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1983
LANL and LLNL begin
production of DNA clone
(cosmid) libraries
representing single
chromosomes.

1984
DOE OHERand ICPEMC
cosponsor Alta, Utah,
conference highlighting
the growing role of
recombinant DNA
technologies. OTA
incorporates Alta
proceedings into a 1986
report acknowledging
value of human genome
reference sequence.

1985
* Robert ~nsheimer holds

meeting on human
genome sequencing at
University of California,
Santa Cruz.

At OHER, Charles DeLisi
and David A. Smith
commission the first Santa
Fe conference to assessthe
feasibility of a Human
Genome Initiative.

1986
Following the Santa Fe
conference, DOE OHER
announces Human

Genome Initiative. With

$5.3 million, pilot projects
begin at DOE national
laboratories to develop
critical resources and
technologies.

1987
DOE advisory committee,
HERAC,recommends a
15-year, multidisciplinary,
scientific, and technological
undertaking to map and
sequence the human
genome. DOE designates
multidisciplinary human
genome centers.

* NIHNIGMS begins funding

of genome projects.

1988
* Reportsby OTA and NAS

NRC recommend concerted
genome research program.

HUGO founded by scientists
to coordinate efforts
internationally.

DOE and NIH present joint
5-year US. HGP plan to
Congress. The 15-year
project formally begins.

Projects begun to mark
genes on chromosome
maps as sites of mRNA
expression.

R&D begun for efficient
production of more stable,
large-insert BACS.

1991
Human chromosome
mapping data repositoy,
GDE, es~ablished.

1992
* First annual Cold Spring * Low-resolution CJWWiC

Harbor Laboratory meeting
held on human genome
mapping and sequencing.

DOE and NIH sign MOU
outlining plans for
cooperation on genome
research.

Telomere (chromosome
end) sequence having
implications for aging and
cancer research is identified
at LANL.

1989
DNA STSSrecommended
to correlate diverse types of

DNAclones.

DOE and NIH establish
joint ELSIWorking Group.

*

linkage map of entire
human genome published.

Guidelines for data release
and resource sharing
announced by DOE
and NIH.

1993
International IMAGE
Consortium established to
coordinate efficient
mapping and sequencing of
gene-representing cDNAs.

DOE-NIH joint ELSIWorking
Group’s Task Force on
Genetic Information and
Insurance releases
recommendations.

DOE and NIH revise 5-year
goals [Science262,43-46
(Oct. 1,1993)].

French G&v5thon provides
mega-YACs to the genome
community.

IOM releases U.S. HGP-
funded report, “Assessing
Genetic Risks.”

GRAILsequence
interpretation service with
Internet access initiated at
ORNL.

ADA
ANL
BAC
cDNA
CGAP
DNA
DHHS
DOE
EEOC
ELSI

GDB

GRAIL
HERAC
HGP
HUGO
ICPEMC

IMAGE
IOM

..

.,

Americanswith DisabilitiesAct
Argonne National Laboratory
bacterial artificialchromosome
complementary deoxyribonucleic acid
Cancer Genome Anatomy Project
deoxyribonucleic acid
Department of Health and Human Services(NIH)
Department of Energy
EqualEmployment Opportunity Commission
ethical, legal, and social issues
Genome Database

Gene Recognition and Analysis Internet Link
Health and Environmental ResearchAdvisoryCommittee
Human Genome Project, Human Genome Program
Human Genome Organisation
International Commissionfor ProtectionAgainst
Environmental Mutagens and Carcinogens
Integrated Molecular Analysisof Gene Expression
Institute of Medicine (NAS)
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1994
* Genetic-mapping 5-year

goal achieved 1 year ahead
of schedule.

Completion of second-
generation DNA clone
libraries representing each
human chromosome by
LLNL and LBNL.

1995
LANL and LLNL announce
high-resolution physical
maps of chromosome 16
and chromosome 19,
respectively.

* Moderate-resolution maps

of chromosomes 3, 11, 12,
and 22 maps published.

Genetic Privacy Act, first US. * First (nonviral) whole
HGP legislative product, genome sequenced (for the
proposedto regulate bacterium Haemophilus
collection, analysis, storage, irff/uenzae).
and use of DNA samples- Sequence of smallest
and genetic information bacterium, Mycop/asma
obtained from them;
endorsed by DOE-NIH Joint

genitahn, completed,

ELSIWorking Group.
displaying the minimum
number of genes needed

DOE Microbial Genome for independent existence.
prOgrall_llaunched; Sj3hl-Off * EEOC guidelines extend

of HGP, ADA employment
LLNL chromosome paints protection to cover
commercialized. discrimination based on

SBH technologies from ANL
genetic information related

commercialized, to illness, disease, or other

DOEHGPInformation Web
conditions.

site activated for public and
researchers,

IANL
LBNL
LLNL

MGP
MOU
mRNA
NAS
NCHGR
NCI
NHGRI
NIGMS
NiH
NRC
OHER
ORNL
OTA
R&D
SBH
STS
YAC

LosAlamos National Laboratory
Lawrence BerkeleyNational Laboratory
Lawrence LivermoreNational Laboratory
Microbial Genome Project
Memorandum of Understanding
messengerribonucleicacid
National Academy of Sciences
National Center for Human Genome Research(NIH)
National Cancer Institute (NIH)
National Human Genome ResearchInstitute (NIH)
National Institute of General Medical Sciences(NIH)
National Institutesof Health
National ResearchCouncil
Office of Health and Environmental Research
Oak Ridge National Laboratory
Office of Technology Assessment
Researchand Development
sequencing by hybridization
sequencetagged site
yeast artificialchromosome

1996
Methanococcus jannaschii
genome sequenced;
confirms existence of third
major branch of life, the
Archaea.

DOE-NIH Task Force on
Genetic Testing releases
interim principles.

* Integrated STS-based

detailed human physical
map with 30,000 STSS
achieves an HGP goaL

1991
DOE forms Joint Genome
Institute for implementing
high-throughput
sequencing at DOE HGP
centers.

* NIH NCHGR becomes
NHGRL

* Escherichiacoli genome
sequence completed.

Second large-scale
sequencing strategy
meeting held in Bermuda.

* Health Care Portability and
* High-resolution physicalAccountability Act -

prohibits use of genetic
information in certain
health-insurance eligibility
decisions, requires DHHS
to enforce health-
information privacy
provisions.

DOE-NIH Joint ELSI
Working Group releases
guidelines on informed

consent forlarge-scale
sequencing projects.

DOE and NCHGR issue
guidelines on use of

human subjects for large-
scale sequencing projects.

* Saccharomycescerevisiae

(yeast) genome sequence
completed by
international consortium.

Sequence of the human
T-cell receptor region
completed.

Wellcome Trust sponsors
large-scale sequencing
strategy meeting in
Bermuda for international
coordination of human
genome sequencing.

maps of chromosomes X
and 7 completed.

Methanobacterium
thermoautotrophicum
genome sequence
completed.

Archaeoglobus fulgidus
genome sequence
completed.

* NCI CGAP begins.

* DOE had limited or no

involvement in this event.
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M
ore than a decade ago, the Office of Health and Environmental Research (OHER) of the U.S. Depart-
ment of Energy (DOE) struck a bold course in launching its Human Genome Initiative, convinced that
its mission would be well served by a comprehensive picture of the human genome. Organizers recog-

both technological and genetic-would con-nized that the information the project would generate—
tribute not only to a new understanding of human biology and the effects of energy technologies but

also to a host of practical applications in the biotechnology industry and in the arenas of agriculture and environmental
protection.

Today, the project’s value appears beyond doubt as worldwide participation contributes toward the goals of determining

the human genome’s complete sequence by 2005 and elucidating the genome structure of several model organisms as
well. This report summarizes the content and progress of the DOE Human Genome Program (HGP). Descriptive
research summaries, along with information on program history, goals, management, and current research highlights,
provide a comprehensive view of the DOE program.

Last year marked an early transition to the third and final phase of the U.S. Human Genome Project as pilot programs to
refine large-scale sequencing strategies and resources were funded by DOE and the National Institutes of Health, the two
sponsoring U.S. agencies. The human genome centers at Lawrence Berkeley National Laboratory, Lawrence Livermore
National Laboratory, and Los Alamos National Laboratory had been serving as the core of DOE multidisciplinary HGP
research, which requires extensive contributions from biologists, engineers, chemists, computer scientists, and mathema-
ticians. These team efforts were complemented by those at other DOE-supported laboratories and about 60 universities,
research organizations, companies, and foreign institutions. Now, to focus DOE’s considerable resources on meeting the
challenges of large-scale sequencing, the sequencing efforts of the three genome centers have been integrated into the
Joint Genome Institute. The institute will continue to bring together research from other DOE-supported laboratories.
Work in other critical areas continues to develop the resources and technologies needed for production sequencin~ com-
putational approaches to data management and interpretation (called informatics); and an exploration of the important
ethical, legal, and social issues arising from use of the generated data, particularly regarding the privacy and confidenti-
ality of genetic information.

Insights, technologies, and infrastructure emerging from the Human Genome Project are catalyzing a biological revolu-
tion, Health-related biotechnology is already a success story-and is still far from reaching its potential. Other applica-
tions are liiely to beget similar successes in coming decade$ among these are several of great importance to DOE.
We can look to improvements in waste control and an exciting era of environmental bioremediation, we will see new
approaches to improving energy efficiency, and we can hope for dramatic strides toward meeting the fuel demands of
the future.

In 1997 OHER, renamed the Office of Biological and Environmental Research (OBER), is celebrating 50 years of con-
ducting research to exploit the boundless promise of energy technologies while exploring their consequences to the
public’s health and the environment. The DOE Human Genome Program and a related spin-off project, the Microbial
Genome Program, are major components of the Biological and Environmental Research Program of OBER.

DOE OBER is proud of its contributions to the Human Genome Project and welcomes general or scientific inquiries
concerning its genome programs. Announcements soliciting research applications appear in Federal Register, Science,
Human Genome New, and other publications. The deadliie for formal applications is generally midsummer for awards
to be made the next year, and submission of preproposals in areas of potential interest is strongly encouraged. Further
information may be obtained by contacting the program office or visiting the DOE home page (301/903-6488,
Fax: -8521,genome@oe~doe.gov, U12L http:lhvww.ecdoe.govlproductionloberlhug_top.htm~.

Aristides Patrinos, Associate Director
Office of Biological and Environmental Research
U.S. Department of Energy
November 3, 1997
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N
ow completing its first de-

cade, the Human Genome
Program of the U.S. De-
partment of Energy (DOE)
is the longest-running

federally funded program to analyze the
genetic material-the genom+ that de-
termines an individual’s characteristics
at the most fundamental level. Part of
the Biological and
Environmental Re-
search (BER)
Program spon-
sored by the
DOE Office of
Biological and
Environmental
Research
(OBER*), the
genome progran
is a major com-
ponent of the
larger U.S. Hu-

rl

The ultimate goal of the U.S. project is

to identii the estimated 70,000 to
100,000 human genes and render them
accessible for future biological study. A
complete human DNA sequence will
provide physicians and researchers in
many biological dkciplines with an ex-
traordinary resource: an “encyclopedia”
of human biology obtainable by com-

puter and available

man Genome t

For 50 years, programs in the DOE Office of
Biological and Environmental Research have crossed
traditional research boundaries in seeking new
solutions to energy-related biological and

environmental challenges (see Appendix F, p. 95, and
Mtp:lhvww.er.doe.govlproductionloberlober.html).

Obtaining the
complete se-
quence by 2005

wiU require a

Project.
I@hly coordinated

.. /,. -,.,.. ..: and focused inter-

Since October 1990, the
project has been supported jointly by
DOE and the National Institutes of
Health (NIH) National Human Genome
Research Institute (formerly National
Center for Human Genome Research).
Together, the DOE and NIH components
make up the world’s largest centrally co-
ordinated biology research project ever
undertaken.

The U.S. Human Genome Project is a
15-year endeavor to characterize the hu-
man genome by improving existing hu-
man genetic maps, constructing physical
maps of entire chromosomes, and ulti-
mately determining a complete sequence
of the deoxyribonucleic acid (DNA)
subunits. Parallel studies are being car-
ried out on selected model organisms to
facilitate interpretation of human gene
function.

*In 1997theOfficeof HealthandEnviron-
mentalResearch(OHER)wasrenamed
Ofticeof Biologicaland Environmental
Research(OBER).

Scientific and technical terms are
defined in the Glossary, p. 101. More
historical details and other information
appear in the Appendices beginning on
p. 71.

..
national effort generat-

ing advances in biological methodology;
instrumentation (particularly automa-
tion); and computer-based methods for
collecting, storing, managing, and ana-
lyzing the rapidly growing body of data.

Project Origins
The potential value of detailed genetic
information was recognized early until
recently, however, obtaining this infor-
mation was far beyond the capabilities of
biomedical research. DOE OBER and its
two predecessor agencies—the Atomic
Energy Commission and the Energy Re-
search and Development Administra-
tion—had long sponsored genetic
research in both microbial and higher
systems. These studies included explora-
tions into population genetics; genome
structure, maintenance, replication, dam-
age, and repr@ and the consequences of
genetic mutations. These traditional DOE
activities evolved naturally into the Hu-
man Genome Program.

O
.

DOEHuman Genome Program Report 1



By 1985, progress in genetic and DNA
technologies led to serious discussions
in the scientific community about inhi-
ating a major project to analyze the

OBER’S mission is described structure of the human genome. After

more fulIy in the Program concluding that a DNA sequence would

Management section (p. 59) offer the most useful approach for de-

of this report. tecting inherited mutations, DOE in
1986 announced its Human Genome
Initiative. The initiative emphasized de-
velopment of resources and technolo-
gies for genome mapping, sequencing,
computation, and infrastructure support
that would culminate in a complete se-
quence of the human genome.

The National Research Council issued a
report in 1988 recommending a dedi-
cated research budget of $200 million
annually for 15 years to determine the
sequence of the 3 billion chemical sub-
units (base pairs) in the human genome
and to map and identify all human genes.

To launch the nation’s Human Genome
Project, Congress appropriated funds to

DOE and also to NIH, which had long
supported research in genetics and mo-
lecular biology as an integral part of its
mission to improve the health of all
Americans. Other federal agencies and
foundations outside the Human Genome
Project also contribute to genome re-
search, and many other countries are
making important contributions through
their own genome research projects.

Coordinated Efforts
In 1988 DOE and NE-I signed a Memo-
randum of Understanding in which the
agencies agreed to work together, coordi-
nate technical research and activities, and
share results. The two agencies assumed
a joint systematic approach toward estab-
lishing goals to satis@ both short- and
long-term project needs.

Early guidelines projected three 5-year
phases, for which the first plan was pre-
sented to Congress in 1990. The 1990

. --

Anticipated Benefits of Genome Research
Predictions of biology as “the science
of the 21st century” have been made
by observers as diverse as Microsoft’s
Bill Gates and U.S. President Bill
Clinton. Already revolutionizing biol-
ogy, genome research has spawned a
burgeoning biotechnology industry
and is providing a vital thrust to the
increasing productivity and perva-
siveness of the life sciences.

Technology and resources promoted
by the Human Genome Project al-
ready have had profound impacts on
biomedical research and promise to
revolutionize biological research and
clinical medicine. Increasingly de-
tailed genome maps have aided re-
searchers seeking genes associated
with dozens of genetic conditions, in-
cluding myotonic dystrophy, fragile X

syndrome, neurofibromatosis types 1
and 2, a kind of inherited colon cancer,
Alzheimer’s disease, and familial breast
cancer.

Current and potential applications of
genome research will address national
needs in molecular medicine, waste
control and environmental cleanup,
biotechnology, energy sources, and risk
assessment.

Molecular Medicine

On the horizon is a new era of molecu-
lar medicine characterized less by treat-
ing symptoms and more by looking to
the most fundamental causes of disease.
Rapid and more specii3c diagnostic tests
will make possible earlier treatment of
countless maladles. Medical researchers

also will be able to devise novel therapeu-
tic regimens based on new classes of
drugs, immunotherapy techniques, avoid-
ance of environmental condhions that
may trigger disease, and possible aug-
mentation or even replacement of
defective genes through gene therapy.

Microbial Genomes

In 1994, taking advantage of new capa-
bilities developed by the genome project,
DOE formulated the Microbial Genome
Initiative to sequence the genomes of
bacteria useful in the areas of energy pro-
duction, environmental remediation, toxic
waste reduction, and industrial process-
ing. In the resulting Microbial Genome
Project, six microbes that live under ex-
treme conditions of temperature and pres-
sure have been sequenced completely as

o2 DOE Human Genome Program Report, Introduction
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plan emphasized the creation of chromo-
some maps, software, and automated
technologies to enable sequencing.

By 1993, unexpectedly rapid progress in
chromosome mapping required updating
the goals [Science 262,43-46 (October
1, 1993)], which now project through
1998 (see p. 5). ‘Ilk plan is being re-
vised again in anticipation of the ap-

proaching high-throughput sequencing
phase of the project. Last year marked an
early transition to this phase as many
more genome sequencing projects were
funded. The second and third phases of
the project will optimize resources, re-
fine sequencing strategies, and, finally,
completely determine the sequence of all
base pairs in the genome.

Another area of DOE and NH+coopera-
tion is in exploring the ethical, legal, and
social issues (ELSI) arising from in-
creased availability of genetic data and
growing genetic-testing capabilities. The

of August 1997. Structural studies are
under way to learn what is unique
about the proteins of these organisms-
the ultimate aim being to use the mi-
crobes and their enzymes for such
practical purposes as waste control
and environmental cleanup.

Biotechnology

The potential for commercial develop-
ment presents U.S. industry with a
wealth of opportunities. Sales of bio-
technology products are projected to
exceed $20 billion by the year 2000.
The genome project already has
stimulated significant investment by
large corporations and prompted the
creation of new biotechnology compa-
nies hoping to capitalize on the far-
-reachingimplications of its research.

two agencies established a joint work-
ing group to confront these ELSI chal-
lenges and have cosponsored joint
projects and workshops.

DOE Genome Program
A general overview follows of recent
progress made in the DOE Human Ge-

nome Program. Refer to the timeline

(PP. ii-iii) for other achievements to.
ward U.S. goals, including contribu-
tions made outside DOE.

Physical maps
For DOE, an early goal was to develop
chromosome physical maps, which in-
volves reconstmcting the order of cloned
DNA fragments to represent their spe-
cific originating chromosomes. (A set of
such cloned fragments is called a library.)
Critical to this effort were the libraries
of individual human chromosomes

-——

Energy Sources

Biotechnology, fueled by insights reaped
from the genome project, will play a sig-
nificant role in improving the use of fos-
sil-based resources. Increased energy
demands, projected over the next
50 years, require strategies to circumvent
the many problems associated with
today’s dominant energy technologies.
Biotechnology promises to help address
these needs by providing cleaner means
for the bioconversion of raw materials to
refined products. In addition, there is the
possibility of developing entirely new
biomass-based energy sources. Having
the genomic sequence of the methane-
producing microorganism Methano-
coccus jannaschii, for example, will en-
able researchers to explore the process of
methanogenesis in more detail and could

lead to cheaper production of fuel-
grade methane.

Risk Assessment

Understanding the human genome
will have an enormous impact on the
ability to assess risks posed to indi-
viduals by environmental exposure to
toxic agents. Scientists know that ge-
netic differences make some people
more susceptible-and others more
resistant-to such agents. Far more
work must be done to determine the
genetic basis of such variability. This
knowledge will directly address
DOE’s long-term mission to under-
stand the effects of low-level
exposures to radiation and other
energy-related agents, especially in
terms of cancer risk.

0
..

DOEHuman Genome Program Report, Introduction 3



produced at Los Alarnos National Labo-
ratory (LANL) and Lawrence Liverrnore
National Laboratory (LLNL). These librar-
ies allowed the huge task of mapping and
sequencing the entire 3 billion bases in
the human genome to be broken down into
24 much smaller single-chromosome
units. Availability of the libraries has en-
abled the participation of many laborato-
ries worldwide. Some three generations
of clone libraries with improving charac-
teristics have been produced and widely
distributed. In the DOE-supported proj-
ects, DNA clones representing chromo-
somes 16, 19, and 22 have been ordered
(mapped) and are now providing mate-
rial needed for large-scale sequencing.

Sequencing
Toward the goal of greatly increasing the
speed and decreasing the cost of DNA
sequencing, DOE has supported im-

provements in standard technologies and
has pioneered support for revolutionary
sequencing systems. Marked improvem-
ents have been made in reagents, en-
zymes, and raw data quality. Such novel
approaches as sequencing by hybridiza-
tion (using DNA “chips”) and mass spec-
trometry have already found important,
previously unanticipated applications
outside the Human Genome Project.

Joint Genome Institute

In early 1997, the human genome centers
at Lawrence Berkeley National Labora-
tory, LANL, and LLNL began collabo-
rating in the Joint Genome Institute
(JGI), within which high-throughput
sequencing will be implemented [see
p. 26 and Human Genome News 8(2),
1–2]. The initial JGI focus will be on se-
quencing areas of high biological interest
on several chromosomes, including hu-
man chromosomes 5, 16, and 19. Estab-
lishment of JGI represents a major
transition in the DOE Human Genome

.! Program.

k

Previously, most goals were pursued by
small- to medium-sized teams, with

4 DOE Human Genome Program Report, Introduction

modest multisite collaborations. The JGI
will house high-throughput implementa-
tions of successful technologies that
will be run with increasingly stringent
process- and quality-control systems.

In addition, a small component aimed at
understanding how genes function in the
body—a field known as functional ge-
nomics—has been established and will
grow as sequencing targets are met.
High-throughput functional genomics
represents anew era in human biology,
one which will have profound implica-
tions for solving biological problems.

Informatics

In preparation for the production-
sequencing phase, many algorithms for
interpreting DNA sequence have been
developed, and an increasing number
have become available as services over

the Internet. Last year, the GRAIL (for
Gene Recognition and Anrdysis Internet
Link) and GenQuest servers, developed
and maintained at Oak Ridge National
Laboratory, processed an average of
almost 40 million bases of sequence
each month.

As technology improves and data accu-
mulates exponentially, continued progress
in the Human Genome Project will de-
pend increasingly on the development of
sophisticated computational tools and
resources to manage and interpret the in-
formation. The ease with which re-
searchers can access and use the data
will provide a measure of the project’s
success. Critical to this success is the
creation of interoperable databases and
other computing and inforrnatics tools to
collect, organize, and interpret thousands
of DNA clones.

For additional information on the DOE
genome programs, refer to Research
Highlights, p. 9; Research Narratives,
p. 25; this report’s Part 2,1996 Re-
search Abstract& and the Web site
(http:llwwwornl.govlhgmis).



Major events in the U.S. Human Genome Project, including progress made toward these
goals, are charted in a timeline on pp. ii-iii.

Genetic Mapping Technology Development

.

.

.

●

Complete the 2-to 5-cM map by 1995. “

Develop technology for rapid
genotyping.

Develop markers that are easier to
use.

Develop new mapping technologies.

Substantially expand support of in-
novativetechnologicaldevelop-
ments as well as improvements in
current technology for DNA se-
quencing and for meeting the needs
of the Human Genome Project as a
whole.

Model Organisms
Physical Mapping

.

● Complete a sequence tagged site
(STS) map of the human genome at .
a resolution of 100 kb.

DNA Sequencing .

● Develop efficient approaches to se-
quencing one- to several-megabase
regions of DNA of high biological
interest.

.
● Develop technology for high-

throughput sequencing, focusing on
systems integration of all steps from
template preparation to data analysis.

Finish an STS map of the mouse
genome at a 300-kb resolution.

Finish the sequence of the Escheri-
chia coli and Saccharomyces cerevi-
siae genomes by 1998 or earlier.

Continue sequencing Caer?orhab-
ditis elegans and Drosophila
me/anogaster genomes with the aim
of bringing C. elegans to near
completion by 1998.

Sequence selected segments of
mouse DNA side by side with corre-
sponding human DNA in areas of
high biological interest.

● Build up a sequencing capacity to lnformatics
allow sequencing at a collective rate
of 50 Mb”per year by the end of the .
period.This rate should result in an

aggregateof 80 Mb of DNAsequence
completed by the end of FY 1998.

Gene Identification

● Develop efficient methods for identify- “
ing genes and for placement of known
genes on physical maps or sequenced
DNA, .

Continue to create, develop,and
operatedatabasesand database
tools for easy access to data, includ-
ing effective tools and standards for
data exchange and links among
databases.

Consolidate, distribute, and continue
to develop effective software for
large-scale genome projects.

Continue to develop tools for com-
paring and interpreting genome
information.

,

.

Ethical, Legal, and Social
Implications

●

●

✎

●

Continue to identify and define
issues and develop policy options
to address them.

Develop and disseminate policy
options regarding genetic testing
services with potential widespread
use.

Foster greater acceptance of
human genetic variation.

Enhance and expand public and
professional education that is
sensitive to sociocultural and
psychological issues.

Training

● Continue to encourage training
of scientists in interdisciplinary
sciences related to genome
research.

Technology Transfer

● Encourage and enhance technol-
ogy transfer both into and out of
centers of genome research.

Outreach

Cooperate with those who would
establish distribution centers for
genomematerials.

Share all information and materi-
als within 6 months of their
development. This should be
accomplished by submission of
information to public databases
or repositories, or both, where
appropriate.

*Original 1990 goals were revised in 1993 due to rapid progress. A second revision was being developed at press time.
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In an interview at a DNA sequencing conference in Hilton Head,
South Carolina,* David Smith, a founder and former Director of the

view.“In fact, individualinvestigatorscan
do thhwsthev wouldneverbe ableto do

DOE Human Genome Program, recalled the establishment of this
“.

otherwise.We’rebeginningto see that

count]y’s$rst human genome project. The impressive early achieve- demonstratedat this meeting.For the first

ments and spin-off benejits, he noted, offer more than mere vindica- tive, we’refindingpeopleexploringsys-
tematicwaysof lookingat genefunctionin

tion for project founders. They also provide a tantalizing glimpse organisms.The genomeprojectopensup
into the i-hture where, he observed, “scientists will be empowered to enormousnewresearchfieldsto be mined.

T
he DOE Human Genome Pro-
grambeganas a naturalout-
growthof the agency’s
long-termmissionto develop
better technologiesfor measur-

inghealtheffects,particularlyinducedmu-
tations.As Smithexplainedit, “DOEhad

. s

study biology and make connections in ways undreamt of before.” Cottage-industrybiologistswon’tneed a lot
of robots,but they will haveto be computer

Project Begins literateto put the informationall together.”

The genomeprojectalsois providingen-
Smithrecalledreactionto the fust public ablingtechnologiesessentialto the future
statementthat DOEwasstartinga program of the emergingbiotechnologyindustry,
with the aim of sequencingthe humange- catalyzingits tremendousgrowth.Accord-
nome.“I announcedit at the ColdSpring ing to Smith,the technologiesare

beensupportingmutationstudiesin Japan,
whereno heritablemutationscouldbe de-
tectedin the offspringof populationsex-
posedto the atomicblastsat Hiroshimaand
Nagasaki.The programreallygrewout of a
needto characterizeDNAdifferencesbe-
tweenparentsand childrenmoreefficiently.
DOEled the developmentof manymuta-
tion tests,andwe were interestedin devel-
opingevenmoresensitivedetection
methods.MortimerMendelssohnof
LawrenceLlverrnoreNationalLaboratory,
a memberof the InternationalCommission
for ProtectionAgainstEnvironmental
Mutagensand Carcinogens,and I decided
to hold a workshopto discussDNA-based
methods(seeHumanGenomeProject
chronology,p. ii).

“RayWhite (Universityof Utah) organized
the meeting,whichtookplaceinAh,
Utah,in December1984.It was a small
meetingbut very stimulatingintellectually.
Weconcludedthe obvious—thatif you re-
ally wantedto use DNA-basedtechnolo-
gies,you had to comeup withmore
efficientwaysto characterizethe DNAof
muchlargerregionsof the genome.And the
ultimatesensitivitywouldbe the capability
to comparethe completeDNAsequences
of parentsand theiroffspring.”

!%2$*TheSeventhIntemationstGenomeSequenc-
ingandAnalysisConference,September1995.

