALI

(Cole et al., 1991), Alu-5' and Alu-3' (Tagle and Collins, 1992); A33 (Chumakov et al.,

1992b), Alu-S, Alu-J, 47-23, andAlu-end (Munroe et al., 1994). The location ofthe

targeted sequences within the Alu consensus for selected primers is indicated in Fig. 3a.

Some primers (for example, TC-65, 517, 515, Alu-S and Alu-J) are targeted to the 31 bp

primate-specific sequence in the second repeat ofthe humanAlu consensus sequence, and

allow specific amplification ofprimate sequences in human-rodent somatic cell hybrids.

However, the 31 bp primate-specific sequence is located 74 bp upstream!Tom the 3' end

ofthe Alu repeat element. The Alu PCR amplification products using primers derived

from the 31 bp region thus contain approximately 74 bp Alu sequences at both ends (the

exact length ofthe repeat sequences depends on the targeted position ofthe Alu primer

within the 31 bp region). The use ofsuch Alu PCR amplification products as

hybridization probes requires the suppression ofthe Alu repeat sequences contained in the

probes by preannealing to an excess ofsheared denatured human DNA Some Alu

primers are derived from the very 5' (for example, Alu-5', and ALEl) or 3' (for example,

Alu-3',Alu-end, and AI) ends oftheAlu repeat elements. The amplified inter Alu PCR

products obtained byAlu-PCR using these primers are free ofAlu repeat sequence.

Primers which are derived !Tom the portion ofthe Alu repeat that is conserved among

mammalian Alu-equivalents (for example, Alu primers 278, 32, and 34) can not be used to

obtain human specific amplification products from somatic cell hybrid DNA These
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primers are only useful for amplifYing inter Alu sequences from cloned DNA contained in

YACs, PIs, BACs, or cosmids.

1.2.3 Clone DNA fingerprinting

A common type ofclone DNA fingerprint is a pattern ofDNA fragments resolved

on agarose gel which have been generated by cleavage ofcloned DNA with restriction

endonuclease(s). In the mid-1980s, three pioneering projects were initiated to establish

the order ofoverlapping clones for all or part of the genomes ofe. elegans (Coulson et

al., 1986), S. cerevisiae (Oison et al., 1986), and E. coli (Kohara et al., 1987) based on

DNA fingerprinting ofrandomly chosen clones. Overlap between clones was inferred

when these clones shared similar fingerprints. For exarnple, Oison et al. (1986)

fingerprinted 5,000 lambda clones containing inserts with an average size of 15 kb ofyeast

DNA by a double restriction enzyme digestion with EcoRI and HindIIJ.. A database was

constructed that contained th~ size ofrestriction fragments from all clones which was used

for pairwise comparison ofDNA fingerprints ofall clones. Based on the results of the

pairwise analysis, ail clones were grouped into subsets, in which each member was related

to at least one other member by a significant overlap ofthe fingerprints. A computer

program was then used to generate restriction maps for all the clones in each subset. The

result ofthis study showed that the DNA fingerprinting approach could be used to

produce regional maps, which could serve as a framework for the construction ofa

continuous global map ofthe yeast genome.

Until the early 1990s, attempts oflarge scale physical mapping by fingerprinting

had only been applied to organisms with small genome size such as e. elegans, S.

cerevisiae andE. coli. With the development ofthe YAC cloning systems (Burke et al.,

1987) and the repetitive-element hybridization fingerprinting technique (Cangiano et al.,

1990; Stallings et al., 1990; Bellanne-Chantelot et al., 1991), it became possible to map

the entire human genome by DNA fingerprinting. The principle ofthe repetitive-element

hybridization fingerprinting is the following: a Southern blot ofrestriction enzyme

digested YAC DNAs is hybridized with a selected class ofrepetitive sequences such as

Alu, LI, or simple sequence repeats such as (GT)n, or (AC)n. Since Alu and LI repeat
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probes are specific to mammalian genomes, and simple sequence repeats only hybridize

with a few common sequences in yeast genomic DNA, the use of such repeat-element

probes allows the distinguislùng ofhuman inserts from the background ofyeast DNA.

Thus, the combination ofrestriction enzyme digestion ofYAC DNA and hybridization

with repeat-element probes produce fingerprints of hldividual YAC clones, wlùch allowed

the deteetion of overlapping regions of individual YACs by comparing the pattern of

bands shared among YACs. Indeed, in 1992, a YAC-based physical map ofentire human

genome wlùch relied on repetiùve-element hybridization fingerprinting was reported

(Bellanne-Chantelot et al., 1992). In tlùs study, individual patterns of restriction

fragments for 22,000 YACs with average size of810 kb were obtained by restriction

enzyme digestion for ail clones. Restriction fragments were size se}larated, transferred to

membranes and hybridized with an LI-probe. The resulùng pattern ofLi-containing

restriction fragments was compared among all clones and more than 1,000 contigs wlùch

covered an estimated 15% to 20% ofthe human genome were assembled.

Despite these successes, DNA fingerprinting is not the first choice for the

construction oflong contiguous sequence maps because it entails severallabor-intensive

steps. However, fingerprin!Ùlg has been and still is widely used to order and analyze

clones witlùn sets ofoverlapping clones in order to obtain Iùgh-resolution physical maps

(Baxendale et al., 1993; Zuo et al., 1993; Patil et al., 1994). In the past few years, Alu

PCR fingerprinting wlùch analyzed the pattern ofAlu PCR amplification products

produced by individual clones was developed (Nelson et al., 1991). TheAlu PCR

fingerprinting technique has been used to determine the extent ofoverlap between large

insert clon,~.such as YACs, and to deterrnine the orientation ofa set ofoverlapping YACs

relative to each other (Nelson et al., 1991; Sidhu et al., 1992).

1.2.4 Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) is a technique that allows the localization

ofgenes or DNA sequences along a chromosome, typically to a specific chromosomal

band. Chromosome bands are reproducible landmarks along the length ofmetaphase

chromosomes, wlùch are used to distinguish individual chromosomes witlùn a genome,
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and to identify a specific subregion ofindividual chromosomes. Chromosome bands can

be produced using a number ofbanding techniques such as G-banding (Schweizer, 1976;

Tucker et al., 1988), or R-banding (Cherif et al., 1990). For example, the G-banding

pattern, which is a series of light and dark bands along the chromosomes, can be produced

by pretreatment of metaphase chromosomes with trypsin, followed by Giemsa staining.

G-banding can be viewed and photographed with a bright-field microscope. FISH analysis

is based on the deposition offluorescent mo1ecules in chromatin at the sites of specific

DNA sequences. Generally, specific DNA or RNA probes are labeled with reporter

molecules such as biotin. The biotinylated probe is hybridized to denatured metaphase

chromosomes or interphase nuc1ei. Following incubation with fluorescein-avidin, a

discrete fluorescent signal is visible at the site ofprobe hybridization. The probe

hybridized chromatid spreads are then stained with DAPI, which permits chromosome

identification by the G-band like pattern, and the hybridized probe can be viewed

simultaneously with flurorescein. The chromosomal band location ofa probe can then be

determined by comparing the position of the fluorescence hybridization signal relative to

the DAPI-banded chromosome image.

As mentioned, the targets for FISH analysis can be metaphase chromosomes or

interphase nuc1ei, resulting in different levels ofmapping resolution. FISH to metaphase

chromosomes allows DNA probes to be ordered with a 2-3 Mbp resolution (Lichter et al.,

1990; Lawrence et al., 1990). FISH to interphase nuc1ei was first introduced by Lawrence

et al. (1988), who hybridized Epstein-Barr virus infected nuclei with probes corresponding

to two viral DNA regions separated by \30 kb. Using interphase chromatin, the relative

order ofprobes separated by as little as 50 kb can be determined (La~ence et al., 1988;

Trask et al., 1989; Lawrence et al., 1990; Trask et al., 1991). Probe ordering can be

derived either trom interphase distances measured between pairs ofprobes (Trask et al.,

1989; Trask et al., 1991; Chang et al., 1993) or trom multicolor probe labeling (Trask et

al., 1991).

Since its development, the FISH technique has been used for a wide variety of

experiments inc1uding the investigation ofthe organization ofinterspersed repetitive

sequences in the human genome (Korenberg and Rykowski, 1988), the chromosomal
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mapping ofgenes (Trask et al., 1989; 1991; Lichter et al., 1990; Lawrence et al., 1990;

Malo et al., 1993b), the detection ofchimeric YAC clones (Chang et al., 1993; Moir et al.,

1994), and the chromosome regional assignmen; '.fYACs or cosmids (Chang et al.• 1993;

Cohen et al., 1993; Moir et al., 1994; Lu-Kuo et al., 1993; Ariyama et al., 1995). These

~tudies show that FISH has played an important role in genome research particularly for

the localization ofDNA sequences to specific chromosome regions.

1.2.5 Colony hybridization

Colony hybridization allows the identification of tilter grown and lysed

recombinant baeterial or yeast clones by hybridization with radio-labeled probes. The use

ofcolony hybridization in large scale physical mapping is based on robotic systems that

produce high density tilter grids ofcosmids or YACs (N"lZetic et al., 1991; Ross et al.,

1992). For example, Ross et al., (1992) used a robotic device to spot 20,736 YACs onto

a 22 x 22 cm nylon membrane. After IWO days ofgrowth, filters carrying yeast colonies

were subjected to a yeast colony lysis procedure and DNA was fixed to the filters. The

tilters were then ready to be used for hybridization experiments (Ross et al., 1992).

One advantage ofcolony hybridization is that the hybridization ofhigh-density

gridded clone tilters allows the use of complex probes, i.e. a probe composed ofmany

different DNA fragments, to identify clones with inserts from large regions ofa

chromosome in a single hybridization experiment. As demonstrated by Ross et al. (1992),

388 chromosome 21-specific YACs were identified in a single experiment by hybridization

ofa complex probe derived from chromosome 21 to a high-density gridded array ofYACs

on a nylon membrane from a whole genomic human YAC library. Another advantage of

the technique is that it does not require sequencing or oligonucleotide synthesis for marker

development. Inèeed, probes used for colony hybridization cao be cDNAs, RFLP probes,

or A/u-PCR produets derived from a variety ofDNA templates. The limitations ofthis

method are that hybridization signals are weak for YAC colony hybridization, since the

YAC DNA only represents approximately 5% ofthe total yeast DNA, and that membranes

cao be reused only a limitt:d number oftimes.
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1.3 Maps

A map is a graphic representation ofa milieu usually on a plane surface. Maps are

distinguished from other fonns ofgraphical presentation by rigorous application of

objective rules for milieu description. Indeed, one can say, that the pivotai step in map

creation (mapping) is measurement. Measurement defines the spatial relationship of

objects which are usually chosen by convenience, logic and/or necessity to best represent

certain features of the milieu. The choice ofobjects frequently dictates the unit of

measurement, and in crude maps, objects themselves sometimes can represent the units of

measurement. A map usually represents only one aspect ofa milieu which for subjective

reasons was defined te be satisfying or useful. The dichotomy ofobjective measurements

and subjectively chosen objects is a basic feature ofany map. A map also has a resolution

which is defined by the minimal distance between two objects that can be described

accurately in the map. Finally, the change ofmost milieus with time, the subjectivity of

object choice and improvements on the units ofmeasurements are the main reasons why

there is never a finite map ofa milieu.

The commonly used maps in genome research include physical-, genetic-,

cytogenetic-, radiation hybrid-, transcription- and comparative genome- maps. The milieu

for these maps generally is the chromosome. Depending on the type ofmap, the units of

measurements are centiMorgan (cM), basepair (bp), centiRay (cR), chromosome bands,

cosmids and YACs, while the objects can be loci, markers, STSs or IRS PCR probes.

Since each map represents only one aspect ofa chromosome, different maps have their

own usefulness in gene mapping and identification.

1.3.1 Clone-based physical maps (contig maps)

A contig map is one type ofphysical map that iinearly displays a set ofordered

clones along a chromosome. The unit ofmeasurement for a contig map is a clone and the

object is a marker such as an STS or a hybridization probe which detects overlapping

clones. A contig map that consists ofYACs is called a YAC contig map while a map

consisting ofcosmids is called a cosmid contig map. The resolution ofcontig maps is
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defined by the insert size of clones: the smaller the insert size of clones. the higher the

resoluti"n ofa contig map.

1.3.1.1 YAC contig maps

y AC contigs are sets of ordered overlapping clones which are constructed

manually or through computer programs by lining up YACs that contain common

markers. This proce~ is often complicated by inconsistent mapping data such as chimeric

YACs, and false positive or false negative identification ofYACs. The contig generation

is made easier ifthe order ofmarkers that detect YACs is known. To date, YAC contig

maps have been constructed for a large number ofchromosomal regions throughout the

human genome, including the Huntington disease region (Huntington disease collaborative

group, 1993), the q24-q28 region ofthe X chromosome (Schlessinger et al., 1991; Little

et al., 1992), chromosome 21q (Chumakov et al., 1992a), and the Y chromosome (Foote

et al., 1992). For example, the chromosome 21q contig map consists of810 YACs

detected by 198 STSs while the Y chromosome contig map displays 196 YACs detected

by 160 STSs. Recently, two genome-wide YAC contig maps have been constructed by

the CEPH/Genethon group (Chumakovet al., 1995) and the Whitehead InstituteIMIT

Genome Center (http://www-genome.wi.ITÙt.edU). Both maps consist ofoverlapping

YACs anchored to a comprehensive set ofgenetic markers and are publicly available on

the internet. These two maps provide useful y AC mapping information for further

analysis ofthe genome such as positional cloning ofdisease genes. However, there are a

number of liITÙtations with these two maps including inconsistencies ofthe data produced

by both groups, and the incompleteness ofthe maps, i.e. the existence ofa large number of

contig gaps across the genome. Thus, the improved YAC contig maps ofthe human

genome require a careful exaITÙnation and refinernent ofthe data, and integration ofdata

produced by chromosome-specific mapping efforts.

1.3.1.2 COSITÙd maps

Two approaches have been used to construct high resolution cosITÙd or

bacteriophage contig maps. The 'bottom up' approach, uses information ofclone DNA
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fingerprints to construct overlapping contigs (see section 1.2.3). This approach requires

very precise measurements of restriction enzyme digestion fragments and many pairwise

comparisons offingerprints between clones to assemble accurate contig maps. The 'top

down' approach, by contrast, utilizes previously determined mapping information, i.e.

y AC contigs from regions of interest, to derive a subset cfcosnùd clones and then to

assemble t.'lesc cosmids into contig maps. This approach was used to construct cosnùd

contigs and a high-resolution restriction map for the Huntington disease region on human

chromosome 4 (Zuo et al., 1993; Baxendale et al., 1993), the Down syndrome region on

human chromosome 21 (patil et al., 1994), and the entire chromosome 21 (Nizetic et al.,

1994). The 'top down' approach significantly reduces the number ofpairwise

comparisons among different clones and the amount ofredundancy and overlap required

to obtain a contig map.

1.3.2 Genetic maps

Genetic maps display the order ofdifferent genetic markers and the interlocus

distances along the chromosome. They are based on a biological process termed 'crossing

over', which occurs during gamete formation and results in an exchange ofhomologous

markers between pairs ofchromosomes. The objects ofgenetic maps are genetic markers,

which have to be polymorphie among the population in order to trace the'crossing over'

event. In other words, each genetic marker need to hav:: ~'Q or more alIeles, and the

rarer allele has to have a frequency ofat least 0.01 in the population. The degree of

informativeness or polymorphism ofa genetic marker can be measured by the polymorphie

information content (PIC) value, which depends on the number ofalI.eles at the marker

locus and their relative frequencies (Ott, 1991). Markers that are closer together on the

same parental chromosome are more likely to segregate together, while markers that are

fur apart !Tom each other are more likely to separate during meiosis. Genetic maps are

constructed by determining the frequency ofmarkers segregating together. The observed

recombination frequencies can be transformed into genetic distances and the likely order

ofloci can be established. The unit ofthe measurement for a genetic map is centiMorgan
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(cM). A cM corresponds to a genetic length over which one observes recornbination 1

percent of the time.

There are different classes of genetic maps. Two common classes are

comprehensive and framework maps (Keats et al., 1991). Comprehensive maps consist of

all the markers which can be uniquely placed at their most likely location regardless of

local statistical support. Significant statistical support is generally defined as the

likelihood ratio of 1,000:1 for the most likely locus position relative to neighboring loci, as

compared to any other location. The comprehensive maps provide unique locations for

every locu" for which genotyping is available in a data set. Thus, the comprehensive maps

are ofhig}\"~êso!ution (i.e. smal1er average interlocus distance). However, the lack of

local statistical support sometimes make the local order ofthe markers and the interlocus

distance unreliable. Therefore, comprehensive maps must be used with caution. In

contrast, framework maps only represent loci that can be ordered with odds of 1,000:1 or

greater. Framework maps are thus conservative but more reliable for ordering of1oci as

compared to the comprehensive maps. Markers on the low-resolution framework maps

can be used for the placement ofother markers, which create a higher-resolution of the

comprehensive maps.

1.3.2.1 Development ofgenetic markers for the construction ofgenetic maps

The first genetic markers used ~ '::onstruet genetic maps were a limited number of

phenotypic markers, including blood group antigens, serum protein markers, and

erythrocyte isozymes (Mohr, 1954; Giblett, 1969). Such markers generally displayed low

PIC values which limited the development ofhigh resolution genetic maps. In 1980,

Botstein et al. observed that there were numerous detectable DNA sequence variations in

the human genome, which could be used as markers for genetic mapping (Botstein et al.,

1980). The first type ofDNA-based marker used in genetic mapping were markers that

deteeted restriction fragment length polymorphisrns (RFLPs), which varied in the length of

DNA fragments generated by restriction endonuclease digestion ofgenomic DNA among

the population. Markers which deteet RFLPs can be cDNA probes or genomic clones free
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ofrepeat-sequences. Due to the relatively low infonnativeness ofmost RFLPs, the RFLP

probes were soon supplemented by the more infonnative minisatellites (Jeffreys et al.,

1985), or variable number of tandem repeat (VNTR) sequences (Nakamura et al., 1987).

Minisatellites or VNTR sequences consist oftandem repeats ofa DNA unit and the

number ofrepeats varies among the population. The subsequent discovery of

microsatellites, i.e. short tandem repeat polymorplûms (STRPs), has provided another

source ofDNA markers (Weber and May, 1989). The vast majority ofrnicrosatellites

reported to date display dinucleotide repeats, or (CA)n, a1though increased numbers of tri­

anà tetra-nucleotide repeats are a1so being discovered. Microsatellites are wide1y

dispersed throughout eukaryotic genomes (Hamada et al., 1982; Stal1ings et al., 1991). It

was estimated that there are at least 35,000 (CA)n simple tandem repeats with n >12

uninterrupted dinucleotides per human haploid genome (Weber, 1990). These markers are

highly polymorphic (Weber and May, 1989; Weber, 1990), and there are about 12,000 and

7,000 (CA)n repeat blocks with PIC values of 0.50 and 0.70, respectively, in the human

genome (Weber, 1990). These markers a.re a1so easily typed by PCR since they are

defined by a pair ofprimers flanking the repeat sequences. The above characteristics

make rnicrosatellites ideal markers for the construction oflùgh-resolution genetic maps of

the human genome. Indeed, the four most recent genetic maps ofthe whole genome were

constructed using a large number ofmicrosatellites including dinudeotide, tri- and tetra­

nucleotide repeats (Gyapay et al., 1994; Buetow et al., 1994; Matise et al., 1994; Murray

et a1.,.1994).

1.3.3 Cytogenctic maps

The cytogenetic maps display chromosomal band positions ofDNA markers.

Metaphase chromosomes can be divided into characteristic bands or subbands by a variety

ofcytogenetic banding techniques (see section 1.2.4). It is possible to discriminate at least

a thousand bands per haploid human genome (Yunis, 1976). The unit ofmeasurement for

the cytogenetic maps is chromosome bands or subbands and the objects are markers which

can be cDNA probes or genomic clones such as cosmids or YACs. DNA markers can be

assigned to a particular chromosome band or subband by in situ hybridization or FISH
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analysis (Rudkin, 1977; Trask, 1993). For example, a cDNA probe for VIL was assigned

to chromosome 2, region q35 (Rousseau-Merck et al., 1988), which indicates that the VIL

gene is located on the long arm ofhuman chromosome 2 at band q35. To date, a large

number ofgenes, ESTs and genetic markers have been assigned to a particular

chromosome band or subband, which provides the basis for the cytogenetic map of the

human genome. In addition, a large number of cosmids and YACs which are part of

contig maps have also been cytogenetically mapped by FISH (Chang et al., 1993; Trask et

al., 1993; Cohen et al., 1993; Moir et al., 1994), which allows the integration of

cytogenetic maps with contig maps (Cohen et al., 1993; Chumakov et al., 1995).

1.3.4 Radiation hybrid (RH) maps

RH maps represent markers along chromosomes. The RH mapping technique was

first described by Goss and Harris (1975), and subsequently modified and improved by

Cox et al. (1990). The basis for RH mapping is the 'irradiation and fusion gene transfer'

(IFGT). Briefly, a rodent-human somatic cell hybrid containing a single human

chromosome is lethally irradiated with X-rays, which re5ults in fragmentation ofthe

human chromosome. Fragment-bearing hybrid cells which are not viable are then fused

with a rodent cellline in a selective medium. The resulting hybrid clones contain unique

sets offragments from the original human chromosome and are named radiation hybrids.

The basic principle for constructing RH maps is that two loci which are close on a

chromosome are less likely broken apart by radiation, and thus display correlated retention

patterns in a hybrid panel, while markers far apart are independently retained (Cox et al.,

1990). A pa.,el ofradiation hybrids can be typed for presence or absence ofhuman DNA

markers and a RH map is constructed by determining the frequency ofmarker retention,

which can be transformed into order and distance between them. The objects ofRH maps

are markers which do not need to be polymorphic. Indeed, each unique marker is

informative for RH mapping. The unit ofmeasurement in RH maps is the centiRay (eR),

which depends on the radiation dose used to generate radiation hybriàs (Cox et al., 1990).

A distance of 1eR (N rad) between two markers corresponds to 1% frequency ofbreakage

between these two markers after exposure to an irradiation dosage ofN rad ofX-rays.
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The resolution ofRH maps can be adjusted by altering the X-ray dose used to fragment a

chromosome. The cR distances can also be scaled to physical distances between loci by

using the information as determined by other mapping methods such as PFGE or YAC

cloning experiments. Such correlation can be used to compare the mapping resolution of

different hybrid panels produced under different radiation condition.

1.3.4.1 Whole genome radiation hybrid (WG-RH) mapping

RH maps have been constructed using chromosome-specific hybrid panels for a

large number ofchromosomal regions ofthe human genome, including the distal short arm

ofchromosome Il, containing the Beckwith-Wiedemann and associated embryonic tumor

disease loci (Richard et al., 1993) and the distal long arm ofchromosome 4, containing the

facioscapulohumeral muscular dystrophy (FSHD) gene (W"mokur et al., 1993). RH maps

were also constructed for individual human chromosomes such as chromosome Il (James

et al., 1994). Recently, the RH mapping technique was further apliE~ to whole genome

mapping (Walter et al., 1994). Instead ofusing a rodent-human somatic ceU hybrid

containing a known chromosome as a donor ceU, WG-RHs were constructed by fusing

irradiated diploid human fibroblasts with hamster ceUs. Each WG-RH contained

chromosomal fragments randonùy derived from the whole human genome and thus can be

used to type markers for each chromosome. The advantage ofWG-RH mapping panels is

that as few as 100 WG-RH ceU lines with marker retention frequencies between 20-50%

can be used to systematicaUy produce a high resolution map ofthe entire human genome

(Walter et al., 1994). In contrast, to construct a RH map ofthe whole genome using

chromosome-specific hybrids instead ofWG-RHs would require over 4,000 hybrids, since

between 100 and 200 chromosome-specific hybrids are needed to map each chromosome

(Barrett., 1992). Thus, the WG-RHs provide a useful resource for constructing RH maps

ofthe whole genome.