66G enomics has come of age, and it is
opening the door to entirely new
approaches to biology. J J

Harbormeetingin May 1986,and therewas
a big hullabaloo.”After a year-longreview,
a NationalAcademyof SciencesNational
ResearchCouncilpanelendorsedthe
projectand the basicstrategyproposed.
Smithpointedout that NIH and otherswere
alsohavingdiscussionson the feasibfity of
sequencingthe humangenome.“OnceNIH
got interested,manymorepeoplebecame
involved.DOE andNIH signeda Memo-
randumof Understandingin October1988
to coordinateour activitiesaimedat charac-
terizingthe humangenome.”But, he ob-
served,it wasn’tall smoothsailing.The
nascentprojecthad manydetractors.

Responding to Critics

Manyscientists,prominentbiologists
amongthem,thoughthavingthe sequence
wouldbe a misuseof scarceresources.
Smith,laughingnow,recallsone scientist
complaining,“Evenif I had the sequence,
I wouldn’tknowwhat to do with it.” Other
criticsworriedthat the genomeproject
wouldsiphonshrinkingresearchfunds
awayfromindividualinvestigator-initiated
researchprojects.Smithtakesthe opposite

capableof morethan elucidatingthe human
genome.“We’redevelopingan infrastruc-
ture for futureresearch.Thesetechnologies
will allowus to efficientlycharacterizeany
of the organismsout therethat pertainto
variousDOEmissions,with suchapplica-
tions as betterfuelsfrombiomass,
bioremediation,and wastecontrol.They
alsowill leadto a greaterunderstandingof
globalcycles,suchas the carboncycle,and
the identificationof potentialbiologicalin-
terventions.Lookat the ocea~ an amazing
numberof microbesare in there,but we
don’tknowhow to use themto influence
cyclesto controlsomeof the harmful
thingsthat mightbe happening.Up to now,
biotechnologyhas beennearlyall health
oriented,but applicationsof genomere-
searchto modembiologyreallygo beyond
health.That’sone of the thingsmotivating
our programto try to developsomeof these
otherbiotechnologicalapplications.”

Respondingto criticismaboutnot research-
ing genefunctionearlyin the project,
Smithreassertedthat the purposeof the
HumanGenomeProject is to build tech-
nologiesandresourcesthat will enablere-
searchersto learnaboutbiologyin a much

42“6 DOEHuman Genome Program Report, Introduction



moreefficientway.“Thegenomebudgetis
devotedto very specificgoals,and we
makesure thatprojectscontributetoward
reachingthem.”

International Scope

Smithcreditedthe internationalcommunity
with contributingto manyprojectsuc-
cesses.“The initialplanningwasfor a U.S.
project,but the outcome,of course,is that
it is truly international,andwe wouldnot
be nearlyas far as we are todaywithout
thosecontributions.Also, there’sbeen a fair
amountof moneyfromprivatecompanies,
and supportfromthe MuscularDystrophy
Associationin FranceandTheWellcome
Trust in the UnitedKingdomhas beenex-
tremelyimportant.”

Technology Advances

While noting enormousadvancesacrossthe
board,Smithcited automationprogressand
observedthat tremendouslypowerfulro-
bots and automatedprocessesare changing
the waymolecularbiologyis done.“A lot
of noveltechnologiesprobablywon’tbe
usefulfor initialsequencingbut willbe
very valuablefor comparingsequencesof
differentpeopleand for polymorphism
studies.Oneof the mostgratifyingrecent
successesis the DNApolymeraseengineer-
ingproject.Researchersmadea fairly
simplechange,but it resultedin a
thermosequenasethat may answera lot of
problems,reducethe cost of sequencing,
and give us betterdata.”

Progressin genomeresearchrequiresthe
use of maturing technologiesin other
fields.“Thecombinationof technologies
that are comingtogetherhas beenfortu-
itous;for example,advancesin informatics
and data-handlingtechnologieshavehad a
tremendousimpacton the genomeproject.
Wewouldbe in deeptroubleif theywere at
a less-maturestageof development.They
havebeen an importantDOEfocus.”

ELSI

Smithdescribedtangibleprogresstoward
goalsassociatedwithprogramson the ethi-
cal, legal,and socialissues(BUY.)related
to dataproducedby the genomeproject.
“ELSIprogramshavedone a lot to educate
the thinkers,and this has produceda higher
levelof discoursein the countryabout
theseissues.DOEis spendinga largefrac-
tion of its ELSI moneyon informingspe-
cirdpopulationswho can reachothers.
Educatingjudges has been especiallywell
receivedbecausetheyrealizethe potential
impactof DNAtechnologyon the courts.”

Accordingto Smith,morepeopleand
groupsneedto be involvedin ELMmat-
ters.“WehavesomeELSIproducts:the
DOE-NIH JointELMWorkingGrouphas
an insurancetask forcereport,and a DOE
ELSI granteehas produceddraftprivacy
legislation.Now it’s time for othersto
comeand translateELSI effortsintopolicy.
Perhapsthe newNationalBioethicsAdvi-
sory Commissioncan do someof this.”

New Model for Biological
Research

Smithspokeof a changingparadigmguid-
ing DOE-supportedbiology.“Someyears
ago, the centralidea or dogmain molecular
biologyresearchwas that informationin
DNAdwcts RNA,andRNAd~ectspro-
teins.Today,I think thereis a newpara-
digmto guideus: Sequenceimplies
structure,and structureimpliesfunction.
The word ‘implies’in ournewparadigm
meansthereare rules:’ continuedSmith,
“but thesearerules we don’tunderstand
today.Withthe aid of structuralinforma-
tion, algorithms,and computers,we will be
able to relate sequenceto structureand
eventuallyrelatestructureto function.Our
effortfocuseson developingthe technolo-
gies and tools that will allowus to do this
efficiently.”

“That’showI thinkaboutwhatwe do at
DOEYhe said.“We’reworkinga lot on
technologyandprojectsaimedat human
and microbkilgenomesequencing.For un-
derstandingsequenceimplications,we are
makingmajor,increasinginvestmentsin
synchrotrons,synchrotronsuser facilities,
neutronuser facilities,andbig nuclear
magneticresonancemachines.Theseare all
aimedat rapid structuredetermination.”
Smithexplainedthat now we arc seeingthe
beginningsof thebiotechnologyrevolution
impliedby the sequence-to-structure-
to-functionparadigm.“If you reallyunder-
standthe relationshipbetweensequence
and function,you can beginto designse-
quencesfor particularpurposes.Wedon’t
yet know that muchaboutthe worldaround
us, but thereare capabilitiesout therein the
biologicalworld,and if we can understand
them,we canput thosecapabilitiesto use.”

“Comparativegenomics; he continued,
“will teachus a tremendousamountabout
humanevolution.The currentphylogenetic
tree is basedon nbosomrdRNA sequences,
but whenwe have determinedwholege-
nomicsequencesof dtierent microbes,
they will probablygiveus differentideas
aboutrelationshipsamongarchaebacteria,
eukaryotes,andprokaryotes.”

Feelinggood aboutprogressover the previ-
ous 5 years,Smithsummedit up suc-
cinctly “Genomicshas comeof age,and it
is openingthe door to entirelynew ap-
proachesto biology.”

DavidSmithretiredat the end ofJannary

1996.Takingresponsibilityfor theDOE
HumanGenomeProgramisAristides
Patrinos,who is alsoAssociateDirector
of theDOE Ojice of BiologicalandEnvi-
ronmentalResearch.MarvinFrazieris
Directorof theHealthEffectsandLije J
SciencesResearchDivision,whichman-
agesthe HumanGenomeProgram. ( >eDOE Human Genome Program Report, Introduction 7
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Insights, technologies, and resources already emerg-
ing from the genome project, together with advances

k in such fields as computational and structural biology,
will provide biologists and other researchers with im-
portant tools for the<lst century.

k

.!
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Highlights of Research Progress
. ..00. . ..0.. .0. . . ..*

T
he early years of the Hu-
man Genome Program
have been remarkably suc-

cessful,Critical resources

and infrastructures have
been established, and technologies have
been developed for producing several
useful types of chromosomal maps.
These gains are supporting the project’s
transition to the large-scale sequencing
phase. Some highlights and trends in the
U.S. Department of Energy’s (DOE)
Human Genome Program afier FY 1993
are presented in thk section.

Clone Resources for
Mapping, Sequencing,
and Gene Hunting
The demands of large chromosomal
mapping and sequencing efforts have
necessitated the development of several
different types of clone collections
(called libraries) carrying human DNA.
Three generations of DOE-developed li-
braries are being distributed to research
teams in the United States and abroad.
In these libraries, human DNA seg-
ments of various lengths are maintained

in bacterial cells.

NLGLP Libraries
The first two generations are
chromosome-specific libraries carrying
small inserts of human DNA (15,000 to
40,000 base pairs). As part of the Na-
tional Laboratory Gene Library Project
(NLGLP) begun in 1983, these libraries
were prepared at Los Alamos National
Laboratory (LANL) and Lawrence
Livermore National Laboratory (LLNL)
using DOE flow-sorting technology to
separate individual chromosomes. Li-
brary availability has allowed the very
difficult whole-genome tasks to be di-
vided into 24 more manageable single-
chromosome projects that could be
pursued at separate research centers.
Completed in 1994, NLGLP libraries
have provided critical resources to

. . ..0. . . . ...0 ● ✎ ✎ ✎ ✎ . ..0.

genome researchers worldwide (http:/l
www-bio.llnl.govlgenomelhtmll
cosmid.html). Very high resolution chro-
mosome maps based principally on

NLGLP libraries were published in
1995 for chromosomes 16 and 19.
These are described in detail in the Re-
search Narratives section of this report
(see LLNL, p. 27, and LANL, p. 35).

PACS and BACS
The third generation of clone resources
supporting chromosome mapping is
composed of P1 ardtlcial chromosome
(PAC) and bacterial artificial chromo-
some (BAC) libraries. A prototype PAC
library was produced by the team of
Leon Rosner (then at DuPont) many
years ago, but more efficient produc-
tion began with improvements intro-
duced by the DOE-supported teams
headed by Melvin Simon at Caltech
(BACS) and Pieter de Jong at Roswell
Park (PACS).

In contrast to cosmids, BACS and PACS
provide a more uniform representation
of the human genome, and the greater
length of their inserts (90,000 to

.-

DOE Genome Research
Web Site
http:llwww.ornl.govlhgmisl
research.html

Separatenarratives,beginningon p. 25, contain detailed
descriptions of research programs and accomplishments at
these major DOE genome research facilities.

● Lawrence Livermore National Laboratory

● Los Alamos National Laboratory

● Lawrence Berkeley National Laboratory

● University of Washington Genome Sequencing
Laboratory

● Genome Database

● National Center for Genome Resources

J

Descriptions of individual research projects at other institu-
tions are given in Part 2, 7996 Research Abstracts.

‘-’ k
DOE Human Genome Program Report 9
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300,000 base pairs) facilitates both
mapping and sequencing. Their useful-
ness was illustrated dramatically in
1993 when the fist breast cancer–
susceptibility gene (M?CA1)was found
in a BAC clone after other types of re-
sources had failed. The next year, with
major support from NIH, de Jong’s PACS
contributed to the isolation of the second
human breast cancer-susceptibility gene
(BRCA2).

Mapping

The assembly of ordered, overlapping
sets (contigs) of high-quality clones has
long been considered an essential step
toward human genome sequencing.
Because the clones have been mapped
to precise genomic locations, DNA
sequences obtained from them can be
located on the chromosomes with mini-
mal uncertainty.

The large insert size of BACS and
PACSallows researchers to visually
map them on chromosomes by using
fluorescence in situ hybridization
(FISH) technology (see photomicro-
graph below). These mapped BACS and
PACSrepresent very valuable resources
for the cytogeneticist exploring chromo-
somal abnormalities. Two major medi-
cal genetics resources have been
developed: (1) The Resource for Mo-
lecular Cytogenetics at the University of
California, San Francisco, in collabora-
tion with the Lawrence Berkeley Na-
tional Laboratory (LBNL) team led by
Joe Gray (http:llrmc-wwwlbl.gov) and
(2) The Total Human Genome BAC-
PAC Resource at Cedars-Sinai Medical
Center, Los Angeles, developed by Julie
Korenberg’s laboratory (see map, p. 12,
and Web site, http:llwww.csmc. edul
geneticslkorenberglkorenberg.html).

‘$3-16 DOE Human Genome Program Report, Highlights



CoordinatedMapping
and Sequencing

A simple strategy was proposed in 1996
for choosing BACS or PACSto elongate
sequenced regions most efficiently
[Nature 381,364-66 (1996)].The first
step is to develop a BAC end sequence
database, with each entry having the
BAC clone name and the sequences of
its human insert ends. In toto, the source
BACS should represent a 15- to 20-fold
coverage of the human genome. Then
for any BAC or chromosomal region se-
quenced, a comparison against the data-
base will return a list of BACS (or
PACS)that overlap it. Optimal choices
for the next BACS (or PACS)to be se-
quenced can then be made, entailing
minimal everlap (and therefore minimal
redundancy of sequencing).

~o pilot BAC-PAC end-sequencing
projects were initiated in September of
1996 to explore feasibility, optimize
technologies, establish quality controls,
and design the necessary informatics in-
frastructure. Particular benefits are an-
ticipated for small laboratones that will
not have to maintain large libraries of
clones and can avoid preliminary contig
mapping (see abstracts of Glen Evans
Julie Korenber& Mark Adams, Leroy
Hood, and Melvin Simow and Pieter de
Jong in Part 2 of this report).

Updated information on BAC-PAC re-
sources can be found on the Web (http://
www.ornl.govlmeetingslbacpac195bac.
html). [SeeAppendw C Human Subjects
Guidelines, p. 77 or http://www.ornl.
govlhgmislarchivelnchgrdoe.html for
DOE-NIH guidelines on using DNA
from human subjects for large-scale
sequencing.]

cDNA Libraries
In1990, DOE initiated projects to en-
rich the developing chromosome contig
maps with markers for genes. Although
the protein-encoding messenger RNAs
are good representatives of their source

genes, they are unstable and must be

converted to complementary DNAs
(cDNAs) for practical applications.
These conversions are tricky, and arti-
facts are introduced easily. The team led
by Bento Soares (University of Iowa)
has optimized the steps and continues to
produce cDNA libraries of the highest
quality. At LLNL, individual cDNA
clones are put into standard arrays and
then distributed worldwide for charac-
terization by the international IMAGE
(for Integrated Molecular Analysis of
Gene Expression) Consortium (see box,
p. 13).

Initially supported under a DOE cDNA
initiative, Craig Venter’s team (now at
The Institute for Genomic Research)
greatly improved technologies for read-
ing sequences from cDNA ends (ex-
pressed sequence tags, called ESTS).
Together with complementary analysis
software, ESTS were shown to be a valu-
able resource for categorizing cDNAs
and providing the frost clues to the func-
tions of the genes from which they are
derived. This fast EST approach has at-
tracted millions of dollars in commercial
investment. Mapping the cDNA onto a
chromosome can identi@ the location of
its corresponding gene. Many laborato-
ries worldwide are contributing to the
continuing task of mapping the estimated

70,000 to 100,000 human genes.

HAECS

Allthe previously described DNA
clones are maintained in bacterial host
cells. However, for unknown reasons,
some regions of the human genome ap-
pear to be unclonable or unstable in
bacteria. The team led by Jean-Michel
Vos (University of North Carolina,
Chapel Hill) has developed a human ar-
tii5cial episomal chromosome (HAEC)
system based on the Epstein-Barr virus
that may be useful for coverage of these
especially difticult regions. In the broader A

biomedical community, HAECS also
show promise for use in gene therapy.

k
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BAC-PAC Map. The Total Human Genome BAC-PAC of the entire human genome. Each color dot represents a
Resource represents an important tool for understanding single BAC or PAC clone mapped by FISH to a specific
the genes responsible for human development and disease chromosome band represented in black and white. The
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6

(Mtp://www.csmc.edu/genetics/korenbergJlcorenberg.htn-d). clones, which are stable and useful for sequencing, have
The Resource, consisting of more than 5000 BAC and PAC been integrated with the genetic and physical chromosome
clones, covers eve]y human chromosome band and 25% maps. [Source: Julie Korenberg, Cedars-Sinai Medical Center]
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Resources for Gene
Discovery
Hunting for disease genes is not a spe-
cific goal of the DOE Human Genome
Program. However, DOE-supported
libraries sent to researchers worldwide
have facilitated gene hunts by many re-
search teams. DOE Iibraries have played
a role in the discovery of genes for cystic
fibrosis, the most common lethal inher-
ited disease in Caucasians; Huntington’s
disease, a progressive lethal neurological
disorde~ Batten’s disease, the most
prevalent neurodegenerative childhood
diseas% hvo forms of dwari%m; Fanconi
anemia, a rare disease characterized by
skeletal abnormalities and a predisposi-
tion to cance~ myotonic dystrophy, the
most common adult form of muscular
dystrophy; a rare inherited form of breast
cance~ and polycystic kidney dkease,
which affects an estimated 500,000
people in the United States at a healthcare
cost of over $1 billion per year.

The team led by Fa-Ten Kao (Eleanor
Roosevelt Institute) has microdksected

To IMAGE the Human
Gene Map

Since 1993, the Integrated Molecular
Analysis of Gene Expression (IM-
AGE) Consortium has played a major
roIe in the development of a human
gene map. Founding members of the
IMAGE Consortium are Bento Soares
(Columbia University, now at Univer-
sity of Iowa), Gregory Lemon
(LLNL), Mihael Polymeropoulos
(National Institutes of Health’s Na-
tional Institute of Mental Health),
and Charles Auffrey (G6n6thon, in
France). Because cDNA molecules
represent coding (expressed-gene)
areas of the genome, sets of cloned
cDNAs area valuable resource to
the gene-mapping community. The

-.

_—-

several chromosomes and made deriva-
tive clone libraries broadly a~ailable to
disease-gene hunters. This resource
played a critical role in isolating the
gene responsible for some 15% of colon
cancers.

Of Mice and Humans:
The Value of
Comparative Analyses
A remaining challenge is to recognize
and dkcriminate all the fimctionrd con-
stituents of a gene, particularly regula-
tory components not represented within
cDNAs, and to predict what each gene
may actually do in human biology.
Comparing human and mouse se-
quences is an exceptionally powerful
way to identify homologous genes and
regulatory elements that have been sub-
stantially conserved during evolution.

Researchers led by Leroy Hood (Uni-
versity of Washington, Seattle) have

analyzed more than 1 million bases of
sequence from T-cell receptor (TCR)

——————-—.

cDNA libraries representing different
tissues have many members in com-
mon. Thus, good coordination among
participating laboratories can minimize
redundant work. The international IM-
AGE Consortium laboratories fulfill
this role by developing and arraying
cDNA clones for worldwide use.
[http:llwww-bio.llnl.govlbbrplimagel
image.html]

From the IMAGE cDNA clones, re-
searchers at the Washington University
(St. Louis) Sequencing Center deter-
mine ESTS with support from Merck,
Inc. The data, which are used in gene
localization, are then entered into public
databases. More than 10,000 chromo-
somrd assignments have been entered
into Genome Database (http://wwwgdb.
erg). Including replica copies, over

3 million clones have been distrib-
uted, probably representing about
50,000 distinct human genes.

The IMAGE infrastructure is being
used in two additional programs. At
LLNL, the IMAGE laboratory arrays
mouse cDNA libraries produced by
Soares for the Washington University
Mouse EST project (http:llgenome.
wustl.edulestlmouse_esthmpg.html)
with sequencing sponsored by the
Howard Hughes Medical Institute.
Additional clone libraries are being
used in a collaborative sequencing
project sponsored by the NIH Na-
tional Cancer Institute as part of the
Cancer Genome Anatomy Project to
identify and filly sequence genes
implicated in major cancers (http://
www.ncbi.nlm.nih.govtncicgap).

.I
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chromosome regions of both human and
mouse genomes. Many subtle functional
elements can be recognized only by
comparing human and mouse sequences.
TCRS play a major role in immunity
and autoimmune disease, and insights
into their mechanisms may one day help
treat or even prevent such diseases as
arthritis, diabetes, and multiple sclerosis
(possibly even AIDS).

Comparative analysis is also used to
model human genetic diseases. Given
sequence information, researchers can
produce targeted mutations in the mouse
as a rapid and economical route to elu-
cidating gene function. Such studies
continue to be used effectively at Oak
Ridge National Laboratory (ORNL).

DNA Sequencing

From the beginning of the genome
project, DOE’s DNA sequencing-
technology program has supported both
improvements to established method-
ologies and innovative higher-risk strat-
egies. The first major sequencing
project, a test bed for incremental im-
provements, culminated with elucida-
tion of the highly complex TCR region
(described above) by a team led by
Hood.

A novel “directed” sequencing strategy
initiated at LBNL in 1993 provides a
potential alternative approach that can
include automation as a core design fea-
ture. In this approach, every sequencing
template is fust mapped to its originrd
position on a chromosome (resolution,
30 bases). The advantages of this method
include a large reduction in the number
of sequencing reactions needed and in
the sequence-assembly steps that follow.
To date, this directed strategy has
achieved significant results with simpler,
less repetitive nonhuman sequences, par-

ticularly in the NIH-funded Drosophila
genome program. The system also is in
use at the Stanford Human Genome
Center and Mercator Genetics, Inc.

DOE Human Genome Program Report, Highlights

The preparation of DNA clones for se-
quencing involves several biochemical
processing steps that require different
solution environments. At the White-
head Institute, Trevor Hawkins has im-
proved systems for reversible binding of
DNA molecules to magnetic beads that
are compatible with complete robotic
management. The second-generation
Sequatron fits on a tabletop with a
single robotic arm moving sample trays
between servicing stations. This very
compact system, supported by sophisti-
cated software, may be ideal for labora-
tories with limited or costly floor space.

Fluorescent tags are critical components
of conventional automated sequencing
approaches. The team of Richard
Mathies and Alexander Glazer (Univer-
sity of California, Berkeley) has made a
series of improvements in fluorescence
systems that have decreased DNA input

needs and markedly increased the qual-
ity of raw data, thereby supporting
longer useful reads of DNA sequence.

Complementary improvements in enzy-
mology have been achieved by the team
of Charles Richardson and Stanley Ta-
bor (Harvard Medical School). Current
widely used procedures for automated
DNA sequencing involve cycling be-
tween high and low temperatures. The
Harvard researchers used information
about the three-dimensional structure of
polymerases (enzymes needed for DNA
replication) and how they function to
engineer an improved Taq polymerase.
ThermoSequenase, which is now pro-
duced commercially as part of the
ThermoSequenase kit, reduces the
amount of expensive sequencing re-
agents required and supporta popular
cycle-sequencing protocols.

The application of higher electrical
fields in gel electrophoresis separation
of DNA fragments can increase se-
quencing speed and efficiency. Conven-

tional thick gels cannot adequately
dissipate the additional heat produced,
however. Two promising routes to
“thinness” are ultrathin slab gels and



capillary systems. An ultratiln gel sys-
tem was developed by Lloyd Smith
(University of Wisconsin, Madison) and
licensed for commercial development.

The replacement of gels by pumpable
solutions of long polymers is making
capillary array electrophoresis (CAE)
potentially practical for DNA sequenc-
ing. The first CAE system for DNA was
demonstrated by the team of Barry
Karger (Northeastern University). In
1995, Karger and Norman Dovichi (Uni-
versity of Alberta, Canada) separately
identified CAE conditions under which
DNA sequencing reads could be ex-
tended usefully up to the 1000-base
range. Another CAE system, developed
by Edward Yeung (Iowa State Univer-
sity), has been licensed for commercial
production (see box, p. 23). Mathies has
developed a system in which a confocal
microscope displays DNA bands. Appli-
cation of thk system to the sizing of
larger DNA fragments binding multiple
fluors allows single-molecule detection.

Replacing the gel-separation step with
mass spectroscopy (MS) is another
promising approach for rapid DNA se-
quencing. MS uses differences in mass-
to-charge ratios to separate ionized
atoms or molecules. Early efforts at MS
sequencing were plagued by chemical
reactivity during the “launching” phase

of matrix-assisted laser resorption ion-
ization (MALDI). MALDI badly de-
graded the DNA sample input. However,
the degradation chemistry was elucidated
in Smith’s laboratory, leading to improve-
ments. At ORNL, the team of Chung-
Hsuan Chen has performed extensive
trials of alternative matrices and has
achieved significant improvements that
now support sequence reads up to 100
DNA bases. The system is undergoing
trials for DNA diagnostic applications.

The most revolutionary sequencing tech-
nology is being pursued by the team of
Richard Keller and James Jett at LANL.
Their goal is to read out sequence from
single DNA molecules, work that builds

on LANL’s expertise in flow cytometry.
The strand to be sequenced is labeled
fust with fluors that distinguish the
four DNA subunits and is then sus-

pended in a flow stream. An exonu-
clease cleaves the subunits, which flow
past an interrogating laser system that
reports the subunits’ identities. All sys-
tem constituents are operational but
limited by the low subunit release rates
of commercially available exonu-
cleases. A current developmental focus
is on identifying more active exonu-
cleases.

Synthetic DNA strands in the 15-to 30-
base range (oligomers) play essential
roles in DNA sequencing, in sample-
preparation steps for the polymerase
chain reaction, which copies DNA
strands millions of times; and in DNA-
based diagnostics. The cost of custom
oligomer synthesis once was a limiting
factor in many research projects. A
more economical, highly parallel oligo-
mer synthesis technology was devel-
oped by Thomas Brennan at Stanford
University (see last bullet, p. 22, for
fi,u-therdetails).

The sequencing by hybridization
(SBH) technology provides information
only on short stretches of DNA in a
single trial (interrogation), but thou-
sands of low-cost interrogations can be

performed in parallel. SBH is very use-
ful for rapid classitlcation of short
DNAs such as cDNAs, very low cost
DNA resequencing, and detection of
DNA sequence differences (polymor-
phisms) over short regions. The team of
Radomir Crkvenjakov and Radoje
Drmanac invented one format of SBH
while in Yugoslavia, made substantial
improvements at Argonne National
Laboratory (ANL), and later started
Hyseq Inc. to commercialize these
technologies. At ANL, another imple-
mentation, SBH on matrices (SHOM)
of gels, holds promise for high-accu-
racy sequence proofreading and diverse
DNA diagnostics. The ANL team, led
by Andrei Mirzabekov, collaborates
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with the Englehardt Institute in Moscow,
where SHOM was demonstrated initially.

Informatics: Data
Collection and Analysis

Explosive growth of information and the
challenges of acquiring, representing,
and providing access to data pose continu-
ing monumentrd tasks for the large public
databases. Over the last 3 years, the Ge-
nome Database (GD13),the major inter-
national repository of human genome
mapping daa has made extensive changes
cuhninating in the enhanced representa-
tion of genomic maps and gene informa-
tion in GDB V6.O. Major issues for the
Genome Sequence DataBase (GSDB),
established in 1994, are to capture and
annotate the sequence data and to repre-
sent it in a form capable of supporting
complex, ad hoc queries. Both GDB and
GSDB have been restructured recently to
handle the increasing flood of data and
make it more useful for downstream
biology (see Research Narratives, GDB,
p. 49, and GSDB, p. 55. [http:llwww.gdb.
org and http:llwww.ncg~ orglgsdb]

Victor Markowitz, formerly of LBNL, has
developed a suite of database tools allow-
ing substantial modtilcations of underly-
ing data structures while the biologists’
query tools remain stable. [http://gizmo.
lbl.govlDA4_TOOLSlDMTools.html]

The Genome Annotation Consortium
(based at ORNL) was initiated in 1997 to
be a modular, distributed inforrnatics fa-
cility for analyzing and processing (e.g.,
annotating) genome-scale sequence data.

The many improvements in World Wide
Web software now enable maps to be
downloaded simply by using a browser
with accessory software provided by
GDB. Computers sift stretches of DNA
sequence for patterns that ident@ such
biologically important features as pro-
tein-coding regions (exons), regulatory
areas, and RNA splice sites. Other com-
puter tools are used to compare a new se-

quence (i.e., a putative gene) against all
other database entries, retrieve any ho-
mologous sequences that already have

been entered, and indicate the degree of

similarity.

The Gene Recognition and Analysis
Internet Link (GRAIL) at ORNL local-
izes genes and other biologically impor-
tant sequence features (see box, p. 17).

Another analytical service that returns
informative, annotated data is MAG-
PIE, provided through ANL by Terry
Gaasterland. MAGPIE is designed to
reside locally at the site of a genome
project and actively carry out analysis
of genome sequence data as it is gener-
ated, with automated continued reevalu-
ation as search databases grow (http:/l
www.mcs.anl.govlhomelgaasterll
magpie.html). Once an automated func-
tional overview has been established, it
remains to pinpoint the organisms’ ex-
act metabolic pathways and establish
how they interact. To this end, the WIT
(What is There) system, which succeeds
PUMA, supports the construction of
metabolic pathways. Such constructions
or models are based on sequence data,
the clearly established biochemistry of
specific organisms, and an understand-
ing of the interdependencies of bio-
chemical mechanisms. WIT, which was
developed by Evgenij Selkov and Ross
Overbeek at ANL, offers a particularly
valuable tool for testing current hypoth-
eses about microbial biology. (http://
wwwcme.msu.edulWIT]

Researchers at the University of Colo-
rado have developed another approach
for predicting coding regions in ge-
nomic DNA, combining multiple types
of evidence into a single scoring fimc-
tion, and returning both optimal and
ranked suboptimal solutions. The ap-
proach is robust to substitution errors
but sensitive to frameshift errors. The
group is now exploring methods for
predicting other classes of sequence re-
gions, especially promoters. [software

DOE Human Genome Program Report, Highlights



GRAIL and GenQuest

In1996 the Gene Recognition and
Analysis Internet Link (GRAIL)
processed nearly 40 million bases
of sequence per month, making it
the most widely used “gene-
finding” system available. Devel-

oped at Oak Ridge National Labo-
ratory (ORNL) by a team led by
Ed Uberbacher, GRAIL uses arti-
ficial intelligence and machine
learning to discover complex rela-
tionships in sequence data. The
genQuest server, also at ORNL,
compares information generated
by GRAIL with data in protein,
DNA, and motif databases to add
further value to annotation of
DNA sequences.

GHs latest version (1.3) com-
bines a Motif Graphical Client
with improved sensitivity and
splice-site recognition, better per-
formance in AT-rich regions, new
analysis systems for model organ-
isms, and frameshift detection.
This system can be used on a wide
variety of UNIX platforms, includ-
ing Sun, DEC, and SGI. The many
ways to access GRAIL include a
command line sockets client that

and information htp:llbeagle.colorado.
edul-eesnyderlGeneParsezhtml]

The Baylor College of Medicine (BCM)
Search Launcher improves user access
to the wide variety of database-search
tools available on the Web. Search
Launcher features a single point of en-
try for related searches, the addition of
hypertext links to results returned by re-
mote servers, and a batch client. [http://
gc.bcm.tmc,edu:80881search-launcherl
Iauncher.html]

FASTA-SWAP, also from the BCM
group, is a new pattern-search tool for
databases that improves sensitivity and
specificity to help detect related se-
quences. BEAUTY, an enhanced ver-
sion of the BLAST database-search
program, improves access to informa-

permits remote program calls to all Contact GRAIL staff through the
basic GRAIL-genQuest analysis Web site at http:llcompbio.ornl.
services, thus allowing convenient gov or at GRALLM4ZL@ornLgov
integration of GRAIL results into for e-mail and ftp access.
automated analysis pipelines.

——

tion about the functions of matched
sequences and incorporates additional
hypertext links. Graphical displays al-
low correlation of hit positions with an-
notated domain positions. Future plans
include providing access to information
from and direct links to other databases,
including organism-specific databases.

PROCRUSTES uses comparisons of
the same gene of different species to
delimit gene structure much more accu-
rately. The product of a collaboration
between Pavel Pevzner (University of
Southern California) and two Russian
researchers, PROCRUSTES is based on
the spliced-alignment algorithm, which
explores all possible exon assemblies J
and finds the multiexon structure that
best fits a related protein. [http://
www-hto.usc.edulsojiwarelprocrustes] (

d
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Issues component of the DOE
Human Genome Program
supports projects to help judges
understand the scientij7c
validity of the genetics-based
claims that are poised tofiood
the nation’s courtrooms. Robert
l-?Or-r(left) of the North
Carolina Supreme Court and
Francis X. Spina of the Massa-
chusetts Appeals Court at the
New England Regional
Conference on the Courts and
Genetics (July 1997) participate

in a hands-on laboratory
session. As a prelude to learning
thefundamentals of DNA
science and genetic testing, the
judges are precipitating DNA
(seen as streaks on the glass rod
in the tube)fiom a solution
containing the bacterium
Escherichia coli. [Courts and
Science On-Line Magazine:
http:llwww.oml.govlcotu-ts]

challenging. How, for example,

are products of the Human Ge-
nome Project to be patented and
commercialized? How are the ju-
dicial, medical, and educational
communities-not to mention the
public at large—to be educated
effectively about genetic research
and its implications?

To confront these issues, the DOE
and NIH ELSI programs jointly
established an ELSI working
group to coordinate policy and
research between the two agencies.
[An FY 1997 report evaluating
the joint ELSI group is available
on the Web (http:llwwwornl.govl
hgmislarchivelelsirept.html).]

Ethical, Legal, and
Social Issues (ELSI)
From the outset of the Human Genome
Project, researchers recognized that the
resulting increase in knowledge about
human biology and personal genetic in-
formation would raise complex ethical
and policy issues for individuals and
society. Rapid worldwide progress in
the project has heightened the urgency
of this challenge.

The DOE Human Genome Program has
focused its ELSI efforts on education,
privacy, and the fair use of genetic in-
formation (including ownership and
commercialization); workplace issues,
especially screening for susceptibilities
to environmental agents; and implica-
tions of research findings regarding in-
teractions among multiple genes and
environmental influences.

A few highlights from the DOE ELSI
portfolio for FY 1994 through FY 1997

Most observers agree that personal are outlined below.

knowledge of genetic susceptibility can .
be expected to serve humankind well,
opening the door to more accurate diag-
noses, preventive intervention, intensi-
fied screening, lifestyle changes, and
early and effective treatment. But such ●

knowledge has another side, too: risk of
anxiety, unwelcome changes in personal
relationships, and the danger of stigma-
tization. Often, genetic tests can indi-
cate possible future medical conditions
far in advance of any symptoms or .
available therapies or treatments. If
handled carelessly, genetic information
could threaten an individual with dis-
crimination by potential employers and
insurers.

Other issues are perhaps less immediate

@&. than these personal concerns but no less

Three high school curriculum mod-
ules developed by the Biological
Sciences Curriculum Study (BSCS).
[http:llwww.bscs.erg]

An educational program in Los Ange-
les to develop a culturally and linguis-
tically appropriate genetics curriculum
based on a BSCS module (see above)
for Hispanic students and their fruni-
lies. [http:llvjlylab.calstatela.edulhgp]

A series of workshops to educate a
core group of 1000 judges around the
nation and a handbook with compan-
ion videotape to assist federal and
state judges in understanding and as-
sessing genetic evidence in an in-
creasing number of civil and criminal
cases (see photo above).
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Educational materials developed by
the Science+Literacy for Health
Project of the American Association
for the Advancement of Science
(AAAS) and targeted at or above the
6th- to 8th-grade reading levels.
lAAAS: 202/326-6453; Your Genes,
Your Choices booklet http:llwww.
nextwave.orglehrlbookslindex.html]

A program at the University of Chi-
cago aimed at developing a knowl-
edge base for physicians and nurses
who will train other practitioners to

introduce new genetic services.

A series of radio programs (see photo
at right) on the science and ethical
issues of the genome project and a
TV documentary program on ELSI
issues. [http:llwwwpbs.erg]

The Gene Letter, a monthly onliie
newsletter on ELSI issues for
healthcare professionals and consum-
ers. [http :llwww.genelette~erg]

A congressional fellowship program
inhuman genetics, administered
through AAAS, for one amual fel-
lowship for a mid-career geneticist.
[society@genetics.jaseb.erg]

The draft Genetic Privacy Act, pre-
pared as a model for privacy legisla-
tion and covering the collection,
analysis, storage, and use of DNA
samples and the genetic information
derived from them. [http:llwww.ornl.
govihgmislresourcelprivacyl
privacyl.html]

Privacy studies at the Center for So-
cial and Legal Research, including an
analysis of the effects of new genetic

technologies on individuals and insti-
tutions.

For details on these and other projects,
see ELSIAbstracts, p. 45, in Part 2 of this
report. In addhion to the specitic projects
listed in Part 2, the DOE program spon-
sors a number of conferences and work-
shops on ELSI topics.

DOE ELSI Web Site
http:llwww.orrd.govlhgmislresourcelelsi.html

—.—. .. —.-.—..—

In 1996,PresidentClintonappointedthe NationalBioethicsAdvisoryCom-
missionto provideguidanceon the ethical conductof currentand future bio-
logicalandbehavioralresearch,especiallythatrelatedto geneticsand the
rightsand welfareof humanresearchsubjects(htp://~.nih.gov/nbac/
nbac.htm).

Alsoin 1996,DOEandNIH issueda documentprovidinginvestigatorswith
guidancein the use of DNAfromhumansubjectsfor large-scalesequencing J
projects(seeAppendixC: HumanSubjectsGuidelines,p. 77). @p.fhvww.
ornl.govlhgmislarchivelnchgrdoe.html]

<.
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T
ransferring technology to
the private sector, a pr-
imarymission of DOE, is
strongly encouraged in the
Human Genome Program

to enhance the nation’s investment in
research and technological competitive-
ness, Human genome centers at
Lawrence Berkeley National Laborato~
(LBNL), Lawrence Livermore National

Laboratory (LLNL), and Los Alamos
National Laboratory (LANL) provide
opportunities for private companies to
collaborate on joint projects or use labo-
ratory resources. These opportunities in-
clude access to information (including
databases), personnel, and special facili-
ties; informal research collaborations;
Cooperative Research and Development
Agreements (CRADAS); and patent and
soflware licensing. For information on
recently developed resources, contact
individual genome research centers or
see Research Highlights, beginning on
p. 9, Many universities have their own
licensing and technology transfer offices.

Some collaborations and technology-
transfer highlights from FY 1994
through FY 1996 are described below.

Collaborations
Involvement of the private sector in re-
search and development can facilitate
successful transfer of technology to the
marketplace, and collaborations can
speed production of essential tools for

genome research, A number of interac-
tive projects are now under way, and
others are in preliminary stages.

CRADAS
One technology-transfer mechanism
used by DOE national laboratories is
the CRADA, a legal agreement with a
nongovernmental organization to col-
laborate on a defined research project.
Under a CRADA, the two entities share
scientific and technological expertise,
with the governmental organization pro-
viding persomel, services, facilities,

equipment, or other resources. Funds
must come from the nongovernmental
partner. A benefit to participating com-
panies is the opportunity to negotiate
exclusive licenses for inventions arising
from these collaborations. For periods
through 1996, the CRADAS in place in
the DOE Human Genome program in-
cluded the following:

LLNL with Applied Biosystems

Division of Perkin-Elrner Corporation
to develop analytical instrumentation
for faster DNA sequencing instru-
mentation

LANL with Amgen, Inc., to develop
bioassays for cell growth factors;

Oak Ridge National Laboratory
(ORNL) with Darwin Molecular,
Inc., for mouse models of human
immunologic diseasg

ORNL with Proctor&
Gamble, Inc., for
analyses of liver regen-
eration in a mouse
model; and

Brookhaven National
Laboratory with U.S.
Biochemical Corpora-
tion to identify proteins
useful for primer-
walking methods and
large-scale sequencing.

Work for Others

Inother collaborations,
the LBNL genome center
is participating in a Work
for Others agreement
with Amgen to automate
the isolation and charac-
terization of large num-
bers of mouse cDNAs.
The center group is focus-
ing on adapting LBNL’s
automated colony-picking
system to cDNA protocols
and applying methods to
generate large numbers of
falter replicas for colony

Technology transfer involves converting
scientific knowledge into commercially
useful products. Through the 1980s, a se-
ries of laws was enacted to encourage the
development of commercial applications
of federally fknded research at universities
and federal laboratories. Such laws [chiefly
the Bayh-Dole Act of 1980, Stevenson-
Wydler Act of 1980, and Federal Technol-
ogy Transfer Act of 1986 (Public Laws

96-517,96-480, and 99-502, respectively)]
were not aimed specifically at genome or
even biomedical research. However, such
research and the surrounding commercial
biotechnology enterprises clearly have
benefited from them. The biotechnology
sector’s success owes much to federal
policies on technology transfer and intel-
lectual property. [Source U.S. Congress,
Office of Technology Assessment, Fed-
eral Technology Tran.ylerand the Human
Genome Project, OTA-BP-EHR-162 .I
(Washington, D.C.: U.S. Government
Printing Office, September 1995)]

k
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filter hybridization and subsequent
analysis. ~’Workfor Others’’ projects
supported by an agency or organization
other than DOE (e.g., NIH, National
Cancer Institute, or a private company)
can be conducted at a DOE installation
because this work is complementary to

DOE research missions and usually re-
quires multidisciplinary DOE facilities
and technologies.]

The Resource for Molecular Cytogenetics
was established at LBNL and the Uni-
versity of California (UC), San Fran-
cisco, with the support of the Office of
Biological and Environmental Research
and Vysis, Inc. (formerly Imagenetics).
The Resource aims to apply fluorescent
in situ hybridization (FISH) techniques
to genetic analysis of human tissue
samples; produce probe reagenm design
and develop digital-imaging micros-
copy; distribute probes, analysis tech-
nology, and educational materials in the
molecular cytogenetic community; and
transfer useful reagents, processes, and
instruments to the private sector for
commercialization.

..— .—

Severalcommercialapplicationsof researchsponsoredby the U.S.
HumanGenomeProjecthavebeenfurtheredby theAdvanced
TechnologyProgram(ATP)of the U.S. NationalInstituteof Stan-
dardsandTechnology.ATP’smissionis to stimulateeconomic
growthand industrialcompetitivenessby encouraginghigh-risk
butpowerfulnew technologies.Its Toolsfor DNADiagnostics
programusescollaborationsamongresearchersand industryto
develop(1)cost-effectivemethodsfor determinkg, analyzing,and
storingDNAsequencesfor a widevarietyof diagnosticapplica-
tionsrangingfromhealthcareto agricultureto the environmentand
(2) anew and potentiallyvery largemarketfor DNAdiagnostic
systems.

Awardeeshave includedcompaniesdevelopingDNAdiagnostic
chips,more powerfulcytogeneticdiagnostictechniquesbased on
comparativegenomichybridization,DNA sequencinginstrumen-
tation, and DNAanalysistechnology.Eventually,commercializa-
tion of these underlyingtechnologiesis expectedto generate
hundredsof thousandsofjobs. [800/287-3863,Fax: 301/926-9524,
atp@micfnist.gov,http:llwww.atp.nist.gov]

Patenting and
Licensing Highlights,
FY 1994-96
.

●

✎

✎

A development license for single-
molecule DNA sequencing replaced
the 1991–94 CRADA (the first
CRADA to be established in the U.S.
Human Genome Project) between
LANL and Life Technologies, Inc.
(LTI).

In 1995, a broad patent was awarded
to UC for chromosome painting. This
technology uses FISH to stain spe-
cific locations in cells and chromo-
somes for diagnosing, imaging, and
studying chromosomal abnormalities
and cancer. Resulting from a 1989
CRADA between LLNL and UC,
FISH was licensed exclusively to
Vysis.

Hyseq, Inc., was founded in 1993 by
former Argonne National Laboratory
researchers Radoje Drmanac and
Radomir Crkvenjakov to commer-
cialize the sequencing by hybridiza-
tion (SBH) technology. Hyseq has
exclusive patent rights to a variation
known as format 3 of SBH or the
“super chip.” Hyseq later won an Ad-
vanced Technology Program award
from the U.S. National Institute of
Standards and Technology to develop
the technology further.

Oligomers—short, single-stranded
DNAs—are crucial reagents forge-
nome research and biomedical diag-
nostics. ProtoGene Laboratories,
Inc., was founded to commercialize

new DNA synthesis technology
(developed initially at LBNL with
completed prototypes at Stanford
University) and to offer the first
lower-cost custom oligomer syn-
thesis. The Parallel Array Synthesis
system, which independently synthe-
sizes 96 oligomers per run in a stan-
dard 96-well microtiter plate format,
shows great promise for significant
cost reductions. ProtoGene first
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licensed sales and distribution to LTI
and, later, production rights as well.
LTI operates production centers in
the United States, Europe, and Japan.

The GRAIL-genQuest sequence-
analysis software developed at
ORNL was licensed by Martin
Marietta Energy Systems (now
Lockheed Martin Energy Research)
to ApoCom, Inc., for pharmaceutical
and biotechnology company re-
searchers who cannot use the Internet
because of data-security concerns.
The public GRAIL-genQuest service
remains freely available on the
Internet (see box, p. 17).

In 1995, an exclusive license was
granted to U.S. Biochemical CoqIo-
ration for a genetically engineered,
heat-stable, DNA-replicating enzyme
with much-improved sequencing
properties. The enzyme was devel-
oped by Stanley Tabor at Harvard
University Medical School.

In 1995, an advanced capillary array
electrophoresis system for sequenc-
ing DNA was patented by Iowa State
University. The system was licensed
to Premier American Technologies
Corporation for commercialization
(see graphic at right and R&D 100
Awards, next page).

In 1996, a patent was granted to
LANL researchers for DNA fragment
sizing and sorting by laser-induced
fluorescence. An exclusive license
was awarded to Molecular Technol-
ogy, Inc., for commercialization of
the single-molecule detection capa-
bility related to DNA sizing (see
R&D 100 Awards, next page).

SBIR and STTR
Small Business Innovation Research
(SBIR) Program awards are designed to
stimulate commercialization of new
technology for the benefit of both the
private and public sectors. The highly
competitive program emphasizes

cutting-edge, high-risk research with
potential for high payoff in different ar-
eas, including human genome research.
Small business firms with fewer than
500 employees are invited to submit
applications. SBIR human genome top-
ics concentrate on innovative and ex-
perimental approaches for carrying out
the goals of the Human Genome Project
(see SBIR, p. 63, in Part 2 of this re-
port). The Small Business Technology
Transfer (STTR) Program fosters trans-
fers between research institutions and
small businesses. /_DOESBIR and
STTR contacc Kay Etzler (301/903-
5867, Fax: -5488, Kay.Etzler@oe~doe.
gov), http:llsbi~er.doe.govlsbi~
http:llstt~er.doe.govlsttr]
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Capillary Array Electrophoresis (CAE). CAE systems promise dramatically
faster and higher-resolution fragment separation for DNA sequencing. A
multiplexed CAE system designed by Edward Yeung (Iowa State University)
has been developed for commercial production by Premier American
Technologies Corporation (PATCO). In the PATCO ESY9600 model, DNA
samples are introduced into the 96-capillary array; as the separated
j?agments pass through the capillaries, they are irradiated all at once with
laser light. Fluorescence is measured by a charged coupled device that acts
as a simultaneous multichannel detecto~ (Inset circle at upper lejl: Closeup
view of individual capillary lanes with separated samples.) Because every
j-agment length exists in the sample, bases are identified in order accord-
ing to the time required for them to reach the laser-detector region.
[Source:ThomasKane,PATCO]
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Technology Transfer
Award
A Federal Laboratory Consortium
Award for Excellence in Technology
Transfer was presented to Edward
Yeung and a research team at Iowa
State University’s Ames Laboratory in
1993. Their laser-based method for
indirect fluorescence of biological
samples may have applications for rou-
tine high-speed DNA sequencing (see
graphic, p. 23). Yeung also won the
1994 American Chemical Society
Award for Analytical Chemistry.

1997 R&D 100 Awards

DOE researchers in 12 facilities across
the country won 36 of the R&D 100
Awards given by Research and Devel-
opment Magazine for 1996 work. DOE
award-winning research ranged from
advances in supercomputing to the bio-
logical recycling of tires. Announced in
July 1997, these awards bring DOE’s
R&D 100 total to 453, the most of any
single organization and twice as many as
all other government agencies combined.

Two DOE genome-related research
projects received 1997 R&D 100
Awards. One was to Yeung (see text at
left and graphic, p. 23) for “ESY9600
Multiplexed Capillary Electrophoresis
DNA Sequencer.”

The other award was to Richard Keller
and James Jett (LANL) with Amy
Gardner (Molecular Technologies, Inc.)
for “Rapid-Size Analysis of Individual
DNA Fragments.” This technology
speeds determination of DNA fragment
sizes, making DNA fingerprinting ap-
plications in biotechnology and other
fields more reliable and practical.

R&D Magazine began making annual
awards in 1963 to recognize the 100
most significant new technologies,
products, processes, and materials de-
veloped throughout the world during
the previous year (http:lhvww.rdmag.
comlrdl 00/100award.htm). Winners are
chosen by the magazine’s editors and a
panel of 75 respected scientific experts
in a variety of disciplines. Previous
wimers of R&D 100 Awards include
such well-known products as the flash-
cube (1965), antilock brakes (1969),
automated teller machine (1973), fax
machine (1975), digital compact cassette
(1993), and Taxol anticancer drug (1993).

B24 DOE Human Genome Program Report, Technology Transfer
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Joint Genome Institute
DOE Merges Sequencing Efforts of Genome Centers

. . . . . . . . . . . . . . . . . . . . . .

Elbert Branscomb
JGI Scientific Director
Lawrence Livermore

National Laboratory
7000 East Avenue, L-452
Livermore, CA 94551
510/422-5681
elbert@alu.llnl.gov or

I
n a major restructuring of its
Human Genome Program, on
October 23,1996, the DOE
Office of Biological and Envi-
ronmental Research estab-

lished the Joint Genome Institute (JGI)
to integrate work based at its three
major human genome centers.

elbert@shotgun.llnl.gov
The JGI merger represents a shift to-
ward large-scale sequencing via intensi-
fied collaborations for more effective
use of the unique expertise and resources
at Lawrence Berkeley National Labora-
tory (LBNL), Lawrence Livermore Na-
tional Laboratory (LLNL), and Los
Alamos National Laborato~ (see Re-
search Narratives, beginning on p. 27 in
this report). Elbert Branscomb (LLNL)
serves as JGI’s Scientific Director.
Capital equipment has been ordered,
and operational support of about
$30 million is projected for the 1998
fiscal year.

The year 1996 marked a transition to the final and most challenging
phase of the U.S. Human Genome Project, as pilot programs aimed at
refining large-scale sequencing strategies and resources were funded
by DOE and NIH (see Research Highlights, DNA Sequencing, p. 14).
Internationally, large-scale human genome sequencing was kicked
off in late 1995 when The Wellcome Trust announced a 7-year,
$75-million grant to the private Sanger Centre to scale up its sequenc-
ing capabilities. French investigators also have announced intentions
to begin production sequencing.

Funding agencies worldwide agree that rapid and free release of data

is critical. Other issues include sequence accuracy, types of annotation
that will be most useful to biologists, and how to sustain the reference
sequence.

The international Human Genome Organisation maintains a Web page
to provide information on current and future sequencing projects and
links to sites of participating groups (hti’p.Y/hugo.gdb.cv-g).The site
also links to reports and resources developed at the February 1996 and
1997 Bermuda meetings on large-scale human genome sequencing,
which were sponsored by The Wellcome Trust.

. . . . . . . . . . ...*.. . ..*...

With easy access to both LBNL and
LLNL, a building in Walnut Creek,
California, is being moditled. Here,
starting in late FY 1998, production
DNA sequencing will be carried out for
JGI. Until that time, large-scale se-
quencing will continue at LANL,
LBNL, and LLNL. Expectations are
that within 3 to 4 years the Production
Sequencing Facility will house some
200 researchers and technicians work-
ing on high-throughput DNA sequenc-
ing using state-of-the-art robotics.

Initial plans are to target gene-rich re-
gions of around 1 to 10 megabases for
sequencing. Considerations include gene
density, gene families (especially clus-
tered families), correlations to model
organism results, technical capabilities,
and relevance to the DOE mission (e.g.,
DNA repair, cancer susceptibility, and
impact of genotoxins). The JGI program
is subject to regular peer review.

Sequence data will be posted daily on
the Web; as the information progresses
to finished quality, it will be submit-
ted to public databases.

As JGI and other investigators involved
in the Human Genome Project are be-
ginning to reveal the DNA sequence of
the 3 billion base pairs in a reference
human genome, the data already are
becoming valuable reagents for explora-
tions of DNA sequence function in the
body, sometimes called “functional
genomics.” Although large-scale se-
quencing is JGI’s major focus, another

important goal will be to enrich the se-
quence data with information about its
biological function. One measure of
JGI’s progress will be its success at
working with other DOE laboratories,
genome centers, and non-DOE aca-
demic and industrial collaborators. In
this way, JGI’s evolving capabilities can
both serve and benefit from the widest
array of partners.

8
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T
he Human Genome Center
at Lawrence Livermore
National Laboratory
(LLNL) was established by
DOE in 1991. The center

operates as a multidkciplinary team
whose broad goal is understanding hu-
man genetic material. It brings together
chemists, biologists, molecular biolo-
gists, physicists, mathematicians, com-
puter scientists, and engineers in an
interactive research environment fo-
cused on mapping, DNA sequencing,
and characterizing the human genome.

Goals and Priorities
In the past 2 years,thecenter’s goals
have undergone an exciting evolution.
This change is the result of several fac-
tors, both intrinsic and extrinsic to the
Human Genome Project. They include
(1) successful completion of the
center’s first-phase goal, namely a
high-resolution, sequence-ready map of
human chromosome 19; (2) advances in
DNA sequencing that allow accelerated
scaleup of this operatioq and (3) devel-
opment of a strategic plan for LLNL’s
Biology and Biotechnology Research
Program that will integrate the center’s
resources and strengths in genomics
with programs in structural biology, in-
dividual susceptibility, medical biotech-
nology, and microbial biotechnology.

The primary goal of LLNL’s Human
Genome Center is to characterize the
mammalian genome at optimal resolu-
tion and to provide information and ma-
terial resources to other in-house or
collaborative projects that allow exploi-
tation of genomic biology in a synergis-
tic manner, DNA sequence information
provides the biological driver for the
center’s priorities:

.

●

Generation of highly accurate se-
quence for chromosome 19.

Generation of highly accurate se-
quence for genomic regions of high
biological interest to the mission of

.

●

✎

●

●

●

the DOE Office of Biological and
Environmental Research (e.g., genes
involved in DNA repair, replication,
recombination, xenobiotic metabo-
lism, and cell-cycle control).

Isolation and sequence of the full in-
sert of cDNA clones associated with
genomic regions being sequenced.

Sequence of selected corresponding
regions of the mouse genome in paral-
lel with the human.

Annotation and position of the se-
quenced clones with physical land-
marks such as linkage markers and
sequence tagged sites (STSS).

Generation of mapped chromo-
some 19 and other genomic clones
[cosmids, bacterial artificial chromo-
somes (BACS), and PI artificial chro-
mosomes (l?ACs)]for collaborating
groups.

Sharing of technology with other
groups to minimize duplication of
effort.

Support of downstream biology
projects, for example, structural
biology, functional studies, human
variation, transgenics, medical bio-
technology, and microbial biotechnol-
ogy with know-how, technology, and
material resources.

Center Organization
and Activities
Completion and publication of the metric
physical map of human chromosome 19
(see p. 28) in 1995 has led to consolida-
tion of many fimctions associated with
physical mapping, with increased empha-
sis on DNA sequencing. The center is or-
ganized into five broad areas of research
and supporc sequencing, resources, func-
tioned genomics, informatics and anrdyti-
cal genomics, and instrumentation. Each
area consists of multiple projects, and
extensive interaction occurs both within
and among projects.

Human Genome Center
Lawrence Llvermore National

Laboratory
Biologyand Biotechnology

Research Program
7000 East Avenue,L-452
Livermore, CA 94551

Anthony V.Carrano
Director
510/422-5698,Fax 1423-3110
carranol@llnl.gov

Linda Ashworth
Assistant to Center Director
510/422-5665,Fax: -2282
ashworthl@llnl.gov

In lieu of individual abstracts,
research projects and investi-
gators at the LLNL Human
Genome Center are repre-
sented in this narrative. More
information can be found on
the center’s Web site (see URL
above).