1.3.5 Integrated maps

As described in the previous sections, each type ofmap used in human genome

research represents unique aspects ofhuman chromosomes. Integrated maps integrate
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different aspects of human chromosomes into single maps, and thus provide the most

comprehensive picture ofhuman chromosomes. The basis for the integration of different

types ofmap is that they share common objects, i.e. markers such as STSs. An e.xample

ofsuch an integrated map is shown by Bell et al. (1995). These authors used 238

chromosome 22-specific STSs which were derived from cytogenetically mapped genes

and ESTs or genetically mapped markers. These STSs were assigned to specific regions

ofthe chromosome using a chromosome 22 somatic hybrid mapping panel which was

defined by cytogenetic breakpoints, and then used to screen the YAC libraries and

identified 587 YACs. These YACs were assembled into contigs based upon their STS

content and ordered along the chromosome based upon the cytogenetic breakpoint and

genetic map information ofthe STSs. Thus, the final map provided an integrated view of

physical, cytogenetic and genetic maps ofchromosome 22. Similarly, severa!

chromosome-specific effor.s have created integrated maps for human chromosome 7

(Green et al., 1994), chromosome Il (Fantes et al., 1995), chromosome 12 (Lebianc­

Straceski et al., 1994), and chromosome 13 (Hawthom et al., 1995).

Part fi. Genetic studies of innate susceptibility to tuberculosis and leprosy

1.4 Tuberculosis and leprosy: two major mycobaeterial diseases in humans

Tuberculosis, which is caused by Mycobacterium tubercu/osis, is a highly

prevalent infectious disease. It is estimated that about one-third ofthe world's population

is infected withM tubercu/osis, and 30 million people are expected to (ose their lives in

the next decade from this disease (World Health Organization, 1994). Leprosy, which is

caused byMycobacterium /eprae, is a chronic infectious disease and affiiets an estimated

5.5 million people in the world (Noordeen et al., 1992). Both tuberculosis and leprosy are

charaeterized by a wide spectrum ofdisease phenotypes, and by the faet that most

individuals infected by the causative mycobaeteria do not develop clinica1ly evident forms

ofthe disease (Godal and Negass~ 1973; Lenzini et al., 1977). Whi1e environmenta1

exposure to mycobaeteria is necessary for the development oftuberculosis and leprosy,
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severaIlines of evidence suggest that genetic factors play an important role in both the

susceptibility to mycobacterial infection per se and the development of the varying clinical

manifestations ofthese two diseases (Buschman et al., 1990). These evidences include:

racial differences in disease susceptibility, familial clustering of the disease, survival of

certain ethnic groups during large epidemics, and higher concordance ofdisease among

monozygotic twins as compared to dizygotic twins (for review, see Fine, 1981; Stead,

1992). More recently, complex segregation analyses in leprosy farnilies have established

the importance ofa genetic component for leprosy susceptibility (Abel and Demenais,

1988; Abel et al., 1995). Based on the accumulated experimental data, it is hypothesi:.:ed

that differential susceptibility to mycobacterial infections is influenced by two sets of

genes: human leukocyte antigen (HLA)-linked genes that are associated with the subtypes

ofleprosy or tuberculosis, while non-HLA-linked genes are believed to control

susceptibility to the establishment ofclinically significant infection (or disease per se, Le.

regardless ofthe disease subtype; for review, see Schurr et al., 1990a).

Since both environmental and genetic factors are involved in the manifestation of

tuberculosis and leprosy, the genetic study ofthese diseases has remained a difficult task.

Thus, to dissect the contribution ofdiverse genetic and environmental factors to disease

susceptibility, severaI mouse models for the study ofmycobacterial infection were

developed (for review, see Schurr and Skamene, 1995).

1.5 Innate resistancelsusceptibility to mycobacterial infection in mice

In the mouse, host response to infection with a small dose (2 x 10' CFUs) ofLv.

injected Mycobacterium bovis (Bacille Calmette-Guerin, or BCG) is biphasic: an early

non-immune phase (0-3 wk), and a late immune phase (3-6 wk) which is controlled by

host genes from the major histocompatibility complex (Gros et al., 1981; Lagrange, 1983).

The murine innate resistancelsusceptibility to M. bavis infection duritig the early phase

was found to be under the control ofa single, autosomal gene which was designated Bcg

(Skamene et al., 1982). The Bcg gene was also shown to control natural resistance to

other mycobacteria such as M. /epraemurium (Skamene et al., 1984), M. intrace//u/aTe

(Goto et al., 1989), M. avium (Appelberg, 1990), other atypical mycobaeteria (Denis,
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1986), and antigenically unrelated intracellular parasites such as L. donowmi and S.

typhimurium, respectively (Bradley, 1977; Plant and Glynn. 1976).

The cellular basis for the Bcg gene mediated phenotype was subsequently

identified by in vivo cell depletion and cell transfer experimp. '·.S as the mature tissue

macrophage (Gros et al., 1983; Stach et al., 1984). Severa! in vivo and in vitro studies

have shown that various phenotypic markers ofaetivated macrophages are expressed at

higher levels in macrophages derived !Tom Bcg rnice, anô these Bcg macrophages have a

superior bactericidal ability (for review, see Buschman et al., 1989). The "pleiotropic

effects" of the Bcg gene suggest that the gene may play a role in controlling the

prirninglaetivation of macrophages for antirnicrobial activity (for review, see Buschman et

al., 1989; B:",ckwel1 et al., 19~~; 1994).

The sirnilarities ofhost responses to mycobacterial infections in humans and rnice,

e.g. the biphasic response in rnice and the two sets ofgenes in humans, suggest that the

mouse is a useful animal model for the genetic study ofthe resistancelsusceptibility to

tuberculosis and leprosy. A human homologue ofthe mouse Bcg gene would thus be a

good candidate for the genetic component ofdisease susceptibility detected in !Win and

segregation studies (Comstock, 1978; Abel and Demenais, 1988; for reviews, sec Schurr

et al., 1991a, b).

1.6 Comparative mapping

Comparison ofthe genetic maps ofdifferent species, in particular mouse and

humar~ indicates a large number ofchromosome regions where both gene content and

genetic order ofloci are conserved (O'Brien, et al, 1988; Nadeau and Taylor, 1984;

Nadeau, 1989; Liu et al., 1993). These conserved chromosome regions allow the

prediction oflocations ofhomologous genes in other species. For example, ira mouse

locus is localized on a mouse-human conserved linkage group, a likely location ofthe

corresponding human homologue can be predieted by comparative mapping infonnation.

Such an approach has been used successful1y to identify or to establish linkage for a

number ofdisease genes including the genes causing Charcot-Marie-Tooth disease type 1
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(CMT1) (Vance et al., 1991; Welcher et al., 1991), and the neural crest mutations of

Waardenburg syndrome type 1 (WS1) (Epstein et al., 1991; Baldwin et al., 1992).

Genetic linkage studies have identified a segment ofapproximately 32 cM on

proximal mouse chromosome 1, f1anked by Co/3al and Co/6a3 at the proximal and distal

sides ofBcg, respeetive1y, that is precisely conserved on the te10meric half ofhuman

chromosome 2q (Schurr et al., 1990b). Subsequent genetic studies also indicated that the

gene order appears to be conserved between mouse and human (Shaw et al., 1993; Spurr

et al.,1994). App1ying the comparative gene mapping approach to the study of

susceptibility to tuberculosis and leprosy, the chromosome 2 region q33-q37 became a

primary target for the search ofa tuberculosis and leprosy susceptibility gene (for reviews,

see Schurr et al., 1991a, b).

1.7 Generation ofgene,ic markers for genetic studies oftuberculosis and leprosy

susceptibility

Prior to the identification ofa human Bcg homologue, chromosome 2q loci

syntenic on proximal mouse chromosome 1 were tested for co-segregation with

resistancelsusceptibility to tuberculosis and leprosy in multiplex families. The vast

majority ofgenetic markers used for these genetic studies were RFLP markers from

chromosome 2, region q33-q37 (Jazwinska and Seijeantson, 1988; Shaw et al., 1993;

Levee et al., 1994; Boothroyd, 1994). Most ofthese RFLPs were generated from the

fol1owing genes: CRYGl, CRYGPl, MAP2, FNI, VILI, DES, COL6A3, TNPl ,lNHA,

UGTIAI. Using the RFLP markers derived from the known genes on the 2q33-q37

region and two anonymous RFLP markers D2S55 and D2S3, Shaw et al. (1993)

construeted an RFLP map and proposed the fol1owing gene order and loci intervals (cM):

CRYGI-(4.6S)-MAP2-(3.4S)-FNI-(S.9S)-TNP-(3.41)-VILI-(3.01)-DES-(20.14)­

COL6A3-(10.91)-D2S55-(3.67)-D2S3. This map represents the most detailed genetic

map ofexpressed genes to date for the telomeric region ofhuman chromosome 2q.

Recently, through the global efforts ofthe Human Genome Project, a significant

number ofanonymous markers were generated for the whole human genome, including

chromosome 2q33-q37, which can be used for linkage studies (Spurr et al., 1994; Gyapay
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et al., 1994; Buetow et al., 1994; Matise et al., 1994; Murray et al., 1994). However,

most of these markers are anonyrnous microsatellites and the order of these markers is not

established with respect to known genes. The ma.ximum usefulness of these highly

polymorphic microsatellites in linkage studies of disease genes thus awaits the integration

of these markers with markers generated from known genes.

1.8 Genetic and physical mapping ofBcg on the proximal region ofmouse chromosome 1

By segregation analysis ofBcg in recombinant inbred mice, Bcg had been initially

mapped to the proximal region ofmouse chromosome 1 between ldh-l and Pep-3

(Skamene et al., 1982). Subsequently, a number of additional RFLP markers,

microdissected DNA probes, chromosomal walking probes, and SSRP markers were

generated and mapped to proximal mouse chromosome 1. These additional markers

greatly increased the resolution ofthe genetic map overlapping the Bcg gene region

(Schurr et al., 1989; Malo et al., 1991; Vidal et al., 1992; Malo et al., 1993a; Epstein et

al., 1994) and the following locus order and genetic map distances (cM) were established:

centromere-CoI3al-(8.8)-Cryg-(2.6)-ÀMmlC163-(l.6)-Fn-l-(2.0)-Tp-l-(1.0)­

DIMcglOS-(O.1 )-ÀMmlC16S/ViIIBcg-(0.2)-ÀMmlC136-(0.3)-DesIDIMit7-(0.1)-lnha­

(2.8)- ),MmlClS3-(2.4)-ÀMmlCIS6-(1.2)-Par-3-(S.6)-Akp-3-(0.8)-Acrg-(2.O)-Sag-(O.S)­

Col6a3 (Malo et al., 1993 a, b). The two most closely linked markers to Bcg were

),MmlC16S and Vil, which did not combine withBcgin 1424 meioses tested (Malo et al.,

1993a). The minimal genetic Bcg interval region provided the framework for the

construction ofa high resolution physical map ofthe Bcg region.

The construction ofa physical map overlapping the Bcg gene was undertaken

using pulse field gel electrophoresis (pFGE) and fluorescence in situ hybridization (FISH)

techniques (Malo et al., 1993b). The combined results ofthese analyses indicated the

following locus order and maximal interlocus distances for the 3.9-Mbp segment of

proximal mouse chromosome 1 overlapping the Bcg gene: Tpl-(1000 kb)-D1McglOS­

(160 kb)-),MmlC16S-(180 kb)-ViI-(800 kb)-ÀMmlC136-(290 kb)-Des-(130 kb)-lnha

(Malo et al., 1993b). The two markers (D1McglOS and Vil) tightly linked to Bcg, were

used as entry probes to assemble a 400-kb cosmid, phage and YAC contig, which
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provided the basis for the molecular cloning of the Bcg gene (Vidal et al., 1993; Malo et

al., 1993a, b).

1.9 Cloning the Nrampl gene - a candidate for Bcg

Since there was no visible cytogenetic rearrangements detected in the 400 kb Bcg

candidate region, the exon amplification technique (Buckle et al., 1991) was used to

search for a Bcg candidate gene (Vidal et al., 1993). Systematic screening oftranscript

units for the 400 kb Bcg candidate region led to the identification ofseven genes, Vil and

six other unknown genes. Among the six new genes, one was found to be expressed

exclusively in spleen and liver, and in mature tissue macrophages, the tissues and cell type

known to phenotypically express Bcg (Gros et al., 1983). This gene was designated

"Nramp1" (originally "Nramp") for natural resistance-assoeiated macrophage protein.

The original Nrampl cDNA sequence was subsequently modified by the additional NH2­

terminal sequence ofNrampl, which encodes a prolinelserine-rich putative Src homology

3-binding domain (Barton et al., 1994).

Severallines ofevidence suggest that Nrampl and Bcg are allelic: 1) Nrampllies

in the Bcg candidate region between D1MeglOS and Vil (Malo et al., 1993a); 2) Nrampl

is expressed in the tissues and ceU types that display the Bcg-mediated phenotype; 3)

haplotype analysis ofthe Nrampl region and nucleotide sequence analyses ofthe Nrampl

cDNA for 27 inbred mouse strains ofeitherBei and Bei phenotype showed that the

susceptibility trait was assoeiated with a nonconservative glycine to aspartic aeid

substitution within the predieted transmembrane domain 2 (TM2) ofthe protein (Malo et

al., 1994). More recently, another line ofevidence, which supports that Nrampl and Bcg

are allelic was provided by the creation and phenotypic ana1ysis ofa nuU allele at the

Nrampllocus by homologous recombination in embryonic stem ceUs ofBei background

(Vidal et al., 1995b). The Nrampl homozygous null mice have the same susceptibility

phenotype to BCG infection as inbred mice carrying the Bei-allele.
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1.10 The human NRAMPi gene

The human NRAMP1 gene was subsequently cloned by screening a human adult

spleen cDNA library with a murine Nrampl cDNA as a hybridization probe (Cellier et al..

1994). The human gene is composed ofat least 15 exons and the predicted polypeptide is

a 550-amino acid residue membrane protein with 10-12 putative transmembrane domains.

two N-linked glycosylation sites, and an evolutionary conserved energy coupling

consensus transport motif. Northem blot analyses indicate that the highest sites of

expression for NRAMP1 mRNA are peripheral blood leukocytes, lung. spleen and cultured

macrophage cells. Sequence comparison of the predicted human and mouse NRAMPI

protein revealed a remarkably high degree of amino acid conservation between the two

species (88% identity, 93% sirnilarity). The human NRAMP1 gene was also independently

isolated and characterized by two other groups (Kishi -.:t al., 1994; Blackwell et al., 1995).

The extensive homology between mouse and human Nrampl genes, and the tissue

specifie expression ofthe gene suggest that its function could be highly conserved. To

date, three hypotheses for the Nrampl function have been proposed. First, Nrampl codes

for a nitrite transporter, which is based on its sirnilarities with an eukaryotic nitrate

transporter through a conserved consensus transport motifknown as the "binding protein­

dependent transport system inner membrane component signature" (Cellier et al., 1994).

This hypothesis is attractive since nitric oxide (NO) plays an important role in

antirnicrobial or tumoricidal activity (Nathan and Hibbs, 1991; Nathan, 1992; 1995).

Nrampl may be involved in transporting nitrite to the phagolysosome ofthe infected

macrophages, where toxic NO could be regenerated through a dismutation reaction

catalyzed by the acid environment. However, this hypothesis is not in agreement with the

studies wlùch demonstrated that the TNF-a-dependent inducible nitric oxide synthase

(iNOS) gene was responsible for the generation oflarge arnounts oftoxie NO (Roach et

al., 1994), and the pleiotropic effeets ofthe Bcg gene alse are difticult to explain by this

model. Second, Nramp1 protein may be involved in signal transduction. T1ùs hypothesis

was based on the presence ofa domain rich in proline, serine, and basic amino acids in the

N-terminal sequence ofNrampl, which shares sequence identity with the sm binding

domain ofproteins involved in signal transduction (Barton et al., 1994). However, this
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domain is located in a region that showed the lowest degree of homology among different

species including human and mouse NRAMP1 proteins (Cellier et al., 1994; 1995). An

alternative hypothesis is that Nrampl is associated with the regulation ofL.argilÛne

transport in activated macrophages. This hypothesis originated from the study in rodents

showing that NO required for the antimicrobial or tumoricidal activity scemed to derive

from the pathway ofL·argirùne through NOS, rather than by its regeneration from IÛtrate

(BlackweU et al., 1994). Preliminary experlments showed a significant enhancement ofL·

argilÛne transport in the macrophage cellline derived from Bei mice wlùch was

transfected with Nrampl isolated from activated Bcg macrophage cDNA library as

compared to the untransfected controls (Blackwe!: et al., 1994). However, in man, NOS

does not appears to be conserved as antimicrobial system ofmacrophages (Schneemann et

al., 1993). Thus, the biological function ofNrampl still remains to be deterrIÙned.

Based on the mouse model and the results ofgenetic analyses oftuberculosis and

leprosy susceptibility, it has been predicted that the huma.'l Nrampl homologue may be a

susceptibility c;ene for mycobacterial disease ofhumans. The cloning ofhuman NRAMP1

provided an essen,'al tool to test its predicted role in resistancelsusceptibility to

mycobacterial infection by linkage or association analyses. Towards this end, the

immediate task was to generate informative markers within or in the immediate vicÏIÙty of

the NRAMP1 gene. Recently, a number ofpolymorplùsms have been identified in the

human NRAMP1 gene. These polymorphisms include 8 RFLP·PCR variants, (Chapter 4),

a rare 9-nucleotide repeat polymorphism in exon 2 (White et al., 1994), a dinucleotide

repeat polymorplùsm in the promoter region (Chapter 4; Blackwell et al., 1995), and a

highly polymorplùc 4 bp insertionldeletion in the 3' untranslated region (UTR; Buu et al.,

1995).

1.11 Nrampl belongs to a smaU gene family

WhiIe cloning the human NRAMP1 gene, two sets ofhybridization fragments

(strong and weak ones) were identified in Southem blot analysis oftotal human genollÙc

DNA with a mouse Nrampl cDNA probe under low stringency conditions. This

observation led to the identification oftwo related NRAMP genes in humans (Cellier et aL,
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1994; Vidal et al., 1995a). The set of strong hybridization fragments corresponds to the

human homologue ofmouseNrampl (Vidal et al., 1993). The set ofweak hybridization

fragments corresponds to the second NRA.\1P gene, wlùch was designated as NRAMP2

(Vidal et al., 1995a). Similarly, by cross-hybridization experiment with mouse Nrampl

cDNA or Nrampl-derived probe, two other mouse Nramp genes were identified. One

was designated Nramp2 (Gruenheid et al., 1995), while the other one was called Nramp-rs

(Dosik et al., 1994).

Sequence comparison analysis showed that these Nramp sequences (except

Nramp-rs, wlùch sequence awaits to be determined) shared a lùgh degree of similarity.

For example, the mouse Nrampl and Nramp2 proteins share 63% identical residues and

an overall homology of78% (Gruenheid et al., 1995), while the two human NRAMP

proteins share 66% identical residues and 80% overa11 homology (Vidal et al., 1995).

Nramp proteins also share other predicted features such as hydropathy profiles, membrane

organization, a c1uster ofpredicted N-linked g1ycosylation sites, and a consensus transport

motif(Gruenheid et al., 1995; Vidal et al., 1995a).

In contrast to the lùgh sequence homology, the RNA expression profiles of

different members ofthe Nramp family are very èifferent. The mouse Nrampl and human

NRAMP1 have a restricted tissue e.xpression pattern, wlùle the mouse Nramp2 and human

NRAMP2 mRNAs were found to be expressed at low levels in all tissues tested

(Gruenheid et al., 1995; Vidal et al., 1995a). Interestingly, Nramp genes are not c1ustered

in the genome. Human NRAMP1 and NRAMP2 were mapped to chromosome regions

2q35 and 12q13, respectively (Cellier et al., 1994; Chapter 4; Vidal et al., 1995a), wlùle

the mouse Nrampl, Nramp2 and Nramp-rs genes were mapped to the proximal region of

chromosome l, the distal part ofchromosome 15, and the proximal region of

chromosome 17, respectively (VicW et al., 1993; Gruenheid et al., 1995; Dosik et al.,

1994).

Recently, Nramp homologues from additional species inc1uding cattle, fly, plant,

and yeast were identified (Cellier et al., 1995). Comparison ofarnino acid sequences of

these proteins with their murine counterpart revcaled a :-ernarkable sequence identity and

similarity, and the sharing ofa c0!"ffion predicted transmem'.;~e topology (Cellier et al.,
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1995). Based on the charaeterization and comparison ofthese proteins, it was proposed

that this group of Nramp proteins fonns a novel family of membrane transporters, which

share a common mechanism ofaetion on yet to be identified substrates (Cellier et al.,

1995).

1.12 Condusion

The identification ofmouse Nrampl has opened the door to investigate its role in

susceptibility to infection with intrace1lular pathogens and a better understanding of

cytocidal or cytostatic functions of tissue macrophages. Likr.wise, the cloning ofa human

Nrampl homologue (NRAMP1) allows the fonnal testing ofits predieted role in

susceptibility to tuberculosis and leprosy. The insight gained from further genetic and

functional studies ofNrampl/NRAMP1 will provide crucial infonnation necessary for the

development of an immunotherapeutic strategy for treatment ofthose who are for gen~tic

reasons at increased risk ofacquiring mycobaeterial disease.
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CHAPTER2:

Large-scale cloning ofhuman chromosome 2-specific yeast artificial chromosomes

(YACs) using an interspersed repetitive sequences (IRS)-PCR approach
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Wc report herc an efficient approach to the e~1;a1J.

lishmcnt oC cxtcndcd YAC contigs on human chromo..
sorne 2 by using an intersperscd rcpctitive sequences
(IRS)·PCR·based sercening strategy for YAC DNA
pools. Genomie DNA was extraeted from 1152 YAC
pools comprised of 55,296 YACs mostly derived from
the CEPH Mark 1 library. Alu-element·mediated PCR
w"s performed for eaeh pool, and amplification prod·
uets werc spotted on hybridization membranes (lRS
filters). IRS probes for the sercening of "he lRS filters
werc obtnined by Alu·element·mediated PCR. Of 70S
distinct probes obtaincd !h)m chromosome 2..specific
somatic ccli hybrids, 85% wcre succcssfu1ly used for
library sercening. Similnrly, SO% of SO YAC walking
probes wcrc 8uccessfully used for library scrcening.
Eaeh probe deteetcd an average of 6.6 YACs, which
is in good agreement with the 7· to 7.5-fold genome
co\'crngc provided by thc library. In a prcliminnry
analysis, wc have identificd 188 YAC groups that ,arc
thc basis for building contigs for chromosome 2. The
coverage of the telomcric half of chromosome 2q was
considcrcd to be good since 31 of 34 microsatellites
and 22 of23 exprcssed sequence tngs that werc chosen
fTOm chromosomc rcgiO<l 2q13-q37 werc contnined in
a chromosome 2 YAC sublibrary generatcd by our ex·
pcrime&ts. Wc have identified a minimum of 1610 dis·
tinct chromos6me 2-spccific YACs, which will be a val·
uable asset for the physicnl mapping of the second
largest humnn chromosome. Cl 199G AcIldl!$le Pnlu, Inc.

lNTRODUcnON

Chromosome 2, the second largest human chromo­
some, corresponds to approximately S% of the human

1 To whom corrcspondcncc should be addrcssed nt Montreal
Genernl Hospital Rcscnrch Institute, Rm. Lll..521. 1650
Cednr Avenue, Montreal. Quebcc. H3G lA4. Canada. Telephone:
(514) 937-6011. exl. 4513 or 4554. Fax: (514) 933-7146. E-mail:
cxj:z:@mul'lica.mcgil1.ca.

genome. Three genetic maps of chromosome 2 vary in
the sex·averaged length (354 cM, NIHICEPH Collabo·
rati\'e Mapping Group, 1992; 277 cM, Weissenbach et
al., 1992; 350 cM, Spurr et al., VÇ'2). To date, almost
200 expressed loci and over 1200 anonymous DNA
markers ha\'e been mapped to chromosome 2 (Genome
Data Base, Johns Hopkins University, Baltimore, MD).
Among the genes mapped are several major disease
and modifier loci, including the genes responsible for
Waardenburg syndrome (Baldwin et al., 1992), Ehlers­
Danlos syndrome (Richards et al., 1992), juvenile
amyotrophie lateral sderosis (Spurr et al., 1994), holo·
prosencephaly (Grundy et al., 1989; Hecht et al., 1991),
alveolar rhabdomyosarcoma (Barr et al., 1993), protein
C deficiency <Patracchini et al., 1989), cleft lip with or
without cleft palate (Ardinger et al., 1989; Chenevix·
Trench et al., 1992), and, as suggested by homology
mapping, an insulin.dependent diabetes susceptibility
modifier gene (Cornall et al., 1991) and a gene control·
ling resistance to intracellular parasites (Schurr et al.,
1990; Vidal et al., 1993). Additionalloci of medical in­
terest include a mutator gene (COCAl, M8H2) impli­
cated in the de\'elopment of colon cancer on the short
ann (Fishel et al., 1993; Peltomaki et al., 1993), the
PAX8 homeobox gene, possibly involved in develop­
mental defects <Poleev et al., 1992; Stapleton et al.,
1993), and the XRCCS DNA repair gene (Jeggo et al.,
1992; Hafezparast et al., 1993), which are located on
the long ann of chromosome 2.