In 1997LawrenceBerkeleyNa-
tionalLaboratory, Lawrence
LlvermoreNationalLaborato~,
andLosAlamosNationalLabora-
torybegancollaboratingin a Joint
GenomeInstituteto implement
high-throughputsequencing[see
p. 26 andHuman GenomeNews
8(2), 1–2].
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The sequencing group is divided into
several subprojects. The core team is re-
sponsible for the construction of se-
quence libraries, sequencing reactions,
and data collection for all templates in
the random phase of sequencing. The
finishing team works with data pro-
duced by the core team to produce
highly redundant, highly accurate “fin-
ish” sequence on targets of interest. Fi-
nally, a team of researchers focuses
specifically on development, testing,

6
and implementation of new protocols
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Chromosome 19 Map. In the
current map (at lejl) of the first
2 million bases at the p-telomere
end of chromosome 19, the
ECORI restriction-mapped
contigs (represented by red lines)
provide the starting material for
genomic sequencing across a
region.

Construction of the human
chromosome 19 physical map was
based on a similar strategy for
mapping the roundworm
Caenorhabditis elegans. View the
complete map on the World Wide
Web (http://www-bio.lhigov/
genome/html/chrom_map.html).
[Source: Adapted fromjignre provided
by Linda Ashvorth, LLNL]

for the entire group, with an emphasis
on improving the efficiency and cost ba-
sis of the sequencing operation.

Resources
The resources group provides mapped
clonal resources to the sequencing
teams. This group performs physical
mapping as needed for the DNA se-
quencing group by using fingerprinting,
restriction mapping, fluorescence in situ
hybridization, and other techniques. A
small mapping effort is under way to
identify, isolate, and characterize BAC
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seem to be new membersof existing gene families, for example, the mRMA splicing factoc or of such pseudogenes as the
elongation factor Tu.

In addition to those that could be classified, 13 novel genes were identijled, including one with high similarity to a
predicted ORF of unknown function in the roundworm Caenorhabditis elegans. [source:Adaptedjiom graph provided by

Linda Aslworth, LLNL]

clones (from anywhere in the human ge-
nome) that relate to susceptibility genes,
for example, DNA repair. These clones
will be characterized and provided for
sequencing and at the same time con-
tribute to understanding the biology of
the chromosome, the genome, and sus-
ceptibility factors. The mapping team
also collaborates with others using the
chromosome 19 map as a resource for
gene hunting.

FunctionalGenomics
The functional genomics team is respon-
sible for assembling and characterizing
clones for the Integrated Molecular
Analysis of Gene Expression (called
IMAGE) Consortium and cDNA se-
quencing, as well as for work on gene
expression and comparative mouse

genomics. The effort emphasizes genes
involved in DNA repair and links
strongly to LLNL’s gene-expression and
structural biology efforts. In addition,
this team is working closely with Oak
Ridge National Laboratory (ORNL) to
develop a comparative map and the se-
quence data for mouse regions syntenic
to human chromosome 19 (see p. 32).

Informatics and Analytical
Genomics

The informatics and analytical genom-
ics group provides computer science
support to biologists. The sequencing
informatics team works directly with
the DNA sequencing group to facilitate J
and automate sample handing, data ac-
quisition and storage, and DNA se-
quence analysis and annotation. The

k
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analytical genomics team provides sta-
tistical and advanced algorithmic exper-
tise. Tasks include development of
model-based methods for data capture,
signal processing, and feature extraction
for DNA sequence and fingerprinting
data and analysis of the effectiveness of
newly proposed methods for sequencing
and mapping.

Instrumentation
The instrumentation group also has
multiple components. Group members

provide expertise in instmmentation and
automation in high-throughput electro-
phoresis, preparation of high-density
replicate DNA and colony filters, fluo-
rescence labeling technologies, and au-
tomated sample handling for DNA
sequencing. To facilitate seamless inte-
gration of new technologies into pro-
duction use, this group is coupled
tightly to the biologist user groups and
the informatics group.

Collaborations
The center interacts extensively with
other efforts within the LLNL Biology
and Biotechnology Research Program
and with other programs at LLNL, the
academic community, other research in-
stitutes, and industry. More than 250
collaborations range from simple probe
and clone sharing to detailed gene fam-
ily studies. The following list reflects
some major collaborations.

● Integration of the genetic map of hu-

man chromosome 19 with correspond-
ing mouse chromosomes (ORNL).

● Miniaturized polymerase chain reac-
tion instrumentation (LLNL).

● Sequencing of IMAGE Consortium
cDNA clones (Washington Univer-
sity, St. Louis).

● Mapping and sequencing of a geneA

k

associated with Finnish congenital
nephrotic syndrome (University of
odu, Finland).

30 Human Genome Program Report, LLNL

Accomplishments
The LLNL Human Genome Center has
excelled in several areas, including
comparative genomic sequencing of
DNA repair genes inhuman and rodent
species, construction of a metric physi-
cal map of human chromosome 19, and
development and application of new
biochemical and mathematical ap-
proaches for constructing ordered clone
maps. These and other major accom-
plishments are highlighted below.

●

✎

✎

Completion of highly accurate se-
quencing totaling 1.6 million bases
of DNA, including regions spanning
human DNA repair genes, the candi-
date region for a congenital kidney
disease gene, and other regions of
biological interest on chromo-
some 19.

Completion of comparative sequence
analysis of 107,500 bases of genomic
DNA encompassing the human DNA
repair gene ERCC2 and the corre-
sponding regions in mouse and ham-
ster (p. 32). In addhion to ERCC2,
analysis revealed the presence of two
previously undescribed genes in all
three species. One of these genesis a
new member of the kinesin motor
protein family. These proteins play a
wide variety of roles in the cell, in-
cluding movement of chromosomes
before cell division.

Complete sequencing of human ge-
nomic regions containing two addi-
tional DNA repair genes. One of

these, XRCC3,maps to human chro-
mosome 14 and encodes a protein
that may be required for chromo-
some stability. Analysis of the ge-
nomic sequence ident~led another
kinesin motor protein gene physi-
cally linked to XRCC3. The second
human repair gene, HHR23A, maps
to 19p13.2. Sequence analysis of
110,000 bases containing HHR23A
identified six other genes, five of
which are new genes with similarity



to proteins from mouse, human,
yeast, and Caenorhabditis elegans.

c Complete sequencing of full-length
cDNAs for three new DNA repair
genes (XRCC2,XRCC3, and XRCC9)
in collaboration with the LLNL DNA
repair group.

● Generation of a metric physical map
of chromosome 19 spanning at least
95% of the chromosome. This unique
map incorporates a metric scale to
estimate the distance between genes
or other markers of interest to the
genetics community.

● Assembly of nearly 45 million bases
of ECORI restriction-mapped cosmid
contigs for human chromosome 19
using a combination of fingerprinting
and cosmid walking. Small gaps in
cosmid continuity have been spanned
by BAC, PAC, and PI clones, which
are then integrated into the restriction
maps. The high depth of coverage of
these maps (average redundancy,
4,3-fold) permits selection of a mini-
mum overlapping set of clones for
DNA sequencing.

● Placement of more than 400 genes,
genetic markers, and other loci on the
chromosome 19 cosmid map. Also,
165 new STSS associated with pre-
mapped cosmid contigs were gener-
ated and added to the physical map.

● Collaborations to identify the-gene
(C0i14P) responsible for two allelic
genetic diseases, pseudoachondro-
plasia and multiple epiphyseal dys-
plasia, and the identification of
specific mutations causing each
condition.

● Through sequence analysis of the 2A
subfamily of the human cytochrome
P450 enzymes, identification of a
new variant that exists in 10% to
20% of individuals and results in re-
duced ability to metabolize nicotine
and the antiblood-clotting drug
Coumadin.

● Location of a zinc finger gene that
encodes a transcription factor regu-
lating blood-cell development adja-
cent to telomere repeat sequences,
possibly the gene nearest one end of
chromosome 19.

● Completion of the genornic and
cDNA sequence of the gene for the
human Rieske Fe-S protein involved
in mitochondrial respiration.

● Expansion of the mouse-human com-
parative genomics collaboration with
ORNL to include study of new
groups of clustered transcription fac-
tors found on human chromosome
19q and as syntenic homologs on
mouse chromosome 7 (p. 32).

● Numerous collaborations (in particu-
lar, with Washington University and
Merck) continuing to expand the
LLNL-based IMAGE Consortium,
an effort to characterize the tran-
scribed human genome. The IMAGE
clone collection is now the largest
public collection of sequenced cDNA
clones, with more than one million
arrayed clones, 800,000 sequences in
public databases, and 10,000 mapped
cDNAs.

● Development and deployment of a
comprehensive system to handle
sample tracking needs of production
DNA sequencing. The system com-
bines databases and graphical inter-
faces running on both Mac and Sun
platforms and scales easily to handle
large-scale production sequencing.

● Expansion of the LLNL genome
center’s World Wide Web site to in-
clude tables that link to each gene be-
ing sequenced, to the quality scores
and assembled bases collected each
night during the sequencing process,
and to the submitted GenBank se-
quence when a clone is completed.
[http:llbbrp.llnl.govltest-binl
projqcsummaly]
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Human-Mouse Homologz”es.LLNL researcherLisa
Stubbs (above) is shown in the Mouse Genetics
Research Facility at ORNL. [ORNLphoto]

The figure at left demonstrates the genetic similarity
(homology) of the supetjicially dissimilar mouse and
human species. The similari~ is such that human
chromosomes can be cut (schematically at least) into
about 150 pieces (only about 100 are large enough
to appear here), then reassembled into a reasonable
approximation of the mouse genome. The colors and
corresponding numbers on the mouse chromosomes
indicate the human chromosomes containing
homologous segments. [Source: Lisa Stubbs, LLNL]

Comparative sequencing of homologous regions in
human and mouse at LLNL has enhanced the ability
to identifi protein-coding (exon) and noncoding
DNA regions that have remained unchanged over the
cow-se of evolution. Colors in thefigure below depict
similarities in mouse and human genes involved in
DNA repair, a research interest rooted in DOES
mission to develop better technologies for measuring
health effects, particularly mutations. [Sow-c.: Linda

Ashworth, LLNL]
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Implementation of a new database to

support sequencing and mapping
work on multiple chromosomes and
species, Web-based automated tools
were developed to facilitate construc-
tion of this database, the loadlng of
over 100 million bytes of chromosome
19 data from the existing LLNL data-
base, and automated generation of
Web-based input interfaces.

Significant enhancement of the
LLNL Genome Graphical Database
Browser software to display and link
information obtained at a subcosmid
resolution from both restriction map
hybridization and sequence feature
data, Features, such as genes linked
to diseases, allow tracking to frag-
ments as small as 500 base pairs of
DNA,

Development of advanced micro-
fabrication technologies to produce
electrophoresis microchannels in
large glass substrates for use in DNA
sequencing.

Installation of a new filter-spotting
robot that routinely produces 6 x 6
x 384 filters. A 16x 16x 384 pattern
has been achieved.

Upgrade of the Lawrence Berkeley
National Laboratory colony picker
using a second computer so that im-
aging and picking can occur simulta-
neously.

Future Plans
Genomic sequencing currently is the
dominant function of Livermore’s Hu-
man Genome Center. The physical map-
ping effort will ensure an ample supply
of sequence-ready clones. For sequenc-
ing targets on chromosome 19, thk in-
cludes ensuring that the most stable
clones (cosmids, BACS, and PACS)are
available for sequencing and that re-
gions with such known physical land-
marks as STSS and expressed sequenced
tags (BSTS) are annotated to facilitate
sequence assembly and analysis. The

following targets are emphasized for

DNA sequencing:

.

●

✎

✎

●

Regions of high gene density, includ-
ing regions containing gene families.

Chromosome 19, of which at least 42
million bases are sequence ready.

Selected BAC and PAC clones repre-
senting regions of about 0.2 million
to 1 million bases throughout the
human genome; clones would be
selected based on such high-priority
biological targets as genes involved
in DNA repair, replication, recombi-
nation, xenobiotic metabolism, cell-
cycle checkpoints, or ofier speciilc
targets of interest.

Selected BAC and PAC clones from
mouse regions syntenic with the
genes indicated above.

Full-insert cDNAs corresponding to
the genomic DNA being sequenced.

The informatics team is continuing to
deploy broader-based supporting data-
bases for both mapping and sequencing.
Where appropriate, Web- and Java-based
tools are being developed to enable bi-
ologists to interact with data. Recent re-
organization within this group enables

better dwect support to the sequencing
group, including evaluating and inter-
facing sequence-assembly algorithms
and analysis tools, data and process
tracking, and other informatics func-
tions that will streamline the sequencing
process.

The instrumentation effort has three
major thrusts: (1) continued develop-
ment or implementation of laborato~
automation to support high-throughput
sequencing; (2) development of the
next-generation DNA sequence~ and
(3) development of robotics to support
high-density BAC clone screening. The
last two goals warrant further expla-
nation.

The new DNA sequencer being devel-
oped under a grant from the National
Institutes of Health, with minor support

DOE Human Genome Program Report, LLNL
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through the DOE genome center, is de-
signed to run 384 lanes simultaneously
with a low-viscosity sieving medium.
The entire system would be loaded au-
tomatically, run, and set up for the next
run at 3-hour intervals. If successfid, it
should provide a 20- to 40-fold increase
in throughput over existing machines.

An LLNL-designed high-precision spot-
ting robot, which should allow a density
of 98,304 spots in 96 cm2, is now oper-
ating. The goal of this effort is to create
high-density filters representing a 10x
BAC coverage of both human and
mouse genomes (30,000 clones = lx
coverage). Thus each filter would pro-
vide -3x coverage, and eight such filters
would provide the desired coverage for
both genomes. The filters would be hy-
bridized with amplicons from individual
or region-specific cDNAs and ESTS;
given the density of the BAC libraries,
clones that hybridize should represent a
binned set of BACS for a region of in-
terest. These BACS could be the initial
substrate for a BAC sequencing strategy.
Performing hybridizations in parallel in
mouse and human DNA facilitates the
development of the mouse map (with
ORNL involvement), and sequencing

BACS from both species identifies
evolutionarily conserved and, perhaps,
regulatory regions.

Information generated by sequencing
human and mouse DNA in parallel is
expected to expand LLNL efforts in
functional genomics. Comparative se-
quence data will be used to develop a
high-resolution synteny map of con-
served mouse-human domains and
incorporate automated northern ex-
pression analysis of newly identified
genes. Long range, the center hopes to
take advantage of a variety of forms of
expression analysis, including site-
directed mutation analysis in the mouse.

Summary
The Liverrnore Human Genome Center
has undergone a dramatic shift in empha-
sis toward commitment to large-scale,
high-accuracy sequencing of chromo-
some 19, other chromosomes, and tar-
geted genomic regions in the human
and mouse. The center also is commit-
ted to exploiting sequence information
for functional genomics studies and for
other programs, both in house and
collaboratively.

8
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Research Narratives

Los Alamos National Laboratory Center for Human Genome Studies
.0 . ...0. ● .0.0.6. ● . . . . . . . .. ****** ● *******

B
iological research was ini-
tiated at Los Alamos Na-
tional Laboratory (LANL)
in the 1940s, when the
laboratory began to inves-

tigate the physiological and genetic
consequences of radiation exposure.
Eventual establishment of the national
genetic sequence databank called
GenBank, the National Flow Cytometry
Resource, numerous related individual
research projects, and fulfillment of a key

role in the National Laboratory Gene Li-
brary Project all contributed to LANL’s se-
lection as the site for the Center for
Human Genome Studies in 1988.

Center Organization
and Activities
The LANL genome center is organized
into four broad areas of research and sup-
poxt Physical Mapping, DNA Sequenc-
ing, Technology Development, and
Biological Interfaces, Each area consists
of a variety of projects, and work is dis-
tributed among five LANL Divisions
(Life Sciences; Theoretical; Computing,
Information, and Communications;
Chemical Science and Technology and
Engineering Sciences and Applications).
Extensive interdisciplinary interactions
are encouraged.

Physical Mapping
The construction of chromosome- and
region-specific cosmid, bacterial artifi-
cial chromosome (BAC), and yeast artiil-
cial chromosome (YAC) recombinant
DNA libraries is a primary focus of
physical mapping activities at LANL.
Speciilc work includes the construction
of high-resolution maps of human chro-
mosomes 5 and 16 and associated
informatics and gene discovery tasks.

Accomplishments
. Completion of an integrated physical

map of human chromosome 16 con-
sisting of both a low-resolution YAC

●

✎

contig map and a high-resolution
cosmid contig map (pp. 37-39).
With sequence tagged site (STS)
markers provided on average every
125,000 bases, the YAC-STS map
provides rdrnost-complete coverage
of the chromosome’s euchromatic
axms.All available loci continue to
be incorporated into the map.

Construction of a low-resolution STS
map of human chromosome 5 con-

sisting of 517 STS markers region-

ally assigned by somatic-cell hybrid
approaches. Around 9590 mega-
YAC-STS coverage (50 million
bases) of 5p has been achieved. Ad-
ditionally, about 40 million bases of
5q mega-YAC-STS coverage have
been obtained collaboratively.

Refinement of BAC cloning proce-
dures for future production-o>
chromosome-specific libraries.
Successful partial digestion and clon-
ing of microgram quantities of chro-
mosomal DNA embedded in agarose
plugs. Efforts continue to increase
the average insert size to about
100,000 bases.

DNA Sequencing
DNA sequencing at the LANL center
focuses on low-pass sample sequencing
(SASE) of large genomic regions. SASE
data is deposited in publicly available
databases to allow for wide distribution.
Finished sequencing is prioritized from
initial SASE alldySiS and pUrSUedby pm-
allel primer walking. Informatics devel-
opment includes data tracking, gene-
discovery integration with the Sequence
Comparison ANalysis (SCAN) program,
and functional genornics interaction.

Accomplishments

● SASE sequencing of 1.5 million
bases from the p13 region of human
chromosome 16.

● Discovery of more than 100 genes in
SASE sequences.

Center for Human Genome
Studies

LosAlamosNational Laboratory
P.O. BOX 1663
Los AIamos,NM 87545

Larry L. Deaven
Acting Director
505/667-3912,Fax -2891
ldeaven@telomere.lanl.gov

Lynn Clark
Technical Coordinator
505/667-9376,Fax: -2891
clark@telomereJanl.gov

Robert K. Moyzis
Director, 1989-9W

Jn lieu of individual abstracts,
research projects and investi-
gators at the LANL Center for
Human Genome Studies are
represented in this narrative.
More information can be found
on the center’s Web site (see
URL above).

In1997LawrenceBerkeleyNa-
tionalLaboratory, Lawrence
LivennoreNationalLaboratory,
endLosAlamosNationalLabora-
torybegancollaboratingin a Joint
GenomeInstituteto implement
high-throughputsequencing[see
p. 26 andHnrnanGenomeNews
s(2), 1-2].

J

*Nowat Universityof Califor-
nia, Irvine bnDOE Human Genome Program Report 35
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Generation of finished sequence
for a 240,000-base telomeric re-
gion of human chromosome 7q.
From initial sequences generated
by SASE, oligonucleotides were
synthesized and used for primer
walking directly from cosmids
comprising the contig map. Com-
plete sequencing was performed to
determine what genes, if any, are
near the 7q terminus. This intri-
guing region lacks significant
blocks of subtelomeric repeat DNA
typically present near eukaryotic
telomeres.

Complete single-pass sequencing of
2018 exon clones generated from

LANL’s flow-sorted human chromo-
some 16 cosmid library. About 950
discrete sequences were identified by
sequence analysis. Nearly 800 appear
to represent expressed sequences
from chromosome 16.

Development of Sequence Viewer to
display ABI sequences with trace
data on any computer having an
Internet connection and a Netscape
World Wide Web browser.

Sequencing and analysis of a novel
pencentrornenc duplication of a
gene-rich cluster between 16pl 1.1
and Xq28 (in collaboration with
Baylor College of Medicine).

Technology Development
Technology development encompasses
a variety of activities, both short and
long term, including novel vectors for
library construction and physical map-
pin& automation and robotics tools for
physical mapping and sequencing;
novel approaches to DNA sequencing
involving single-molecule detectiow
and novel approaches to informatics
tools for gene identification.

8
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Accomplishments

●

●

●

●

●

✎

Development of SCAN program for
large-scale sequence analysis and an-
notation, including a translator con-
verting SCAN data to GIO format for
submission to Genome Sequence
DataBase.

Application of flow-cytometric ap-
proach to DNA sizing of P1 artificial
chromosome (PAC) clones. Less than
one picogram of linear or supercooled
DNA is analyzed in under 3 minutes.
Sizing range has been extended
down to 287 base pairs. Efforts con-
tinue to extend the upper limit be-
yond 167,000 bases.

Characterization of the detection of
single, fluorescently tagged nucleo-
tides cleaved from multiple DNA
fragments suspended in the flow
stream of a flow cytometer (see pic-
ture, p. 70). The cleavage rate for
Exo III at 37°C was measured to be
about 5 base pairs per second per
M13 DNA fragment. To achieve a
single-color sequencing demonstra-
tion, either the background burst rate
(currently about 5 bursts per second)
must be reduced or the exonuclease
cleavage rate must be increased sig-
nificantly. Techniques to achieve
both are being explored.

Construction of a simple and com-
pact apparatus, based on a diode-
pumped NdYAG laser, for routine
DNA fragment sizing.

Development of a new approach to
detect coding sequences in DNA.
This complete spectral analysis of
coding and noncoding sequences is
as sensitive in its first implementa-
tions as the best existing techniques.

Use of phylogenetic relationships to
generate new profdes of amino acid
usage in conserved domains. The
profiles are particularly useful for
classification of distantly related
sequences.



Biological Interfaces
The Biological Interfaces effort targets

genes and chromosome regions asso-
ciated with DNA damage and repair,
mitotic stability, and chromosome struc-

ture andfunction asprimary subjects
for physical mapping and sequencing.
Specific disease-associated genes on
human chromosome 5 (e.g., Cri-du-Chat
syndrome) and on 16 (e.g., Batten’s dis-
ease and Fanconi anemia) are the sub-
jects of collaborative biological
projects.

Accomplishments

a

●

●

●

.

Identification of two human 7q exons
having 99% homology to the cDNA
of a known human gene, vasoactive

intestinal peptide receptor 2A. Pre-
liminary data suggests that the
VIPR2A gene is expressed.

Identification of numerous expressed
sequence tags (ESTS) localized to the
7q region. Since three of the ESTS
contain at least two regions with high
confidence of homology (--90%),
genes in addition to VIPR2A may
exist in the terminal region of 7q.

Generation of high-resolution cosmid
coverage on human chromosome 5p
for the larynx and critical regions
identitled with Cri-du-Chat syndrome,
the most common human terminal-

deletion syndrome (in collaboration
with Thomas Jefferson University).

Refinement of the Wolf-Hirschhom
syndrome (WHS) critical region on
human chromosome 4p. Using the
SCAN program to identify genes
likely to contribute to WHS, the
project serves as a model for defining
the interaction between genomic se-
quencing and cltilcal research.

Collaborative construction of contigs
for human chromosome 16, includ-
ing 1,05 million bases in cosmids
through the familial Mediterranean
fever (FMF) gene region (with

●

●

members of the FMF Consortium)
and 700,000 bases in PI clones en-
compassing the polycystic kidney
disease gene (with Integrated
Genetics, Inc.).

Collaborative identiilcation and de-
termination of the complete genomic
structure of the Batten’s disease gene
(with members of the BDG Consor-
tium), the gamma subunit of the hu-
man amiloride-sensitive epithelial
channel (Liddle’s syndrome, with
University of Iowa), and the polycys-
tic kidney disease gene (with Inte-
grated Genetics).

Participation in an international col-
laborative research consortium that
successfully identified the gene re-
sponsible for Fanconi anemia type A.

Chromosome 16 Physical Map (pp. 38-39). A condensed chromosome 16
physical map constructed at Los Alamos National Laboratory (LANL) is
shown in two parts on thefollowing pages. Besides facilitating the isolation
and characterization of disease genes, the map provides theframework for
a large-scale sequencing effort by LANL, The Institute for Genomic
Research, and the Sanger Centre.

Distinct types of maps and data are shown as levels or tiers on the
integrated map. At the top of each page is a view of the banded human
chromosome to which the map is aligned. A somatic-cell hybrid breakpoint
map, which divides the chromosome into 90 intervals, was used as a
backbone for much of the map integration.

The physical map consists of both a low-resolution yeast artificial
chromosome (YAC) contig map localized to and ordered within the
breakpoint intervals with sequence tagged sites (STSS) and a high-
resolution bacteria-based clone map. The YAC-STS map provides almost
complete coverage of the chromosome’s euchromatic arm, with STS
markers on average every 100,000 bases.

A high-resolution, sequence-ready cosmid contig map is anchored to the
YAC and breakpoint maps via STSS developedfiom cosmid contigs and by
hybridizations between YACS and cosmids.

As part of the ongoing effort to incorporate all available loci onto a single
map of this chromosome, the integrated map also features genes, expressed
sequence tags, exons (gene-coding regions), and genetic markers.

A
The mouse chromosome segments at the bottom of the map contain groups
that correspond to human genes mapped to the regions shown above them.
[Source:NormanDoggen,LANL]

k
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The exhibit ‘“nderstanding Our Genetic Inheritance” at the Br-adbtoy
Science Museum in Los Alamos, New Mexico, describes the LANL Center
for Human Genome Studies’ contributions to the Human Genome Project.
The exhibit’s centerpiece is a 16-foot-long version of LANL’s map of human
chromosome I ~. [Sonrce: ML Center for Human Genome Studies]

Patents, Licenses, and
CRADAS
● Rhett L. Affleck, James N. Demas,

Peter M. Goodwin, Jay A. Schecker,
Ming Wu, and Richard A. Keller,
“Reduction of Diffusional Defocusing
in Hydrodynamically Focused Flows
by Completing with a High Molecular
Weight Adduct;’ United States Patent,
fded December 1996.

● R.L. Affleck, W.P.Ambrose, J.D.
Demas, P.M. Goodwin, M.E. Johnson,
R.A. Keller, J.T. Petty, J.A. Schecker,
and M. Wu, “Photobleaching to Re-

d duce or Eliminate Luminescent Impu-

k

rities for Ultrasensitive Luminescence
Analysis,” United States Patent, S-87,
208, accepted September 1997.
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●

●

J.H. Jett, M.L. Hammond,
R.A. Keller, B.L.
Marrone, and J.C. Martin,
“DNA Fragment Sizing
and Sorting by Laser-
Induced Fluorescence:’
United States Patent,
S.N. 75,001, allowed
May 1996.

James H. Jett, “Method
for Rapid Base Sequenc-
ing in DNA and RNA
with Three Base Label-
ing,” in preparation.

Development license and
exclusive license to
LANL’s DNA sizing
patent obtained by Mo-
lecular Technology, Inc.,
for commercialization of
single-molecule detection
capability to DNA sizing.

Future Plans
LANL has joined a collabo-

ration with California Institute of Tech-
nology and The Institute for Genomic
Research to construct a BAC map of
the p arm of human chromosome 16
and to complete the sequence of a 20-
million–base region of this map.

In its evolving role as part of the new
DOE Joint Genome Institute, LANL
wilI continue scaleup activities focused
on high-throughput DNA sequencing.
Initial targets include genes and DNA
regions associated with chromosome
structure and function, syntenic break-
points, and relevant disease-gene loci.

A joint DNA sequencing center was es-
tablished recently by LANL at the Uni-
versity of New Mexico. This facility is
responsible for determining the DNA
sequence of clones constructed at LANL,
then returning the data to LANL for
analysis and archiving.



Research Narratives
Lawrence Berkeley National Laboratory Human Genome Center
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S ince 1937 the Ernest Or-
lando Lawrence Berkeley
National Laboratory
(LBNL) has been a major
contributor to knowledge

about human health effects resulting
from energy production and use. That

wastheyearJohnLawrence went to
Berkeley to use his brother Ernest’s
cyclotrons to launch the application of
radioactive isotopes in biological and
medical research. Fifty years later,
Berkeley Lab’s Human Genome Center
was established.

Now, after another decade, an expansion
of biological research relevant to Hu-
man Genome Project goals is being car-
ried out within the Life Sciences
Division, with support from the Infor-
mation and Computing Sciences and
Engineering divisions. IndNidurds in
these research projects are making
important new contributions to the
key fields of molecular, cellular, and
structural biology; physical chemis~
data management and scientific instru-
mentation. Additionally, industry in-
volvement in this growing venture is
stimulated by Berkeley Lab’s location
in the San Francisco Bay area, home to
the largest congregation of biotechnol-
ogy research facilities in the world.

In July 1997 the Berkeley genome
center became part of the Joint Genome
Institute (see p. 26).