We have initiated the cloning oflarge segments of
human chromosome 2 using the yeast artificial chromo­
some (YAC) cloning system (Burke et al., 1987; Burke,
1991). Among several strategies for the efficient identi­
fication of YAC clones contnining defined loci from ge­
nomic YAC librnries that are being pursued by differ­
ent laboratories, hierarchical PCR screening of YAC
DNA pools with sequence·tagged site (STS) primers is
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2·spccific YACs that constitute a resource for the gcnl'r­
ation of physical maps of the chromosome.

the most widely used approach (Green and Oison, 1990;
Green et al., 1991; Chumakov et al., 1992a; Foote et
al., 1992). In addition to being very sensitive, this ap·
proach has the advantage that microsatellites that
have been widely used as markers for the construction
of genetic maps can be used for STS screening, thus }"AC Iibm,,', Tht.' YAC librnr~' Wn~ conlnim'd in 5'j'(i H()·Wl'lI mi.
allowing the integration of genetic and physical maps. crotitcr plntc~. Of thl'~e 576 ph\lC.l\. 552 plnll't' corn"~4pllnd hl tIlt'
This approach was used ta define genetic intervals on fir'8t-gcncrntion CEPH Mark 1 YAC librury ü\lI.>t.'rtNl'll (·t ni.. HHlO:
a physical map of the human genome (Cohen et al., Dausset et cl.. 1992hmd 24 platelH\'t'rt.' YAC dont.'s fl'mu thl' urh::inul

WDshin~on Uni\'crsit~· YAC libmry (Burke l't al.. 198ï: BroWlllltl'in
1993), Similarly, the generation of physical maps for ct aL.. 1989). The combined librurics constitct.e 8 blocksofi2 pl11ll's.
chromosome 21 and the Y chromosome strongly rclied Ench block is made up of 12 l1oors; cuch fluor hul'l 6 plntt'l'I und is
on STS content mapping (Chumakov et al., 1992a; di,'iàcd into 2 half-Ooors. Ench YAC clont..' Ï!. ussi.:m'd nn mldrt-'sl'l
Foote et al., 1992). The main limitations ofSTS content Ml:lcd on ils location in u block, platc, ru\\', and column. TIll' U\'l'rll~t'

inscrt sizc of fi 'lAC clone hnl:l lx'l'n cl'ltimutl-'d tu bc 4:\0 kb for tlw
mapping are the cost of primer synthesis and other CEPH 'lAC clones. (Albcrtscn et (JI., 1990) und 250 kb for tlw Wash­
PCR reagents and the time required ta analyze the inJ:t,on Uni\'cnlity YAC clont'l'I Œrownstcin !.-'t al., 19"'9l.

PCR products serially. Poolin~ sc1lcrrh' (or tlll' libra1*)' Grtd l:·\C DNApn·porotùl1I. Within
We have primarily used the interspersed repetitive ench block, aliquots ofindividunl YAC culturc~ I:rt)\\,u tu l'lmnUl'nc~'

sequences (IRS)-PCR approach for YAC library screcn- wcre combinccl from 288 YACs deri\'cd from tht..' rt.IWl:l, coluUHll'l, ur
ing. Short repeat sequences, interspersed thro"ilghout half-fioors. Thus, from n11 8 black..;" there wen' 192 ruw poohl, 1~12

column pools., and 192 lmlf·Ooar pooll'l. ln uddition, YAC cultun'"
the entire genome, represent approximately 25% ofhu- grown to confiuency from etlch plntc were Jlooh..'d tu nUÜ(l' 576 plutl~
man genomic DNA. The observation that unique geno- pools. DNA ofhigh purity wnB prcpnrL-d. from cach YAC poc.ll in UI:U.
mie sequence between two repeat elements can he am· rose plugs using n lyticu.,clLiCI protocol (Smith, 19901.
plified by using repeat element.specific primers is the PCR conditio,", for amplificotion of poolcd YAC DN,l. 1\'0 s.,'"
basis for the ms·PCR protoco1. Applied to YAC library of Alu prinlers were employcd for IRS nmplificlltion from lIlI tem·

. . di'd 1 YAC d t 1 t ~ pIntes. The first set, Alu S (5'-GAGGTIGCAGTGAGCCGAGAT·3·1
screemng, m VI ua s are use as emp a es 10r nndAluJ(5'.GAGGCTGCAGTGAGCCGTGAT-3'),wllsderivcdfrolll
IRS PCR, and the resulting amplification products rep- the prinmte-specific rcgion of Alu clements nnd corretlpOndK to Uu.!
resenting repeat.free genomic segments are spotted on most common Alu subfnmily (Jurkn und Smith. 1988l. These two
membranes and hybridized with ms probes. Probes primers ditTercd nt 2 of21 nucleotides. Aln·PCR renctions were pel'
are generated by IRS-element mediated PCR amplifi. formcd with u 4:1 rotio ofAlu S:Alu J prilller, which nppnlxillllltcly
cation using, for example; somatic eell hybrids carrying corresponds to their relative abundnnce in t.he gcnome. Thl! Kl!cond

primer ~et corresponds to the 3' end of huroun Alu clements. It
inserts ofparticular human chromosome regions, indi- consisted of Alu 263-283.1 (5'-ACAGAGCGAGACTClcm3:11IlGI
vidual YAC clones, or cosmids as templatcs. The hy· A(2:111TCTC·3') nnd Alu 263-283.2 (5'·ACAGAGlctr(3:1lIlGI
bridization of PCR amplification products results in a Al3:1»)AGACTCCGTCTC-3 '). These primers were used in n 1:1 Mio
very high signal-to.noise ratio. ms.PCR techniques for Alu PCR. Alu-PCR nmplifi<:ation of YAC DNA pools WllS pero

formcd in n 100-p.1 rcnction vo·::imc contnining 10 mM Tritl (pH 8.3),
were used for the development of cosmid contigs (Zuc· 50 mM KC1, 1,5 mM MgCI" 0.001% gclutin, 200 iM ench dNTP,
m?n et al., 1992), and inter-Atu PCR products from a -50 ngDNA, nnd 2.5 unitsofToq DNApolymernse. Purumetersfi>r
ch""omosome 21 somatic cell hybrid have been success- therrnocycling werc as follows: incubation for 4 min at 94"C, followcd
fully used ta identify chromosome 21 YACs (Chumakov by 35 cycles of1 min ut 94'C, 30 s nt 59"C, 1min ut 58'C, und 2 min ut
et al. 1992b). The present investigation is an extension 72'C. Afinnl cxte?sion step of 10 min nt 72'C wns nddcd to fncilitote

, . . .--l'QmDlete rephcntlOn of amphfied products.
of these studies by usmg a poolmg scheme that was p' 'fh b 'd" b AI PCR . ,. reparatlon 0 y rc uatwn mem ,.anes. u· rencllons lor
recently developed (Stanton et al., unpubhshed) for the YAC DNA pools were .et up with n Biomck 1000 workstntiun (Beek­
CEPH Mark l YAC library (Albertsen et al., 1990; mon, Mississnugn, Ontariol. A Perkin Elmer 9600 thermul cycler
Dausset et al., 1992). In this strategy, cultures ofYAC wus uscd to nmplify A/u·PCR produet8 underoil·free conditions. The
clones from the library are first pooled, and then DNA succe~s of PCR nmplifi<:ation for ench pool w~ te.t<.od hy visuul in­
is extracted from the pools and subjected ta PCR ampli. speetlon of.nmphfication producl.' on ~.5% TAE n~u~ gels stnlncod

. . .. . wlth ethldlum bromldc. Pondy nmphficd pools wcrc Idcntlficd nnd
fication usmg ms element·speClfic pnmers. The maJor subjected to nsecond round ofAlu-PCR nmpli6cation und insp<.'Clion.
advantage ofa pooling scheme is that the entire library Amplification produCls derivcd from 576 row, column, or hnlf·fluor
can be represented in a compact form on small hybrid. _pools, ond from 576 pinte pools, were ench mixcd with usmnllumuunt
ization membranes. of Indin ink and stamped on n 2.5 x 9 inch GencScrcen Plus hybrid-

Th first te f h · 1 DNA . . t ization memhrane (NEN Resenrch Products, Boston, MA) usin~ n96-
. e s. p 0 a p yslca mappmg proJec weil replicating device from Wa8hin~n UnivcrMity. AlI membranes
15 the collection of clones that represent the targeted were bnkcd for 1 h nt 80'C; filter-bound DNA wus deunturod in 0,4
genomc region. This is followed by defining a contig, N NnOH, 0.6 M NuCI for 15 min followcod by ueutralizution in 0.5
that is an ordered set of overlapping clones that con- M Tris-HCI (pH 7.4l, 0.5 M NnCl for 5 min. Filters were prcwnshcd
tain the DNA of the corresponcling genomic segment in O.lx SSC, 0.5'"'. SDS nt 65'C for 1 h nccordin~ to the munufnctur·
. . rd Th d tailed al . f h . di'd 1 er's recommendntion (NEN).
m preCIse 0 er. e e an YS1S 0 t e m VI ua S . Il h b '"- AIl . 11 h h 'd cd . '" bli hm f omat~ ce y rw..'l. 80matlc ce y n fi us ln our cxpcn-
clones ~n the contig then leads ~o the esta sent 0 ments were kindly providcd by Dr. P. Jeg~o IMRC Ccli Mutation
a physlcal map. Here, we descnbe an approach to the Unit. Sussex, UKl except hybrid GM10826B, which wns ohtaiocod
molecular cloning of close to 2000 human chromosome from the NIGMS Humnn Genetic Mutant Cell Bopository rCumden,
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NJJ <Table 1). Somalie ccli hybrid GMI0826B il'> dCNcril,l;.~ as con­
tuininf.:' ail of humnn chromosome 2. H,ybrids b3-l, D6·2, 07·2, and
D4-2 (J~J.:f.:'o et al., 1993; Hufczpllrusl et al.. unpuhlishcd datu) werc
ohtuint.od by fusinJ,:' the irrl.ldiuted H22"Ounk hybrid to the XR·V15B
ChincHe hamHter ovury cclllinc, which iB dcficicnt in double strand­
break rl~oininJ.:.They contain small NCJ.:mcnts ofhumnn chromosom{'
2 from rCJ.:'ion ~q3·1-q36. Hybrid 014-1 contuins upproximutcly the
l.clorncric half of chromosome 2q but has lost l'Ir..oqucnces ncar the
ttJlomcrc.

Generation uf IRS·PCR probes, lntcr-Alu PCR products were di·
n'<:Lly cXCitK-d from UJ.:urosc f.:'cJs and labcled except for amplification
produclH from somuticccll hybrids GMI0826B und 014-1, which werc
c1nncd ioto a T·modifie<! vecLor (Marchuk ct al.• 1991). lndividual
colonies carryinJ: t11l' recombinant plasmid were picked as candidate
probcx und resuspendtod in GO III of 1x peR buffer. Inserts were
umplifit-d münJ: Ta and T7 primcrs in 96-well polycarbonate plates
<Fisher Scientific, Montreal, Canada) in a BioOven III (BioTherm,
Fuirfax, VA) in 20 III ofreaciion volume containint: 50 mM Tris (pH
8.3), 0.05% Tween, 0.05% NP40, 187.5 JJM each dNTP, 1.8 mM
M,::C1:z, 0.2 to 0.4 ",Ar each primer, 2 iiJ: BSA, and 1.5 units of Taq
polymerm\l~. PCR pnr:lmete~ were as describcd ubove. FoUowing
nmplification, nU inserL.... werc sizl'd by ell'Ctrophorcsis on 1.3% aga·
roMe J,tels sLnint'<i with ethidium bromide and grouped nccording ta
t1leir frnh~cnt size. The PCR product was digested with a combina·
tion ofRsal, I:ial'1II, und I:iilln restriction enzymes, and the dil;ested
products were size separatccl on 1.8% ugnrvse gels. The resulting
pattenl of restriction fragment... wns used us a fingcrprint for cach
probe.

Probe labclinft. Primer:; Alu 5 und Aiu J ure located 78 bp up·
streum from the 3' end of Alu clements. Thus• ....\lu~PCR products
nmplifit'Cl using this set ofprimers carry a 78·bpAlu sequence at bath
ends. Ta nvoid nonspccific hybridizntion by this 78·bp Alu sequence,
probes werc Inbele<! using Alu-3' (S'·CIT/CIlAiGITCTCAAA-3 '1. n 10·
mer oligonucleotide dirccted ta the Very 3' end ofAlu elements, thus
nvoiding radiolubeling of repent sequences. Furthermorc, aIl probes
h~ncrnted using Alu Sand AIu J primers werc preannealed with an
exCC8S of shenred. denntured total human placental ONA for 4 h at
65°C. Alu 263-283.1 nnd Alu 26'J-28S.2 are located close ta the S'
end ofAlu elementiJ; Ù1.erefore, no preannealingwns required. Lobel·
ing of probes wns performed using 0.75 III of la3tp]dATP (sp. net.
>3000 Ci/mmol; Arncrshnm) and the mndom hcxanuc1eotide label·
ing b..>ehnique <Feinberg and Vogeh.tein, 1983).

YAC library .o;crccning. Lnheled probes werc heat denatured and
hybridized ta 2 row/columnlhalf·fioor and 2 plate pool filters. Prehy·
bridizntion wns perfonned for 4 ta 16 h at 42°C in 8 ml of solution
containing 50% deionizcd fonnamide, 1% SOS, and SX SSC (lX SSC
is 0.15 M NnCl, 0.015 M sodium citrate). Hybridization wns per·
formed u"inlt the snme solution at 42°C ovemight in the presence of
rndiolnbeled probe. Filtcrs werc washed for 20 min at room tempera·
turc in a solution contnining 2x SSC, 0.5% 50S, followcd by a wash
with 0.5x SSC. 0.5% SOS tor 15 min, and a final wnsh for SO ta 60
min nt 65°C in O.IX SSC. 0.5% SOS. Filters werc expose<! for 16 to 72
h nt -70"C with intcnsifying scrcens ta Hypcrfilm·:MP <Amershnm,
Onl(\,til1e. Ont..'lrio). Filten; were deprobed by gcntly wnshing for 1 h
nt 65°C in the same prehybridizntion solution. Filtcrs have been
rcUSl.-d for up ta 50 consecutive hybridizations.

Data proccs.o;in;:. Data are maintained in the Microsoft FoxPro
Relntional Oatnbase Manngement System for Windows on a Hew·
lett-Packnrd Vcctra 25N microcomputcr with 16 MB ofRAM. The
main tnble of the dntabnse contains information obtnined from
scn.-eninJ: the pooled YAC filtcrs, including the nnme of the probe,
YAC add~. codes ta qualify the nddress and ta differentiate unnm­
biJ:Uou..~ from nmbiguous addrcsses, and a variable ta link the record
ta laboratory notcbooks. The nddress for each YAC clone that hybrid·
iZl.-d ta a probe is dcrived from thé locution of the hybridization sig·
naIs on the filtcrs. Ideally. an unambiguous address consisting of
black, plate. ruw, and column for cach YAC clone c:an he assigncd
from the locntion of hybridization siJ:Oals on the filters. However. a
set of nmbiJ:Uous uddn.-sscs arises. for exnmple, whcn there are 2

row pool siJ:Oals und 2 column pool signnls that are consistent with
n plate poo!. The YAC addrcss is stored in the datnbase us (\ single
variable......hich lS a chnructer string ofJ:enome, floor, pInte, row, and
column, and cnn be linked ta the corrm~pondinglocation in the origi·
nnl CEPH YAC pIntes. The probe-nddress combinations generuted
by our experiment... are nvailnble via unonyrnous ftp. To obtnin the
data, ftp ta ftp.mcgill.ca and cd ta the directory pub/McGill·Contribl
Chromosome2.

As un aid ta buildinJ: contigs, wc have developed u progrurn ta
pcrform the initial step offinding ail of the YACs that urc part ofa
contig. Wc calI the set ofYACs in n contig a YAC group. The input
ta the progrum is aIl ofthe probe-YAC addrcss combinntions derived
from the location ofhybridi:z.ulÎon signaIs. As a st.'lrting' point a YAC
group is dcfincd by the addrcsses associated with an arbitrnry probe.
We find ail of the other probes that share any of the YAC addrcsses
with the starting probe. Then for each probe found by this search,
we add the set ofaU associated addrcsses that have not ulreadv becn
included in the YAC group. This proces!'\ is repeatL-d until th~rc are
no new probes and no new addrcsscs ta be added to the YAC group.
Only unambiguous YAC addrcsses or ambiguous YAC addrcsses that
have becn confirmed by single clone hybridization experimcnts \Vere
included. A prcliminary annlysis was based on 3470 probc-uddrcss
combinations. Finally, the progrum CON'J'IGMAKER (version 0.9>,
uvailable from the Whitehead lnstitute ftpsite, was used for building
contigs of YAC groups using ambiguous and unambiguous probc­
addrcss combinations. The dcfault postscript output files from CON·
TIGMAKER werc cditcd ta improve the graphicnl presentation of
contigs.

srs scrceniTtR. For PCR screening of chromosome 2 YAC., with
e:\-prcssed sequence tag (EST) and microS3.tellite primers. DNA was
isolated from chromosome 2·specific YAC clones identificd by IRS·
PCRscreening following the protoeol ofChumakov et al. (1992a) with
minor modifications. YAC clones grown in 150 III of ARC medium in
96.well pintes were pelleted at 2000 rpm, washcd once in 20 mM
Tris-HCI and 1 mM EDTA, rcsuspended in 20 ~l of 20 mM Tris­
HCI (pH 8.0). 10 mM DTT contuining 800 ~g/ml Zymolase 100T
OCN. Costa ~lcS3.. CA), and incubated for 45 min at SO°C. Next, 60
III of 140 mM NaOH was added and YAC clones were incubated for
7 min at room tcmperature prior ta the addition of60 III ofl MTris­
HCI (pH 8.0). The resulting ONA preparations werc stored in 96·
weIl microtiter plates at -20"C. Aliquots of ONA samples from hulf
of a plate (48 YACs) werc poole<!. diluted 1:2 with H,O; 10 l'lof
dilutcd pooled DNA was uscd as the templatc for STS PCR in a SO·
III total renction volume. For PCR amplification of individual YAC
clones, a smaU aliquot ofONA solution was inoculutcd iota 20 III of
PCR buffer using the 96-well replicating device from Washington
University. The conditions for STS screening ofYAC DNA pools with
EST primers were the sume as those described for plusmid insert
amplification usingTS and T7 primers (sec abave). ForSTS screening
with microsatellites, PCR parameters were as described for EST
primers using the buffer describcd for Alu PCR.

Primers for microsatcllitc markers D2S102. D2S104. D2S115,
D2S116, D2S117, D2SIlB, D2S120, D2S124, D2S125. D2S126,
D2S12B, D2S130, D2S137. D2S13B, D2S140, D2S143. D2S148,
D2S152, D2S153, D2S154. D2S155, D2S157, D2S159. D2S163,
D2S164, D2S172. D2S173, D2S206, and D2S211 and primers fnrthe
CRYGlB locus were obtained from Rcscarch Geneties (Huntsville.
AL). Primer sequences for the loci D2S295, D2S301. D2S317,
D2S334. and D2S371 were obtaincd from the Genome Data Base
(Johns Hopkins University); oligonuc1eotides were synthesized at the
Institut de Recherche en Biotechnologie (Montreal, Canada) on an
ABI DNA synthesïzer. STS primers for the loci AGXI' (Purdue et al••
199n.ALP1(Griflinet al., 1987).ALPP (Martin et aL, 1987). COL3AI
and COLSA2 (Huerrc-Jeanpierrc et al., 1985). FNI <Henry ct al..
1965). GCG (Scl1rocder et al.. 1984; Tricoli et al.• 1984; Spurr et al..
1994). GYPC (Mattei et al., 1986). ILIB (Webb et al.. 1986). [NHA
(Barton et al.• 1989). PROC (Iuto et al., 1988). and TNPI (Luerssen
et al.• 1990) wcre synthesized ac:cording ta the sequences listcd by
Spurr ct al. (1994). Sequences for CD28 (Lafage.Pochitnloff ct al.•
1990). DES (Viegas·Péquignot et al.. 19891. and MYLI (Coben·
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FIG. 1. Flow dhlh'Tnm oflRS·PCR hybridi7.ution sCI'1..~ninj.;'orYAC

pools cmploycd in our cxperimcnts (for detnih. ~l.'e tcxl).

the plate, row, and column coordinatcs, which are rep­
resented by the IRS-PCR products spotted on the fil­
ters. The half·f1oor pools introduce a redundllUcy that
serves as an internai control for the assignment of the
YAC address. Initially, the autoradiograms were visu­
ally inspected, and hybridization signais that were de­
tected on duplicate filters were recorded and uscd for
the assignment of addresses. We have recently stan­
dardized the assignment ofYAC addresses and reduced
the error rate associated with pool scoring and address
construction by digitizing the autoradiograms, as­
signing coordinates to positive pools, and implementing
an algorithm for the assignment ofcorresponding YAC
addresses. As in ail complex pooling systems, unambig­
uous addresses could not be assigned ta ail YAC clones
detected by specific probes. For example, ifa probe wa..
found ta hybridize to 000 difTerent YAC clones that are
contained in the same plate, an unequivocal assign­
ment of row and column could not be made. We have
sucœssfully employed two approaches ta resolve such
ambiguities. First, in regions of high density of IRS
probes degenerate addresses could be resolvcd since
adjacent probes in the same contig hybridizcd ta only
one of the ambiguous sets of addresses. Second, IRS­
PCR products generatcd from individual YAC clones
were dot blotted and rescreened with the probe that

YAC Clone Identification

To identify the specific YAC clones in the pools that
hybridized with the IRS probes in screening the IRS
YAC pool filters, the YAC address was derived from

Hagucnnucr ct al.. 1988) wcre obtuincd from Jcg~o (./ al. (I993).
Primer scquencc~ for CPS lHoshidc et al.. 1993) wcre obtaim'd [rom
Dr. W. Cramcl"$ (Univcrsit~· ofAmstcrdum. The Nethcrlnnds); prim­
C~ for ERCCS were kindl;y providcd by Dr. G. Wl'Crln (Erm.mus
University, Rotterdam, The Netherlnnds); and primcrs for VGTIAI
(Van Es et al.. 1993) .....cre kindly providcd by Dr. P. J. Bo.snll.l CAcn­
demie Medical Ccntrc,/unstcrdnm, The Nctherlnnd:ù STS primer:;
""erc dcsigncd for fLSR (Morris et al.. 1992). NRAMP (Ccllicr (·t al..
1994), PAX3 (Foy el al.. 1990). and VIL (Rousscnu·Mcrck ct al.. 1988:
Prinl::lult et al.. 1991); thcse primer sequences nrc :.\\'ailnbll' on fl"

qucst from the authors.