Sequencing
Large-scale genomic sequencing has
been a central, ongoing activity at Ber-
keley Lab since 1991. It has been
funded jointly by DOE (for human ge-
nome production sequencing and tech-
nology development) and the NIH
National Human Genome Research In-
stitute [for sequencing the Drosophila
melanogaster model system, which is
carried out in partnership with the Uni-
versity of California, Berkeley (UCB)].
The human genome sequencing area at
Berkeley Lab consists of five groups:

Bioinstrumentation, Automation,
Informatics, Biology, and Development.
Complementing these activities is a
group in Life Sciences Division devoted
to functional genomics, including the
transgenics program.

The dmected DNA sequencing strategy

at Berkeley Lab was designed and
implemented to increase the efficiency
of genomic sequencing (see figure,
p. 45). A key element of the directed ap-
proach is maintaining information about
the relative positions of potential se-
quencing templates throughout the entire
sequencing process. Thus, intelligent
choices can be made about which tem-
plates to sequence, and the number of
selected templates can be kept to a
minimum. More important, knowledge
of the interrelationship of sequencing
runs guides the assembly process, mak-
ing it more resistant to difficulties im-
posed by repeated sequences. As of
July 3,1997, Berkeley Lab had generated
4.4 megabases of human sequence and,
in collaboration with UCB, had tallied
7.6 megabases of Drosophila sequence.

Instrumentation and
Automation
The instrumentation and automation
program encompasses the design and
fabrication of custom apparatus to facili-
tate experiments, the programming of

laboratory robots to automate repetitive
procedures, and the development of
(1) improved hardware to extend the
applicability range of existing commer-
cial robots and (2) an integrated operat-
ing system to control and monitor
experiments. Although some discrete
instrumentation modules used in the
integrated protocols are obtained com-
mercially, LBNL designs its own custom
instruments when existing capabilities are
inadequate. The instrumentation modules
are then integrated into a large system
to facilitate large-scale production
sequencing. In addition, a significant
effort is devoted to improving

Human Genome Center
Lawrence Berkeley National

Laboratory
1 Cyclotron Road
Berkeley,CA 94720

Contact:
Mohandas Narla
510/486-7029,Fax -6746
mohandm_narla@macmail.lbl.gov

Joyce Pfeiffer
Administrative Assistant

Michael Palazzolo*
Director, 1996-97

In lieu of individual abstracts,
research projects and investi-
gators at the LBNL Human
Genome Center are repre-
sented in this narrative. More
information can be found on
the center’s Web site (see URL
above).

mm
In 1997 Lawrence BerkeleyNa-
tionalLaboratory, Lawrence
LivennoreNationatLaboratory,
andLosAlarnosNationalLabora-
tory begancollaboratingin a Joint
GenomeInstituteto implement
high-throughputsequencing[see
p. 26 andHuman GenomeNews
8(2), 1–2]. A

*NowatAmgen, Inc. ( 2
DOE Human Genome Program Report
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DNA Prep Machine. The DNA
Prep machine (above) was
designed by Berkeley Lab’s
Mar-tinPollard to pe]form
plasmid preparation on 192
samples (2 microtiter plates)
in about 2.5 to 4 hours,
depending on the protocol.
Controlled by a personal
computer running a Visual

I Basic Control program, the
i instrument includes a gantly
I robot equipped with pipettors,

1 reagent dispensers, hot and
cold temperature stations, and
a pneumatic gripper. [Source:
LBNL]

fluorescence-assay methods, including
DNA sequence analysis and mass spec-
trometry for molecular sizing.

Recent advances in the instrumentation
group include DNA Prep machine and
Prep Track. These instruments are de-
signed to automate completely the highly
repetitive and labor-intensive DNA-
preparation procedure to provide higher
daily throughput and DNA of consistent
quality for sequencing (see photos, p. 43,
and Web pages: http:llhgighub.lbl.govl

esdlDNAPreplTitlePage.html and http:ll

hgighub.lbl.govlesdlprepTrackWebpagel
preptrack.htm).

Berkeley Lab’s near-term needs are for
960 samples per day of DNA extracted
from overnight bacteria growths. The
DNA protocol is a modified boil prep
prepared in a 96-well format. Overnight
bacteria growths are Iysed, and samples
are separated from cell debris by cen-
trifugation. The DNA is recovered by
ethanol precipitation.

Informatics
The informatics group is focused on
hardware and software support and
system administration, software

development for end sequencing,
transposon mapping and sequence tem-
plate selection, data-flow automation,
gene fmdhg, and sequence analysis.
Data-flow automation is the main em-

phasis. Six key steps have been identi-
fied in this process, and software is
being written and tested to automate all
six. The first step involves controlling
gel quality, trimming vector sequence,
and storing the sequences in a database.
A program module called Move-Track-
Trim, which is now used in production,
was written to handle these steps. The
second through fourth steps in this pro-
cess involve assembling, editing, and
reconstructing P1 clones of 80,000 base
pairs from 400-base traces. The fifth
step is sequence annotation, and the
sixth is data submission.

Annotation can greatly enhance the bio-
logical value of these sequences. Useful
annotations include homologies to
known genes, possible gene locations,
and gene signals such as promoters.
LBNL is developing a workbench for
automatic sequence annotation and an-
notation viewing and editing. The goal
is to run a series of sequence-analysis
tools and display the results to compare
the various predictions. Researchers
then will be able to examine all the an-

notations (for example, genes pred~cted
by various gene-finding methods) and
select the ones that look best.

Nomi Harris developed Genotator, an
annotation workbench consisting of a
stand-alone annotation browser and sev-
eral sequence-analysis functions. The
back end runs several gene finders,
homology searches (using BLAST),
and signal searches and saves the results
in “ace” format. Genotator thus auto-
mates the tedious process of operating a
dozen different sequence-analysis pro-
grams with many different input and
output formats. Genotator can function
via command-line arguments or with
the graphical user interface (http.-//
www-hgc.lbl.govlinffannotation.html).

0@ DOE Human Genome Program Report, LBNL



Microtiterplates arefetchedfiom cassettes, moved to one of
two conveyorbelts, and transported to protocol-defined modules.
Plates are moved continuously and automatically through the system as each module
simultaneously processes plates in the module Iifi stations. The plates exit the system and are
stored in microtiter-plate cassettes.

Modules include a station capable of dispensing liquids in volumesfiom as low as 5 microliters
to several milliliters, four 96-channel pipettors, and the plate-fetching module. Each module is
controlled independently by programmable logic controllers (PLCS). The overall system is
controlled by a personal computer and a Visual Basic Control master that determines the order
in which plates are processed. The actions of each lift station and dispenser or pipettor are
determined locally by programs resident in each module’s PLC. The Visual Basic Control
program moves the plates through the system based on the predefinedprotocol and on module
status reports as monitored by PLCS.

The current belt length on the Prep Track supports eight standard modules, which can be
reconfigured to any orde~ Standardization of mechanical, electrical, and communication
components allows new modules to be designed and manufactured easily. The current standard

modulefootprint is 250 mm wide, 600 mm deep, and 250 mm to the conveyor belt deck. Thej%-st
J

protocol to be implemented on Prep Track will be polymerase chain reaction setups, with
sequence-reaction setups to follow. [Source: LBNL] ( 2$nDOE Human Genome Program Report, LBNL 43
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Progress to Date

Chromosome 5
Over the last year, the center has focused
its production genomic sequencing on the
distal 40 megabases of the human chro-
mosome 5 long arm. This region was cho-
sen because it contains a cluster of growth
factor and receptor genes and is Iiiely to
yield new and functionally related genes
through long-range sequence analysis.
Results to date include:

● 40-megabase nonchimeric map con-
taining 82 yeast artiilcial chromosomes
(YACS)in the chromosome 5 distal
long arm.

● 20-megabase contig map in the region
of 5q23-q33 that contains 198 PIs, 60
PI artificial chromosomes, and 495
bacterial artii3cial chromosomes
(BACS) linked by 563 sequenced
tagged sites (STSS) to form contigs.

● 20-megabase bins containing 370 BACS
in 74 bins in the region of 5q33-q35.

Chromosome 21
An early project in the study of Down
syndrome (IX), which is characterized by
chromosome 21 trisomy, constructed a
high-resolution clone map in the chromo-
some 21 DS region to be used as a pilot
study in generating a contiguous gene
map for all of chromosome 21. This
project has integrated P1 mapping efforts
with transgenic studies in the Life Sci-
ences Division. P1 maps provide a suit-
able form of genomic DNA for isolating
and mapping cDNA.

● 186 clones isolated in the major DS re-
gion of chromosome 21 comprising
about 3 megabases of genomic DNA
extending from D21S17 to ETS2.
Through cross-hybridization, overlap-
ping Pls were identified, as well as

.I gaps between two P1 contigs, and

k

transgenic mice were created from P1
clones in the DS region for use in phe-
notypic studies.

44 DOE Human Genome Program Report, LBNL

Transgenic Mice
One of the approaches for determining
the biological function of newly identi-
fied genes uses YAC transgenic mice.
Human sequence harbored by YACSin
transgenic mice has been shown to be
correctly regulated both temporally and
spatially. A set of nonchimeric overlap-
ping YACSidentified from the 5q31 re-
gion has been used to create transgenic
mice. This set of transgenic mice, which
together harbor 1.5 megabases of hu-
man sequence, will be used to assess the
expression pattern and potential fimc-
tion of putative genes discovered in the
5q31 region. Additional mapping and
sequencing are under way in a region of
human chromosome 20 amplified in

certain breast tumor cell lines.

Resource for Molecular
Cytogenetics

Divining landmarks for human disease
amid the enormous plain of the human
genetic map is the mission of an ambit-
ious partnership among the Berkeley
Lak University of California, San Fran-
cisco; and a diagnostics company. The
collaborative Resource for Molecular
Cytogenetics is charting a course toward
important sites of biological interest on
the 23 pairs of human chromosomes
(http:llrmc-www.lbl.gov).

The Resource employs the many tools
of molecular cytogenetics. The most
basic of these tools, and the cornerstone
of the Resource’s portfolio of proprieEuy
technology, is a method generally known
as “chromosome painting,” which uses
a technique referred to as fluorescence
in situ hybridization or FISH. This tech-
nology was invented by LBNL Re-
source leaders Joe Gray and Dan Pinkel.

A technology to emerge recently from
the Resource is known as “Quantitative
DNA Fiber Mapping (QDFM).” High-
resolution human genome maps in a
form suitable for DNA sequencing tra-
ditionally have been constructed by
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Sequencing Strategy. The directed sequencing strategy used at LBNL involves four steps: (1) generate a
P]-based physical map (using STS-content mapping) to provide a set of minimally overlapping clones,
(2) shear and subclone each PI clone into 3-kilobaseji-agments and identifi a minimally overlapping
subclone set, (3) generate and map transposon inserts in each subclone, and (4) sequence using
commercial primer-binding sites engineered into the transposon. Subclone sequences are then assembled
and edited, and the gaps are identified. PI clones are reconstructed, and the resulting composite data is
analyzed, annotated, andjlnally submitted to the databases. The production sequencing effort has
generated 12 megabases offinished, double-stranded genomic DNA sequencefiom both Drosophila

and human templates. [Source:Adaptedfromj@reprovidedbyLBNL]

various methods of fingerprinting, hybrid-
ization, and identification of overlapping
STSS. However, these techniques do not
readily yield information about sequence
orientation, the extent of overlap of these
elements, or the size of gaps in the map.
Ulli Weier of the Resource developed the
QDFM method of physical map assembly

that enables the mapping of cloned DNA
directly onto linear, fully extended DNA

molecules. QDFM allows unambiguous
assembly of critical elements leading to
high-resolution physical maps. This task
now can be accomplished in less than
2 days, as compared with weeks by con-
ventional methods. QDFM also enables
detection and characterization of gaps in
existing physical maps—a crucial step J

toward completing a deftitive human
genome map.

k
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he Human Genome Project
soon will need to increase
rapidly the scale at which
human DNA is analyzed.
The ultimate goal is to de-

termine the order of the 3 billion bases

that encode all heritable information,
During the 20 years since effective
methods were introduced to carry out
DNA sequencing by biochemical analy-
sis of recombinant-DNA molecules,
these techniques have improved dra-
matically. In the late 1970s, segments of
DNA spanning a few thousand bases
challenged the capacity of world-class
sequencing laboratories. Now, a few
million base pairs per year represent
state-of-the-art output for a single se-
quencing center.

However, the Human Genome Project is
directed toward completing the human
sequence in 5 to 10 years, so the data
must be acquired with technology avail-
able now. This goal, while clearly fea-
sible, poses substantial organizational
and technical challenges. Organization-
ally, genome centers must begin build-
ing data-production units capable of
sustained, cost-effective operation.
Technically, many incremental refine-
ments of current technology must be in-
troduced, particularly those that remove
impediments to increasing the scale of

DNA sequencing. The University of
Washington (lJW) Genome Center is
active in both areas.

Production Sequencing
Both to gain experience in the production
of high-quality, low-cost DNA sequence
and to generate data of immediate bio-
logical interest, the center is sequencing
several regions of human and mouse
DNA at a current throughput of 2 mil-
lion bases per year. This “production se-
quencing” has three major targets: the
human leukocyte antigen (HLA) locus
on human chromosome 6, the mouse lo-
cus encoding the alpha subunit of T-cell
receptors, and an “anonymous” region
of human chromosome 7.

The HLA locus encodes genes that must
be closely matched between organ donors
and organ recipients. This sequence data
is expected to lead to long-term improve-
ments in the ability to achieve good
matches between unrelated organ donors

and recipients,

The mouse locus that encodes compo-
nents of the T-cell-receptor family is of
interest for several reasons. The locus
specifies a set of proteins that play a
critical role in cell-mediated immune re-
sponses. It provides sequence data that
will help in the design of new experi-
mental approaches to the study of immu-
nity in mice-one of the most important
experimental animals for immunological
research. In addition, the locus will pro-
vide one of the first large blocks of DNA
sequence for which both human and
mouse versions are known.

Human-mouse sequence comparisons
provide a powerful means of identifying
the most important biological features of
DNA sequence because these features are
often highly conserved, even between
such biologically different organisms as
human and mouse. Finally, sequencing
an “anonymous” region of human chro-
mosome 7, a region about which little
was known previously, provides experi-
ence in carrying out large-scale sequenc-

ing under the conditions that will prevail
throughout most of the Human Genome
Project.

University of Washington
Genome Center

Department of Medicine
BOX 352145
Seattle, WA98195

Maynard Olson
Director
206/685-7366,Fax: -7344
mvo(ijk.Washington.edu

For more information on
research projects and investi-
gators at the University of
Washington Genome Center,
see abstracts in Part 2 of this
report and the center’s Web
site (see URL above).

Technology for Large-
Scale Sequencing
Inaddition to these pilot projects, the
UW Genome Center is developing incre-
mental improvements in current sequenc-
ing technology. A particular focus is on
enhanced computer software to process
raw data acquired with automated labora-
tory instruments that are used in DNA
mapping and sequencing. Advanced in-
strumentation is commercially available
for determiningg DNA sequence via the
“four-color-fluorescence methodt’ and
thk instrumentation is expected to carry m1.
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the main experimental load of the Human
Genome Project. Raw data produced by

these instruments, however, require ex-
tensive processing before they are ready
for biological analysis.

Large-scale sequencing involves a “divide-
and-conquer” strategy in which the huge
DNA molecules present inhuman cells
are broken into smaller pieces that can be
propagated by recombinant-DNA
methods. Individual analyses ultimately
are carried out on segments of less than
1000 bases. Many such analyses, each of
which still contains numerous errors, must
be melded together to obtain finished se-
quence. During the melding, errors in in-
dividual analyses must be recognized and
corrected. In typical large-scale sequenc-
ing projects, the results of thousands of
analyses are melded to produce highly
accurate sequence (less than one error in
10,000 bases) that is continuous in
blocks of 100,000 or more bases. The
UW Genome Center is playing a major
role in developing software that allows this
process to be carried out automatically
with little need for expert intervention.
Software developed in the UW center is
used in more than 50 sequencing laborato-
ries around the world, including most of
the large-scale sequencing centers produc-
ing data for the Human Genome Project.

High-Resolution
Physical Mapping
The UW Genome Center also is develop-
ing improved software that addresses a
higher-level problem in large-scale se-
quencing. The starting point for large-scale
sequencing typically is a recombinant-
DNA molecule that allows propagation
of a particular human genomic segment
spanning 50,000 to 200,000 bases.
Much effort during the last decade has
gone into the physical mapping of such
molecules, a process that allows huge
regions of chromosomes to be defined

DOE Human Genome Program Report, University of Washington

in terms of sets of overlapping
recombinant-DNA molecules whose
precise positions along the chromosome
are known. However, the precision re-
quired for knowing relationships of
recombinant-DNA molecules derived
from neighboring chromosomal por-
tions increases as the Human Genome
Project shifts its emphasis from map-
ping to sequencing.

High-resolution maps both guide the or-
derly sequencing of chromosomes and
play a critical role in quality control.
Only by mapping recombinant-DNA
molecules at high resolution can subtle
defects in particular molecules be rec-
ognized. Such defective human DNA
sources, which are not faithful replicas
of the human genome, must be weeded
out before sequencing can begin. The
UW Genome Center has a major program
in high-resolution physical mapping
which, like the work on sequencing it-
self, uses advanced computing tools.
The center is producing maps of regions
targeted for sequencing on a just-in-
time basis. These highly detailed maps
are proving extremely valuable in fa-
cilitating the production of high-quality
sequence.

Ultimate Goal
Although many challenges currently
posed by the Human Genome Project
are highly technical, the ultimate goal is
biological. The project will deliver
immense amounts of high-quality,
continuous DNA sequence into pub-
licly accessible databases. These data
will be annotated so that biologists who
use them will know the most likely
positions of genes and have convenient
access to the best available clues about
the probable function of these genes.
The better the technical solutions to cur-
rent challenges, the better the center
will be able to serve future users of the
human genome sequence.
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he release of Version 6 of the
Genome Database (GDB) in
January 1996 signaled a ma-
jor change for both the scien-

tific community and GDB

staff. GDB 6.0 introduced a number of
significant improvements over previous
versions of GDB, most notably a revised
data representation for genes and ge-
nomic maps and a new curatorial model
for the database. These new features,
along with a remodeled database structure
and new schema and user interface, pro-
vide a resource with the potential to inte-
grate all scientific information currently
available on human genomics. GDB rap-
idly is becoming the international biomedi-
cal research community’s central source
for information about genomic structure,
content, diversity, and evolution.

A New Data Model
Inherent in the underlying organization of
information in GDB is an improved
model for genes, maps, and other classes
of data. In particular, genomic segments
(any named region of the genome) and
maps are being expanded regularly. New
segment types have been added to support
the integration of mapping and sequencing
data (for example, gene elements and re-
peats) and the construction of comparative
maps (syntenic regions). New map types
include comparative maps for represent-
ing conserved syntenies between species
and comprehensive maps that combine
data from all the various submitted maps
within GDB to provide a single integrated
view of the genome. Experimental obser-
vations such as order, size, distance, and
chimerism are also available.

Through the World Wide Web, GDB links
its stored data with many other biological
resources on the Internet. GDB’s External
Link category is a growing collection of
cross-references established between
GDB entities and related information in
other databases. By providing a place for
these cross-references, GDB can serve as
a central point of inquiry into technical
data regarding human genomics.

Direct Community
Data Submission and
Curation

Two methods for data submission are in
use. For individuals submitting small
amounts of data, interactive editing of
the database through the Web became
available in April 1996, and the process
has undergone several simplifications
since that time. This continues to be an
area of development for GDB because
all editing must take place at the Balti-
more site, and Internet comections
from outside North America may be too
slow for interactive editing to be practi-
cal. Until these difficulties are resolved,
GDB encourages scientists with limited
connectivity to Baltimore to submit
their data via more traditionrd means
(e-mail, fax, mail, phone) or to prepare
electronic submissions for entry by the
data group on site.

For centers submitting large quantities
of data, GDB developed an electronic
data submission (EDS) tool, which pro-
vides the means to specify Iogin pass-
word validation and commands for
inserting and updating data in GDB.
The EDS syntax includes a mechanism
for relating a center’s local naming con-
ventions to GDB objects. Data submit-
ted to GDB may be stored privately for
up to 6 months before it automatically

becomes public. The database is pro-
grammed to enforce this Human Genome
Project policy. Detailed specifications
of GDB’s EDS syntax and other sub-
mission instructions are available (EDS
prototype, http:llwwwgdb.orgleds).

Since the EDS system was imple-
mented, GDB has put forth an aggres-
sive effort to increase the amount of
data stored in the database. Conse-
quently, the database has grown tremen-
dously. During 1996 it grew from 1.8 to
6.7 gigabytes.

To provide accountability regarding data
quality, the shift to community curation
introduced the idea that individuals and

Genome Database
Johns Hopkins University
2024E. Monument Street
Baltimore, MD 21205-2236

StanleyLetovsky
Informatics Director

Robert Cottingbam
Operations Director

Telephonefor both: 410/955-9705
Fax for both: 410/614-0434

David Kingsbury
Director, 1993-97*

In lieu of individual abstracts,
research projects and investi-
gators at GDB are represented
in this narrative. More infor-
mation can be found on GDB’s
Web site (see URL above).

*Nowat ChironPharmaceuti-
cals,Emeryville,California
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laboratories own the data they submit to
GDB and that other researchers cannot
modify it. However, others should be
able to add information and comments,

so an additional feature is the commu-
nity’s ability to conduct electronic
online public discussions by annotating
the database submissions of fellow re-
searchers. GDB is the fust database of
its kind to offer this feature, and the
number of third-party annotations is
increasing in the form of editorial com-
mentary, links to literature citations, and
links to other databases external to
GDB. These links are an important part
of the curatorial process because they
make other data collections available to
GDB users in an appropriate context.

Improved Map
Representation
and Querying
Accompanying the release of GDB 6.0,
the program Mapview creates graphical
displays of maps. Mapview was devel-
oped at GDB to display a number of
map types (cytogenetic, radiation hybrid,
contig, and linkage) using common
graphical conventions found in the lit-
erature. Mapview is designed to stand
alone or to be used in conjunction with
a Web browser such as Netscape, thereby
creating an interactive graphical display

system. When used with Netscape,

Mapview allows the user to retrieve de-
tails about any displayed map object.

Maps are accessed through the query
form for genomic segment and its sub-
classes via a special program that al-
lows the user to select whole maps or
slices of maps from specific regions of
interest and to query by map type. The
ability to browse maps stored in GDB
or download them in the background
was also incorporated into GDB 6.0.

GDB stores many maps of each chro-
mosome, generated by a variety of map-
ping methods. Users who are interested

in a region, such as the neighborhood of
a gene or marker, will be able to see all
maps that have data in that region,
whether or not they contain the desired

marker. To support database querying
by region of interest, integrated maps
have been developed that combine data
from all the maps for each chromosome.
These are called Comprehensive Maps.

Queries for all loci in a region of inter-
est are processed against the compre-
hensive maps, thereby searching all
relevant maps. Comprehensive maps are
also useful for display purposes because
they organize the content of a region by
class of locus (e.g., gene, marker, clone)
rather than by data source. This approach
yields a much less complex presentation
than an alignment of numerous primary
maps. Because such information as de-
tailed orders, order discrepancies be-
tween maps, and nonlinear metric
relations between maps is not always
captured in the comprehensive maps,
GDB continues to provide access to
aligned displays of primary maps.

A Variety of Searching
Strategies
Recognizing the eclectic user commu-
nity’s need to search data and formulate
queries, GDB offers a spectrum of
simple to complex search strategies. In
addition, direct programming access is

available using either GDB’s object
query language to the Object Broker
software layer or standard query lan-
guage to the underlying Sybase rela-
tional database.

Querying by Object Directly
from GDB’s Home Page

The simplest methods search for objects
according to known GDB accession
numbers; sequence database–accession
numbers; specified names, including
wildcard symbols that will automatically
match synonyms and primary names; and
keywords contained anywhere in the text.

DOE Human Genome Program Report, GDB



Querying by Region of Interest

A region of interest can be specified us-
ing a pair of flanking markers, which
can be cytogenetic bands, genes,
amplimers (sequence tagged sites), or
any other mapped objects. Given are-
gion of interest, the comprehensive
maps are searched to fmd all loci that
fall within them, These loci can be dis-
played in a table, graphically as a slice
through a comprehensive map, or as
slices through a chosen set of primary
maps. A comprehensive map slice
shows all loci in the region, including
genes, expressed sequence tags (ESTS),
amplimers, and clones. A region also
can be specified as a neighborhood

around a single marker of interest,

Results of queries for genes, amplimers,
ESTS, or clones can be displayed on a
GDB comprehensive map. Results are
spread across several chromosomes dis-
played in Mapview (see figure, p. 52). A
query for all the PAX genes (specified
as symbol= PAX* on the gene query
form) retrieves genes on multiple chro-
mosomes. Double-clicking on one of
these genes brings up detailed gene in-
formation via the Web browser.

Querying by Polymorphism

GDB contains a large number of poly-
morphisms associated with genes and
other markers. Queries can be con-
structed for a particular type of marker
(e.g., gene, amplimer, clone), polymor-
phism (i.e., dinucleotide repeat), or
level of heterozygosity. These queries
can be combined with positional queries
to find, for example, polymorphic
amplimers in a region bounded by
flanking markers or in a particular chro-
mosomal band. If desired, the retrieved
markers can be viewed on a comprehen-
sive map.

Work in Progress

Mapview 2.3
Mapview 2.1, the next generation of the
GDB map viewer, was released in
March 1997. The latest version,
Mapview 2.3, is available in all com-
mon computing environments because
it is written in the Java programming
language. Most important, the new
viewer can display multiple aligned
maps side by side in the window, with
alignment lines indicating common
markers in neighboring maps. As be-
fore, users can select individual markers
to retrieve more information about them
from the database.

GDB developers have entered into a
collaborative relationship with other
members of the bioWidget Consortium
so the Java-based alignment viewer will
become part of a collection of freely
available software tools for displaying
biological data (http:llgoodman.jax.orgl
projectslbiowidgetslconsortium).

Future plans for Mapview include pro-
viding or enhancing the ability to gener-
ate manuscript-ready Postscript map
images, higtilght or modi@ the display
of particular classes of map objects
based on attribute values, and requery
for additional information.

Variation
Since its inception, GDB has been a re-
posito~ for polymorphism data, with
more than 18,000 polymorphisms now
in GDB. A collaboration has been initi-
ated with the Human Gene Mutation
Database (HGMD) based in Cardiff,
Wales, and headed by David Cooper
and Michael Krawczak. HGMD’s ex-
tensive collection of human mutation
data, covering many disease-causing
loci, includes sequence-level mutation
characterizations. This data set will be
included in GDB and updated from

A

HGMD on an ongoing basis. The
HGMD team also will provide advice

k
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on GDB’s representation of genetic
variation, which is being enhanced to
model mutations and polymorphisms at
the sequence level. These modifications
will allow GDB to act as a repository
for single-nucleotide polymorphisms,.!

k

which are expected to be a major source
of information on human genetic varia-
tion in the near future.

52 DOE Human Genome Program Report, GDB

Mouse Synteny
Genomic relationships between mouse
and man provide important clues regard-
ing gene location, phenotype, and func-
tion (see figure, p. 53). One of GDB’s
goals is to enable dwect comparisons be-
tween these two organisms, in collabora-
tion with the Mouse Genome Database
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at Jackson Laborato~. GDB is making
additions to its schema to represent this
information so that it can be displayed
graphically with Mapview. In addhion,
algorithmic work is underway to use
mapping data to automatically identify
regions of consemed synteny between
mouse and man. These algorithms will
allow the synteny maps to be updated
regularly. An important application of
comparative mapping is the ability to
predict the existence and location of un-
known human homologs of known,
mapped mouse genes. A set of such pre-
dictions is available in a report at the
GDB Web site, and similar data will be
available in the database itself in the
spring of 1998.

Collaborations
GDB is a participant in the Genome
Annotation Consortium (GAC) project,
whose goal is to produce high-quality,
automatic annotation of genomic se-
quences (http:llcompbio.ornl.govl
CoLab). Currently, GDB is developing
a prototype mechanism to transition
from GDB’s Mapview display to the
GAC sequence-level browser over
common genome regions. GAC also
will establish a human genome refer-
ence sequence that will be the base
against which GDB will refer all poly-
morphisms and mutations. Ultimately,
every genomic object in GDB should be
related to an appropriate region of the
reference sequence.

Sequencing Progress
The sequencing status of genomic re-
gions now can be recorded in GDB.

J

Based on submissions to sequence data-
bases, GAC will determine genomic re-
gions that have been completed. GDB
also will be collaborating with the Euro-
pean Bioinformatics Institute, in con-
junction with the international Human
Genome Organisation (HUGO), to
maintain a single shared Human Se-
quence Index that will record commit-
ments and status for sequencing clones
or regions. As a result, the sequencing
status of any region can be displayed
alongside other GDB mapping data.

Outreach
The Genome Database continues to
seek direct community feedback and in-
teract with the broader science commu-
nity via various sources:

.

.

●

International Scientific Advisory
Committee meets annually to offer
input and advice.

Quarterly Review Committee confers
frequently with the staH to track
GDB progress and suggest change.

HUGO nomenclature, chromosome,

and other editorial committees have
specialized functions within GDB,
providing official names and consen-
sus maps and ensuring the high qual-
ity of GDB’s content.

Copies of GDB are available worldwide
from ten mirror sites (nodes) that make
the data more easily accessible to the in-
ternational research community. GDB
stti meet annually with node managers
to facilitate interaction and to benefit
from other user perspectives.
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Research Narratives

National Center for Genome Resources
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T
he National Center for
Genome Resources
(NCGR) is a not-for-
profit organization cre-
ated to design, develop,

support, and deliver resources in sup-
port of public and private genome and
genetic research. To accomplish these
goals, NCGR is developing and publish-
ing the Genome Sequence DataBase
(GSDB) and the Genetics and Public
Issues (GPI) program.

NCGR is a center to facilitate the flow
of information and resources from ge-

nome projects into both public and pri-
vate sectors. A broadly based board of
governors provides direction and strat-
egy for the center’s development.

NCGR opened in Santa Fe in July 1994,
with its initial bioinformatics work
being developed through a coopera-
tive 5-year agreement with the Depart-
ment of Energy funded in July 1995.
Committed to serving as a resource for
all genomic research, the center
works collaboratively with researchers
and seeks input from users to ensure
that tools and projects under develop-
ment meet their needs.

Genome Sequence
DataBase
GSDB is a relational database that con-
tains nucleotide sequence data (see pie
chart) and its associated amotation
from all known organisms (/zttp://
www.ncgr.org/gsdb). All data are freely
available to the public. The major goals
of GSDB are to provide the support

structure for storing sequence data and
to furnish useful data-retrieval services.

GSDB adheres to the philosophy that
the database is a “community-owned”
resource that should be simple to update
to reflect new discoveries about se-
quences, A corollary to this is GSDB’S
conviction that researchers know their
areas of expertise much better than a
database curator and, therefore, they

should be given ownership and control
over the data they submit to the data-
base. The true role of the GSDB staff is
to help researchers submit data to and
retrieve data from the database.

GSDB Enhancements
During 1996, GSDB underwent a major
renovation to support new data types
and concepts that are important to ge-
nomic research. Tables within the data-
base were restructured, and new tables
and data fields were added. Some key

additions to GSDB include the support

of data ownership, sequence align-
ments, and discontinuous sequences.

The concept of data ownership is a cor-
nerstone to the functioning of the new
GSDB. Every piece of data (e.g., se-
quence or feature) within the database is
owned by the submitting researcher, and
changes can be made only by the data
owner or GSDB staff. This implementat-
ion of data ownership provides GSDB
with the abilhy to support community
(third-party) annotation-the addition
of annotation to a sequence by other
community researchers.

Genome Sequence DataBase
1800Old PecosTrail, Suite A
Santa Fe, NM S7505

Peter Schad
Vice-President, Bioinformatics

and Biotechnology
505/995-4447,Fax: -4432
cnc@ncgr.org

Carol Harger
GSDBManager
505/982-7840,Fax: -7690
cah@ncg~org

In lieu of individual abstracts,

research projects and investi-
gators at NCGR are repre-
sented in this narrative. More
information can be found on
the center’s Web site (see URL
above).

This chart illustrates the
taxonomic distribution of the
1,076,481,102 base pairs in the
Genome Sequence DataBase.
About 47% of the base pairs
and 58~o of the total database
records represent human
sequences (August 1997).
[Source:Adaptedfiomchartprovided
by Carol Hargec GSDB]
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A second enhancement of GSDB is the
abilhy to store and represent sequence
alignments. GSDB staff has been con-
structing alignments to severalkey se-
quences including the env and pol
(reverse transcriptase) genes of the HIV
genome, the complete chromosome VIII
of Saccharomyces cerevisiae, and the
complete genome of Haemophilus
injl!uenzae.These al@nments are useful
as possible sites of biological interest and

for rapidly identifying differences be-
tween sequences.

A third key GSDB enhancement is the
ability to represent known relationships
of order and distance between separate
individual pieces of sequence. These
sets of sequences and their relative posi-
tions are grouped together as a single
discontinuous sequence. Such a sequence
may be as simple as two primers that de-
fine the ends of a sequence tagged site
(STS), it may comprise all exons that are
part of a single gene, or it may be as
complex as the STS map for an entire
chromosome.

GSDB staff has constructed discontinu-
ous sequences for human chromosomes 1
through 22 and X that include markers
from Massachusetts Institute of Technol-
ogy–whitehead Institute STS maps and
from the Stanford Human Genome Cen-
ter. The set of 2000 STS markers for
chromosome X, which were mapped re-
cently by Washington University at

St. Louis, also have been added to chro-

mosome X. About 50 genornic sequences
have been added to the chromosome 22
map by determining their overlap with
STS markers. Genomic sequences are
being added to all the chromosomes as
their overlap with the STS markers is
determined. These discontinuous se-
quences can be retrieved easily and

viewed via their sequence names using
the GSDB Annotator. Sequence names
follow the format of HUMCHR#MP,
where #equals 1 through 22 or X.

GSDB staff also has utilized discontinu-
ous sequences to construct maps for
maize and rice. The maize discontinuous

DOE Human Genome Program Report, NCGR

sequences were constructed using mark-
ers from the University of Missouri,
Columbia. Markers for the rice
discontinuous sequence were obtained
from the Rice Genome Database at
Cornell University and the Rice Ge-
nome Research Project in Japan.

New Tools
As a result of the major GSDB renova-

tion, new tools were needed for submit-
ting and accessing database data.
Annotator was developed as a graphical
interface that can be used to view, up-
date, and submit sequence data (http:ll
www.ncg~orglgsdblbeta. html). Maestro,
a Web-based interface, was developed
to assist researchers in data retrieval
@tp://www.ncgr.org/gsdb/maestrobeta.
html). Although both these tools cur-
rently are available to researchers,
GSDB is continuing development to
add increased capabilities.

Annotator displays a sequence and its
associated biological information as an
image, with the scale of the image ad-
justable by the user. Additional informa-
tion about the sequence or an associate
biological feature can be obtained in a
pop-up window. Annotator also allows a
user to retrieve a sequence for review,
edh existing data, or add annotation to
the record. Sequences can be created us-
ing Annotator, and any sequences cre-
ated or edited can be saved either to a
local file for later review and further ed-
iting or saved directly to the database.

Correct database structures are impor-
tant for storing data and providing the
research community with tools for
searching and retrieving data. GSDB is
making a concerted effort to expand and
improve these services. The first gen-
eration of the Maestro query tool is
available from the GSDB Web pages.
Maestro allows researchers to perform
queries on 18 different fields, some of
which are queryable only through
GSDB, for example, D segment num-
bers from the Genome Database at
Johns Hopkins University in Baltimore.



Additionally, Maestro allows queries
with mixed Boolean operators for a
more refined search. For example, a
user may wish to compare relatively
long mouse and human sequences that
do not contain identified coding re-
gions. To obtain all sequences meeting
these criteria, the scient~lc name field
would be searched fwst for “MUSmus-

CUIUS”andthenfor“Homosapiens”us-
ing the Boolean term “OR.” Then the
sequence-length falter could be used to
refine the search to sequences longer
than 10,000 base pairs. To exclude se-
quences containing identified coding-re-
gion features, the “BUT NOT” term can
be used with the Feature query field set
equal to “coding region.”

With Maestro, users can view the list of
search matches a few at a time and re-
trieve more of the list as needed. From
the list, users can select one or several
sequences according to their short de-
scriptions and review or download the
sequence information in GIO, FASTA,
or GSDB flattlle format.

Future Plans
Although most pieces necessary for op-
eration are now in place, GSDB is still
improving functionality and adding en-
hancements. During the next year
GSDB, in collaboration with other re-
searchers, anticipates creating more
discontinuous sequence maps for sev-
eral model organisms, adding more
functionality to and providing a Web-
based submission tool and tool kit for
creating GIO files.

Microbial Genome
Web Pages
NCGR also maintains informational
Web pages on microbial genomes.
These pages, created as a community
reference, contain a list of current or

completed eubacterial, Archaeal, and
eukaryotic genome sequencing projects.
Each main page includes the name of

the organism being sequenced, sequenc-
ing groups involved, background infor-
mation on the organism, and its current
location on the Carl Woese Tree of Life.
As the Microbial Genome Project
progresses, the pages will be updated as
appropriate.

Genetics and Public
IssuesProgram
GPI serves as a crucial resource for
people seeking information and making
decisions about genetics or genomics
(http://www.ncgr.or~gpi). GPI develops
and provides information that explains
the ethical, legal, policy, and social rel-
evance of genetic discoveries and appli-
cations.

To achieve its mission, GPI has set forth
three goals: (1) preparation and devel-
opment of resources, including careful
delineation of ethical, legal, policy, and
social issues in genetics and genomics;
(2) dissemination of genetic information
targeted to the public, legal and health
professionals, policymakers, and deci-
sion makers and (3) creation of an in-
formation network to facilitate
interaction among groups.

GPI delivers information through four
primary vehicles: online resources, con-
ferences, publications, and educational
programs. The GPI program maintains a
continually evolving World Wide Web
site contig a range of material
freely accessible over the Internet.
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Program Management
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DOE OBER Mission

T
he Human Genome Program
was conceived in 1986 as an
initiative within the DOE Of-

fice of Health and Environ-
mental Research, which has

been renamed Office of Biological and
Environmental Research (OBER) (see
chart below). The program is administered
primarily through the OBER Health Ef-
fects and Life Sciences Research Division
(HELSRD), both directed by David A.
Smith until his retirement in January
1996. Marvin Frazier is now Director of
HELSRD, and OBER is led by Associ-
ate Director Aristides Patrinos, who also
serves as Human Genome Program
manager. Previous directors and manag-
ers are listed in the table below. OBER
is within the OffIce of Energy Research,
directed by Martha Krebs.

Based on mandates from Congress,

DOE OBER’S principal missions are to
(1) develop the knowledge necessary to
identify, understand, and anticipate
long-term health and environmental
consequences of energy use and devel-
opment and (2) employ DOE’s unique
scientific and technological capabilities
in solving major scientific problems in
medicine, biology, and the environment.

Genome integrity and radiation biology
have been a long-term concern of
OBER at DOE and its predecessors—
the Atomic Energy Commission (AEC)
and the Energy Research and Develop-
ment Administration (ERDA). In the
United States, the f~st federal support

Biological and
Environmental Research

Advisory Committee

‘---=’
Human Genome

H
Biotechnology

Task Group Consortium II

See Appendix A, p. 73, for
information on Human

Genome Project history,
including enabling
legislation.

. - ..

— — ——— ..— ——

DOE national laboratories 7
Academic mstttut[ons 28
Private-sector mstltutlons 10

Charles De Lisi 1985 Benjamin J. Barnhart 1988 Companies, including Small 11

! Robert W. Wood 1987 David A. Smith 1991 , Business Innovation Research ./
, David J. Galas 1990 Aristides Patrinos 1996 Foreign institutions (Russia, 7
, Aristides Patrinos 1993

,,
Canada, Israel)

k
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Member

Chair:AristidesPatrinos
BenjaminJ. Barnhart
Elbert Branscomb

Daniel W. Drell

Ludwig Feinendegen
Marvin Frazier
Gerald Goldstein
D. Jay Grimest
Roland Hirsch
Arthur Katz*
Anna Palmisano’t
Michael Riches
Jay Snodd~
Marvin Stodolsky
David G. Thomassen
John C. Wooley

Specialty

Physical sciences
Genetics, Radiation biology
Scientific Director, Joint Genome

Institute
Biology, ELSI, Informatics,

Microbial genome
Medicine, Radiation biology
Molecular and cellular biology
Physical science, Instrumentation

Microbiology

Structural biology, Instrumentation

Physical sciences
Microbiology, Microbial genome
Physical sciences
Molecular biology, Informatics
Molecular biology, Biophysics
Cell and molecular biology
Computational biology

●Joined, 1997.
tLeft OBER, 1997.

Chair: Aristides Patrinos DOE Office of Biological and

Charles Arntzen*
Elbert Branscomb

Charles Cantor
Anthony Carrano

Thomas Caskey
David Eisenberg
Chris Ffeldst
David Galas
Raymond Gesteland
Keith Hodgson
Leroy Hood
David Kingsbury
Robert Moyzist
Mohandas Narla*
Michael Palazzolo
Melvin Simon*
Hamilton Smith*

Lloyd Smith
Lisa Stubbs

Edward Uberbacher*
Marc Van Montagu’
Executive Officer:

Sylvia Spengler

Environmental-Research
Cornell University
Lawrence Livermore National

Laboratory
Boston University
Lawrence Livermore National

Laboratory
Merck Research Laboratories
University of California, Los Angeles
National Center for Genome Resources
Darwin Molecular, Inc.
University of Utah
Stanford University
University of Washington, Seattle
Chiron Pharmaceuticals
University of California, Irvine
Lawrence Berkeley National Laboratory
Amgen, Inc.
California Institute of Technology
Johns Hopkins University School of

Medicine
University of Wisconsin, Madison
Lawrence Livermore National

Laboratory
Oak Ridge National Laboratory
Ghent University, Belgium
Lawrence Berkeley National Laboratory

J ●Appointedafter October1996.

(

tResigned, 1997.
Note:All membersof the DOE Human GenomeTaskGroupare ex-officio

“% membersof the BiotechnologyConsortium.

for genetic research was through AEC. In
the early days of nuclear energy develop-
ment, the focus was on radiation effects
and broadened later under ERDA and
DOE to include health implications of all
energy technologies and their by-products.

Today, extensive OBER-sponsored re-
search programs on genomic structure,
maintenance, darnage, and repair con-
tinue at the national laboratories and uni-
versities. These and other OBER
efforts support a DOE shift toward a pre-
ventive approach to health, environment,
and safety concerns. World-class scien-
tists in top facilities working on leading-
edge problems spawn the knowledge to
revolutionize the technology, drive the
future, and add value to the U.S.
economy. Major OBER research includes
characterization of DNA repair genes and
improvement of methodologies and re-
sources for quantifying and characteriz-
ing genetic polymorphisms and their
relationship to genetic susceptibilities.

To carry out its national research and de-
velopment obligations, OBER conducts
the following activities:

.

.

.

.

Sponsors peer-reviewed research and
development projects at universities,
in the private sector, and at DOE na-
tional laboratories (see box, p. 59).

Considers novel, beneficial initiatives
with input from the scientific commu-
nity and governmental sectors.

Provides expertise to various gover-
nmentalworking groups.

Supports the capabilities of multi-
disciplinary DOE national laborato-
ries and their unique user facilities
for the nation’s benefit (p. 61).

Human Genome Program resources and
technologies are focused on sequencing
the human genome and related infor-
matics and supportive infrastructure (see
chart and tables, p. 62). The genomes of
selected microorganisms are analyzed
under the separate Microbial Genome
Program.
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Major DOE User Facilities and Resources
Relevant to Molecular Biology Research

Although the genomeprogram is conti”butingfundamental information about the structure of chromosomes
and genes, other types of knowledge are required to understand how genes and their products functi”on.Three-
dimensional protein structure studies are still essential because structure cannot be predicted fully from its
encoded DNA sequence.

To enhance these and other studies, DOE builds and maintains structural biology userfacilities that enable
scientists to gain an understanding of reiktionships between biological structures and their functions, study
disease processes, develop new pharmaceuticals, and conduct basic research in molecular biology and
environmentalprocesses. These resources are used heavily by both academic and pn”vate-sector scientists.

Other important resources available to the research community include the clone libraries developed in the

NationalLaboratoryGeneLibraryProjectanddistributedworldwide,theGRAILOnlineSeqnence
Interpretation Service, and the Mouse Genetics Research Facility.

Argonne National Laboratory Los Alamos National Laboratory
Advanced Photon Source National Flow-Cytometry Resource

Brookhaven National Laboratory
National Laboratory Gene Library Project

High-Flux Beam Reactor
Neutron-Scattering Center

National SynchrotronsLight Source Oak Ridge National Laboratory
Protein Structure Data Bank GRAiL, Oniine Sequence interpretation Service
Scanning Transmission Electron Microscope Mouse Genetics Research Faciiity

Lawrence Berkeley Nationai Laboratory Pacific Northwest National Laboratory
Advanced Light Source Environmentai Molecuiar Sciences Laboratory
Center for X-Ray Optics
Nationai Energy Research Scientific Computing Center Stanford University

SynchrotronsRadiation Laboratory
Lawrence Livermore Nationai Laboratory

Nationai Laboratory Gene Library Project

8
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Human Genome Program

Coordination and Resources
Program coordination is the responsibility of the Human Genome Task Group (see
box, p. 60), which, begiming in 1997, includes Elbert Branscomb, the Joint Genome
Institute’s Scientific Director. The task group is aided by the Biotechnology Consor-
tium (which succeeded the former Human Genome Coordination Committee; see
box, p. 60) to foster information exchange and dissemination. The task group admin-
isters the DOE Human Genome Program and its evolving needs and reports to the

Operating Expenditures and FY 1998 Projected Budget
for the DOE Human Genome Program

Ioor . . .—— —. —————~
90 ~==—.—.— I

80

20

10

0

—- 1

87 88 89 90 91 92 93 94 95 96 97 98
FiscalYear

Year Operating Capital Equipment Construction Total

1996- - — ‘“-‘“”–68.3 ‘~1 57 II 7’67— ..--_.—i——_., L_..
1997 --- 73.9—— ...-..-.. .1—...._ ~r~~ l!?_.__Jl~~.- —-. . ......—_ ,..——.——— —.<
1998* ,; 79.9 ‘-==—7F-—- 00~! 5.2 _l_ “ f~ 85.1.- .— - .. . .. .. ._ J

●Projected expenses.

Associate Director for Biological and
Environmental Research (currently
Aristides Patrinos). The task group ar-
ranges periodic workshops and coor-
dinates site reviews for genome
centers, the Joint Genome Institute,
databases, and other large projects. It
also coordinates peer review of research
proposals, administration of awards, and
collaboration with all concerned agen-
cies and organizations.

The Biotechnology Consortium pro-
vides the OBER Associate Director with
external expertise in all aspects of ge-
nomics and informatics and a mecha-
nism by which OBER can keep track of
the latest developments in the field. It
facilitates development and dissemination
of novel genome technologies through-
out the DOE system, ensures appropri-
ate management and sharing of data and
resources by all DOE contractors and
grantees, and promotes interactions with

other national and international ge-
nomic entities.

FY 1996 Mapping Sequencing Sequencing Informatics ELSI Administration Totals 0/0

Technology
———_____ _

DOE Laboratories; 8,980 ‘1 11,015 Ij 11,128 ;;–”__:&_____.]’
Academic

—--———+———————
, 6,840 j~~jw~~~[ 60.1~

,! 4,368 ~-3~i
____r-=:~ 6’:: ~’

~ I---zzzl
J~~~L..__._ - -.J :

Nonprofit o II
.1~Il~~[mlk7

467 ~;
— ~. —---=

Federal
—

L____l_JL______ f, 0 l------q~ Ir 1,000” ~[~]~ 1.51
——

otal lizlzzldkm+m~n.!

k “’””

9’. ofTotal — ‘–--—~~–~~ ~$j___/~ 3.3 ~, 5.6‘——”-——T28.8 /1 II 22.5—..— ,-. . -——-— ! llmr-1
“Includes DOE laboratories’ nonresearch costs but not U.S. government administration or SBIR.
““DOE contribution to the international Human Frontiers Neuroscience Program.
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Communication
The DOE Human Genome Program
communicates information in a variety
of ways. These communication systems
include the Human Genome Manage-
ment Information System (HGMIS),
projects in the Ethical, Legal, and Social
Issues (ELSI) Program, electronic re-
sources, meetings, and fellowships.
Some of these mechanisms are de-
scribed below. For more details, see Re-
search Highlights, ELSI projects, p. 18.

HGMIS

HGMIS provides technical communica-
tion and information services for the
DOE OBER Human Genome Program
Task Group. HGMIS is charged with

(1) helping to communicate genome-
related matters and research to contrac-
tors, grantees, other (nongenome project)
researchers, and other multipliers of in-
formation pertaining to genetic research;
(2) serving as a clearinghouse for inquir-
ies about the U.S. genome projec~ and
(3) reducing research duplication by pro-
viding a forum for interdkciplinary in-
formation exchange (including resources
developed) among genetic investigators
worldwide.

HGMIS publishes the newsletter Human
Genonw News, sponsored by OBER.
Over 14,000 HGN subscribers include
genome and basic researchers at national
laboratories, universities, and other re-
search institutions; professors and teach-
ers; industry representatives; legal
personnel; ethicists; students; genetic
counselors; physicians; science writers;
and other interested individuals.

HGMIS also produces the DOE Primer
on Mo[ecular Geneticq a compilation of
ELSI abstracts; and reports on the DOE
Human Genome and Microbial Genome

Programs, contractor-grantee work-
shops, and other related subjects.

Electronic versions of the primer and
other HGMIS publications are available
via the World Wide Web. HGMIS also

initiates and maintains other related
Web sites (see DOE Electronic Genome
Resources section below and DOE Web
Sites at right).

In addition to their print and online pub-
lishing efforts, HGMIS staff members
answer questions generated via Web
sites, telephone, fax, and e-mail. They
also furnish customized information
about the genome project for multipliers
of information (contach Betty Mansfield
at 423/576-6669, Fax /574-9888,
mansfieldbk@ornl.gov).

DOE Electronic Genome
Resources

Web Sites. The DOE Human Genome
Program Home Page displays pointers

to other programs within OBER and the
Office of Energy Research. Links are
made to additional biological and envi-
ronmental information and to HGMIS,
Genome Database, and other sites.

HGMIS initiates and maintains the
searchable Human Genome Project In-
formation Web site. This site contains
more than 1700 text fdes of information
for multidisciplinary technical audiences
as well as for lay persons interested in
learning about the science, goals,
progress, and history of the project. Us-
ers include almost all levels of students;
education, medical, and legal profes-
sionals; genetic society and support
group members; biotechnology and
pharmaceutical industry personne~ ad-
ministrators policymakers; and the press.

The site also houses a section of fre-
quently asked questions, a quick fact
finder, Primer on Molecular Genetics,
all issues of Human Genome News,
DOE Human Genome Program and
contractor-grantee workshop reports,
To Know Ourselves, historical docu-
ments, research abstracts, calendars of

genome events, and hundreds of links to
genome research and educational sites.
More than 1000 other Web pages link to
this site, resulting in more than 100,000
text file transfers each month. This
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Human Genome Project
Information

-rWelcome! Explore this site for information about 1-11-
Human Genome Project. Officially begun in 1990 _ IhttpJtvrvr#.er.doe.govlprodttctlon/oberlfrug_top.html
mtdtidisciplinary U.S. effort has among Ita primary 1~1[~11~1~11~11~1

estimated 80,000 human genes. ‘1 1

● Scientists and ~.sxwchers Exploreour tcchnica
● All other visitors Begin your search below.

IIBoIA technical and nontechnical sites arefunded b}
Hmnon Genmne Proerarn (DOE HGP).

‘“7
● Students! Quick answers here - Human Gcnome
● Pfoiect Histo Goals. and proms
● Underatandirw the Basics The Science Behind
● Teach~rs Resources and Funded Education Pro
● Gcnetlc SuDrrortGrotnrs
● How the hTewGenetics Mav Affect You
● What’s New In the Pmiect? ( w September 11
● Publications

o Pn”meron Molecular Geneties: Baaic Guid
o To Know Ourselves: A Review of Genetics

Project
o w Your Genes. Your Choices, a book de

1

science behind i~ and the ethicat, legal, an
project. Afso mirrored on this site.

o Humm Genome News Newsletter
o Other publications DOE Program Reports

● Gateways To Other Resotnmx HGP and Gcneti

@
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. U.S. Department of Energy
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Navigation:
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Human Genome Program
The HumanGcnomcprogramof the Deportment of Energy is
f.acmcdon reachingthe -of the U.S. HumanGcnomcproject in
ccqcrmion with the cxrmmurd division of the -a~
~nome ReSarc h lnStitUCof the National ftwimtcs of Health. The
U.S. project is pan of a larger intcmmiortd endcm’orto chmtctcrlze
the gcnomesof humansand xvcml model organixms.Qtkr genome
pro-s include tk DOE~ a project to
chamctcrizs micrnks ofenvitonmcntd or indu~”d interest.

The DOEHumanGnome program includes~ %at
ttniversidcs, EOE geoomeccntcw DOE-ov,mcd_
~ and other researchorganizations.
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HGMIS site has received a Four-Star
designation from the Magelkm Group
and the Editor’s Choice Award from
LookSmart.

Genome-project and related meetings
are listed at a Web site (see box, p. 63),
through which users can register and
submit research abstracts. Another listed

related she discusses issues at the criti-
cal intersection of genetics and the court
system. This Web page is part of a
project to educate and prepare the judi-
ciary for the coming onslaught of cases
involving genetic issues and data.

Newsgroup.TheHuman Genome Pro-
gram Newsgroup operates through the
BIOSCI electronic bulletin board net-
work to allow researchers worldwide to
communicate, share ideas, and fmd so-
lutions to problems. Genome-related in-
formation is distributed through the
newsgroup, including requests for grant
applications, reports from recent scien-
tific and advisory meetings, announce-
ments of future events, and listings of
free software and services (gnome-pi-@
net.bio.net or http:llwwwbio.net).

Postdoctoral Fellowships
OBER established the Human Genome
Distinguished Postdoctoral Research
Program in 1990 to support research on

projects related to the DOE Human Ge-
nome Program. Beginning in FY 1996,
the Human Genome Distinguished
Postdoctoral Fellowships were merged
with the Alexander Hollaender Distin-
guished Postdoctoral Fellowships,
which provide support in all areas of
OBER-sponsored research. Postdoctoral
programs are administered by the Oak
Ridge Institute for Science and Educa-
tion, a university consortium and DOE
contractor. For additional information,
contact Linda Holmes (423/576-3 192,
holmesl@orau.gov) or see the Web site
(http:llwww.orau.govloberlhollaend.
htm).

Names of past and current fellows in genome topics are given below
with their research institutions and titles of proposed research. For 1996
research abstracts, refer to Index of Principal and Coinvestigators on
p. 71 in Part 2 of this report.

1994 Mark Graves (Baylor College of Medicine): Graph Data
Models for Genome Mapping

William Hawe (Duke University):Synthesisof Peptide Nucleic
Acids for DNA Sequencingby Hybridization

Jingyue Ju (University of California, Berkeley): Design,
Synthesis, and Use of Oligonucleotide Primers Labeled with
Energy Transfer-Coupled Dyes

Mark Shannon (Oak Ridge National Laboratory): Compara-
tive Study of a Conserved Zinc Finger Gene Region

1995 Evan Efchler (Lawrence Livermore National Laboratory):
Identification, Organization, and Characterization of Zinc
Finger Genes in a 2-Mb Cluster on 19p12

Kelly Ann Frazer (Lawrence Berkeley National Laboratory):
In Vivo Complementation of the Murine Mutations Grizzled,
Mocha, and Jitteri

Soo-in Hwang (Lawrence Berkeley National Laboratory):
Positional Cloning of Oncogenes on 20q13.2

James Labrenz (Universityof Washington,Seattle): Error
Analysisof PrincipalSequencing Data and Its Role in Process
Optimization for Genome-Scale Sequencing Projects

Marie Ruiz-Martinez (Northeastern University): Multiplex
Purification Schemes for DNA Sequencing–Reaction Products:
Application to Gel-Filled Capillary Electrophoresis

Todd Smith (Universityof Washington,Seattle): Managing the
Flow of Large-Scale DNA Sequence Information

1996

1997

Cymbeline Culiat (Oak Ridge National Laboratory): Cloning
of a Mouse Gene Causing Severe Deafness and Balance
Defects

Tau-Mu Yi (Laboratoryof StructuralBiology and Molecular
Medicine, Los Angeles): Structure-Function Analysis of
Alpha-Factor Receptor

Jeffrey Koshi (Los Alamos National Laboratory): Construction,
Analysis, and Use of Optimal DNA Mutation Matrices

Sandra McCutchen-Maloney (Lawrence Livermore National ,
Laboratory): Structure and Function of a Damage-Specific
Endonuclease Complex

k
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Coordination with Other Genome Pro~rams 1
I

.* *****.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

T
he U.S. Human Genome
Project is supported jointly
by the Department of En-
ergy (DOE) and the Na-

1

1
ti~nal Institutes of Health

(NIH), each of which emphasizes dif-
ferent facets. The two agencies coordi-
nate their efforts through development
of common project goals and joint sup-
port of some programs addressing ethi-
cal, legal, and social issues (ELSI)
arising from new genome tools, tech-
nology, and data.