RESULTS

YAC Library Pooling Scheme

The long-term aim of our study is to generate a set
of overlapping YAC clones covering human chromo­
somc 2. The results presented in this communication
are a first step toward this goal. We have successfully
adapted IRS PCR to high·throughput YAC library
screening by using a novel pooling scheme for 55,296
YAC clones that correspond to plates 1 to 552 of the
CEPH Mark l YAC libraries supplemented with copies
of 24 plates from the original Washington University
YAC library. These 55,296 YAC clones contain human
genomic DNA inserts that are e."pected to constitute
approximately a 7- to 7.5-fold genome coverage. The
pooling scheme allowed representation of the 55,296
clones on one small 2.5 X 9 inch membrane and thus
greatly facilitated the screening ofhundreds ofprobes.
YAC DNA from row, column, half-floor, and plate pools
was used as templates for IRS PCR. The amplification
products ofindividual pools were dot blotted onto mem­
branes to generate 000 types of filters: a row/columnl
half-floor filter containing 192 row, 192 column, and
192 half·floor pools (that is, a total of 576 pools) and a
plate pool filter that contained the 576 plate pools. Each
plate pool represents the IRS-PCR products 01'96 YAC
clones, whereas each of the row, column, and half-floor
pools represents 288 YAC clones. Thus, each YAC
should be represented four times, once on the plate
pool filter and three times on the row/colwnn/half-f1oor
filter. A schematic outline of the IRS-PCR strategy is
given in Fig.!. An example of an IRS probe hybridiza­
tion screen of the YAC IRS-PCR pool filters is given in
Fig. 2. The probe designated 70 was derived from a
chromosome 2 somatic œil hybrid, GM10826B, and hy­
bridized to 5 plate pools and 15 row, column, or half­
f100r pools. Thus, 5 distinct YAC clones were identified
by probe 70. This example illustrates that screening of
IRS-PCR products from pools ofYACs with IRS probes
results in hybridization signais that clearly distinguish
positive clones l'rom background.
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FIG. 2. Auton\dio~mofVAC librnry screening with Alu-PCR probe 70. Duplicnte filters arc indicatcd. us 1 and 2. The locations for
the IRS·PCR product.... from ro\\', hnlf·8oor, nnd column pools arc indicated te the right ofrow/columnlhnlf·fioor pool filter 1. Signals that
nppctt.'Cd on duplicnte filters wcre considcrcd positive. and the corrcsponding pools arc indicated abovc cach 8pot on one of the duplicnte
filters. Probe 70 idcntifiL-d. pInte pools 2A2. 5E5, 5H3, 714, und SCI; raw pools 2r9, Sr12, Sr20, 7r2. and SrS; column pools 2c6. 5c23, SeS,
7c18. und 8e3; nnd Imlf·floor pools 2A. SE, 5H, 71, llnd Sc. In the poeüng scheme, row pools 1 to 8, 9 ta 16, and 17 ta 24 correspond to rows
A ta H of plates 1 und 4, 2 und 5, and 3 and 6, respectively. Column pools 1 to 12 and 13 ta 24 correspond ta columns 1 ta 12 of plates 1
ta 3 und 4 to 6, rcNpecLively. Thus, the combination ofthese address components identified 5 distinct YAC clones: 2A2A06 from pools 2A2,
2r9. 206. nnd 2A; 5E5Dll from pools 5E5. 5r12. 5023. nnd 5E; 5H3D05 from pools 5H3. 5r20. SeS. nnd 5H; 714BOG from pools 714. 7r2.
7c18. nnd 71; 8Cm03 from pools 8CI. 8r8. 803. and 8C.

detected the ambiguous address. To improve the effi­
ciency ofrescreening individual YAC clones. groups of
10 to 12 probes that had detected ambiguous YAC ad­
dresses were pooled in such a way that none of the
probes in a pool shared any potential YAC addresses.

Probe Generation

To generate IRS probes for screening of the YAC li­
brary. we used the same Alu SlAlu J and Alu 263­
283.112 primers that had been used for IRS PCR of
the YAC pool DNA Both primer pairs are specific for
human Alu repeats and can therefore be used for the
selective amplification of human DNA from human­
rodent somatic ceU hybrids and from human DNA in­
serts in YAC or cosmid clones in the presence ofbacte­
rial or yeast genomic DNA. The human chromosome 2
rodent-somatic ceU hybrids used in our experiments
are summarized in Table 1. The predominant choice of
somatic ceU hybrids carrying inserts of DNA derived
from chromosome region 2q32-q37 refiects our short­
tenn goal ofobtaining continuous YAC coverage of the
telomeric region of chromosome 2q. In addition to so­
matic ceU hybrids. a number ofYAC and cosmid clones
carrying loci previously assigned ta chromosome 2q33­
q37 were used as templates for probe generation. YAC
library clones that hybridized to the IRS-PCR probes

derived from these chromosomally assigned YAC and
cosmid clones were used as physical anchor points. Fi­
nally, severa! YAC clones were used for chromosome
walking experiments.

The number of bands and the size of the IRS-PCR
amplification products obtained from different tem­
plates were found to vary widely when analyzed on
1.3% agarose gels (data not shown). Individual cosmid
templates yielded 0 to 3 bands. while YAC clones
yielded 3 to 5 bands. Somatic ceU hybrids that con-

TABLEl

Somatic Cell Hybrids Used in the Generation
ofAlu-PCR Probes

Somalie Estimatcd
œil hybrid chromosome 2

Hne content Reference

GMI082GB Entire chromosome Drwinga et al. (I993)
014-1 2q24-q37 Jeggo et al.

(unpublishcd data)
b3·1 Vicinity of CRYGl Hafezparast et al.

(unpublishcd dnta)
D6-2 Vicinity of DES Hnfezparast et al. (1993)

nndMYL!
04·2 Vicinity of FN1 Hafezparnst et al. (I993)
D7·2 Vicinity of FNI Hafezparast et al. (1993)
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FIG.3. Fingerprint of22 arbitrarily chosen inter-Alu fragment probes. Alu·c1ement-rntxlintcd pen. Hlllp1ifi~ltion pruducL... fl'\llll tlomntic
cell hybrids GMI0826B and 014-1 were cloned inOO T-modified vectors. Amplified il'l:;.::t"l.wcre charnctcnzl·d ltccordin~ lu lill'il' mull'culm'
weight (a) und the restriction fragment pnttem obtnincd aftcr digestion with RsaI, Hinn. ~!'lt! Huent (b) on a 1.8% URnrOtll' J.:c!l'Iluinl.ll
v.;th cthidium bromide. For example. IRS probes 3 and 5 arc likely to be identicnl. The size mnr1u.'I' i8 -IIXl Î·I DNA dih"L'slt.'<l \Vith l1al'l11.

tained only relatively small amounts of chromosome 2
DNA yielded 1 to 6 bands. A total of 100 individual
bands of Alu-PCR products derived from cosmids,
YACs, or highly reduced somatic cell hybrids (b3-1, D6­
2, D4-2, D7-2) that were clearly visible on ethidium
bromide-stained agarose gels were directly excised
from low-melting agarose gels and used as probes.
However, somatic cell hybrids GM10826B and 014-1
gave a smear of Alu-PCR amplified products, which
were cloned inta T-modified vectors (Marchuk et al.,
1991), and several thousand recombinant clones were
picked for further analysis. Prior to their use for Iibrary
sereening, inter-Alu sequence amplification products
from somatic cell hybrids GM10826B and 014-1 were
further characterized ta avoid testing identical probes.
A fingerprint pattern defined by the number and size
of bands was obtained by digesting the amplified in­
serts of the recombinant T-vector clones with three fre­
quent-cutting restriction enzymes, RsaI, Hinfl, and
Haelli (Fig. 3). Simply by sorting by the number and
approximate molecular weight of the bands, we were
able ta compare newly generated probes with a data­
base of previously generated probes and thus identify
unique probes. Using this approach, we were able to
select 696 unique probes from 2700 candidate probes
derived from somatic cell hybrids GM10826B and
014-1.

Screening ofYAC IRS-DNA Pools with Inter-Alu
Probes

We used 796 unique chromosome 2-specific inter-Alu
probes ta screen filters ofpooled DNA representing the

55,296 YAC clones. The success rate of detectinl: nt
least 1 Iibrary YAC clone rnnged from SO to 92% de­
pending on the source of the probes. except for the 8
probes generated l'rom cosmids, which ail l'ailcd (Table
2). A probe failure is defined by the complete nbsence
of any hybridization signal or the presence of u large
number of hybridizution signaIs that are probubly duc
to the presence ofunknown repeat elements in tbe lRS
probe (Jess than 1%). No significant difTerence was ob­
served in the rate of successful Iibrary screenings be­
tween probes generated l'rom difTerent somatic ccli hy­
brids or individual YAC clones (X' test, P > 0.1). How­
ever, probes derived from somatic cell hybrids that
contained only a small piece of chromosome 2q or from
individual YAC clones usually gave weaker hybridiza­
tion signaIs and thus required longer exposure times.

TABLE 2

Analysis of Hybridization Scrceninl(s
for 796 Alu-PCR Probes

Number Num~r %
Souce ofAlu~PCR probcK of probcH tluccctuOfu\" l'lUCCf~t1t1

GM-I0826B 345 300 87
014-1 351 289 82
Reduced somatie ccII hybridl'l

(b3-1. 06-2. 07.2 nnd 04-2) 12 Il 92
YACs 80 64 80
COl:\mids 8 0 ()

Il A probe was KCOrcd 1l1'll'lUCCeKl'lfui ifat h:m.t nn... YAC clone, cilht'r
unambiJ..Yllouslj' or nt! part ara HcLnf :lmbiJ..ruoUl'lllddrl",,~K. W3H iilimLj·
fif.-d by that probe.
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The number of YAC clones detected per probe ranged
from 1 ta 23, Indicating variation in the number ofYAC
clones that contain inserts of a specific genomic region
(Fig. 4). The overall distribution ofthe number ofYACs
hybridizing ta specific probes was consistent with the
snggestion that cross-hybridization is not a major prob­
lem in the screening strategy. We counted the number
of YAC clones detected by a probe as the number of
unambiguous addresses plus the number ofambiguous
sets of addresses. Using this scoring system, each suc­
cessful probe detected an average of 6.6 YACs, which
is consistent with the data obtained for YAC c10ning of
chromosome 3 by other investigators using the same
YAC library (Stanton et al., unpublished data). The
chimera rate for the CEPH Mark l YAC Iibrary was
estimated ta be 40% (Dausset et al., 1992); therefore,
on average. 4 YAC clones detected per probe should
not be ~himeric. Since the average insert size of YAC
clones was determined ta be approximately 430 kb (Al­
bertsen et al., 1990; Dausset et al., 1992), and assuming
that on average a core YAC at each end is extended
50% by additional YACs detected by the same probe,
we estimate that on average each IRS probe detected
YAC clones that covered approximately 800 kb of con­
tiguous genomic DNA. We calI this estimated 800 kb
bin around each probe (the average contig size per
probe) a Iibrary entry point.

Distribution of[RS Probes

The usefulness ofIRS screening ofYAC libraries for
YAC contig assembly is dependent on the even and
dense distribution of Alu elements along the chromo­
some. We looked for clustering ofIRS probes by count­
ing the number of probes that share at least one YAC
address at each entry point. Based on genetic markers
present in the hybrids. we estimate that the total hu­
man chromosome 2 genomic DNA contained in somatic

cell hybrid GM10826B and 014-1 is 270 and 70 Mb.
respectively. Assuming that each successful probe cov­
ers an average region of 800 kb, the average number
of probes per entry point for hybrids GM10826B and
014-1 is 1 and 4, respectively. In other words, if the
probes were evenly distributed one probe derived from
somatic cell hybrid GM10826B and four probes derived
from 014-1 should be detected per entry point. We fur­
ther assumed that any number of probes in excess of
three times the calculated average probe number per
entry point reflected c1ustering ofAlu repeats on chro­
mosome 2. Under these assumptions. approximately
40% of the probes were clustered (Fig. 5). This percent­
age does not increase with higher probe density, which
is ta be expected if c1ustered and nonclustered repeats
are amplified with the same efficiency. Thus, the re­
sults ofour analysis show that regions ofuneven probe
density exist along the chromosome. However, this
analysis also showed that the majority of inter-Alu
probes were derived from regions of low ta moderate
probe density, and we conclude that Alu clustering
should not be a major impediment ta contig assembly
in the chromosome region under investigation.

YAC Group and Contig Analysis

Next, we looked ta what extent the 664 inter-Alu
probes successfully used for library screenings allowed
the identification of YAC groups. We defined a YAC
group as the set ofYAC clones that belong ta the same
contig; that is, a YAC group is composeo. of the unor­
dered YAC clones in a contig. We assigned different
probes and their associated YAC addresses ta a YAC
group if the probes shared at least 1 YAC address in
common. In an initial analysis of unambiguous ad­
dresses, we identified 188 YAC groups. The number of
YACs and probes per YAC group is summarized in Fig.
6. Next, we analyzed contig depth within the YAC
groups and identified withinthe 61argest YAC groups
severa! points where the contig depth was 1. Ta avoid
false connections caused by experimental error or chim­
eric YACs, YAC groups were tentatively subdivided at
such positions. Ta test our assumption that the experi­
mentally defined YAC groups can be used to construct
contigs and ta test the q",>lity of the resulting contigs,
we used the program DONTIGMAKER to arder YACs
within a YAC group. This analysis showed that YAC
groups provide an excellent source of YAC clones for
contig construction. An example ofone ofthe resulting
contigs is sbown in Fig. 7. Further experiments aimed
ta connect different YAC groups are in progress.

STS Content Mapping

We determined the extent ta which the telomeric re­
gion of chromosome 2q, which by design of our experi­
ments had better probe coverage than the rest of the
chromosome, was included in the YAC clones. For this
purpose, ail YAC clones identified in our previous ex-
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periments were screened for the presence of 23 EST
and 34 microsatellite marken; predicted to be in chro­
mosome region 2q13-q37. As shown in Table 3, 22 of
23 (96%) of the ESTs and 3101'34 (91%) ofthe microsa­
tellites idp..tili.ed at least 1 YAC clone. Assuming thar.
each half-plate pool of the chromosome 2 sublibrary
that displayed a PCR product of expected size during
STS screening cantains at least 1 positive YAC, the
average number ofYACs per EST and microsatellite is
4.4 and 3.8, respectively. The expected number ofYACs
per STS in a chromosomal sublibrary is a function of
the probe density applied to the initiallibrary screen.
Assuming a chimeric rate of 40% for the CEPH Mark
1 Iibrary and an average of 6.6 YACs per IRS probe,
approximately 4 YACs per randorn1y chosen STS probe
are expected to be detected by sublibrary screening. As
the probe ~ensity in the ms probe screen increases, so
will the number of YACs per probe in the sublibrary
STS screen. Further analysis revealed that on1y 4 ESTs
and 2 of the microsatellites hybridized to regions of
high Alu-element density, which suggests that ESTs

and microsatellites uscd in our experiments were gcn~

eral1y distributed independently ofALli clements nlong
the chromosome. The 53 successful STSs detected YAC
clones thnt belonged to 29 difTerent YAC groups. Since
the microsatel1ites were previously mnpped geneticnl1y
and the mnjority of expressed genes tested hlld pre­
viously been mapped cytogenetical1y, 20 of these YAC
groups containing 605 distinct YACs could be ordered
along the long arm of chromosome 2 (Fig. 8).

DISCUSSION

We applied IRS PCR to the screening ofpooled YAC
DNA to identify YAC clones with chromosome 2 DNA
inserts. In total, 664 chromosome 2-specific IRS probes
were generated, which on average detected 6.6 YAC
clones. These YACs were distributed along the entire
chromosome, and it is estimated that they cover up to
90% of chromosome region 2q13-q37, assuming that
expressed genes and microsatellites were distributed
randorn1y along this region of the chromosome. AI-
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FIG. 7. Contig of the core rt'glon of YAC group 1 arc\.:,d the
~\LPP nnd~\LPl1oci in humnn chromosome rcgion 2q37. The names
of IRS probt!s arc given nt th~ top of the figure. YAC clones are
schemntienlly reprc8Cnted as amaU n.octangular boxe!>. A. solid nrea
on a 'lAC clone underneath a probe indicates that th.e 'lAC was
identifi~ unnmbiguously by that probe. an open arca indicates thnt
the probe did not hybridi:z.e with the 'lAC. and n shaded aren indi­
entes thnt the 'lAC was idcntifi~ ns part of an ambiguoo,lS set of
nddrcl'(Scs by th~ probe. 'lAC addrc~cs or set.~ of ambiguous ad­
drc~cs (in pnrenthcses) arc given to the left of each schcmatically
rcp~cntcd 'lAC clone. The eatimatcd length of the contig is 2 Mb.

though we have not yet defined one contiguous set of
YAC clones spanning the entire telomeric region of the
long arm of chromosome 2, we assume that rontig gaps
are uncommon if 90% coverage of this region has been
achieved. Furthermore, the availability ofchromosome
region-specific YAC clones should advance the molecu­
lar analysis of human chromosome 2q even before the
establishmcnt ofa complete contig. The h:gh-resolution
genetic maps ofchromosome 2 established by the NlHl
CEPH consortium and by Généthon use different sets
of microsatellites, and only very few expressed loci are
included in these maps (NlHlCEPH Col1aborative
Mapping Group, 1992; Spurr et al., 1992; Weissenbach
et al., 1992). Sequential STS screening of the close to
2000 distinct chromosome 2 YAC clones should help to
integrate these different genetic maps with physical
maps of chromosome 2. Such integrated maps will
prove particularly useful in positional cloning of medi­
cany important loci on chromosome 2q, such as XRCCS
(Jeggo et al., 1992), the insulin-dependent diabetes sus­
ceptibility modifier gene (Cornal1 et al., 1991), and the
gene causing familial juvenile nephronophtisis (Anti­
gnac et al., 1993).

We ha'Je chosen the Alu repeat as the IRS element
for lRS-PCR-based chromosome 2 YAC cloning experi­
ments (Schmid and Jelinek, 1982). Alu elements occur
in approximately 500,000 to 1,000,000 copies in the
haploid human genome and represent the most com­
mon lRS element in human DNA (Schmid and Dei­
ninger, 1975; Singer, 1982). Thus, ifAlu elements were
evenly distributed, one Alu element should be found
every 3 to 5 kb in human DNA. The utility of an Alu­
element-based strategy for the cloning of e,.-tended ge­
nome regions depends on the even distribution of Alu
repeats in the human genome. However, exp~riments
using fluorescence in situ hybridization oflabeled Alu
element probes to metaphase chromosomes suggested
that Alu elements are not evenly distributed a10ng hu­
man chromosomes but concentrated in R-bands <BaI­
dini and Ward, 1991). These findings are not in
agreement with a recent report analyzing the nucleo­
tide composition of individual microdissected chromo­
some bands. Sequencing of randomly selected DNA
clones from R- and G-bands did not detect any uneven
distribution of Alu elements between R- and G-bands
on chromosome 11 (Yoshiura et al., 1994).'A detailed
analysis ofIRS localization over 2 Mb ofcloned chromo­
some DNA showed a significantly uneven distribution
of both Alu and LI elements (Arveiler and Porteous,
1992). Likewise, regions of preference or exclusion for
the integration ofAlu sequences in the human genome
were reported by other investigstors (Moyzis et al.,
1989). O"r data suggest that clusters ofAlu elements
occur a10ng human chromosome 2. However, our data
a1so suggest that the Alu density on chromosome 2 is
sufficicntly high that Alu-poor regions should not be' a
major obstacle for an Alu-PCR-based contig assembly
strategy for chromosome 2.



YAC MAPPING OF CHROMOSOME 2

TABLE 3

lBi

Ann1ysis of Chromosome 2-Specific YACs for the Presence of Expressed Loci and Microsatellite Marke",,"

Expresscd loci

Success

ILIB
PROC
GYPC
~~r;C3

GCG
COL3AI
COLSA2
CRYGA
CPSI
MYLI
CD28
FNI
TNP!
NRAMP
ILBR
VILI
INHA
DES
PAX3
ALPP
ALPI
UGTIAI

Localization

2q13-q21
2q13-q21
2q14-q21
2q21
2q23
2q31-q32.3
2q31-q32.3
2q33-q35
2q33-q36
2q33-q34
2q::S:':
2q34
2q34
2q35
2q35
2q35
2q33-q34
2q35
2q36
2q37.1
2q37.1
2q37

Fnilure

AGÀ7

Locnlization

2q37.3

SUCCCSEI

02S102
02S104
D2S115
D2S116
D2S117
D2S118
D2S120
D2S124
D2S125
D2S126
D2S130
D2S137
D2S138
D2S143
D2S148
D2S153
D2S154
D2S155
D2S157
D2S159
D2S163
D2S164
D2S172
D2S173
D2S206
D2S211
D2S295
D2S301
D2S317
D2S334
D2S371

Locnlization

2q33-q37
2q33-q37
2q21-q33
2q
2q
2q
2qS3-q37
2q21-q33
2q
2q33-q37
2q
2q33-q37
2q21-q33
2q33-q37
2q"l-q33
2q
2q
2q33-q35
2q
2q33-q37
2q33-q37
2q33-q37
2q33··q37
2q33-q37
2q33-q37
2q34-q37
2q
2q
2q
2q
2q

FniluJ'l'

D28128
D2S140
D28152

Loculizl\tion

2q33-q37
2q
2q21-q33

Sucees. rate: 22123 (96%) Succe•• rute: 31134 (91%)

a The cytogenetic localizations were taken from the Genome Data Base (Johns Hopkins University, Baltimore, MD).

Human Alu elements are approximately 300 bp in
length and are composed of two highly homologous di­
rect repeats ofan ancestral sequence (Schmid and Jeli­
nek, 1982; Britten et al., 1988; Jurka and Milosavljevic,
1991). Although the direct repeat structure is specifie
to primates, Alu-homologous sequences are found in
Many other species, including hamster and mouse,
which provide the most common genomic background
for human-roder.t somatic cell hybrids. The primers
used in our experiments are complementary to pri­
mate-specifie sequences in the Alu element and thus
allowed the selective amplification ofhuman sequences
from a panel of human-rodent somatic cell hybrids.
Similar primers have been generated by other investi­
gators for the same purpose (Nelson et al., 1989; Ber·
nard et al., 1991; Nelson, 1991; Tagle and Collins,
1992). Thus, by using appropriately selected human­
rodent somatic ce:! hybrids, ms probe generation can
be used in well·defined genome regions. This notion is
supported by our results, which showed that 85% of
ms probes deriv'3d from somatic cell hybrids of difter-

ent chromosome coverage can be used for successful
screening ofYAC DNA pools. Somatic ce:; genetics and
ms-PCR-based YAC contig construction therefore
emerge as complementary approaches for the genera­
tion ofphysical maps of human chromosomes. In addi­
tion, the high frequency of identified YAC clones by
library screenings with inter-Alu probes derived from
individual YAC clones demonstrates that ms PCR is
very suitable for contig extension using YAC clones
from the ends of a contig as templates for ms probe
generation. We conclude from the overall high success
rate of YAC library screenings using ms probes de­
rived from a wide variety of templates that the IRS­
PCR approach is a fast, efficient, and economical ap·
proach for cloning of a targeted genome region.

The ms strategy fbr YAC cloning assumes that the
ms probes used for sc,~ening of the YAC library will
hybridize only to unique DNA fragments in the human
genome. However, non-Alu repeat elements (Schmid
and Deininger, 19i5; Schmid and Jelinek, 1982;
Singer, 1982; Rubin et al., 1993; Singer and Skowron-
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FIG. 8. Distribution of VAC gNUpS alonr: human chromosome
2q. A Lou,l of20 YAC g:roups comprising: 605 distinct YACs contain~d

eilhcr micrmmlcllitcs or ESTs for which the rcgionlll localizntion on
chromosome 2 was known. Il wa.. Lhcrcfim~ possibll' ta arder thcsc
VAC group" alonr: the chromosome. An idio~am of chromosome 2q
with corrcspondinj,t chromosomnl band dcsigtlntions Ît-' givcn al the
lcft. BUrll indicnlt.! the cytogcnctic locn1i7.ation of YAC WQUps ae­
cOi-ding: 10 prcviOUl.;ly mnppcd mnrkcrs that arc includcd in the YAC
~ups. ln caNes whcre VAC groups conlaincd several markets with
known t'ubchromo!'\omnl locnlizntion, the most nnrrow cytogenetic
nNsi",rnment wus uscd to locnlize the VAC WtJup. Following the nume
of the YAC h'TOUP (VGl, the nlimbcr ofYACs and probes contained
in the VAC g:TOup il' wvcn in paronthcses.

straightforward manner. We have spotted appro"i­
mately 4000 additional probes trom somatic cell hybrid
014-1 on hybridization memùranes, which will then be
probe;: with pools of labeled Alu·PCR products ob·
tained from each of the 188 YAC groups. Probes that
do not hybridize with YAC contig-rlerived Alu·PCR
products fall into contig gaps and can be efficiently used
for extending the contig. In addition, by focusing on
probe gcueration from YAC clones !ocated at contig
ends, it should be possible to e"tend and close gaps
between contigs efficiently. We consider that this direct
IRS·tag approach is less work·intensive and less error·
prone than analyzing Alu fingerprints and their over­
laps <Bellanné-Chantelot et al., 1992). At the present
stage of our e"periments, possible sources of contig er·
rors could come from intrachrem~;omal YAC chimeras
if contig e"tension is achieved by only single YACs.
Using the approach that we have described, we plan to
concentrate on the establishment of a complete contig
of chromosome region 2q24-q37 and the integration
of our data with those obtained from different YAC
Iibraries before e"tending our efforts to the entire chro·
mosome.