Extraordinary advances in genome re-
search are due to contributions by many
investigators in this country and abroad.
In the United States, such research (in-

cluding nonhuman) also is funded by

other federal agencies and private foun-
dations and groups. Many countries are
major contributors to the project through
international collaborations and their own
focused programs. Coordinating and
facilitating these diverse research ef-
forts around the world is the aim of
the nongovernmental international
Human Genome Organisation.

Some details of U.S. and worldwide
coordination are provided below.

U.S. Human Genome
Project: DOE and NIH
In 1988 DOE and NIH developed a
Memorandum of Understanding that
formalized the coordination of their ef-
forts to decipher the human genome and
thus “enhance the human genome re-
search capabilities of both agencies.” In
early 1990 they presented Congress
with a joint plan, Understanding Our
Genetic Inheritance, The U.S. Human
Genome Project: The First Five Years

(1991-1995), Referred to as the Five-

Year Plan, it contained short-term scien-
tific goals for the coordinated, multiyear
research project and a comprehensive
spending plan. Unexpectedly rapid
progress in mapping prompted early re-
vision of the original 5-year goals in the

fall of 1993 [Science 262,43-46 (Octo-
ber 1, 1993)]. Current goals, which run
through September 30, 1998, are listed
on page 5; text of both 5-year plans is
accessible via the Web (http:llwww.ornl.
govlhgmislprojectlhgp.html).

DOE and NIH have adopted a joint
policy to promote sharing of genome
data and resources for facilitating
progress and reducing duplicated work.
(See Appendix B: DOE-NLH Sharing
Guidelines, p. 75.)

ELSI Considerations
NIHand DOE devote at least 3% of
their respective genome program bud-
gets to identifying, analyzing, and ad-

dressing the ELSIconsiderations
surrounding genome technology and
the data it produces. The DOE ELSI
component focuses on research into
the privacy and confidentiality of per-
sonal genetic information, genetics
relevant to the workplace, commercial-
ization (including patenting) of genome
research data, and genetic education for
the general public and targeted commu-
nities. The ND-IELSI component sup-
ports studies on a range of ethical issues
surrounding the conduct of genetic re-
search and responsible clinical integra-
tion of new genetic technologies,
especially in testing for mutations asso-
ciated with cystic fibrosis and heritable
breast, ovarian, and colon cancers.

In 1990, the DOE-ITCHJoint ELSI
Working Group was established to
identify, address, and develop policy
options; stimulate bioethics research;
promote education of professional and
lay groups; and collaborate with such
international groups as the Human Ge-
nome Organisation (HUGO); United
Nations Educational, Scientific, and

Cultural Organization; and the Euro-
pean Community. Research funded by
the U.S. Human Genome Project
through the joint working group has
produced policy recommendations
in various areas. In May 1993, for
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example, the DOE-NIH Joint ELSI
Working Group Task Force on Genetic
Information and Insurance issued are-
port with recommendations for manag-
ing the impact of advances in human
genetics on the current system of
healthcare coverage. In 1996, the work-
ing group released guidelines for inves-
tigators on using DNA from human
subjects for large-scale sequencing
projects. The guidance emphasizes nu-
merous ways to preserve donor ano-
nymity [see Appendix C, p. 77, and the
World Wide Web (http://www.ornl.gov/
hgmislarchivelnchgrdoe.html)].

In 1997, following an evaluation, the
two agencies modified the ELSI work-
ing group into the ELSI Research and
Program Evaluation Group (ElWEG).
ERPEG will focus more specifically on
research activities supported by DOE
and NfH ELSI programs.

Other U.S. Programs
The potential impact of genome re-
search on society and the rapid growth
of the biotechnology industry have
spurred the initiation of other genome
research projects in this country and
worldwide. These projects aim to create
maps of the human genome and the ge-
nomes of model organisms and several
economically important microbes,
plants, and animals.

● The DOE Microbial Genome Pro-
gram, begun in 1994, is producing
complete genome sequence data on
industrially important microorgan-
isms, including those that live under
extreme environmental condhions.
The sequences of several microbial
genomes have been completed.
[http:llwww.er.doe.govlproductionl
oberlEPRlmig_top. html]

● In 1990, the National Science Formda-

.I tion, DOE, and the U.S. Department

k

of Agriculture (USDA) initiated a
project to map and sequence the
genome of the model plant Arabidop-
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sis thaliana. The goal of this project
is to enhance fundamental understand-
ing of plant processes. In 1996, the
three agencies began funding system-
atic, large-scale genomic sequencing
of the 120-megabase Arabidopsis
genome, with the goal of completing
it by 2004, with DOE support
through the Office of Basic Energy
Sciences. [http:llpgec-genome.pw.
usda.govlagi.html]

USDA also funds animal genome
research projects designed to obtain
genome maps for economically im-
portant species (e.g., corn, soybeans,

poultry, cattle, swine, and sheep) to
enable genetic moditlcations that will
increase resistance to diseases and
pests, improve nutrient value, and
increase productivity.

The Advanced Technology Program
(ATP) of the U.S. National Institute
of Standards and Technology pro-
motes industry-government partner-
ships in DNA sequencing and
biotechnology through the Tools for
DNA Diagnostics component. DOE
staff participates in the ATP review
process (see box, p. 22). [http:llwww.
atp.nist.gov]

In 1997 the IWH National Cancer In-
stitute established the Cancer Ge-
nome Anatomy Project (CGAP) to
develop new diagnostic tools for un-
derstanding molecular changes that
underlie all cancers (http://www.
ncbi.nlm.nih.gov/ncicgap). DOE
researchers are generating clone
libraries to support this effort.

International
Collaborations
The current DOE-NIH Five-Year Plan
commends the “spirit of international
cooperation and sharing” that has char-
acterized the Human Genome Project
and played a major role in its success.
Cooperation includes collaborations
among laboratories in the United States



and abroad as well as extensive sharing
of materials and information among
genome researchers around the world.
The DOE Human Genome Program
supports many international collabo-
rations as well as grantees in several
foreign institutions.

CollaborationsinvolvingtheDOEhu-
man genome centers include mapping
chromosomes 16 and 19, developing re-
sources, and constructing the human
gene map from shared cDNA libraries.
These libraries were generated by the
Integrated Molecular Analysis of Gene
Expression (called IMAGE) Consor-
tium initiated by groups at Lawrence
Livermore National Laboratory, Colum-
bia University, NIH National Institute
of Mental Health, and G6n6thon
(France).

Investigators from almost every major
sequencing center in the world met in
Bermuda in February 1996 and again in
1997 to discuss issues related to large-
scale sequencing. These meetings were
designed to help researchers coordinate,
compare, and evaluate human genome
mapping and sequencing strategies;
consider new sequencing and infor-
matics technologies; and discuss re-
lease of data.

Human Genome
Organisation
Founded by scientists in 1989, HUGO
is a nongovernmental international
organization providing coordination
functions for worldwide genome efforts.
HUGO activities range from support of
data collation for constructing genome

maps to organizing workshops. HUGO
also fosters exchange of data and
biomaterials, encourages technology
sharing, and serves as a coordinating
agency for building relationships among
various government funding agencies
and the genome community.

HUGO offers short-term (2- to 10-week)

travelawardsup to $1500 for investiga-
tors under age 40 to visit another coun-
try to learn new methods or techniques
and to facilitate collaborative research
between the laboratories.

HUGO has worked closely with intern-
ationalfunding agencies to sponsor
single-chromosome workshops (SCWS)
and other genome meetings. Due to the
success of these workshops as well as
the shift in emphasis from mapping to
sequencing, DOE and NIH began to
phase out their funding for international
SCWSin FY 1996 but encouraged appli-
cations for individual SCWS as needed.
In 1996, HUGO partially funded an in-
ternational strategy meeting in Bermuda
on large-scale sequencing. Principles re-
garding data release and a resources list
developed at the meeting are available
on the HUGO Web site (http://hugo.gdb.
orglhugo.htnd).

Membership in HUGO (over 1000
people in more than 50 countries) is

extended to persons concerned with
human genome research and related
scientitlc subjects. Its current president
is Grant R. Sutherland (Adelaide Women
and Children’s Hospital, Australia).
Directed by an 18-member intern-
ationalcouncil, HUGO is supported by
grants from the Howard Hughes Medi-
cal Institute and The Wellcome Tmst.

Countries with genome
programs or strong pro-
grams inhuman genetics

include Australia, Brazil,
Canada, China, Denmark,
European Union, France,
Germany, Israel, Italy,
Japan, Korea, Mexico,
Netherlands, Russia,
Sweden, United Kingdom,
and United States.

.l
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Appendix A
DOE Human Genome Program: Early History, Enabling Legislation. . . . . . . . . . . . ...909 . ...**.*. ● .*..=.=. •**~*=.=* •**~*~*=*● *o*”””””

A brief history of the U.S. Department of Energy (DOE) Hu-
man Genome Program will be useful in a discussion of the
objectives of the DOE program as well as those of the col-
laborative U.S. Human Genome Project. The DOE Office of
Biological and Environmental Research (OBER) of DOE
and its predecessor agencies—the Atomic Energy Commis-
sion and the Energy Research and Development Administra-
tion—have long sponsored research into genetics, both in

microbial systems and in mammals, including basic studies
on genome structure, replication, damage, and repair and the
consequences of genetic mutations. (See Appendix E for
a discussion of the DOE Biological and Environmental
Research Program.)

In 1984, OBER [then named Office of Health and Environ-
mental Research (OHER)] and the International Commission
on Protection Against Environmental Mutagens and Carcino-
gens cosponsored a conference in Alta, Utah, which high-
lighted the growing roles of recombinant DNA technologies.
Substantial portions of the meeting’s proceedings were incor-
porated into the Congressional Office of Technology Assess-
ment report, Technologies for Detecting Heritable Mutations
in Humans, in which the value of a reference sequence of the
human genome was recognized.

Acquisition of such a reference sequence was, however, far
beyond the capabilities of biomedical research resources
and infrastructure existing at that time. Although the

. . . .

Enabling Legislation

In the United States, the fwst federal
support for genetics research was

through the Atomic Energy Commis-
sion. In the early days of nuclear en-
ergy development, the focus was on
radiation effects and later broadened
under the Energy Research and De-
velopment Administration (ERDA)
and the Department of Energy to in-
clude the health implications of all
energy technologies and their
by-products. Major enabling legisla-
tion follows.

Atomic Energy Act of 1946
(P.L. 79-585): Provided the initial
charter for a comprehensive program
of research and development related
to the utilization of fissionable and

small genomes of several microbes had been mapped or par-
tially sequenced, the detailed mapping and eventual sequenc-
ing of 24 distinct human chromosomes (22 autosomes and
the sex chromosomes X and Y) that together comprise an
estimated 3 billion subunits was a task some thousandsfold
larger.

DOE OHER was already engaged in several multidisciplinary

projects contributing to the nation’s biomedical capabilities,

including the GenBank DNA sequence repository, which
was initiated and sustained by DOE computer and data-
management expertise. Several major user facilities support-
ing microstructure research were developed and are main-
tained by DOE. Unique chromosome-processing resources
and capabilities were in place at Los Alamos National Labo-
ratory and Lawrence Livermore National Laboratory. Among
these were the fluorescence-activated cell sorter (called
FACS) systems to purify human chromosomes within the
National Laboratory Gene Library Project for the production
of libraries of DNA clones. The availability of these mono-
chromosomrd libraries opened an important path-a practical
means of subdividing the huge total genome into 24 much
more manageable components.

With these capabilities, OHER began in 1986 to consider the
feasibility of a dedicated human genome program. Leading
scientists were invited to the March 1986 international con-
ference at Santa Fe, New Mexico, to assess the desirability

. .. .. . ... .. . -.

radioactive materials for medical,
biological, and health purposes.

Atomic Energy Act of 1954
(P.L. 83-703): Further authorized

AEC “to conduct research on the bio-
logic effects of ionizing radiation.”

Energy Reorganization Act of 1974
(P.L. 93-438): Provided that responsi-
bilities of ERDA should include “en-
gaging in and supporting environ-
mental, biomedical, physical, and
safety research related to the develop-
ment of energy resources and utiliza-
tion technologies.”

Federal Non-Nuclear Energy
Research and Development Act of
1974 (P.L. 93-577): Authorized
ERDA to conduct a comprehensive

. . . . . .. . . .

non-nuclear energy research, devel-
opment, and demonstration program
to include the environmental and so-
cial consequences of the various tech-
nologies.

DOE Organization Act of 1977
(P.L. 95-91): Instructed the depart-
ment “to assure incorporation of na-
tional environmental protection goals
in the formulation and implementat-
ion of energy programs and to ad-
vance the goal of restoring, protect-
ing, and enhancing environmental
quality, and assuring public health
and safety,” and to conduct “a com-
prehensive program of research and
development on the environmental
effects of energy technology and
programs.”

.
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and feasibility of implementing such a project. With virtual
unanimity, participants agreed that ordering and eventually
sequencing DNA clones representing the human genome
were desirable and feasible goals. With the receipt of this

enthusiastic response, OHER initiated several pilot projects.

Program guidance was further sought from the DOE Health
Effects Research Advisory Committee (HERAC).

HERAC Recommendation

The April 1987 HERAC report recommended that DOE and
the nation commit to a large, multidisciplinary scientific and
technological undertaking to map and sequence the human
genome. DOE was particularly well suited to focus on re-
source and technology development, the report noted;
HERAC further recommended a leadership role for DOE
because of its demonstrated expertise in managing complex
and long-term multidisciplinary projects involving both the
development of new technologies and the coordination of
efforts in industries, universities, and its own laboratories.

,.
. ..—

Evolution of the nation’s Human Genome Project further ben-
efited from a 1988 study by the National Research Council
(NRC) entitled Mapping and Sequencing the Human Ge-
nome, which recommended that the United States support this
research effort and presented an outline for a multiphase plan,

DOE and NIH Coordination

The National Institutes of Health (NH) was a necessary par-
ticipant in the large-scale effort to map and sequence the hu-
man genome because of its long history of support for bio-
medical research and its vast community of scientists. This
was confiied by the NRC report, which recommended a
major role for NIH. In 1987, under the leadership of Director
James Wyngaarden, NIH established the Office of Genome
Research in the Director’s Office. In 1988, DOE and NIH
signed a Memorandum of Understanding in which the agen-
cies agreed to work together, coordinate technical research
and activities, and share results. In 1990, DOE and NIH sub-
mitted a joint research plan outlining short- and long-term
goals of the project.

74 DOE Human Genome Program Report, Appendices



Appendix B
DOE-A?IH Guidelines for Sharing Data and Resources

At its December 7,1992, meeting, the DOE-NIH Joint Sub-
committee on the Human Genome approved thefollowing
sharing guidelines, developedji-om the DOE drafi of Septem-
ber 1991.*

The information and resources generated by the Human Ge-
nome Project have become substantial, and the interest in
having access to them is widespread. It is therefore desirable
to have a statement of philosophy concerning the sharing of
these resources that can guide investigators who generate the
resources as well as those who wish to use them.

A key issue for the Human Genome Project is how to pro-
mote and encourage the rapid sharing of materials and data
that are produced, especially information that has not yet
been published or may never be published in its entirety.
Such sharing is essential for progress toward the goals of the
program and to avoid unnecessary duplication. It is also de-

sirabletomakethefruitsofgenomeresearchavailableto the
scientificcommunityasa wholeassoonaspossibleto expe-
dite research in other areas.

Although it is the policy of the Human Genome Project to
maximize outreach to the scientific community, it is also nec-
essary to give investigators time to verify the accuracy of
their data and to gain some scientific advantage from the ef-
fort they have invested. Furthermore, in order to assure that
novel ideas and inventions are rapidly developed to the ben-
efit of the public, intellectual property protection maybe
needed for some of the data and materials.

At3er extensive discussion with the community of genome
researchers, the advisors of the NH and DOE genome pro-
grams have determined that consensus is developing around
the concept that a 6-month period from the time the data or
materials are generated to the time they are made available
publicly is a reasonable maximum in ahnost all cases. More
rapid sharing is encouraged.

Whenever possible, data should be deposited in public data-
bases and materials in public repositories. Where appropriate
repositories do not exist or are unable to accept the data or
materials, investigators should accommodate requests to the
extent possible.

The NIH and DOE genome programs have decided to re-
quire all applicants expecting to generate significant amounts
of genome data or materials to describe in their application
how and when they plan to make such data and materials
available to the community. Grant solicitations will specify

this requirement. These plans in each application will bere-
viewed in the course of peer review and by staff to assure
they are reasonable and in conformity with program philoso-
phy. If a grant is made, the applicant’s sharing plans will be-
come a condition of the award and compliance will be re-
viewed before continuation fimding is provided. Progress
reports will be asked to address the issue.

*Reprinted from Human Genome News 4(5),4 (1993).
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Appendix C
NIH-DOE Guidance on Human Subjects Issues

in Large-Scale DNA Sequencing
. . . . . . . . . . ...0.. . . ...0.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ● 00....

Introduction

The Human Genome Project (HGP) is now entering into
large-scale DNA sequencing. To meet its complete sequenc-
ing goal, it will be necessary to recruit volunteers willing to
contribute their DNA for this purpose. The guidance pro-
vided in this document is intended to address ethical issues
that must be considered in designing strategies for recruit-
ment and protection of DNA donors for large-scale

sequencing,

Nothing in this document should be construed to differ from,
or substitute for, the policies described in the Federal Regu-
lations for the Protection of Human Subjects [45CFR46
(NH) and 10CFR745 (DOE)]. Rather, it is intended to
supplement those policies by focusing on the particular is-
sues raised by large-scale human DNA sequencing. This
statement addresses six topics: (1) benefits and risks of ge-
nomic DNA sequencing; (2) privacy and cordldentialiv, (3)
recruitment of DNA donors as sources for library construc-
tion (4) informed consent (5) IRB approvak and (6) use of
existing libraries.

The guidance provided in this statement is intended to afford
maximum protection to DNA donors and is based on the be-
lief that protection can best be achieved by a combination of
approaches including:

● ensuring that the initial version of the complete human
DNA sequence is derived from multiple donors;

● providing donors with the opportunity to make an in-
formed decision about whether to contribute their DNA
to this projecu and

‘ taking effective steps to ensure the privacy and confi-
dentiality of donors.

1. Benefits and Risks of Genomic DNA
Sequencing

The HGP offers great promise for the improvement of human
health. As a consequence of the HGP, there will be a more
thorough understanding of the genetic bases of human biol-
ogy and of many dkeases. This, in turn, will lead to better
therapies and, perhaps more importantly, prevention strate-
gies for many of those diseases. Similarly, as the technology
developed by the HGP is applied to understanding the biol-
ogy of other organisms, many other human activities will be
affected including agriculture, environmental management,
and biologically based industrial processes.

Date issued: August 9,1996

While the HGP offers great promise to humanity, there will
be no direct benefit, in either clinical or financial terms, to
any of the individuals who choose to donate DNA for
large-scale sequencing. Rather, the motivation for donation is
likely to be an altruistic willingness to contribute to this his-
toric research effort.

However, individuals who donate DNA to this effort may
face certain risks. Information derived from the donors will
become available in public databases. Such information may

reveal,forexample,DNAsequence-basedinformationabout
disease susceptibility. If the donor becomes aware of such
information, it could lead to emotional distress on her/his
part. If such health-related information becomes known to
others, discrimination against the donor (e.g., in insurance or
in employment) could result. Unwanted notoriety is another
potential risk to donors. Therefore, those engaged in
large-scale sequencing must be sensitive to the unique fea-
tures of this type of research and ensure that both the protec-
tions normally afforded research subjects and the special is-
sues associated with human genornic DNA sequencing are
thoroughly addressed.

Whiie some risks to donors can already be identified, the
probability of adverse events materializing appears to be
low. However, the risks of harm to individuals will increase
if confidentiality is not maintained and/or the number of do-
nors is limited to a very few individuals. Either, or both, of
these situations would increase the possibility of a donor’s
identity being revealed without his/her knowledge or
permission.

A final issue to consider is characterized in a statement taken
from the OPRR Guidebookl which points out that “some ar-
eas [of genetic research] present issues for which no clear
guidance can be given at this point, either because enough is
not known about the risks presented by the research, or be-
cause no consensus on the appropriate resolution of the prob-
lem exists.” It is anticipated that the DNA sequence informa-
tion produced by the Human Genome Project will be used in
the future for types of research which cannot now be pre-
dicted and the risks of which cannot be assessed or disclosed.

2. Privacy and Confidentiality

In general, one of the most effective ways of protecting vol-
unteers from the unexpected, unwelcome or unauthorized use
of information about them is to ensure that there are no op-
portunities for linking an individual donor with information
about himdher that is revealed by the research. By not col-
lecting information about the identity of a research subject
and any biological material or records developed in the
course of the research, or by subsequently removing all
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identifiers (%nonyrnizing” the sample), the possibility of risk
to the subject stemming from the results of the research is
greatly reduced. Large-scale DNA sequence determination
represents an exception because each person’s DNA sequence
is unique and, ultimately, there is enough information in any

individual’s DNA sequence to absolutely identify her/him.
However, the technology that would allow the unambiguous
ident~lcation of an individual Ilom his/her DNA sequence is
not yet mature. Thus, for the foreseeable future, establishing
effective confidentiality, rather than relying on anonymity,
will be a very useful approach to protecting donors.

Investigators should introduce as many discomects between
the identity of donors and the publicly available information
and materials as possible. There should not be any way for any-
one to establish tiat a specific DNA sequence came from a par-
ticular individual, other than resampling an individual’s DNA
and comparing it to the sequence information in the public data-
base. In particular, no phenotypic or demographic information
about donors should be linked to the DNA to be sequenced.2
For the purposes of the HGP such information will rarely be
useful, and recording such information could result in possible
misuse and compromise donor confidentiality.

Confidentiality should be “two way.” Not only should others
be unable to link a DNA sequence to a particular individual,
but no individual who donates DNA should be able to confirm
directly that a particular DNA sequence was obtained from
their DNA sample? This degree of confidentiality will pre-
clude the possibility of re-contacting DNA donors, providing
another degree of protection for them. It should be clear to
both investigators and to donors that the contact involved in
obtaining the initial specimen will be the only contact:

Another approach for protecting all DNA donors is to reduce
the incentive for wanting to know the identities of particular
donors. If the initial human sequence is a “mosaic” or “patch-
work” of sequenced regions derived from a number of differ-
ent individuals, rather than that of a single individual, there
would be considerably less interest in who the specific donors
were. Although there may be scientific justification that each

clonelibraryusedforsequencingshouldbederivedfromone
person, there is no scientitlc reason that the entire initial hu-
man DNA sequence should be that of a single individual. As
approximately 99.990 of the human DNA sequence is common
between any two individuals, most of the fundamental bio-
logical information contained in the human DNA sequence is
common to all people.

To increase the likelihood that the first human DNA sequence
will bean amalgam of regions sequenced from different
sources, a number of clone libraries must be made available.
Although a number of large insert libraries have been made,
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most do not meet all of the standards set in this documenc
therefore, these libraries should be used as substrates for
large-scale sequencing only under circumscribed conditions
(see section 6, p. 79). Starting immediately, new libraries
will be developed that have the advantage of being con-

structed in accordance with the ethical principles discussed
in this documen~ they may also confer some additional sci-
entific benefit. Such libraries are critical for the long-range
needs of the HGP.

3. Source/Recruitment of DNA Donors
for Library Construction

Another implication of the fact that 99.9% of the human
DNA sequence is shared by any two individuals is that the
backgrounds of the individuals who donate DNA for the fust
human sequence will make no scientific difference in terms
of the usefulness and applicability of the information that
results from sequencing the human genome. At the same
time, there will undoubtedly be some sensitivity about the
choice of DNA sources. There are no scientific reasons why
DNA donors should not be selected from diverse pools of
potential donors?

There are two additional issues that have arisen in consider-
ing donor selection. These warrant particular discussion:

. It is recognized that women have historically been
underrepresented in research, so it can be anticipated
that concerns might arise if males (sperm DNA) were
used exclusively as the source of DNA for large-scale
sequencing. Although there would be no scientific basis
for concern, because even in the case of a male source,
half of the donor’s DNA would have come from his
mother and half from his father, nevertheless perceptions
are not to be dkmissed. While the choice of donors will
not be dictated to investigators, it is expected that, be-
cause multiple libraries will be produced, a number of
them will be made from female sources while others will
be made from male sources.

c Staff of laboratoriesinvolvedin libraryconstructionand
DNA sequencing may be eager to volunteer to be donors
because of their interest and belief in the HGP. However,
proximity to the research may create some special vul-
nerabilities for laboratory staff members. It is also pos-
sible that they will feel pressure to donate and there may
bean increased likelihood that contldentiality would be
breached. Finally, there is a potential that the choice of
persons so closely involved in the research maybe inter-
preted as elitist. For all of these reasons, it is recom-
mended that donors should not be recruited from labora-
tory staff, including the principal investigator.



4. Informed Consent

Obtaining informed consent specifically for the purpose of
donating DNA for large-scale sequencing raises some unique
concerns. Because anonymity cannot be guaranteed and con-
fidentiality protections are not absolute, the disclosure pro-
cess to potential donors must clearly specify what the pro-
cess of DNA donation involves, what may make it different
from other types of research, and what the implications are
of one’s DNA sequence information being a public scientific
resource.

Federal regulations (45CFR46 and 10CFR745) require the
disclosure of a number of issues in any informed consent
document. They include such issues as potential benefits of
the research, potential risks to the donor, control and owner-
ship of donated material, long-term retention of donated ma-
terial for future use, and the procedures that will be followed.
In addition, there are several other disclosures that are of
special importance for donors of DNA for large-scale se-
quencing. These include:

9

●

●

●

●

the meaning of confidentiality and privacy of informa-
tion in the context of large-scale DNA sequencing, and
how these issues will be addressed

the lack of opportunity for the donor to later withdraw
the libraries made from his/her DNA or his/her DNA
sequence information from public us~

the absence of opportunity for information of clinical
relevance to be provided to the donor or her/his family

the possibility of unforeseen risks; and

the possible extension of risk to family members of the
donor or to any group or community of interest (e.g.,
gender, race, etbnicity) to which a donor might belong.

Many academic human genetics units have considerable ex-
perience in dealing with research subjects and obtaining in-
formed consent, while the laboratories that are likely to be
involved in making the libraries for sequencing have, in gen-
eral, much less experience of thk type. Therefore, library
makers are encouraged to establish a collaboration with one
or more human genetics units, with the latter being respon-
sible for recruiting donors, obtaining informed consent, ob-
taining the necessary biological samples, and providing a
blinded sample to the library maker. Collaboration with tis-
sue banks may be considered as long as these banks are col-
lecting tissues in accordance with this guidance. The library
maker should have no contact with the donor and no oppor-
tunity to obtain any information about the donor’s identity.

5. IRB Approval

Effective immediately, projects to construct libraries for
large-scale DNA sequencing must obtain Institutional Re-
view Board (IRB) approval before work is initiated. IRBs
should carefully consider the unique aspects of large-scale
sequencing projects. Some of the informed consent provi-
sions outlined may be somewhat at odds with the usual and
customary disclosures found inmost protocols involving hu-
man subjects and which IRBs usually consider. For example,
research subjects usually are given the opportunity to with-
draw from a research project if they change their minds
about participating. In the case of donors for large-scale se-
quencing, it will not be possible to withdraw either the librar-
ies made from their DNA or the DNA sequence information
obtained using those libraries once the information is in the
public domain. By the time a significant amount of DNA se-
quence data has been collected, the libraries, as well as indi-
vidual clones from them, will have been widely distributed
and the sequence information will have been deposited in
and distributed from public databases. In addition, there will
be no possibility of returning information of clinical rel-
evance to the donor or hislher family.