Recently, a first-generation physical map of the hu­
man genome was published by Généthon (Cohen et al.,
1993). The challenge provided to other groups is to con·
firm and refine these data. The main source of errors
in this first-generation physical map is the occurrenc"
of false connections within contigs caused by syntenic
chimeric YACs or the use of multilocus probes that
recognize highly homologous sequences that are pres·
ent on different parts of the same chromosome <Bel­
lanné-Chantelot et al., 1992). In addition, the nonclona­
bility of certain genomic sequences in YACs will con·
tribute to contig gaps in the YAC map. The first source
oferror is directly addressed by our experiments. While
the published Généthon map reliedpredominantly on
the later generation YAC library with average insert
size of 900 kb (mega·YAC library), we used the CEPH
Mark 1 library, which has a smaller insert size of ap·
proximately 430 kb. It is highly unlikely that the same
syntenic chimeras will be found in both YAC libraries.
Thus, our data provide additional contig depth, which
will help to resolve false connections caused by chim·
eric YAC clones, and the integration ofresults achieved
with different libraries will significantly increase the
likelihood of a valid contig. In addition, we have initi·
ated the screening of the CEPH Mark 1and mega-YAC
libraries with the same IRS probes. Preliminary results
of these experiments suggest that thegenomic se­
quences contained in both libraries are not identical:
six probes did not hybridize \Vith mega-YAC library
clones but detected a set of YAC clones in the CEPH
Mark1Iibrary. Similarly, one probe detected two mega·
YAC clones but none in the CEPH Mark 1 library. The
complementarity of our results and already existing
physical map's is best iIIustrated by the different strate­
gies applied by us and the Généthon group. The Géné-
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ski, 1985) may occur in inter·Alu. probes generated by
Alu PCR. These probes would probably hybridize to
YAC clones that are not physically Iinked <0 the chro­
mO-'Qme region of interest. If undetected, probes con­
taining dispersed repetitive sequences would Iimit the
validity of contig construction. For e"ample, repeat­
clement mediated cross·hybridization has been ob·
served f,,': the D5F40S1 locus on chromosome 5 (Ber­
nard and Wood, 1993). In tlùs case a low·copy repetitive
clement was located 3' to the locus but also was present
on chromosomes 2 and 17. In our e"periments such
low-copy repeats are unlikely to be an impediment to
contig assembly. Like ambiguous addresses or chimeric
YAC clones; errors in ordering YAC clones in a contig
will be identified by having sufficient YAC over1ap as
a result ofhigh probe density and by STS content map·
ping as wc iIIl.Istrated for the telomeric region of chro­
mosome 2q. The presence ofhigh-copy repeat elements
in ms probes used for Iibrary screening will give rise
to many positive hybridization signaIs on the pooled
DNA filters, which does not allow the identification of
individual YAC addresses. It is noteworthy that such
sweeping hybridization of inter-Alu probes to YAC
DNA pools was observed for less thar. 1% of probes
tested in our e:<periments.

A c10ning strategy that is based on the random selec­
tion ofclones present the problem ofcontig c10sure and
thus requires e"pnrimental strategies that allow the
prcferential generation of probes to close gaps between
contigs. The IRS strategy allows the identification of
probes that fall into such contig ga;:.s ;" a relatively
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thon map. which is based predominantly on STS
probes, provides an excellent integrntion of genetic
maps with the YAC map. On the ot.her hand, most.
cosmid and BAC libraries are set up for hybridization
screening, and the probes generated in our experiments
will be useful for the integration of physical maps gen­
erated from smaller insert genomic libraries with the
YAC map. Likewise, prelimi!\ary results from our labo­
ratory suggest th8.t IRS probes may be useful for the
establishment cf PFGE maps of selected genome re­
gions.

In addition ta the human and mouse genome proj­
ects, nume,·ous efforts ta generate genet.ic and physical
maps for economically important lives+.ock species,
such as ~attle(Libert et al., 1993), 8re underway. While
STS-bused strategies will play an important raie in the
gene"ation of physical maps for these species, il. is rea­
sonable ta predict that the high cast of STS screening
and the logistical requirements needed for the efficient
application of hierarchical STS-PCR screening will be
a major impediment ta STS-based physical mapping
projects. IRS-PCR-based screening strategies offer a
cast-efficient complement ta STS-based strategies. Alu
elements are primate-specific; however, IRS elements
are widely found in the genomes ofmammalian species,
and we suggest that IRS strategies can be applied 1.0
the genome analysis of nonprimate species. Recent re­
sults indicate thatAlu-like elements are evenly distrib­
uted throughout the bovine and ovine genomes (Raj­
can-Separovic and Sabour, 1993). Of course, species­
specifie Alu-like sequence segments need ta be defined
prior ta the application of IRS PCR ta other mamma­
lian species. For severallivestock species, panels ofsa­
matie cell hybrids have already been established and
could ~~, used as templates for the generation of re­
gional chromosomal probes ta be used in targeted clon­
ing of defined genome regions. The cost-efficiency and
the simplicity of the experimental design strongly ar­
gue in favor of a repeat-element PCR-based cloning
strategy as a major component for the physical analysis
of genomes of other mammalian species in addition 1.0
human and mouse.
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The aim ofthe YAC mapping ofhuman chromosome 2 in our laboratory is to

CC:'i~1ruct a YAC contig overlapping the entire chromosome and as part ofthis project, my

focus has been on the telomeric halfof the long arm. To this end, we have taken a multi­

step mapping approach including the generation ofa collection ofchromosome 2-specific

y ACs, y AC group analysis and ordering ofYAC groups along the chromosome.

In Chapter 2, we described the use ofthe IRS-PCR approach to screen the CEPH

Mark l YAC library. In total, close to 800 IRS-PCR probes were used to screen the YAC

library and close to 2,000 chromosome 2-specific YACs were identified. This collection

ofchromosome 2-specific YACs was divided into 188 YAC groups, which formed the

basis for the construction ofa YAC contig map for human chromosome 2. The IRS-PCR

approach was demonstrated by these experiments to be practical and efficient. Since most

of the IRS-PCR probes were randomly derived from chromosome 2, a limitation ofthis

approach was the difficulty ofordering YACs along the chromosome. Thus, in the

subsequent step, the chromosomallocalization ofthe YACs detected by the IRS-PCR

probes needed to be determined by other means. Furthermore, we primarily used the

CEPH Mark l library for the mapping ofchromosome 2 while many other laboratories

used the CEPH mega YAC library. The integration ofmapping data which were derived

from different libraries with our own results would provide a bctter map for

chromosome 2.

In Chapter 3, we used the SIS content mapping approach with a set ofgenetically

or cytogenetically mapped SIS markers to screen our collection ofchromosome 2­

specific YACs (chromosome 2 YAC sublibrary). These markers enabled us to order a

subset ofYACs along the chromosome as well as to integrate the cytogenetic, genetic

maps with the YAC contig map. Furthermore, since most ofthe genetically mapped SIS

markers we used to screen the CEPH YAC Mark l library were also used by the WIIMIT

Genome Center to screen the CEPH mega YAC library, these common markers were used

as anchors to integrate the chromosome 2 YAC mapping data for both CEPH YAC

libraries. Iogether, the experiments descn'bed in Chapter 2 and 3 allowed us to create an

integrated genetic, cytogenetic and physical map ofthe telomeric:: region ofhuman

chromosome 2q.
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CHAPTER3:

Towards an integrated genetic, cytogenetic and physica1 map ofhuman chromosome 2
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Abstract

We previously generated a human chromosome 2 yeast artificial chromosome

(YAC) sublibrary from the CEPH Mark 1YAC library by the interspersed repetitive

sequence (IRS)-PCR method. In the present study, we extended our mapping effort by

screening the CEPH Mark 1and mega YAC libraries with additional 78 and 112 IRS

probes, respectively, and by sequence-tagged site (STS) screening ofthe chromosome 2

YAC sublibrary using 63 genetically mapped microsatellites and 24 cytogenetically

mapped expressed sequence tags (ESTs). The resulting data was organized into 223 YAC

groups and the STS content mapping aIIowed us to order 39 ofthe YAC groups along the

long arrn ofchromosome 2. We found that 17 microsatellites were physically 1inked with

16 known genes within YAC groups. In addition, we integrated our data with the

chromosome 2 YAC mapping data generated by the W1ùtehead InstituteIMIT (WIIMIT)

Genome Center on the basis of common microsatellites and mega YACs. The integrated

dataset contained 240 YAC groups; 22 ofthese integrated groups contained both our

YAC groups and WIIMIT Genome Center contig groups. Fourteen ofthe 22 integrated

groups are located in chromosome region 2q and consist of 1,195 YAC clones

corresponding to approximately one third ofail chromosome 2 YAC clones analyzed.

Thus, we have integrated information from genetic, cytogenetic and YAC-based physical

maps and have built the backbone for a complete YAC contig for the long arrn of

chromosome 2.
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Introduction

Human chromosome 2 is the second largest chromosome and corresponds to

approximately 8% ofthe human genome. Four recent genetic maps for this chromosome

have an average marker spacing of2 to 5 cM, making it possible to map any polymorphic

genetic marker to a 5 cM interval, except for a few regions such as the telomeric region of

chromosome 2q (Buetow et al. 1994; Gyapay et al. 1994; Matise et al. 1994; Murray et al.

1994). The development ofclone-based physical maps for chromosome 2 has lagged

behind the advances in genetic map construction (Spurr et al. 1994). Recently,

chromosome 2-specific bacterial artificial chromosome (BAC), cosmid, and bacteriophage

P1-derived artificial chromosome (pAC) libraries were constructed (Wang et al. 1994;

Gingrich et al. 1995). These resources will be useful for high-resolution physical mapping

ofchromosome 2 once an ordered array ofoverlapping YAC clones spanning

chromosome 2 has been achieved.

We initiated YAC contig assembly for human chromosome 2 based on a two-step

mapping process. We used the IRS-pCr~ approach which relies on the detection ofYAC

clones by hybridization ofindividual IRS-PCR products to IRS-PCR products ofpooled

y AC DNA (Liu et al. 1995a). The IRS-PCR approach is a cost-effective, rapid and

efficient method for YAC contig assembly, since large numbers ofIRS probes can be

hybridized to IRS-PCR products ofan entire YAC library (spotted on 7 x Il cm filters),

allowing simultaneous screening ofmultiple probes and libraries (Chumakov et al. 1992;

Hunter et al. 1994; Liu et al. 1995a; Stanton et al. unpublished). We previously used close

to 796 IRS probes to identify a minimum of 1,610 chromosome 2-specific YAC clones,

which constitute our chromosome 2-specific YAC sublibrary. These chromosom,~ 2­

specifie YAC clones were arranged ioto 188 groups, ofwhich only 20 could be assigned

to specific cytogenetic regions ofchromosome 2 (Liu et al. 1995a).

In the present study, we deterrnined the chromosomallocalization ofYAC groups

along chromosome 2. We conducted STS content mapping ofthe chromosome 2-specific

YAC sublibrary, rather then the entire YAC library, using a set ofgenetically mapped

microsatellites and cytogenetically mapped ESTs, thereby reducing the work load.

45



•

•

Moreover, relatively few STSs were needed to order YAC groups since deteetion ofa few

y AC clones in each group was sufficient to localize the group on the chromosome.

Finally, STS content mapping allowed us to integrate our mapping data with those

available on the Whitehead InstituteIMIT Genome Center www-sites, and with other

genetic and cytogenetic maps into a YAC map of chromosome 2.
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Materials and methods

Total genomic YAC libraries

Two total genomic YAC libraries were used in this study. The first one is the

extended CEPH Mark l YAC Iibrary consisting of plates numbered 1 to 557. (Albertsen et

ai. 1990; Dausset et al. 1992), plus 24 plates trom the original Washington University

YAC Iibrary (Burke et al. 1987; Brownstein et al. 1989). The second library is the mega

y AC library consisting of plates numbered 709 to 972, excluding plates 861 to 868, and

encompasses 24,576 YAC clones with an average insert size of 1Mb (Dausset et al.

1992).

Determination oiYAC sizes

y cast cultures and agarose blocks for YAC size determination by pulse field gel

eleetrophoresis (pFGE) were prepared following a previously described protocol (Chiu et

al. 1994). Yeast chromosomes were separated on 1% agarose gels using a Biorad CHEF

Mapper apparatus. Electrophoresis was carried out in n.5x TBE buffer (lx TBE is: 0.1 M
o

Tris, 0.1 M borie acicl, 0.2 mM Na2EDTA) at 14 C with a linear switch ramp !Tom 60 sec

to 100 sec for 24 hr. DNA was then transferred to Hybond-N nylon membranes

(Amersham). The probe used for hybridization was a gel purified 2.67 kb fragment of

Pvull and BamHI digested pBR322, which corresponds to the left arm ofthe pYAC2

vector (Burke et al. 1987). Labeling ofprobes was done using a·32P_dATP (>3000

Cilmmole) and the random hexanucleotide labeling technique (Feinberg and Vogelstein

1983). Hybridizations were carried out according to the manufacturer's instructions

(Amersham). YAC size was estimated by comparison ofthe mobility of the band of

YACs with those ofyeast chromosomes ofknown size !Tom Saccharomyces cerevisiae

strain AB1380 and with a 50 kb Lambda cocatemer ladder (New England Biolabs,

Missisauga, Ontario).
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/RS-PCR hybridi::ation membranes

The generation of IRS-PCR hybridization membranes for the CEPH Mark 1YAC

library was previously described by Liu et al. (1995a). A sinùlar procedure was used to

generate IRS-PCR hybridization membranes for the mega YAC library except that a

different pooling scheme was used. The mega YAC Iibrary, wlùch consists of256 plates,

was assembled in 32 vertical stacks of8 plates. From each stack of8 plates, 28 pools

were collected: 8 plate pools (1-8),8 row pools (A-H), and 12 column pools (1-12). Thus

a total of28 x 32 = 896 pools were collected. DNA was extracted from each pool at the

WIJMIT Genome Center and the Alu PCR products were produeed as described by Liu et

al. (1995a). The set of896 pools ofAlu PCR products was spotted in duplicate on a 7 x

Il cm membrane. Each YAC address is composed ofthree components corresponding to

the plate, row and column pool coordinates.

lRS-PCR probesfor screening YAC libraries

A set of78 new IRS-PCR probes were generated from somatie cell hybrids

eontaining only portions ofhuman chromosome 2 and used to screen the CEPH Mark 1

YAC Iibrary. In addition, a subset ofl12 IRS-PCR prr·'les from our collection of874

probes wlùch had been used to screen the Mark 1YAC Iibrary was a1so used to screen the

CEPH mega YAC Iibrary. The protocols for the generation ofIRS-PCR probes from

somatie eell hybrids, IRS-PCR probe labeIing, and for IRS-PCR probe hybridization to

membranes were described previously (Liu et al. 1995a).

Chromosome 2 YAC sublibrary

Previously, we identified 4,572 YAC clones from the CEPH Mark 1YAC herary

using the IRS-PCR screening method with chromosome 2-specifie probes (Liu et al.

1995a). We individually picked these 4,572 YAC clones and stored them in 48 ninety-six

weIl plates as a chromosome 2 enriched YAC subherary. Ofthese 4,572 YAC clones, a

minimum of 1610 were chromosome 2-specifie; and a subset ofthem were part of

ambiguous groups and Iikely were not chromosome 2-specifie. In addition, we obtained

18 YAC clones from the ICRF YAC Iibrary wlùch were detected by hybridization
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screening with cDNA probes for FNI. CRYG. TNP1. COL3AI. COLSA2, and UGTIAI.

We included these YAC clones in our chromosome 2 YAC sublibrary, which we then used

as the template for further screening with STSs.

Selection ofSTSs in chromosome region 2q

We selected nùcrosatellites from a recently published genetic map (Gyapay et al.

1994) to use them as anchors to order YAC groups and to integrate our data with the data

from the WIIMIT Genome Center. We selected !wo proximal markers, D2S356 and

D2Sl24 and then starting from the map position where D2S300 is located and extending

to the telomeric end of chromosome region 2q, we selected 65 nùcrosatellites, choosing at

least one nùcrosatellite for each position resolved on the genetic map (see Fig. 1). We

also selected two additional nùcrosatellites, D2Sl02 and D2S211 (Spurr et al. 1994;

Barber et al. 1993), wlùch were used in a genetic analysis ofsusceptibility to tuberculosis

(Boothroyd 1994). Tlùrty-four ofthese 67 nùcrosatellites were described previously (Liu

et al. 1995a); the other 33 were D2S72, D2S133, D2Sl61, D2S280, D2S307, D2S309,

D2S3l3, D2S3l5, D2S322, D2S325, D2S336, D2S338, D2S342, D2S344, D2S345,

D2S346, D2S348, D2S350, D2S35l, D2S353, D2S355, D2S356, D2S360, D2S360,

D2S362, D2S364, D2S3é':. fJ2S377, D2S384, D2S389, D2S395, D2S396, and D2S40l.

Primers for all 67 nùcrosatellites werr. purchased from Research Genetics (Huntsville,

AL).

In addition, we selected primer pairs for 24 genes (ILlB, PROC, GYPC, ERCC3,

GCG, COL3Al, COLSA2, CRYGA, CPSl, MYLI, CD28, FNI, XRCC5, TNPI, NRAMPI,

IUR, VILl, [NHA, DES, PAX3, ALPP, ALPI, UGTlAl, andAGX1) located in

chromosome region 2q13-q37. The source and the sequence ofthese primers, except for

XRCC5, were descn'bed previously (Liu et al. 1995a). Primers for an STS derived from

the 3' UTR ofthe XRCCS gene (Taccioli et al. 1994) were kindly provided by Dr. P.

Jeggo (MRC Cell Mutation Unit, Brighton, UK).
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STS content mapping ofthe chromosome 2 YAC sub/ibrary

Ihe procedure for isolation of YAC DNA and the PCR conditions for SIS

screening ofthe chromosome 2 YAC sublibrary were described previously (Liu et al.

1995a). Yeast genomic DNA isolated from Saccharomyces cerevisiae strain AB 1380 and

human genomic DNA were used as negative and positive controls, respectively, in

amplification reactions. Positive clones were identified by examining ethidium bromide

stained agarose gels for the presen:c of amplification products ofexpected size.

Montreal General Hospital (MGH) chromosome 2 YAC database

Previously, w~ developed a database for storing the results ofIRS-PCR screening

ofthe CEPH Mark l YAC Iibrary and SIS screening of the chromosome 2 YAC

sublibrary (Liu et al. 1995a). We expanded the database by adding new mapping

information from IRS-PCR screening ofboth the Mark l and mega YAC libraries, and

from additional SIS content mapping ofthe chromosome 2 YAC sublibrary.

The WlIMIT Genome Center chromosome 2 YAC mapping data

Human chromosome 2 YAC mapping data from the WIIMIT Genome Center was

downloaded from the World Wide Web (http://www-genome.wi.mit.edu) (Release 6,

March 1995). We retrieved all the chromosome 2 contigs designated as WC from this

dataset. In addition, we also retrieved YAC data corresponding to those microsatellites

which detected Mark l YAC clones in our chromosome 2 YAC sublibrary, but were not

contained in any WC-group on chromosome 2.

YAC group ana/ysis

We previously defined a set of overlapping YAC clones as a YAC group (YG) and

developed a program in FoxPro (Microsoft) to assemble these YAC groups (Liu et al.

1995a). Forthe previous YAC group analysis, we used a dataset consisting of

unambiguously detected YAC clones and others which were ambiguously detected initially

but later confirmed by individual YAC hybridization or PCR experiments. By matehing

ambiguous with unambiguous addresses, we were also able to resolve a subset of
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ambiguously deteeted Mark 1and mega YAC clones and included them in the YAC group

analysis presented here. The principle for tbis disambiguation process was the following: if

a y AC clone X was detected as part ofan ambiguous group by probe A, and clone X was

the orny member of tbis ambiguous group to be unambiguously deteeted by another probe

B, then ifprobes A anà B belonged to the same or adjacent previously defined YAC

groups, the probe-address combination A-X was considered disambiguated and included

in the YAC group analysis of the present study. Finally, we eliminated from the YAC

group analysis probes that deteeted more than 15 YAC clones, under the assumption that

such probes most likely contained repeat sequences. The resulting MGR dataset was

subjected to YAC group analysis.

Since our program for the YAC group analysis uses markerlYAC pairs as input, it

was possible to combine the WIIMIT Genome Center data with our data for YAC group

analysis. Among the chromosome 2 WC-groups, we eliminated those YAC clones wbich

appeared in more than two WC-groups, under the assumption that these clones are

intrachromosomal chimeric YAC clones. The integrated MGR-WIIMIT Genome Center

dataset was also subjected to YAC group analysis (see Fig. 2).

The information for our YAC groups and the integrated MGR-WIIMIT YAC

groups is available via anony:nous ftp. To obtain the data,ftp to ftp.mcgill.ca and cd to

the directory publMcGill-Contrib/Chromosome2.
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Results

Scheme for generating and ordering groups ofoverlapping YAC clones andfor

integrating our data with the WlIMIT Genome Center data

The scheme we used to generate and order groups ofoverlapping YAC clones,

and to integrate our data with the WI/MIT Genome Center data, is surnrnarized in Fig. 2.

Previously, we used the mS-pCR screening approach to generate a Mark 1YAC

sublibrary enriched for chromosome region 2q (Liu P.t al. 1995a). In the present study, we

continued our YAC mapl'ing effort by screening the CEPH Mark 1YAC library with 78

addition randomly derived IRS probes and by STS content mapping ofthe rhromosome 2

Mark 1YAC sublibrary with 30 additional STSs. In total, we used 67 genetically mapped

rnicrosatellites and 24 cytogenetical1y mapped ESTs to screen the chromosome 2 YAC

sublibrary. These STSs were used as internal controls to verify the validity ofSTS­

anchored YAC groups and to order them along the chromosome. Although it is possible

that in sorne cases unrelated YAC groups might be falsely connected through an

intrachromosomal clùmeric YAC clone, such false connections could be detected easily by

rneans ofintemal controls such as STSs with known chromosomallocalization. The final

STS-anchored YAC groups wlùch resulted from analysis ofour data were therefore

consistent with the map positions ofthe STSs and could be ordered along the

chromosome 2 (Fig. 2).

The YAC Iibrdl)' wlùch we used to derive the chromosome 2 sublibrary was the

CEPH Mark 1YAC library, wlùle the WI/MIT Genome Center data are based on the

CEPH mega YAC library. Thus, integrating the chromosome 2 mapping data from both

horaries allowed us to create a more complete chromosome 2 YAC contig map. The

resulting groups are cal1ed integrated groups (lG) (Fig. 2).

STS content mappingofthe chromosome 2 YAC sublibrary

Ofthe 67 microsatellites wlùch were selected, 4 did not amplify control genomic

DNA and were not be used to screen the subhorary. Among the 63 markers wlùch were

use<!, 53 identified at least one YAC in the sublibrary. In addition, all ofthe 24 ESTs
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selected from chromosome region 2qI3-q37, except for AGXT, identified YAC cloues in

the sublibrary. Thus, of the 87 STSs (63 microsatellites and 24 ESTs) used for screening

the chromosome 2 YAC sublibrary, 87% (53 microsatellites and 23 ESTs) identified at

least one YAC in the sublib.csry. Table 1 lists the YAC clones identified by each STS.

The number of YAC clones detected per STS for the 76 STSs ranged from 1to 14 with

an avp.rage of4, which is consistent with our previous report (Liu et al. 1995a). In total,

245 STS-positive YAC clones were identified. The size for 130 ofth'lSe YAC clones is

also shown in Table 1.

Approximately half of the IRS-PCR probes lIsed for the generation ofthe

chromosome 2 YAC sublibrary were derived from somatic cell hybrid 014-1 which

contained the telomeric halfof chromosome 2q excluding the tip ofthe telomere (s~e Fig.

1) while the majority of the other halfwere derived from hybrid GM-I0826B containing

entire chromosome 2 (Liu et al. 1995a). The higher the density ofIRS-PCR probes for a

given genomic region, the higher the coverage ofYAC clones one would expect for this

region in the sublibrary. Therefore, we investigated whether success ofthe STS screening

was associated with the genor1Ùc region contained in the hybrid 014-1. We deternùned the

boundaries ofthis hybrid by PCR analysis for the presence or absence ofamplification

products ofspecifie primers from chromosome region 2q to be at the map region of

D2S72 and D2S307, and in the region between D2S338 and D2S395 (see Fig. 1). Ofthe

10 r1Ùcrosatellites which failed to detect YAC clones in the sublibrary, 7 ofthem were not

contained in hybrid 014-1 (Fig. 1). D2S351 is inside the map boundaries ofhybrid 014-1

but was not detected in hybrid 014-1. The Iikely explanation is that there is a small

internai deletion around D2S351 in hybrid 014-1, since r1Ùcrosatellites adjacent to D2S351

were found in this hybrid. In addition, there are other rearrangements in hybrid 014-1

since we observed that genor1Ùc sequences from the region around D2S138, which is

proximal to the expected map boundaries ofhybrid 014-1, were contained in this hybrid.

YAC group analysis

The updated dataset from our chromosome 2 YAC mapping database, that

includes new data from IRS-PCR screening ofboth Mark 1and mega YAC horaries as
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well as from new STS screening of the chrJmosome 2 YAC sublibrary, consisted of 1,733

Mark 1and 301 chromosome 2-specific mega YAC clones which were detectc:d by 752

IRS-PCR probes and 76 STSs. After the initial analysis we identified severa! YAC groups

which contained false connections based on the map positions of the STS& contained in

these groups. We re-analyzed these YAC groups vii: structured database queries and

identified single YAC clones which were causing the fa1se connection between unrelated

y AC groups. After excluding these chimeric YAC clones, we did another YAC group

a.,alysis and identified 220 YAC groups which are now consistent with the map positions

oftheir included STSs. Three additional YAC groups consisting only ofchimeric YAC

clones dlltected by D2S153, D2S161 and D2S172, which were not included in the YAC

group analysis, were named as YG221" YG222' and YG223'. Thus, in total, our dataset

consisted of 223 YAC groups.

Chromosomallocali::ation ofYAC groups andphysicallinkage ofmicrosatellites with

ESTs

Among the 223 YAC groups which were identified in the present study, 44 were

anchored by at least one STS. We denoted these 44 YAC groups as STS-anchored YAC

groups. Thus, the 76 STSs were associated with 44 STS-anchored YAC groups

comprised of837 distinct YAC clones. Table 2lists the 44 STS-anchored YAC groups,

their associated STSs, and the number ofYAC clones and the number ofmarkers (IRS­

PCR probes and STSs) CO:ltained in each group. Sïnce a11 the nûcrosatellites except

D2Sl02 andD2S211 were selected from the Gyapay map, the YAC groups could be

ordered along chromosome region 2q based on the genetic map position ofthe markers

(see Fig. 3). Ofthti 44 STS-anchored YAC groups, 39 were anchored by at least one

nûcrosatellite from the Gyapay map and are shown in the center ofFig. 3. D2S211 and

D2Sl02 were physically 1inked to groups that contained nûcrosatellites from the Gyapay

map.

Among the 44 STS-anchored YAC groups, 16 contained two or more STS

markers (first 16 groups in Table 2) and can be further subdivided into three categories

based on the type ofSTS contained in the group: 9 YAC groups containing both ESTs
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and microsatellites; 5 YAC groups containing only microsatellites; and 2 YAC groups

containing only ESTs. The 9 STSS-a!l~hored groups that contain both ESTs and

microsatellites include 17 microsatellites that can be ordered along the genetic map of

chromosome region 2q and 16 ESTs that map to distinct cytogenetic bands. These 9

STSs-anchored grcups represent the integration ofgenetic, cytogenetic and physical map

information in chromosome regio!1 2q, as shown in Fig. 3.

Integration ofour data with the WIIMIT Genome Center data

In order to gain more informatioll for chromosome 2 YAC mapping, we integrated

our data with the WIIMlT Genome Center chromosome 2 mapping data. The integration

was based on common microsatellites and/or common mega YAC clones. Microsatellites

that were used for screening the chromosome 2 Mark 1YAC sublibrary in our laboratory

and fer screening the mega YAC Iibrary by the WIIMlT Genome Center allowed us to

integrate our STS-anchored YAC groups with the WIIMlT Genome Center data In

addition, we used a subset ofIRS-PCR probes to screen the mega YAC library and

detected a set ofmega YAC clones, some ofwhich were also detected by the WIIMlT

Genome Center. Thtrefore, these common mega YAC clones provided a second way of

integrating our data with the WIIMIT Genome Center data

In the WIIMlT Genome Center data, there were 67 chromosome 2 WC-groups

which consisted of 1,574 YAC clones and 495 STSs (mcluding genetically mapped

microsatellites and other STSs). Ofthe 53 microsatellites used in our study, 48 were also

used by the WIIMlT Genome Center for screening the mega YAC library. The exceptions

were D2S72, D2Si04, D2S2I1, D2S322 and D2S371. Among the 48 common

microsatellites, 38 were found in the 67 chromosome 2 WC-groups. WP. therefore

retrieved the WIIMIT Genome Center data corresponding to the 10 microsatellites not in

WC-groups. Thus, the chromosome 2 WIIMlT Genome Center data which were

integrated with our data consisted of 67 WC-groups plus 10 microsatellites and their

associated mega YAC clones. The integrated dataset consisted of3,329 YAC clones

detected by 752 IRS-PCR probes and 533 STSs.
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After the initial analysis of the combined MGH and WIlMIT data. we identified

and elinùnated chimeric YAC clones. Afinal analysis produced 240 groups which we

called integrated groups (IG). Twenty-two integrated groups included both our YAC

groups and WC-groups; 14 ofthese 22 groups were located in chromosome region 2q,

which was the major focus ofour YAC mapping (see Fig. 4). Ofthe 14 integrated

groups, the r.ùnimum YAC coverage was determined for 6 integrated groups based on the

boundary markers from the Gyapay map: 4 cM (IGl2), 4 cM (IG20), 13 cM (IG5), 8 cM

(IG42), 5 cM (IG3), and 2 cM (IG25). Integrating the information from the WIIMIT

Genome Center has allowed us to increase the continuous YAC coverage, for example,

IG5 contains Il ofour YAC groups and 3 WIIMIT Genome CC:;uter WC-groups. IG5

consists of307 YAC clones and 130 markers, and overlaps at least 13 cM ofthe genomic

region fromD2SJ55 to D2S295. Together, the 6 integrated groups coyer a minimum of

36 cM, a genomic region which corresponds to approximately one fourth of the entire

long arm ofchromosome 2. The actual YAC coverage for chromosome region 2q is

significantly higher since there were another 8 ùttegrated groups (IG148, IG14, IGl51,

IG7, IGl84, IG31, IGlI and IG38) for which minimal genomic coverage could not be

accurately determined because there was ooly one genetic marker from the Gyapay map

contained in each group. Severa! ofthese groups fall within the gaps between the 6 other

integrated groups. In total, the 14 integrated groups consist ofl,195 YAC clones

(approximately 1/3 ofthe YAC clones in the integrated dataset) which were detected by

529 markers.
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Discussion

In the present study, we continued our effort in the assembly ofa complete YAC

contig for hum"", chromosome 2. We subjected the YAC clones contained in the

sublihrary to STS content mapping using primer pairs derived from 24 expressed genes

and 63 microsatellites which localize to the long arm ofchromosome 2. We were able to

order 44 YAC groups along the chromosome and to integrate 16 expressed genes into the

genetic map ofchromosome 2 on the basis ofour YAC group analysis. The integration of

expressed genes with microsatellite-based genetic maps will be useful for linkage analysis

and for cloning disease gem'·. Indeed,:t has been suggested that the positional candidate

approach which is based on the integration oftranscript and genetic maps will eventually

replace the positional cloning approach for cloning ofdisease ger..es (Collins 1995). In

addition, there are a number ofother applications for such integrated maps, for example,

once a candidate disease gene is identified in an animal mode~ the human homologue

could be tested for linkage analysis with the human disease phenotype. Frequently, no

polymorphie variants with high degree ofheterozygosity are found in the human gene and

it would be desirable to identify highly informative microsatellites located in the vicinity of

the disease gene which can be used for linkage studies. This problem can be illustrated by

the genetic analysis oftuberculosis susceptibility. The human NRAMPl gene has been

suggested by studies in inbred strains ofmice as a candidate tuberculosis susceptibility

gene (Vidal et al. 1993; Cellier et al. 1994; Liu et al. 1995b). To date, a number of

polymorphisms have been identified in the NRAMPl gene (White et al. 1994; Liu et al.

1995b; Blackwell et al. i995; Buu et al. 1995); however, most ofthese polymorphisms are

di-allelic and have low degree ofheterozygosity, and genetic studies are thus restricted by

the lack ofhighly informative genetic markers. The establishment ofphysicallinkage

within a small YAC contig between two microsatellites, D2S104 andD2SJ73, and

NRAMPl provided additional highly informative markers for further genetic ana\ysis of

susceptibility to tuberculosis (Liu et al. 1995b).

The integration ofour data with the WIIMIT Genome Center data greatly

improves the YAC contig information available for human chromosome 2. Whereas our
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data was created mainly using the CEPH Mark 1YAC library. the WIIMlT Genome

Center data was generated from the CEPH mega YAC library. The integration of the two

datasets thus incr'!ases the depth of YAC coverage of this chromosome. The two datasets

are comp\ementar" to each other to sorne extent. For example. among the 63

microsatellites tested in our study, 10 failed to detect YAC clones in the sublibrary. But. 5

ofthese 10 STSs detected mega YAC clones in the WIIMlT Genome Center e.xperiments.

On the other hand, 5 markers (D2S72, D2S104, D2S211, D2S322 and D2S371) were not

detected in the WIIMlT Genome Center sereen but were detected in Mark 1YAC clones

in our sublibrary. Furthermore, in the WIIMlT Genome Center dataset, D2S173 and

D2S163 were not part ofany ofthe 67 WC-groups. In contrast, these two markers were

part oftwo extended YAC groups in our dataset (YG55 and YG92). with 52 YAC clones

and 39 YAC clones, respectively. Finally, the integration between 2 datasets results in

larger YAC groups. For example, in chromosome region 2q (Fig. 4), ;n 8 instances

(IG14, IG12, IG20, IG7, IG5, IG·i2, 1031) our adjacent YAC groups were connected via

the WIIMIT Genome Center data, while in 3 instances (IG20, IG5 and IG3), the WlIMIT

Genome Center WC-group:; were com.ected via our data. Thus, the integration between

these two datasets has created 14 large YAC groups in human chromosome region 2q.

The localization of 44 STS-anchored y AC groups and the creation of 14

integrated YAC groups comprising 1,195 YAC clones and 529 probes on the telomeric

half ofthe long arm ofchromosome 2 represents significant progress toward the

construction ofa YAC-based physical map ofchromosome 2. To complete the physical

map for this region ofthe genome, it is necessary to localize YAC groups which are not

already part ofthe 14 integrated YAC groups and to initiate chromosome walking from

these groups. To date, we have identified 55 YAC groups which contain probes derived

from hybrid 014-1 and are not part ofthe integrated y AC groups. We intend to select a

minimal set ofYAC clones from these groups and derive IRS probes to screen both the

Mark 1and mega YAC libraries. This effort willlikely extend the present YAC groups

and result in additional contig closures. Currently, we are also exploring the possibility of

using "inner product mapping" to localize the YAC clones ofthe chromosome 2

sublibrary (perlin and Chakravarti 1993; Perlin et al. 1995). This information would aid us
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in selecting ms probes that are located in the contig gaps. Together, these ef.~orts will

help us to obtain a complete set of overlapping clones for the long arm ofhuman

chromosome 2.
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Figure 1:

Microsatellites in human chromosome region 2q. The genetic map was adapted from the

map produced by Gyapay et al. (1994). We selected aIl the markers except those wlùch

are underlined. In total, 65 markers were selected. The asterisk (*) indicates four

microsatellites that failed to amplify control human genomic DNA and were not used for

STS screening. One ofthe two primary sources for IRS probes was hybrid 014-1. The

chromosomal region contained in hybrid 014-1 is estimated to be 70 Mbp and is indicated

by the verticalline at the far left ofthe figure. Ten microsatellites failed to identify any

YAC clones in the sublibrary: three enclosed in [ 1were in the region contained in hybrid

014-1; the seven others are enclosed in < >.
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Figure 2:

Flow diagram for generating and ordering groups of overlapping YAC clones and for the

integration ofour data with the WIIMIT Genome Center data (for details see te:<t).
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Figure 3:

Chromosome localization ofYAC groups and physicallinkage ofmicrosatellite markers

and ESTs. An ideograrn of chromosome 2 with chromosomal band designations is given

at the left. Vertical bars to the right ofthe ideograrn indicate the cytogenetic localization

(obtained from GDB) ofESTs which were contained in the STS-anchored YAC groups.

Where STS-anchored YAC groups contain more than one EST, the narrowest cytogenetic

assignment was used. The 5 ESTs which are not physically linked with genetically

mapped microsatellites are labeled next to the corresponding vertical bars. On the far

right, horizontal tick marks indicate the location ofthe STSs; the number between two

tick marks indicates the genetic distance (cM). Physically linked STS markers within an

STS-anchored YAC group are separated by slashes, while markers within different STS­

anchored YAC groups at the same genetic map position are separated by semi-colons. In

the center ofthe figure, 39 ofthe microsatellite-anchored YAC groups are ordered on the

basis ofthe genetic order of the microsatellites. The numbers in parentheses after each

STS-anchored YAC group indicate the number ofYAC clones and the number ofmarkers

(IRS-PCR probes and STSs) in the group. Thin lines show the connections between the

cytogenetic and genetic maps and the STS-anchored YAC groups. Braces are used when

the markers at a map position do not fit on one line.
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Figure 4:

An integrated map for human chromosome region 2q. On the left is a genetic map,

modified from the map ofGyapay et al. (1994). Horizontal tick marks indicate the

location of microsatellites; the number be!Ween !Wo tick marks indicates the genetie

distance (cM). In the center, vertical bars indicate the location ofour YAC groups (YG)

and the WIIMIT Genome Center contigs (WC-groups) that are contained in the

corresponding integrated groups (IG) shown on the right. A solid vertical bar indicates

the minimum YAC coverage contained in an IG based on the positions ofthe boundary

markers from the Gyapay map. A striped vertical bar is shown at the map position for a

marker when an IG contains only one marker from the Gyapay map and the minimum

YAC coverage could not be determined. Following the name ofeach IG, the number of

YAC clones and the number ofmarkers (IRS-PCR probes and STSs) contained in the

group arc given in parentheses. Note that D2S346 and D2S307 are at the same position in

the Gyapay map, however, D2S346 is part ofIG20 and D2S307 is part ofIG7. Also,

IGl84 consists ofYG204 and WC-54.
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• Table :. Fol'ty-four STS~Jnchcred 't'AC :-7CUPS \ YG)

YG no. Linked STS(s)' YACs" ~I;u:km' YG no Llnked STS(s)' YACs' ~t;u:ke'"
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•
• The STS(s) contained in the group.

'The numbcr of YACs contained in the group.

'The number of markers (lRS-PCR probe or STS).
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As indicated in the preface, my thesis project originated from the generation of

genetic markers for the study of susceptibility to tuberculosis and leprosy (Chapter 4).

This project was subsequently expanded to include large scale YAC mapping ofhuman

chromosome 2 (Chapters 2 alld 3). A major impetus for the human genome project was

provided by the suggestion that investigation ofgenetic diseases would greatly benefit

from a detailed knowledge of the genomic organization ofchromosomal regions carrying

disease genes. In our experiments, this proposai has been proven correct, and the study of

susceptibility to tuberculosis and leprosy has definitely benefited from the mapping

information obtained in Chapters 2 and 3. In Chapter 3, we physica11y linked 17

microsatellites with 16 ESTs in 9 YAC groups. Among them, two highiy informative

microsatellites, D2SJ73 and D2SJ04, and an EST which was derived from exon 2 of

NRAMPJ were found to belong to the same YAC group. Subsequent YAC contig

analysis indicated that D2SJ73 and D2SJ04 were plÏysica11y linked with NRAMPJ on a

1.5-Mb YAC contig. Together with 9 other genetic markers identified within the

NRAMPJ gene as described in Chapter 4, these molecular markers can be included in an

extended NRAMPJ haplotype and will be useful to assess the role ofNRAMPJ in

susceptibility to tuberculosis and leprosy.
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CHAPTER4:

Identification ofpolymorplùsms and sequence variants in the human homologue ofthe

mouse natural resistance-associated macrophage protein gene
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Identification of Polymorphisms and Sequence Variants in the
Human Homologue of the Mouse Natural Resistance-Associated
Macrophage Protein Gene

Jing LiU,',2 T. Mary Fujiwara,2.3.4 Natalie T. BUU,I.2 Fabio O. Sanchez",2 Mathieu Cellier,"s
Ann Josée Paradis,6 Danielle Frappier,2 Emil Skamene,'·2 Philippe Gros.'.s Kenneth Morgan,',2.3.6
and Erwin Schurr'·2

'McGiII Centre for the Study of Host Res;scmce :md Ocp:lrtmcnts of ~Mcdicine, lHum:m Gcnetics. ~Pedi3.trics. \Siochcmistry. ;md
'Epidemiology and Biostatistic:s, McGiII University. MontrC31

Summary

The most common mycobacterial disease in humans is
tubcrculosis, and there is evidence for genetic factors in
susceptibility to tuberculosis. ln the mouse, the Bcg gene
controls macrophagc priming for activation and is a
major gene for susceptibility to infection with mycobac­
teria. A candidate gene for Bcg was identified by posi­
tional cloning and was designated "naturol resistance­
assoclated macrophage protein gene" (Nramp1), and
the human homologue (NRAMPI) has recently been
clonee!. Hcre wc reporl on (1) the physical mapping of
NRAMPI close to VIL in chromosome rcgion 2q35 by
PCR analysis of somatic ccli hybrids and YAC cloning
and (2) the identification of nine sequence variants in
NRAMPI. Of the four variants in the coding rcgion,
there were IWO missense mutations and IWO silent substi­
tutions. The missense mutations were a conscrvarivc 313­

nine-to-valine substitution at codon 318 in cxon 9 and
an aspartic acld-to-asparogine substitution at codon
543 in the predicted cytoplasmic tail of the NRAMP1
protein. A microsatellite was locatcd in the immediate
5' rcgion of the gene, threc variants werc in introns,
and one variant was located in the 3' UTR. The allele
&equcncles of each of the nine variants were determined
in DNA samples of 60 Caucasians and 20 Asians. ln
addition, wc have physically linked IWO highly polymor­
phie microsatcllite markers, D2S104 and D2S173, to
NRAMPI on a 1.5-Mb YAC contig. Thcse molecular
markers will be useful to assess the role of NRAMPI
in susceptibility to tuberculosis and other macrophage­
mediatcd diseuses.
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treal General Hospital Rescarch Insriture, Room Ul ~521,1650 Ccdar
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Cl 1995 by The Amerian Society of Human C~eti,\. Ali ril;ht\ l'e\CrvnJ.
0002·929719515604-0005502.00

Introduction

Tuberculosis is a major puhlk hcalth I.:olh.:crn· world~
wide. About one ·third of the world's population is in~

fected \Vith Nfycobactcrium tubacu/osis. and JO milliun
people arc expected to die in the next dccaJe from tllher­
culosis (World Health Organization (994). While envi·
ronmental cxposure ta tllycobacteria is necessary for the
devclopment of tuberculosis, intrinsic host fa..:tors :'1rC

also important in dctermining the outcomc of an infe..:~

tian with M. tubcrcu/osis. for example. human twin
l:t'tudics show significantly grcnter..:oncordance of disensc
among MZ twins comparcd with DZ twins of the saille
sex (Kallmann and Reisner 1943; Voge! and Mutulsky
1986, pp. 213-214).

GenctÏc srudies in the mousc have dcmonstratcd that
innate susceptibility 10 M. bo!';s (BCG), M. lcpmcmll­
rimn, M. intracellulare. and M. avitmz, as weil as twa
nonmycobacterial spccics. Salmonella !y/lbi",uri",11 and
Leishmallia donovaui, is under the control of a sing:lc
gene lomted in the proximal region of mouse chromo­
some 1 (Schurr ct al. 1990a). This gene has been alterna·
rively designated "ub," "[ry," or "Bcg" (B1ackwe!1
1989). Susceptibility to infection is recessive to resis­
tance. Resistanr miee restrict rhe growth of the ahove­
mentioned infectious agents in thdr reticuloendothelial
organs, while rapid uncontrolled proliferation of in·
jecred pathogens occurs in susceptible miee. Analysis of
rhe resisrant and susceptible miee has implicated the
mature tissue macrophage in rcsisrancc to infection and
has led to the proposai thar the Bcgluhllty gene rcgu­
lates macrophage priming for activation (Buschman ct
al. 1989; Blackwell et al. 1991).

A candidate gene for Bcg. originally designated
"Nramp" (whieh we rcfer to as "Nrampl"), was iso­
latcd by posit;onal doning and was shown to be e"­
pressed in rhe macrophage (Vidal ct al. 1993). Sequenc­
ing of the Nrampl gene From 27 inbred strains of mice
showed thar susceptibility to mycohacterial infection
was associated with a nonconscrvative substitution of
glycine ta aspartic acid in the: second putative transmcm-
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branc domain (Malo et al. 1994). A buman bomologue
of the mouse gene has recently been c1oned, and the
exon·intron organization has been determined for 16
exons (Cellier et al. 1994). In the present communication
we report on the localization of the human NRAMP1
gene (originally designated "NRAMP") and on the iden·
tification of oine sequence variants. These variants
should be useful for the genetic analysis of susceptibiliry
ta tuberculosis and other nonparasitic diseases of the
macrophage in humans.

Material and Method.

Somade Cell Hybrids
The National Institute of General Medical Sciences

(NIGMS) mapping panel 2 (Human Genetie Mutant
Celi Repository, Coriell Institute for Medical Reseatch,
Camden, NJ), which is made up of 24 hybrid celilines
that contain individual chromosomes as their only hu­
man complement (except for hybrid cclllines 07299 and
10478, whieh contain human chromosomes 1 and X,
and 4 and 20, respectively), was used for the chromo­
somal assignment of NRAMPI. The somatie cell hybrids
were grown according to the conditions specified by the
supplier. Afrer one passage of cells, DNA was extracted
according to standard protocols using proteinase K
treatment and phenoUchloroform extraction (Sambrook
et al. 1989). Primers 2F (S'·CCCTCCCTTAATGAAG·
GATe·3') and 4R (S'·CCACCACTCCCCTATGAGG­
TG·3'), whieh hybridize to the S'and 3' exon·intron
boundaries of exons 5 and 6 of NRAMP1, were used
to amplify DNA from the hybrid panel.

Construction ofa YAC Candg in the V"lCinity afNRAMPI
We previously identified close to 2,000 chromosome

2-specific YAC clones from the CEPH Mark 1 YAC
library by the interspersed repetitive sequence (IRS)­
PCR approach (Liu et al., in press). These YACs were
subsequently used for sequence-ragged site (STS) sereen·
ing with a set ofexpressed sequence rags and microsatel·
lite markers including primers specifie for NRAMPI and
VIL (Rousseau·Merck et al. 1988; Lu·Kuo et al. 1993)
and D25104 and D25173 (Spurr et al. 1994). The
primer sequences for VIL are Vil·3 (S'·TACAGTGAG­
GACCCATGTGC·3') and Vil-4 (S'·TCTGTTAAGGG­
TITCGGCTC·3'). YAC clones positive for NRAMPI
and VIL were used for chromosome walking in order
to construct a YAC contig. The protocols for preparing
y AC DNA, amplifying YAC DNA with IRS·PCR prim·
ers, obtaining waIking probes, and screening of the
CEPH Mark 1YAC library are described e1sewhere (Liu
et al., in press). The Baylor College YAC library was
screened br Dr. G. Chinault with the ViI·3/4 primers.
The mega YACs, 829_e..I2 and 872..h _8, were isolated

Am. J. Hum. Genet. 56:845-853. 1995

from a copy of the CEPH y AC libraries available in our
laboratory.

Human Genomic DNA Somp/es

DNA samples were obtained from Epstein-Barr virus
(EBV)-transformed celllines of nine Native Canadians
who are members of an extended multiplex tuberculosis
family (Mah and Fanning 1991), from EBV·transformed
celllines of 27 individua!s from 12 tuberculosis families
from Hong Kong, and from white blood cells of 60
unrelated Caucasians and 20 unrelated Asians. High­
molecular-weight genomic DNA was extracted from
EBV-transformed cells and white blood cells, according
to standard protocols (Sambrook et al. 1989), was quan·
tified by standard UV spectroscopy, and was stored at
4'C in Tris-EDTA (pH 8.0).

Moleculor Ooning

Subcloning of restriction fragments containing the S'
end of the NRAMPI gene was done according to stan­
dard procedures by digestion of cosmid DNA with re·
striction enzymes and size separation of restriction prod­
ucts on agarose gels. A 1.6-kb Pst! fragment overlapping
the S' region of the NRAMPI gene was identified br
Southem analysis using a partial cDNA clone as a probe.
The 1.6·kb fragment WaS exrracted from agarose by us­
ing the Qiagen DNA purification kit and was subcloned
in pBluescript KS+; fragment ends were sequenced by
the dideoxy-chain tetrnination method (Sanger et al.
1977) using the Sequenase kit (U.S. Biochemical) and
T3· or T7·specific sequencing primers. Sequence analysis
revealed the presence of a mierosatellite -150 bp into
the S' region of the fragment. A 5' PCR primer (S'·
GACATGAAGACTCGCATTAG-3 ') was designed and,
together with the 3' primer (S'·TCAAGTCTCCAC­
CAGCCTAGT-3'), was used to test for microsatellite
length variation. To allow visualization of the length
polymorphism, amplification was done with a 33P_la_
beled S' primer. The amplification produetS were di­
gested with Neol, and end-labeled fragments were sized
on standard sequencing gels. The ligation and transfor­
mation of recombinant vectors into DHSa, as weil aS
the selection and gtowth of recombinant bacreria, were
done according to standard protocols (Sambrook et al.
1989). Plasmid DNA was isolated using the QIA prep­
spin plasmid kit (Qiagen) and was used for dideoxy
sequencing of the inserts. T-vector was prepared ac­
cording tO the protocol desctibed by Marchuk et al.
(1991), with minor modifications.

Single-Srrond û>nformation Analysis (SSCA)
The PCR reaction mix used for ail SSCA PCR reac­

tions. conrained 200 ng of genomie DNA, 0.2 mM
dGTP, 0.2 mM dCTP, 0.2 mM dTTP, 0.07 mM dATP,
16 pmol of each primer, 1 mM MgCl" 10 mM Tris-
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HCI (pH 8.0), 0.05% Tween-20, 0.05% NP40, 0.2 units
of Taq DNA polymerase (Perkin Elmer Cetus), and 8
IlCi of "S-dATP in a toral reaction volume of 15 Ill.
The conditions fot amplification were a single denarur­
ation step of 3 min at 94°C, followed by 30 cycles of
denaturation (1 min at 94°C), annealing (1 min at 55°C­
63°C primer-specifie annealing temperarure), and exten­
sion (1 min at n°C), and a final extension step of 7 min
at n°c. The primers used for amplification of NRAMPI
gene segments for which sequence variants were identi­
fied are listed in table 1. Ali SSCA variants were detected
on 6% polyacrylamidel5% glycerol sequencing gels run
at room temperature at a constant current of 28 mA for
5 h.

DNA Sequeneing
PCR amplifications were cartied out in 2U-1l1 reaction

volumes containing 100 ng of genomic DNA, 50 mM
Tris-HCl (pH 8.3), 1.8 mM MgCI" 0.05% Tween-20,
0.05% NP40, 187.5 IlM of each dNTP (Promega), 0.4
J.lM of each primer, and 1 unit of Taq polymerase (Per·
kin Elmer Cerus). Parameters for thermocycling were as
follows: incubation for 4 min at 94°C, followed by 33
cycles of 1 min at 94°C, 30 s at 59°C, 1 min at 58°C, 1
min 40 s at 72°C, and a final extension step of 10 min
at 72°C. For direct sequencing, the genomic PCR·ampli.
fication products were diluted 1:15 in H,O without fur­
ther purification and were subjected to thermal cycle
sequencing using the Hot Tub DNA Sequencing System
(Amersham). For clone sequencing, 1-2 Ilg of purified
plasmid DNA were used for dideoxy sequencing using
the Sequenase kit (U.S. Biochemical) with T3- or T7­
specifie sequencing primers. For each ligation, at least
four clones were sequenced in both sense and antisense
orientation.

Southem Ano/ysis
Five micrograms of genomic DNA or 1 Ilg of cosmid

DNA was digested with restriction enzymes, with condi·
tions and quantities recommended by the supplier (New
England BioLabs). The digested DNA samples were size
separated on agarose gels, were transferred onto Hy­
bond nylon membranes (Amersham), and hybridized
with probes labeled to high specifie activiry (5 X 10'
cpm/Ilg DNA) with a_32P_dATP (specifie activiry
>3,000 Cilmmol; Amersham [Feinberg and Vogelstein
1983, pp. 213-214]) under high-stringency conditions
as described elsewhere (Schurr et al. 1989). Ali
NRAMP1-derived probes were preannealed with 400
Ilg of human placental DNA in 1 ml of hybridization
medium for 1 h at 65°C.

Restrietion-Site Ana/ysis
Analysis of the restriction-endonuclease recognition

sites in DNA sequences was carried out with the Mac-
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Vector software pa,kagc. version 4.1 (Intl'rnational Bio~

technologil:s). Restriction-endonuclcasc di~e:stions "'l'rl'
done by nsing 5- 10 U of enzyme per l'CR reaetion,
undcr conditions rc,ommcnded by the: supplier (Nl'\\'
England BioLabs). Restriction-enzyme ùi~cstion f'rod~

ucrs \Vcre rcsolvcd by dectrophorcsîs on I1t;~1 poIY;'lCryl­
amide gels stained with ethidium bromide: a lOO-hl'
ladder was used as a size markcr (Pharmacii.l).

Results

Physicol Mopping of NRAMP 1
The chromosomal localization of NRAM l'1 was dl'­

termined by PCR amplifieation of genomic DNA ex­
tractcd frum thc monochromosomal somatie cdl Il\'­
brids of N1GMS panel 2 hl' lIsing primets 2F anll 4R.
As shown in figure 1, the ptedieted l'CR prodnet of
-700 bp was amplified in hnman genomic DNA and
in DNA obrained from hybrid 108261\, which <lllltains
human chromosome 2 as its only human chromosllme:.
The fact that only one dearly identifiable band w"s "m·
plified in human genomie DNA and in hybrid 1082611
demonstrated the NRAMP 1 spedfidry of the primers
and showed that NRAMPI is loeated on ehromo·
some 2.

ln the mouse, Nrampl is c10sely linked to Vil (Malo
et al. 1993). To estimate the ph)'si.,,1 disrance between
the human homologues of thcse gcnes, wc earricd out
STS screening of a previously generated ehromosome 2
CEPH Mark 1YACsublibrary, with" setofSTS markers
including primers specifie for NRAMPI, VIL, and 50
microsatellite markers. Three YAC clones, 2A3A03
(96-'1..3), 3G1H06 (211-h-6), and 4G6F03 (330_U),
were identified that carried both NRAMPI and VIL (the
CEPH y AC designations are given in parenthescs). STS
screening of the Baylor College YAC library, with prim.
ers specifie for VIL, identified a YAC clone, B2, with an
insert size of 200 kb. PCR analysis with primers specifie
for NRAMPI revealed that B2 also contained the
NRAMPI sequence, suggesting a maximum distance of
200 kb separating these two loci. Thus, NRAMPI can
be assigned to chromosome region 2q35, since VIL had
previously been assigned to this chromosomal region
(Rousseau-Merck et al. 1988; Lu-Kuo et al. 1993). A
YAC contig of the region encompassing NRAMPI and
VIL \Vas constructed by chromosome walking in the
CEPH Mark 1 YAC Iibrary by using IRS-PCR probes
derived from YAC clones that included NRAMPI and
VIL (fig. 2). Among the YAC clones identificd by chro­
mosome walking, clone 4L3E04 (312..<:..4) testcd posi­
tive for microsatellite markers D2S104 and D2S173.
We then searched Généthon's GenomeView database
via the Internet (URL is hnp:l/www.genethon.fr) for
D25173 and D25104, and we identified a 210-kb YAC
clone (829_<:..12) that was positive for both markers. In



Table 1

NRAMPI Polymorphlsms and Sequence Varfants

AllELE FREQnsc...

NUCLEOTlDFJAMINo ACfD PRIMERS, 5' ro ]' POLnfORPllIC CaucasÎ.1n AsiJn
NAME CffANGE (PRe Producr Size) E:-'7.Y.\1E ArlUE' (n = 120) (II = 40)

{ GAC ATG MG ACT CGC ATT AG } { AII"e 1 = 286 bp .73 .85
(GT)•.....•..•...••.•••••.• Microufcllitt', S' 10 t'xon 1 TCA AGT CTC CAC CAG CCT AGT Ncol AII"e 2 = 288 bp .25 .JO

(-800 bp) AII"e 3 = 290 bp .02 .05

274CIT •........•........• Cor T al nucleotide 274: {TGCCACCATCCCTATACCCAG} Moll f AII"e 1 !TI = 167,37, and 12 bp .27 .12
TTC or TTT (phe) al TCT CGA MG TGT CCC ACT CAG l AII"e 2 (Cl = J02, 65, 37, and 12 bp .73 .88
codon 66 in exon 3 (116 bp)

469+ 14GIC ••••••..•.•• Gor C olt nucleotide + 14 { TCT CTG GCT GM GGC TCT CC } Apal { AII"e 1 (G) = 624 bp .73 .92
of infro" 4 TGT GCT ATC AGT TGA GCC TC AII"e 2 (CI = 455 and 169 bp .27 .08

(624 bp)

577-18G/A ............ G or A at nudeotide -18 { CTG GAC CAG GCT GGG CTG AC } M,pl { AII"e 1 (A) = 146 bp 0 .02
of infra" 5 CCA CCA CTC CCC TAT GAG GTG AII"e 2 (G) = 125 and 21 bp 1.0 .98

(146 bp)

823CIT ................... Cor T at nucleotide 8Hi 1 CTT GTC CTG ACC AGG CTC CT } Na,J { AII"e 1 !TI = 234 bp .02 .15
GGC or GGT (Glr) al 1 CAT GGC TCC GAC TGA GTG AG AII"e 2 (Cl = 135 and 99 bp .98 .8.1
codon 249 in exon 8 (234 bp)

A318V .................... Cor T at nuc1eotide 1029;: { TCC TTG ATC TTC GTA GTC TC } H,oFl { Allde 1 (Val) = 232 bp 0 0
GCG (Ala) or GTG (Val) GGC TTA CAG GAC ATG AGT AC AII"e 2 (Afa) = 171 and 61 bp 1.0 1.0
at codon J18 in exon 9 (232 bp)

1465·85G/A ........... G or A at nudeoride -85 { GCA AGT TGA GGA GCC MG AC } Os,, { AII"e 1 (A) = 142,75, and 24 bp .38 .35
of infra" 13 ACC TGC ATC MC TCC TCT TC Allde 2 (G) = 102,75,40, and 24 bp .62 .65

(241 bp)

IH4JN ................... G or A al nucleotide J70~; { GCA TCT CCC C,\A Trc ATG GT } Avall { AII"e 1 IA.n) = 201 and 39 bp .01 .18
GAC (A.p) or AAC (A.n) MC TGT CCC ACT CTA TCC TG AII"e 2 (A.p) = 126, 79, and H bp .99 .82
at codon 543 in exon 15 (240 or 244 bp)

1729+Hd"4 ......... Delerion of TGTG in the Same as (or 0543N Fokl { Allele 1 (-TGTG) = 240 bp .01 .18
3' UfR (55 nt 3' 10 the Allele 2 (+TGTG) =211 aod 3.1 bp .99 .82
fast codon in exon 15)

.. Ali aUties show Mendelian segregation (data not shown).
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Figure 1 peR ana!ysis of lt\onm:hrulllosoma! sutn;Hi~ ~dl h~·brids. Humait, h.unsll.·r, 'llld IllUUSI.·l!ol.·lIUl\ti~ nNAs wt"n' lISl'lI .1" ~tll\lI·\lls.

H.ldll-dip,estl·d <!IX1ï4 DNA w;\s used as the sizc marker.

addition, wc identified a mega YAC donc (S72.JLS),
from the Quickmap datahasc (Cohen ct al. 1993), that
was positive for D2Sli3. DNA from this YAC donc
was tcstcd using primers specifie for VIL and NRAMP /,
and positive amplification was observed for borh mark­
crs. Taken together, the results of thesc experimcnts
demonstrnted that VIL, NRAMPI. D2S/i3. :lOd
D2SIO-I- are physically linked on a chromosomal sc'!;­
ment with an estimared size of 1.5 Mbp (fig. 2).

i ~

! ~ . •
:1: ~ ~ ;:: ~

~

~ '"~ ~
~

~ 8
~ ~,;, ~ N

~

;; ~ N "- N '"N
,.

~ Q ;;; ~

:-... "" (200 ""1:
me : : 2A3A03 (96_ll..3: .70 kbl

: : : : 3G1H06 (lll_h..6; 500 kb)

- 0 OF> SF3D09 (369_cL9)

: 313007 (Z19_d..7)

: : : .t.3ECM (312..e_.; 690 kb)

: : ......_ .........-..-::>- 872..h..8 (1.30 kb)

: :>- 8Z9_e-ll (l10 kb)

Figure 2 Genomic c1aningaf the rq;ian that includes NRAAfPr
and VIL A likely arder of markers and loci is given Olt the top of the
figure. Only the YAC clones bc:longing ta 3 minimum tiling puth 3nd
five of the chromosom~walking probes (Ml. 47-23No.7. 0253,
313007.15" 3nd 3l3D07.4e) 3re shown; however. the tiling p3th 3nd
the arder of probes were derivcd from 311 the d3ta. The order of prollt:'
b;ts not bccn independendy established. 3nd other arders 3n: likely.
YACs., which 3n: not dr.1....'1l ta scale. are rcprcsented as sbaded b3r.>;
the names of YAC clones are given to the right of the bars. The CEPH
y AC designations for CEPH M3rk 1YAC clones :md the known si7.~

of YACs 3re indicned in ~rcnthcses. An apen elli~ on a bar indi­
cates tbat the YAC clone WolS identilied br the corrcsponding probe.
Doned lines on thrtt of the YACs (82, 8'72-h..8. and 829-e...12)
indicate tbat thest: YACs were not tcsted for the pr'e!lCTlCC of the chf()­
mosom~walkinf; probes. Probe ~12 is an IRS walking probe derived
from clone 87'_h-8 and wa'i. u~ to ~recn the CEPH M3rk 1YAC
Iihrary. The ~timated 'i.i7.e of the cnntig i.. I.S Mh.

Identification of Polymorphisms and Sequence Van'allts in the
NRAMPI Gene

\Vlc uscd scvcral I11cthods to scarl.:h for mutations in
rhe NRAMI' / gene in genmuk DNA of a pand of indi­
vidu~lls that Il,dudcd 9 memhers of a Nativc CamH.lian
kindred and 2-1 individu:,ls fWIlI 11 Hong Kong f:uuilies.
Primcrs for 15 of the 16 exons \Vere derivcll in thc pro..
cess (.f identifying the cxon~intron org.mization nf
NRAMP / (Cellier et al. 199-1). The maiority of these
primers \Vere IOl.:atcd within intronk St.'qut.'nct."S, [0 al111w
amplifica:-ion of the exon~intron splice consensus st....
quenœs. The DNA smuples \Vere screene.\ by SSCA of
ail NRAMP l "xons exccpr for exon 1. Dirc'Ct sequendng
revcalcd four SSCA variants that \Vere duc to nultations
in the coding region und one that \Vus in intronic sc·
quenct.'"S. T\Vo variants \Vere prcdk[cd ta c.\Use amino
acid subsritutions: A31 SV, an alanine-to-valine subsritu­
tion at codon 318 in exon 9; and D543N, an aspartic
3cid-to..asparagine substitution nt codon 543 in cxon
15 (rable 1). Two variants were silenr nudcoride substi­
tutions: 274crr in codon 66 (phenylalanine) in exon 3
and 823crr in codon 249 (glycine) in exon 8. The in­
tronie variant, 5ii-18G/A, was a G-to-A nucleotide
substitution ne3r the 3' cnd of intron 5. The mutations
have been designated according to the nomenclature
suggested by Beaudet and Tsui (1993); the nucleotidc:s
and codons were numbered according to the sequence
of GenBank accession number L32185.

In the process of DNA sequencing to determine the
sequence changes of the SSCA variants, we found rwo
addirional mutations: 1465-SSG/A, a G-ro-A nucleo­
tide substitution near the 3' end of intron 13; and
1i29+S5del4, a 4-bp TGTG ddetion locared S5 nr
downstream of the last codon in exon 15. This 4-bp
deletion creates a hereroduplc:x of the PCR produas
of individuals who are heterozygous for the insertion!
deletion polymorphism. By Southem analysis, an ApaI
RFLP was detc:aed (allde 1 = S kb; and allde 2 = 4 kb
+ 1 kb) by usin!; an NRAMP/ cDNA probe. Sequential
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o 12kb

NRAMP1

2 3 440 5 fi 7 8 9 1011 12 13 1415

,Jl1
274CIT Sn-18G1A

(GTl.

1729...S5dol4

Figure 3 1.0l.:iltÎon uf pU!)'lllorrhi!'oIll!> ;lI\J SCll11l.'lll,'I.' v;trimas in NRAMPI. The s~hC'l\lj,tic Jiagram of the exon-imron urg:lnil~1tion was
iu.L1J'lleJ from Cdlier ct :.\. (19'141.

hyhridization using NRAMPI exon probes ta DNA
from individuals heterozygous for the RFLP, along with
direct sequencing, identified the polymorphism, desig­
nated "469+ 14G/C," as a G-ta-C nudeotide substitu­
tion in intron 4. Finally, a micros.'tellite was identified
on a I.6-kb genomic Pstl ftagment overlapping exons
land 2 of NRtlMP 1 and was located -800 bp S' ta
the NRtlMPl start codon. The structure of the repeat
was determined ta be (GT),AC(GT),AC(GT)•. Wc did
not find any variants in exon 4a, whieh is an alterna­
tivcly spliccd exon (fig. 3) and codes for an inverted Alu
Sx clement Uurb and Milosavljevie 1991), cither by
direct sequencing of 6 individuals or by SSCA of 33
individuals composing our screening pancl and of 24
unrelated Caucasians.

Analysis of the sequence variants revealed that the
nudeotide change'S cither created or destroyed a recogni­
tion site for restricrion endonudeases (except for the
mierosatellite), which allowed us ta develop a l'CR assay
for each of the variants (table 1). YAC done 2A3A03
was used as a positive control for specificity of l'CR
assays of NRAMPI sequences. Ta determine if the se­
quence variants were polymorphie, we tested DNA sam­
l'les from 60 Caucasians and 20 Asians. The DS43N
missense mutation in exon 15 and the 4-bp deletion,
1729+SSdel4, in the 3' UTR appear ta be in absolute
linbge disequilibrium. The allele frequencies differed
between the two ethnic groups., for four polymorphisms:
469+ 14G/C, 823C1T, DS43N, and 1729+SSdel4
(Fisher exact test; P < .05). The 146S-SSG/A polymor­
phism in intron 13 had the highesc expecred heterozy­
gosity, in bath the Caucasian and Asian samples (.47
and .46, respectively).

The observed allele counts for the nine variants are
shawn in table 2, for 22 unrelated members of 12 Hong
Kong families and for S unrelated members of the Cana­
dian kindred. We detected no significant association be­

.t\veen tuberculosis disease status and the NRAMPI al-

Ieles in the small sample from either of these groups
(Fisher exaCt test; P > .05).

Discussion

The evolutionaty conservation of chromosomal seg­
ments berwccn mousc and human is weil documented,
and comparative mapping has been employed success­
fully for the identification of a number of genes or dis­
ease loci (for reviews, sec Nadeau et al. 1992; Liu et al.
1993; Searle et al. 1994). Wc have shawn previously
that a 3S-cM chromosomal segment that indudes Bcg
on proximal mouse chromosome 1 is conserved in hu­
man chromosome region 2q33-qter (Schurr et al.
1990b). Among the conserved loci, Vil was the locus
most dosely linked to Bcg, and the physical distance
between Vil and Nrampl, the candidate gene for Bcg,
was determined ta be -50 kb (Malo et al. 1993). In the
present study, wc have physically mapped the human
NRAMPI gene to within a maximum distance of 200
kb of VTL, in chromosome region 2q3S, by l'CR analysis
of somatic cell hybrids and by YAC doning. Both this
chromosomal location of NRAMPI and the observed
high sequence similarity with mouse Nrampl (Cellier et
al. 1994) strongly argue against the possibility that hu­
man homologues of either the mouse chromosome 17
Nramp-related sequence (Dosik et al. 1994) or the
mouse chromosome 15 Nramp2 gene (Gruenheid et al.,
in press) were amplified in our experiments. A possible
human homologue of Nramp-related sequence is ex­
pecred to mal' to chromosome region 6q27 (Dosik et al.
1994), and human NRAMP2 has been mapped, by in
situ hybridization, to 12q13 (S. Vidal and p. Gros, per­
sonal communication). Furthermore, the estimated max­
imum distance berween VTL and NRAMPI on chromo­
some 2q3S was similar to the observed physical distance
between Nramp 1 and Vil on mouse chromosome 1. Our
results, thercfore, support the validity of mouse-human

•
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Table 2

Distribution of Alleles of NRAMPI Pelymorphlsms and Sequence Variants ln Unrela.ted lndl'llduals (rem Tuberculesls Familles

S51

S~QllrNCr. \' AllI"N"r

469+ $77- 14t>$· I:'~" t
(GTI_ 174crr 14GJC ISG/A S1Jt1r A.HSV S$t;,';\ llqJN $$1,\(\4

No, O~'

DIsu.:-l: $TA1lJS" INDlVIPUAL'i Z 3 : Z Z , Z , , ,
Hong Kong families:

TBI+) .................. 9 IS 0 0 0 lS IS () () IS , Il; 1 \" , \. , IS .' 1.<
TB(-I .................. 13 22 Z Z Z Z4 Z4 Z Z Z4 25 () ,. , IS .1 2J 1 1.\

Canadian kindred:
TB(+) .................. 3 4 Z 0 Z 4 4 Z () • ; () h 3 .' \ .< 1 .<
TB(-I .................. 5 " Z 0 9 9 () 10 Z , 10 3 7 -' 7 .1 7

"TB(+) - affeacd with tuberculosi~ 3nJ Tl\(-) = nnt atfectC'à with tuber.:ulllsis,

compararive genome analysis on the level of physical
maps.

We have identified nine sequence variants in
NRAMP1. Seven of these variants are silent substitu­
tions or are located in introns or UTRs of the gene.
Only twO of the sequence variants are predicted to cause
amino acid substitutions: an alanine·to-valine substitu­
tion ar codon 318 (A318V), which changes an amino
acid located between the predieted fifth and sixth trans­
membrane domain, and an aspartic acid-to-asparagine
substitution at codon 543 (D543N) in the predicted cy­
toplasmic carboxyl-terminal end of the protein. The ala­
nine·to-valine substitution is a conservative substitution
and is not expected tO influence the function of the
NRAMP1 protein. However, the substiturion of a nega­
tively charged aspartic acid by an uncharged asparagine
residue could affect function of the protein. The homol­
ogous codon at the corresponding position in the mouse
Nramp1 protein codes for a glutamic acid (Vidal et al.
1993), another amino acid with a negatively charged
side chain. This provides suPPOrt for the funetional rele­
vance of a negatively charged residue at codon 543.
Additional knowledge of the function of NRAMP1 pro­
tein is required for inference of the effecrs of these mis­
sense mutations.

Heterozygosities for the nine polymorphisms detected
in the NRAMPl gene were low or moderate, with the
highest expeeted value, .47, being seen for the 1465
-85G/A polymorphism in intron 13. Two microsatellite
markers, D2S1 04 and D2S173, were found to be closely
linked to the NRAMPl region by physical mapping. The
expected heterozygosities of D2S1 04 and D2S173 were
.72 and .70, respectively (5purr et al. 1994). The combi­
nation of these two highly informative microsatellite
markers in the vicinity of the NRAMPl gene and the
NRAMPl sequence variants should greatly facilitate the
study of the role of the NRAMPl gene in diseuse suscep­
tibility.

"The problcm of the cxtent to which gc..-nctic factors
entcr inta susccptibiliry ta tubcrculosis is one of the
oldest in human genetics·· (Nec! and Shul1 1954, p. 292).
Infection by Mycobacteriwll tJliJercul()$r~" results in a
widc spectrum of phenotypic manifestations_ ranging
from skin~test scnsitivity ta purificd protcin dCrlvativc
in individuals without deteetable tubercle bacil1i to fully
developed pulmonary disease characterized by multiba­
cillary granuloma that may .'ause death if the infection
is left untreated (Lenzini ct al. 1977). The c1inical phenn­
type is almost certainly modul:lted by acquired immune
responses. Among immunologically competent individu­
ais, the quality and quantity of the specific antitubercle
immune response depend on genetic factors, prior expo­
sure to M. tuberculosis or other related environmental
mycobacteria, and/or BCG vaccination (Dubos and
Dubos 1987; Sifford and Bates 1991). Thus it appears
from the comple" etiology of tuberculosis that inade­
quate classification of tuberculosis patients with respect
to clinical, vaccination, and exposure hisrary will result
in both etiologic heterogeneity and loss of power either
to deteet a major susceptibility gene or to confirm a
candidate gene such as NRAMPI. We failed ra detect
a statistically significant associarion between NRAMPI
variants and tuberculosis disease status in two samples
of unrelated individuals. This could indicate that there is
no predominant predisposing mutation in these families.
However, our sample sizes were small, and both cases
and controls were sdected on the basis of being parents
or grandparents of multiplex tuberculosis families. ln
addition, incomplete penetrance and sporadic cases of
tuberculosis would further reduce the power to deteet
an association. A recessive susceptibility modd with lia­
bility classes based on clinical Status, age, exposure, and
BCG vaccinarion (Boothroyd 1994) will be used in link­
age analysis of NRAMPI and tuberculosis susceptibility.
The NRAMPI variants described in the present report
will also be uscful for the genetic analysis of human
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susccptibiliry to leprosy, typhoid fever, and Kala Azar, in
analogy to suscl.:ptibility [0 intraccllular parasites under
/lcgll.shllty control in the mouse (for review, sec Black­
wcll 1989; IIlackwell ct al. 1991; Shaw ct al. 1993).

Numcrous srudics have csrablishcd mDlISC: Nramp1
as an importanr rcgulatory clement in the parhways of
macropha!(e differentiation (lluschman ct al. 1989;
IIlackwcll ct al. 1991). This suggests human NRAMl'l
as a candidatt.' discasc gcnc for a large number of gcnc(c
dcft'Çts involving the macrophagC'~ most nombl)' auroim­
munc c.liscascs (lvanyi 1994). For cxamplc, gellerie sruda

ics in NOD min' have mappcd a diabcres susccptibilit}'
genc to the vieillit)' of Bcg (Nrampl) on proximal mousc
chromosome 1 (Cornall ct al. 1991), suggesting that
humall NRAMl'J may act as a diabetes susceptihility
gene. III addition, NRAMl'l may play a role in the cffi­
cacy of BCG immllllothera, of patiellts with hladder
callcer. Of the patients who sllffered from slIpetficial
bladder cancer and were cJigible for BCG immllllother­
opy, only 30'X.-50'Yo responded to BCG immunother­
apy (Morales ct al. 1992). FaiJure of BCG treatment has
bec'l linkcd [0 :m illcfficicnt inflammarory rcsponse to
instilled BCG (Torrence et al. 1988), which implies thar
NRAMl'l may control the response to BCG immllno­
therapy. Thlls, the sllldy of NRAMPI expression and
mutation analysis can he applicd to a wide mnge of
human discascs in addition to infectious diseases.
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L Large scale YAC mapping ofhuman chromosome 2

5.1 Strategy for the YAC mapping of chromosome 2

The selection ofa suitable mapping strategy is essential for the success ofa

mapping project. Two major factors that one generally takes into account for the

selection ofa strategy are cost and efficiency ofmap generation. We chose IRS-PCR

screening as the primary mapping method and STS content mapping as additional

approach to complement the IRS-PCR method based on the foUowing considerations.

First, the IRS-PCR approach aUows the rapid and cost-effective generation of

large numbers ofmarkers. Assuming that the physicallength ofchromosome 2 is 250

Mbp, it would require the generation of at least 2,500 markers to coyer the entire

chromosome to create a map with an average Marker density of 100 kb/marker. The

generation oftlùs number of STSs would be a laborious, tinte- and material- consuming

effort since Many steps are involved in STS Marker generation, including DNA sequencing

and sequence analysis, primer selection and synthesis, PCR optimization and data analysis.

Nevertheless, since STS content mapping is a PCR-based technique wlùch makes the

screening process more amenable to automation, and STS markers can be derivcj for any

unique sequence in the genome, tlùs method is the MOSt commonly used approach for

YAC mapping ofhuman chromosomes. In addition, for several human chromosomes, a

large coUection ofSTSs has been generated independent ofthe YAC mapping projects

wlùch can be used for YAC cloning. Unfortunately, at the initiation ofour experiments

only a smaU number ofchromosome 2-specific STS markers were available. Thus, taking

an STS content mapping strategy as the primary approach for YAC mapping of

chromosome 2 would have meant that at least at the early phase ofthe project a significant

amount ofeffort and tinte would have been required for STS Marker generation.

In contrast to the tedious process ofSTS Marker generation, the generation ofa

large number ofIRS-PCR probes only requires c10ning ofIRS-PCR products into

T-modified vectors, selection ofrecombinant clones and fingerprinting ofinserts. In our

bands, tlùs process is straightforward, fast and cost-effective (Chapter 2). Thus, with

respect to Marker generation, the IRS-PCR approach is preferable over the STS content
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mapping approach. In addition, the hybridization-based IRS-PCR approach can be

adapted to high probe throughput screening ofpooled YAC libraries. In our laboratory,

up to 96 loci were screened in parallel by one person in one week, and, in theory, the

screening ofa YAC library with 2,500 markers could be done by one person within one

year. Thus, even without the highiy automated or robotized procedures used by the

majority oflarge genome centers, the IRS-PCR approach enables smalliaboratories to be

competitive in the fast moving field ofgenome research.

The IRS-PCR approach allowed us to quickly generate a chromosome 2 YAC

sublibrary, which formed the basis for YAC contig assembly ofchromosome 2 (Chapter

2). However, the major limitation of the IRS-PCR approach is that by this method alone,

it is difficult to order YACs (Chapter 3). To order YACs along the chromosome, we

chose STS content mapping of the chromosome 2 sublibrary as additional approach. The

use ofSTS content mapping at this stage ofthe experiments had the benefit that the STS

screening could be done in the chromosome 2 sublibrary instead ofthe total genomic YAC

library, greatly reducing the number ofPCR reactions and amplification produets which

needed to be analyzed. Finally, STS content mapping with genetically mapped

microsatellites and cytogenetically mapped ESTs allowed the integration ofgenetic and

cytogenetic maps into YAC contig maps, a result which is ofparticular importance for a

better understanding ofthe genomic organization ofchromosome 2.

5.2 Estimation ofYAC coverage ofthe telomeric halfofchromosome 2q

The estimation ofYAC coverage at different stages ofthe mapping process

provides an important indication for the progress towards assembly ofa single YAC

contig covering chromosome 2. Since most ofmy mapping efforts were focused on the

telomeric halfofchromosome 2q, 1will attempt to estimate the YAC coverage for this

region ofthe chromosome.

To estimate the extent to which the telomeric halfofchromosome 2q is contained

in the chromosome 2 YAC sublibrary, the results ofthe STS content mapping ofthe

sublibrary can be used. Ofthe 87 STSs used to screen the subh"brary, 67 (87"10) deteeted

at least one YAC in the subh"brary. Assuming that these STSs were distn"buted randomly
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along the telomeric halfofchromosome 2q. an estimated 87% ofthe chromosomal

segment would have been cloned in the sublibrary. However, this assumption is likely

incorrect since the STSs used are not randomly distributed (Chapter 3; Gyapay et al.,

1994; Bell et al., 1995), and we observed that the distributions ofIRS-PCR probes and

STS loci are to sorne extend complementary. While clustering of STS markers on

sublibrary YACs could result in an overestimate of the cloned chromosome 2 region, an

inverse distribution ofIRS and STS markers would suggest that the coverage ofthe

telomeric halfofchromosome 2q segments in the sublibrary could be higher than 87%

since the sublibrary was generated based on IRS-PCR screening. Indeed, this conclusion

is consistent with the following estimate. In total, there are 223 YAC groups in our

dataset, ofwhich 65 contain probes are derived trom hybrid 014-1. This hybrid is

estimated to carry an approximate 70 Mbp segment of the telomeric halfof the long arm.

Assuming the remaining 158 YAC groups are evenly distributed along the chromosome,

approximately 40 ofthem should overlap with the chromosomal segment contained in

hybrid 014-1. Based on the average YAC size of450 kb and the contig depth of6.7 for

the chromosome 2 sublibrary, we estimate the average genomic coverage for a cne probe

contig (the smallest contig) to be àpproximlltely 700 kb. Assuming each YAC group to be

represented by one probe ooly, the genomic coverage ofa 70 Mbp segment by 105 YAC

groups would be close to 100%.

Next, 1estimate the chromosomal coverage by the YAC groups that can be ordered

along the telomeric haIfofchromosome 2q. In our dataset, 44 YAC groups are anchored

by genetically or cytogenetically mapped STS(s) and thus can be ordered. The minimum

genomic coverage for these groups would be 31 Mbp (assuming a minimum coverage of

0.7 Mbp/contig; see above), which corresponds to approximately one-fourth of

chromosome 2q. After integration ofour data with the WIIMIT Genome Center data,

there are 14 integrated groups which contain 39 YAC groups and 19 WIIMIT WC-groups

on chromosome 2q. These 14 integrated groups are all anchored by genetic markers and

can be ordered. Unfortunately, there is no simple and accurate method to estimate the

chromosome coverage by these 14 integrated groups. However, it is possible to estimate

the minima1 coverage for 6 ofthem based on the genetic markers from the Gyapay map
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which were contained in each group. Using this approach, the total nùnimal coverage for

these 6 groups that can be estimated as 36 cM. For the remaining 8 integrated groups, the

minimal genomic coverage could not be determined because only one genetic marker from

the Gyapay map was contained in each group.

5.3 YAC contigs

A y AC contig is defined as a set ofllrdered YAC clones carrying overIapping

inserts. One example ofsuch a contig is shown in Chapter 2 (Fig. 7). However, unless a

dataset which is subjected to contig analysis is free oferrors, the contigs generated are

unlikely to represent the true order ofYACs. General1y, most errors in YAC mapping

data are caused by false positive or false negative clones, markers that contain repeat

sequences, and chimeric YACs. The error rate ofprimary mapping data appears to be

similar for STS content mapping or IRS-PCR screening ofYAC hèraries (Chumakov et

al., 1992; Foote et al., 1992; Bell et al., 1995; Green et al., 1995). Thus, additional

methodologies are needed to establish true orders ofYACs. Currently, two approaches

which are either clone-oriented or marker-oriented have been used to overcome the

difficulty caused by incorrect data and to establish true YAC contigs. When the clone­

oriented approach is used, a fingerprint is created for each YAC within a YAC group and

an order ofoverIaps among YACs is then established by comparing the fingerprints

(Bellanne-Chantelot et al., 1992). As descnèed in Chapter 1, fingerprint analysis of

overIapping clones can be laborious and a high percentage ofYAC chimerism can further

complicate the analysis. Alternatively, in the marker-oriented approach, an order of

markers is established first and each clone is then positioned along these ordered markers.

Using the marker-oriented approach to establish contigs for YAC groups likely requires

less effort than fingerprinting ofYACs since STS markers can be ordered efficiently by

using the whole genome-radiation hybrid (WG-RH) mapping panel (Walter et al., 1994).

Moreover, ordering ofmarkers avoids the problem caused by chimeric YACs. Most

importantly, however, an order ofmarkers is independent ofclone hèraries and the same

order ofmarkers can be used to position clones from YAC, BAC or PAC hèraries.
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5.4 Ambiguity

Currently, most YAC libraries, including the CEPH YAC libraries, are arranged in

96-well plates, i.e. individual YAC clones are stored in wells and identified by their

"addresses" which are composed ofplate, row and column coordinates. Most YAC

libraries contain large numbers of clones and screening of individual clones either by PCR

or by hybridization would be a tremendous task. Thus, to increase the efficiency of library

screening, different multi-dimensional pooling schemes oflibrary YACs have been

developed. For example, we used a pooling scheme for the CEPH Mark 1YAC library

that enabled us to identify YACs by testing only 1,152 pools instead of55,296 individual

clones. The efficiency ofYAC hbrary screening is thus increased 48 fold (Chapter 2).

However, severa! problems are associated with YAC pooling (Bell et al., 1995; Green et

al., 1995). First, cross weil contamination during preparation ofthe pools can create false

positives during YAC library screening. Second, absence ofa positive signal in only one

ofthe dimensions can result in false negatives. Third, the presenCl': ofmore than one

positive YAC in a pool can result in ambiguous YAC addresses (Chapter 2). Such

ambiguities are a major limitation for the use ofpooled YACs in genome analysis (Cohen

et al., 1993; Bell et al., 1995; Green et al., 1995), and ambiguous addresses are by far the

most common problem in our study. Currently, the chromosome 2 YAC sublibrary

consists ofclose to 4,500 YACs, ofwhich approximately 2,000 were directly shown to

contain chromosome 2-specific inserts. A large proportion ofthe remaining YACs are

non-chromosome 2 specific YACs identified as part ofambiguous sets ofaddresses. Such

non-chromosome 2 YACs could potentially create connections between YAC groups

which are not adjacent on the chromosome. To avoid this problem, we only included

YACs in the YAC group anaiysis which had been demonstrated to be chromosome 2­

specific. The resulting YAC groups thus are based on incomplete mapping information,

i.e. these YAC groups miss the true chromosome 2 YACs contained in sets ofambiguous

YACs which can not be resolved. Such incomplete data can contnbute to the incapability

ofextending true contigs. In our study, a number oftechniques have been used to resolve

the ambiguity ofYAC addresses, including screening ofindividuai YAC clones with

pooled IRS-PCR probes detecting non-overlapping sets ofambiguous addresses (Chapter
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2), and STS screening of individual clones in the chromosome 2 YAC sublibrary (Chapter

3). The screening ofindividual YACs is the most effective approach for resolving

ambiguities, but unfortunately also requires the most effort. In addition, we also

disambiguated a subset ofambiguously deteeted YACs by matching ambiguous with

unambiguous addresses (Chapter 3). Together, the above techniques for disambiguating

ambiguous YAC addresses have significantly reduced the proportion ofambiguous YAC

clones in the chromosome 2 sublibrary.

S.S IRS-PCR probes

During the course ofour study, we have generated approximately 2,000 distinct

chromosome 2-specific IRS-PCR probes, and over 1,000 probes were used to screen

YAC libraries. The probes used can be classified into three categories based on the results

of the screening ofYAC libraries. The first category includes probes that identified an

average of6.7 YACs in the library and thus hybridized to one or few specific sequence(s)

on chromosome 2. As described in Chapter 2, close to 90% ofIRS-PCR probes belong in

tbis category. The second category includes probes that hybridized to a large number of

YAC pools. These probes likely contain a bigh-copy number ofrepeat sequences. Since

ail probes correspond to inter-Alu sequences, it would be interesting to compare the

sequence ofthese probes with DNA database sequences. Perhaps such an ana\ysis would

reveal novel repeats in the human genome. The third eategory includes probes that failed

to produce any positive signais. One exp1anation for the failure ofthe IRS-PCR screening

is that a fraction ofinter-Alu fragments contained in YAC pool DNA are not amplified.

Due to the complexity ofYAC DNA pools (most pools contain 288 YACs) and the

competition for amplification ofdifferent IRS segments during the PCR process, not aIl

IRS segments present in YAC pool DNA are represented in the IRS-PCR produets

spotted on the hybridization membranes, resulting in the lack ofhybridization signais for

some IRS-PCR probes during library screening. An alternative explanation is that the

failure ofIRS-PCR screening could be caused by genomic Alu polymorpbisms, i.e.

differences in the number and location ofAlu e\ements in the DNA used to create the

YAC library and the DNA used for the generation ofprobes (Zietkiewicz et al., 1992).
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For YAC group analysis and subsequent YAC contig analysis. probes with a low­

copy number repeat are a problem. Without detailed analysis of the IRS-PCR probes. it is

difficult to distinguish single copy probes which represent a unique landmark in the

genome from probes with a low-copy number of repeats which represent multiple

locations in the genome. For example, probe C77(L) detected 7 Mark 1YACs and 12

mega YACs. Further analysis revealed that probe C77(L) detected two groups ofYACs

overlapping the well separated VILl and the D2SJ59 regions. However, low copy repeat

probes can be detected by including the IRS-PCR products of the National Institute of

General Medical Sciences (NlGMS) monochromosomal hybrid panel 2 and the IRS-PCR

products ofa reduced chromosome 2 hybrid panel as controls in the hybridization

experiments. Ifa probe only detects the monochromosomal hybrid containing

chromosome 2 and a set ofhybrids that carry a common region ofchromosome 2, it is

unlikely that this probe contains repeat sequences.

In conclusion, the combined IRS-PCR and STS content mapping strategy used in

this study has proven to be practical and efficient for large scale physical mapping. The

resources created by our experiments, such as the chromosome 2-specific YAC library,

the large number ofIRS-PCR probes and the YAC groups anchored by genetically or

cytogenetically mapped markers, are useful reagents for studying the genomic structure

and organization ofchromosome 2, and willlikely prove very useful for the mapping and

isolation ofdisease genes located on this chromosome.

IL Genetic studies of innate susceptibility to tuberculosis and leprosy

5.6 Comparative mapping and genome-wide mapping

The murine Bcg gene bas long been considered a pivotai element in the control of

innate suscepu"bility to mycobacterial infections. In the late 1980s when the mapping ofa

human tuberculosis and leprosy suscepu"bility gene was initiate<!, it was already known that

a 30 cM chromosomal segment ofproximal mouse chromosome l, including murine Bcg,

was syntenic with the telomeric end ofhuman chromosome 2, region q32-qter (Schurr et
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al., 1990b). Therefore it was reasonable to believe that a human homologue ofBcg would

also be found on the evolutionary conserved telomeric halfofchromosome 2q. Thus, this

region provided a target for the search ofa human tuberculosis and leprosy susceptlbility

gene. A candidate gene approach which focused on chromosome 2, region q32-qter, was

a practical choice since the density ofgenetic markers across this region ofthe genome

was low at that time and a genome-wide search for the tuberculosis and leprosy

susceptibility gene therefore would have been very tedious.

While the comparative candidate gene mapping strategy is a time saving approach

when compared with whole genome screening strategies, the extent to which experimental

species, such as the mouse, are simi1ar to humans is still an open question. Especially

since susceptibility to tuberculosis and leprosy is a complex: trait which is Iikely

characterized by incomplete penetrance ofsusceptibility alleles and by the occurrence of

phenocopies. In contrast, the mouse Bcggene model is free ofthese complications.

Ruman NRAMP1 -the human Bcg homologue gene - was recently mapped on

chromosome 2, region q35, as predicted by mouse-human comparative maps. Rowever, if

NRAMP1 is a major tuberculosis and leprosy susceptlbility gene is still under investigation.

Data from our group indicate that the human NRAMP1 gene does play a role in

susceptlbility to tuberculosis and leprosy diseases for sorne ethnic groups but not for

others (Boothroyd, 1994; Levee et al., 1994; Sanchez et al, unpublished). In contrast,

results obtained by other groups have ex:c1uded NRAMP1 as a susceptlbility gene for

leprosy for sorne genetic models (White et al., 1994). These results suggest that several

loci may control susceptlbility to tuberculosis and leprosy, and that the relative importance

ofthese loci for expression ofthe susceptlbility phenotype may vary among different

ethnie groups. Where do these additional tuberculosis and leprosy susceptlbility genes

map? One approach which pOSSlbly wi11lead to the answer ofthe above question is a

genome-wide search. A large set ofmicrosate11ites which can be rapidly typed by PCR is

now avai1able for the whole genome, which provides the basis for a genome-wide search

for the tubercu10sis and leprosy susceptlbility loci. In fàct, an increasing number ofdisease

genes ineluding a collection ofdiabetes susceptlbility genes have been mapped by the

genome-wide mapping approach (Field et al., 1994; Davies et al., 1994). It is reasonable
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to expect that the same genome-wide seareh for the tubereulosis and leprosy susceptibility

loci will tell us more about the genetie 'oasis for suseeptibility to tuberculosis and leprosy

disease.

5.7 Genetic markers for the study ofinnate susceptibility to tuberculosis and leprosy

One essential tool to test for linkage ofa given phenotypic trait with specific

regions ofthe human genome is a set ofhighly polymorphie genetic markers. Until

recently. the creation ofsuch markers has been a very tedious process. In the case ofthe

genetic study ofsusceptibility to tuberculosis and leprosy. an extensive effort has been

made to generate genetic markers on chromosome 2, region q33-q37 (Shaw et al., 1993;

Levee et al., 1994). The first set ofmarkers we generated were RFLP markers derived

from a number ofexpressed loci located on chromosome 2, region q33-q37 (Levee et al.,

1994). Most ofthese markers are di-alle1e1ic and ofiow heterozygosity, and they are

derived from genes with known cytogenetic locations. The second set ofmarkers we

generated are RFLP-PCR markers directly derived from the human NRAMP1 gene

(Chapter 4). Again, most ofthese markers are di-allele1ic and have a relative low

heterozygosity. However, ifthese NRAMP1 markers are eombined, the resulting

haplotypes are much more informative and provide a useful tool to test the role ofthe

NRAMP1 gene in susceptibility to tuberculosis and leprosy. In addition, we have

identified 17 highly informative microsatellites which were physically 1inked with 16

expressed genes on the te10meric halfofchromosome 2q (Chapter 3). Among them, two

microsatellites,D2Sl04 andD2S173, werefound to be 1inked to NRAMPI within a 1.5

Mbp YAC contig (Chapter 4). The establishment ofphysica1linkage ofa set of

microsatellites with expressed genes on the telomeric ha1fofchromosome 2q achieved in

this study not only provides additional highly informative markers for further genetic

ana1ysis ofsuscepn1>i1ity to tuberculosis and leprosy, but a1so for linkage ana1ysis ofother

disease traits 10eated in this region ofthe genome including a type 1 diabetes suscepn1>ility

gene (IDDM7) (Copeman et al., 1995) and the amyotrophic latera1 sclerosis type 2

(ALS2) locus (Hentati et al, 1994). More importantly, they allow the integration of

cytogenetic, genetic mapping information with a YAC-based physica1 map, a result that is
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ofsignificance for a better understanding of the genonùc structure and organization of

chromosome 2q.
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