6. Use of Existing Libraries for
Large-Scale Sequencing

Many of the existing libraries (including those derived from
anonymous donors) were not made in complete conformity
with the principles elaborated above. The potential risks that
may result from their use will be minimized by the rapid in-
troduction of several new libraries constructed in accordance
with this guidance, which NCHGR and DOE are taking steps
to initiate. This will ensure that the existing libraries will
only contribute small amounts to the first complete human
DNA sequence. In the interim, existing libraries can continue
to be used for large-scale sequencing, only if IRB approval
and consent for “continued use” are obtainedb and approval
by the fimdmg agency is granted.

It is important that in obtaining consent for contined use of
existing libraries, no coercion of the DNA donor occur. It is
therefore recommended that consideration be given to
whether it is appropriate for the individual who previously
recruited the donor to recontact Mm/her to obtain this con-
sent. In some cases an IRB may determine that the recontact
should be made by a third party to assure that the donors are
fully informed and allowed to choose freely whether their
DNA can continue to be used for this purpose.
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Conclusion
This document is intended to provide guidance to investiga-
tors and IRBs who are involved in large-scale sequencing
efforts. It is designed to alert them to special ethical con-
cerns that may arise in such projects. In particular, it pro-
vides guidance for the use of existing and the construction
of new DNA libraries. Adhering to this guidance will ensure
that the initial version of the complete human sequence is
derived horn multiple, diverse donors; that donors will have
the opportunity to make an informed decision about
whether to contribute their DNA to this projecq and that
effective steps will be taken by investigators to ensure the
privacy and conildentiality of donors.

Investigators funded by NCHGR and DOE to develop new
libraries for large-scale human DNA sequencing will be re-
quired to have their plans for the recruitment of DNA do-
nors, including the informed consent documents, reviewed
and approved by the funding agency before donors are re-
cruited. Investigators involved in large-scale human se-
quencing will also be asked to observe those aspects of this
guidance that pertain to them.

Approved August 17,1996, by:

Francis S. Collins, M.D., Ph.D., Director, National Center
for Human Genome Research, National Institutes
of Health

Aristides N. Patios, Ph.D., Associate Director, Office of
Health and Environmental Research, U.S. Department
of Energy

Footnotes

1. Office of Protection from Research Risks, Protecting
Human Research Subjects: Institutional Review Board
Guidebook (OPRR: U.S. Government Printing Office,
1993).

2. It is recognized that it will be trivially easy to deter-
mine the sex of the donor of the library, by assaying for the
presence or absence of Y chromosome in the library.

3. There area number of approaches to preventing a
DNA donor from knowing that his/her DNA was actually
sequenced as part of the HGP. For example, each time a
clone library is to be made, an appropriately diverse pool of
between five and ten volunteers can be chosen in such a
way that none of them knows the identity of anyone else in
the pool. Samples for DNA preparation and for preparation
of a cell line can be collected from all of the volunteers
(who have been told that their specimen may or may not
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eventually be used for DNA sequencing) and one of those
samples is randomly and blindly selected as the source actu-
ally used for library construction. In this way, not only will
the identity of the individual whose DNA is chosen not be
known to the investigators, but that individual will also not
be sure that s/he is the actual source.

4. Although recontacting donors should not be possible,
investigators will potentially want to be able to resample a
donor’s genome. Thus, at the time the initial specimen is ob-
tained, in addition to making a clone library representing the
donor’s genome, it should also be used to prepare an addl-
tional aliquot of high molecular weight DNA for storage and
a permanent cell line. Either resource could then be used as a
source of the donor’s genome in case additional DNA were
needed or comparison with the results of the analysis of the
cloned DNA were desired.

5. There has been discussion in the scientific community
about the sex of DNA donors. A library prepared from a fe-
male donor will contain DNA from the X chromosome in an
amount equivalent to the autosomes, but will completely lack
Y chromosomal DNA. Conversely, a librrny prepared from a
male donor will contain Y DNA, but both X and Y DNA will
only be present at half the frequency of the DNA from the
other chromosomes. Scientifically, then, there are both ad-
vantages and disadvantages inherent in the use of either a
male or a female donor. The question of the sex of the donor
also involves the question of the use of somatic or germ line
DNA to make libraries. For making libraries, useful amounts
of germ line DNA can only be obtained from a male source
(i.e., from sperm); it is not possible to obtain enough ova
from a female donor to isolate germ line DNA for this pur-
pose. Opinion is divided in the scientflc community about
whether germ line or somatic DNA should be used for
large-scale sequencing. Somatic DNA is known to be rear-
ranged, relative to germ line DNA, in certain regions (e.g.,
the immunoglobulin genes) and the possibility has been
raised that other developmentally based rearrangements may
occur, although no example of the latter has been offered.
While some believe that the sequence product should not
contain any rearrangements of this sort, others consider this
potential advantage of germ line DNA to be relatively minor
in comparison to the need to have the X chromosome fully
represented in sequencing efforts and prefer the use of so-
matic DNA.

6. Individuals whose DNA was used for library construc-
tion (with the exception of those created from deceased or
anonymous individuals) should be fully informed about the
risks and benefits described above, should freely choose
whether they would like their DNA to continue to be used for
this purpose, and their decision should be documented.



Executive Summary of Joint
NIH-DOE Human Subjects
Guidance
1.

2,

3.

4.

5.

6.

Those engaged in large-scale sequencing must be
sensitive to the unique features of this type of research
and ensure that both the protections normally afforded
research subjects and the special issues associated with
human genomic DNA sequencing are thoroughly
addressed.

For the foreseeable future, establishing effective
confidentiality, rather than relying on anonymity, will be
a very useful approach to protecting donors.

Investigators should introduce as many disconnects
between the identity of donors and the publicly available
information and materials as possible.

Nophenotypicordemographicinformationabout
donors should be linked to the DNA to be sequenced.

There are no scientific reasons why DNA donors should

not be selected from diverse pools of potential donors.

While the choice of donors will not be dictated to
investigators, it is expected that, because multiple
libraries will be produced, a number of them will be
made from female sources while others will be made
from male sources.

7.

8.

9.

10.

11.

12.

13.

It is recommended that donors should not be recruited
from laborato~ sta& including the principal investigator.

The disclosure process to potential donors must clearly
specify what the process of DNA donation involves,
what may make it different from other types of research,
and what the implications are of one’s DNA sequence
information being a public scientific resource.

Library makers are encouraged to establish a collabora-
tion with one or more human genetics units [or tissue
banks].

The library maker should have no contact with the donor
and no opportunity to obtain any information about the
donor’s identity.

Effective immediately, projects to construct libraries for
large-scale DNA sequencing must obtain Institutional

ReviewBoard(IRB)approvalbeforeworkis initiated,

Existing libraries can continue to be used for large-scale
sequencing, only if IRB approval and consent for
continued use are obtained and approval by the funding

agency is granted.

It is important that in obtaining informed consent for
continued use of existing libraries, no coercion of the
DNA donor occur.
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Appendix D

Human Genome Project and Genetics on the World Wide Web
. ...0.0. . . . . . . . . ● 00..... .* **.... . . ...*** ● ***.... . . . . . . . . . . . . . . .

TIE World Wide Web offers the easiest path to information
about the Human Genome Project and related genetics topics.
Some useful sites to visit are included in the list below.

Human Genome Project

DOE Human Genome Program
http:llwww.e~doe.goviproductionloberlhug_top.html

Devoted to the DOE component of the U.S. Human Ge-
nome Project and to the DOE Microbial Genome Pro-
gram. Links to many other sites.

Human Genome Project Information
http:llwww.ornl.govlhgmis

Comprehensive site covering topics related to the U.S.
and worldwide Human Genome Projects. Useful for up-
dating scientists and providing educational material for
nonscientists, in support of DOE’s commitment to public

education, Developed and maintained for DOE by the
Human Genome Management Information System
(HGMIS) at Oak Ridge National Laboratory.

NIH National Human Genome Research Institute
http:llwww.nhgri.nih.gov

Site of the NIH sector of the U.S. Human Genome
Project.

DOE Human Genome Program
Publications

~Human Genome News
}lttp:/lwww.ornl.govlhgmislpublicatlpublications.html

Quarterly newsletter reporting on the worldwide Human
Genome Project.

Biological Sciences Curriculum Study (BSCS) Teaching
Modules

Online versions in preparation hardcopies available
from 719/531-5550

. “Genes, Environment, and Human Behaviorj” tenta-
tive title, in preparation

● “Mapping and Sequencing the Human Genome
Science, Ethics, and Public Policy” (1992)

● “The Human Genome Projecti Biology, Computers,
and Privacy” (1996)

*Printcopy availablefromHGMIS(seep. 87 or insidefront cover
for contactinformation).

August 1997

● “The Puzzle of Inheritance: Genetics and the Meth-
ods of Science” (1997)

*Primer on Molecular Genetics, 1992
http:llwww.ornl.govlhgmislpublicatlpublications.
html#primer

Explains the science behind the genome research.

‘To Know Ourselves, 1996
http:lhvww.ornl.govlhgmisltko

Booklet reviewing DOE’s role, history, and achieve-
ments in the Human Genome Project and introducing
the science and other aspects of the project.

Ethical, Legal, and Social Issues Related
to Genetics Research

HGMIS Gateways Web page

http:llwwwornl.govlhgmisllinks.html

Choose “Ethical, Legal, and Social Issues.”

Center for Bioethics, University of Pennsylvania
http:llwwwmed.upenn. edul-bioethic

Full-text articles about such ethical issues as human
cloning, includes a primer on bioethics.

Courts and Science On-Line Magazine (CASOLM)
http:llwww.ornl.govlcourts

Coverage of genetic issues affecting the courts.

ELSI in Science
http:/lwwwlbl.govlEducation/ELSIIELSI.html

Teaching modules designed to stimulate discussion on
implications of scientific research.

Eubios Ethics Institute
http:llwww.biol.tsukuba.ac.jpl-macerlindex.html

Site includes newsletter summarizing literature in bio-
ethics and biotechnology.

Genetic Privacy Act
http:llwwwornl.govlhgmislresourcelelsi.html

Model legislation written with support of the DOE Hu-
man Genome Program.

MCET—The Human Genome Project

http:llphoenix.meet.edulhumangenomelindex.htrnl

ELSI issues for high school students.
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National Bioethics Advisory Committee
http:llwww.nih.gov[nbaclnbac.htrn

The bioethics committee offers advice to the National
Science and Technology Council and others on bioethi-
cal issues arising from research related to human biol-
ogy and behavior.

National Center for Genomic Resources
http:llwww.ncgr.org

Comprehensive Genetics and Public Issues pag~ in-
cludes congressional bills related to genetic privacy.

The Gene Letter
http:llwww.geneletter.orglgenetalk.html

Bimonthly newsletter to inform consumers and profes-
sionals about advances in genetics and encourage dk-
cussion about emerging policy dilemmas.

Your Genes, Your Choices
http:llwww.nextwave. orglehrlbookslindex. html

Booklet written in simple English, describing the Hu-
man Genome Projec~ the science behind i~ and how
ethical, legal, and social issues raised by the project may
affect people’s everyday lives.

General Genetics and Biotechnology

Many of the following sites contain links to both educational
and technical material.

HGMIS Community Education and Outreach Gateways
Web Page
http:llwww.ornl.govlhgmisllinks.html

Access Excellence
http:lloutcast.gene. comlaelindex.html

Extensive genetic and biotechnology resources for
teachers and nonscientists.

BIO Online (Biotechnology Industry Organization)
http:llwww.bio. com

Comprehensive duectory of biotechnology sites on the
Internet.

Biospace
http:llwww.biospace. corn

Biotech industry site; profiles biotech companies by
region.

An interactive educational resource and biotech refer-
ence toofi includes a dictionary of 6000 life science
terms.

Biotechnology Information Center, USDA National
Agricultural Library
http:llwww.nal. usda.govlbic

Comprehensive agricultural biotechnology resourc~
includes a bibliography on patenting biotechnology
products and processes (http:llwww.nal.usda.govlbicl
Biblioslpatentag.htm).

Bugs ‘N Stuff
http:llwww.ncgr.orglmicrobe

List of microbial genomes being sequenced, research
groups, genome sizes, and facts about selected organ-
isms. Links to related sites.

Careers in Genetics
http:llm~aseb.orglgeneticslgsalcareerslbro-menu.htm

OnlinebookletfromtheGeneticsSocietyofAmerica,
including several profiles of geneticists. See also career
sections of sites specified above, such as Access Excel-
lence.

Carolina Biological Supply Company
http:llwww.carosci. comlTips.htm

Teaching materials for all levels. Includes mini-lessons
on selected scientific topics, two online magazines,
What’s New, software, catalogs, and publications.

Cell & Molecular Biology Online
http:llwww.tiac. netluserslpmgannon

Links to electronic publications, current research, educa-
tional and career resources, and more.

CERN Virtual Library, Genetics section, Biosciences
Division
http:llwww.ornl.govlTechResourceslHuman_Genomel
genetics.html

Includes an organism index linking to other pertinent
databases, information on the U.S. and international Hu-
man Genome Projects, and links to research sites.

Classic Papers in Genetics
http:llwww.esp.org

Covers the early years, with introductory notes. See also
Access Excellence site above for genetics history.

BioTech
http:llbiotech.them. indiana.edu
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Community of Science Web Server
http:llcos.gdb. orglbest.html

Links to Medline, U.S. Patent Citation Database, Com-
merce Business Daily, The Federal Register, and other
resources.

Database of Genome Sizes
http:llwww.cbs.dtu.dkldatabaseslDOGSlindex.html

Lists numerous organisms with genome sizes, scientific
and common names, classifications, and references.

Genetic and biological resources links
http:llwww.er.doe.govlproductionloberlbioinfo_
center.html

GeneticsEducationCenter,UniversityofKansasMedical
Center
http:llww.kumc.edulinstructionlmedicinelgeneticsl
homepage.htrnl

Educational information on human genetics, career re-
sources.

Genetics Glossary
http:lhvww.ornl.govlhgmislpublicatlglossary.htrnl

Glossary of terms related to genetics.

Genetics Webliography
http:llwww.dml.georgetown.edul%7Edavidsolllen.html

Extensive links for researchers and nonscientists from
Georgetown University Library.

Genomics: A Global Resource
http:llwww.phrma.orglgenomicslindex.html

Many links. Website a joint project of the Pharmaceuti-
cal Research and Manufacturers of America and the
American Institute of Biological Sciences; includes
Genomics Today, a daily update on the latest news in the
field.

Hispanic Educational Genome Project

http:llvylylab.calstatela.edulhgp

Designed to educate high school students and their fami-
lies about genetics and the Human Genome Project.
Links to other projects.

Howard Hughes Medical Institute
http:llwww.hhmi.org

Home page of major U.S. philanthropic organization
that supports research in genetics, cell biology, immu-
nology, structural biology, and neuroscience. Excellent
introductory information on these topics.

Library of Congress
http:lllcweb.loc.govlhornepagellchp.htnd

Microbial Database
http:llwwwtig~orgltdblmdblmdb.html

Lists completed and in-progress microbial genomes,
with funding sources.

MIT Biology Hypertextbook
http:llesg-wwwmit.edu:80011esgbio17001main.html

All the basics.

Science and Mathematics Resources
http:llwww-sci.lib.uci.edu

More than 2000 Web references, including Frank

Potter’s Science Gems and Martindale’s Health Science
Guide. For teachers at all levels.

Virtual Courses on the Web
http:lllenti.med.umn. edul-mwdlcourses.htrnl

Links to Web tutorials in biology, genetics, and more.

Welch Web
http:llwww.welch.jhu .edu

Links to many Internet biomedical resources, dictionaries,
encyclopedias, government sites, libraries, and more, from
the Johns Hopkins University Welch Library.

Why Files
http:llwhyfiles. news.wise.edu

Illustrated explanations of the science behind the news.

Images on the Web

Biochemistry Online
http:llbiochem. arach-net.com

Essays, courses, 3-D images of biomolecules, modeling,
software.

Bugs in the News!
http:llfalcon.cc.ukans.edul-jbrownlbugs.html

Microbiology information and a nice collection of im-
ages of biological molecules.

Cells Alive!
http:llwwwcellsalive. com

Images (some moving) of different types of cells.
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Cn3D (See in 3-D) Science Magazine Genome Issue (10/96)
http:llm3.ncbi.nlm.nih.govlEntrezlStructurelctid.html http:llwww.sciencemag. orglsciencelcontentlvol274l

3-D molecular structure viewer allowing the user to visual-
issue5287

ize and rotate structure data entries from Entrez. Highly Full text includes a “clickable” gene map.
technical, for researchers.

Science News
Cytogenetics Gallery http:llwww.sciencenews.org

~ttp:llwww.pathology.washington.edu:8OlCytogallery
Online version of weekly popular science magazine with

Photos (karyotypes) of normal and abnormal chromo- full text of selected articles.
somes.

DNA Learning Center, Cold Spring Harbor Laboratory Medical Genetics
http:lldarwin.cshl. orglindex.html

Blazing a Genetic lkaii
Animated images of PCR and Southern Blotting tech- http:llwww.hhmi.orglGeneticTrail
niques.

Illustrated booklet from the Howard Hughes Medical

Gene Map from the 1996 Genome Issue of Science Institute on hunting for disease genes.

http:~www.ncbi.nlm.nih.govlSCIENCE96
Directory of National Genetic Voluntary Organizations

Click on particular areas of chromosomes and fmd genes. and Related Resources
http:llmedhlp.netusa. netlagsglagsgsup .htm

Images of Biological Molecules
http:llwww.cc.ukans.edul-microlpicts. html Support groups for people with genetic diseases and

their families.
3-D structures of proteins and nucleic acids obtained from
Brookhaven National Laborato~ Protein Database and GeneCards
others. http:llbioinformatics.weizmann .ac.illcards

Lawrence Livermore National Laboratory Chromosome 19 A database of more than 6000 genes; describes their

Physical Map
http:llwww-bio.llnl.govlbbrplgenomelgenome .html

Los Alamos National Laboratory Chromosome 16
Physical Map
http:llwww-ls.lanl.govlDBquerieslQueryPage.html

Journals and Magazines

HGMIS Journals Gateways Web page
http:llwww.ornl.govlhgmisllinks.html

Choose “Journals, Books, Periodicals.”

Biochemistryand Molecular Biology Journals
http:llbiochem.arach-net.comlbeasley~ournals.html

Comprehensive list.

Nature, Nature Genetics, and Nature Biotechnology
http:llwww.nature. com

Abstracts of articles, full text of letters and editorials.

functions, products, and biomedical applications.

Gene Therapy
http:llwww.mc.vanderbilt.edulgcrclgenelindex.html

Web course covering the basics, with links to other sites.

Inherited-Disease Genes Found by Positional Cloning
http:llwww.ncbi.nlm.nih.govlBaxevanilCLONEl
index.html

Links to OMIM.

NIH OffIce of Recombinant DNA Activities
http:llwww.nih.govlodlorda

Includesa databaseofhumangenetherapyprotocols.

Online Mendelian Inheritance in Man (OMIM)
http:llwww.ncbi. nlm.nih.govlOmim

A comprehensive, authoritative, and up-to-date human
gene and genetic disorder catalog that supports medical
genetics and the Human Genome Project.

Science Magazine
http:llwww.sciencemag.org

Abstracts and some full-text articles.
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Promoting Safe and Effective Genetic Testing in the
United States (1997)
http:llwww.med.jhu.edultfgtelsi

Principles and recommendations by a joint NIH-DOE
Human Genome Project group that examined the devel-
opment and provision of gene tests in the United States.

Understanding Gene Testing
http:llwww.gene.comlaelAEIAEPCINIHlindu.html

Illustrated brochure from the National Cancer Institute.

Science in the News

EurekA1ert! http:llwww.eurekalert.org

InScight: http:llwwwapnet.comlinscight

SciWeb: http:llwww.sciweb.comlnews.html

Short summaries of major stories, some with links to
related articles in other sources.

HMS Beagle
http:llbiomednet.comlhmsbeagle

Biweekly electronic journal featuring major science
stories, profiles, book reviews, and other items of interest.

Science Daily
http:llwww.sciencedaily.com

Headline stories, articles, and lii to news services,
newspapers, magazines, broadcast sources, journals, and
organizations. Also offers weekly bulletins for updates
by e-mail.

Science Guide
http:llwwwscienceguide.com

Daily news and information service and free science
news e-mailer. Also contains directories of newsgroups,
grant and funding resources, employment, and online
journals.

ScienceNow
http:llwww.sciencenow.org

Daily online news service from Science magazine offers
articles on major science news.

Web Search Tools

Biosciences Index to WWW Virtual Library
http:llgolgi.harvard.edulhtbinlbiopages

Metacrawler
http:llwwwmetacrawler.com

“Search the Net”
http:llmetro.turnpike.netladornlsearch.html

Comprehensive list of search tools, libraries, world fact
books, and other usefid information.

Search.com
http:llwww.search.com

Yahoo!
http:llwww.yahoo. com

Prepared August 1997 by
Human Genome Management Information System
Oak Ridge National Laboratory
1060 Commerce Park, MS 6480
Oak Ridge, TN 37830
423/576-6669, caseydk@ornl.gov
http:lhvww.ornl.govlhgmis
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Appendix E
1996 Human Genome Research Projects

. . ...0.. ● ..0..0. . ..0.0.. . . . . . . . . . . . . . . . . . . . . ...* ● 0.0.0.0 . ..0...

Research abstracts of these projects appear in Part 2 of this report.

Sequencing

Advanced Detectors for Mass Spectrometry
W.H. Benner and J.M. Jaklevic
Lawrence Berkeley National Laboratory, Berkeley, California

Mass Spectrometer for Human Genome
Sequencing
Chung-Hsuan Chen
Oak Ridge National Laborato~, Oak Ridge, Temessee

Genomic Sequence Comparisons

George Church

Harvard Medical School, Boston, Massachusetts

A PAC/BAC End-Sequence Data Resource for
Sequencing the Human Genome: A 2-Year Pilot
Study
Pieter de Jong
Roswell Park Cancer Institute, Buffalo, New York

Multiple-Column Capillary Gel Electrophoresis

Norman Dovichi

University of Alberta, Edmonton, Canada

DNA Sequencing with Primer Libraries

John J. Dunn and F. William Studier
Brookhaven National Laboratory, Upton, New York

Rapid Preparation of DNA for Automated

Sequencing

John J. Dunn and F. William Studier
Brookhaven National Laboratory, Upton, New York

A PAC/BAC End-Sequence Database for

Human Genomic Sequencing

Glen A. Evans
University of Texas Southwestern Me&cal Center, Dallas, Texas

Automated DNA Sequencing by Parallel Primer

Walking

Glen A. Evans

University of Texas Southwestern Me&cal Center, Dallas, Texas

*Parallel Triplex Formation as Possible

Approach for Suppression of DNA-Viruses

Reproduction

V.L. Florentiev
Russian Academy of Sciences, Moscow, Russia

Advanced Automated Sequencing Technology:

Fluorescent Detection for Multiplex DNA

Sequencing
Raymond F. Gesteland

University of Utah, Salt Lake City, Utah

Resource for Molecular Cytogenetics

Joe Gray and Daniel Pinkel
University of California, San Francisco

DNA Sample Manipulation and Automation
‘llevor Hawkins
Whitehead IMitute and Massachusetts Institute of Technol-
ogy, Cambridge, Massachusetts

Construction of a Genome-Wide Characterized

Clone Resource for Genome Sequencing
Leroy Hood, Mark D. Adams+ and Melvin Simonz
University of Washington, Seattle
lThe Institute for Genomic Research, Rockville, Maryland

‘California Institute of Technology, Pasadena, California

DNA Sequencing Using Capillary Electrophoresis

Barry L. Karger
Northeastern University, Boston, Massachusetts

Ultrasensitive Fluorescence Detection of DNA
Richard A. Mathies and Alexander N. Glazer
University of California, Berkeley

Joint Human Genome Program Between

Argonne National Laboratory and the

Engelhardt Institute of Molecular Biology
Andrei Mhzabekov
Argome National Laboratory, Argonne, Illinois, and
Engelhardt Institute of Molecular Biology, Moscow, Russia

High-Throughput DNA Sequencing: SAmple

Sequencing (SASE) Analysis as a Framework

for Identifying Genes and Complete

Large-Scale Genomic Sequencing
Robert K. Moyzis
Los Alamos National Laboratory, Los Alamos, New Mexico

One-Step PCR Sequencing
Barbara Ramsay Shaw
Duke University, Durham, North Carolina

*Projectsdesignatedbyanasteriskwerefundedthroughsmallemergency
grantsto RussianscientistsfollowingDecember1992sitereviewsby David
Galas(formerlyof OHER,renamedOBERin 1997),RaymondGestekmd
(Universityof Utah),andElbertBmnscomb(LLNL).
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Automation of the Front End of DNA Sequencing
Lloyd M. Smith and Richard A. Guilfoyle
University of Wisconsin, Madison

High-Speed DNA Sequence Analysis by Matrix-

Assisted Laser Resorption Mass Spectrometry

Lloyd M. Smith
University of Wisconsin, Madkon

Analysis of Oligonucleotide Mixtures by

Electrospray Ionization-Mass Spectrometry

Richard D. Smith

Pacific Northwest National Laboratory, Richland, Washington

High-Speed Sequencing of Single DNA MoI-

ecules in the Gas Phase by FTICR-MS

Richard D. Smith

Pacific Northwest National Laboratory, Richkmd, Washington

Characterization and Modification of DNA

Polymerases for Use in DNA Sequencing

Stanley Tabor
Harvard University, Boston, Massachusetts

Modular Primers for DNA Sequencing

Levy U1anovsky’~
‘Argonne National Laborato~, Argome, Illinois
2Weizmann Institute of Science, Rehovot, Israel

Time-of-Flight Mass Spectroscopy of DNA for

Rapid Sequence

Peter W1lIiams
Arizona State University, Tempe, Arizona

Development of Instrumentation for DNA

Sequencing at a Rate of 40 Million Bases Per Day

Edward S. Yeung
Iowa State University, Ames, Iowa

Mapping

Resolving Proteins Bound to Individual DNA
Molecules
David A1lison and Bruce Warmack
Oak Ridge National Laboratory, Oak Ridge, Tennessee

*Improved Cell Electrotransformation by
Macromolecules
A1exandre S. Boit.sov
St. Petersburg State Technical University, St. Petersburg, Russia
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Overcoming Genome Mapping Bottlenecks
Charles R. Cantor
Boston University, Boston, Massachusetts

Preparation of PAC Libraries
Pieter J. de Jong
Roswell Park Cancer Institute, Buffalo, New York

Chromosomes by Third-Strand Binding
JacquesR. Fresco
Princeton University, Princeton, New Jersey

Chromosome Region-Specific Libraries for

HumanGenomeAnalysis
Fa-Ten Kao
Eleanor Roosevelt Institute for Cancer Research, Denver,
Colorado

*Identification and Mapping of DNA-Binding
Proteins Along Genomic DNA by DNA-Protein
Crosslinking
V.L. Karpov
Engelhardt Institute of Molecular Biology, Russian Academy
of Sciences, Moscow, Russia

A PAC/BAC Data Resource for Sequencing
Complex Regions of the Human Genome:
A 2-Year Pilot Study

Julie R Korenberg
Cedars Sinai Medical Center, Los Angeles, California

Mapping and Sequencing of the Human

X Chromosome

D. L. Nelson
Baylor College of Medicine, Houston, Texas

*Sequence-Specific Proteins Binding to the

Repetitive Sequences of High Eukaryotic

Genome

Olga Podgornaya

Institute of Cytology, Russian Academy of Sciences,
St. Petersburg, Russia

*Protein-Binding DNA Sequences

O.L. Polanovsky
Engelku-dt Institute of Molecular Biology, Russian Academy
of Sciences, Moscow, Russia



*Development of Intracellular Flow Karyotype
Analysis
A.I. Poletaev
Engelharclt Institute of Molecular Biology, Russian Academy
of Sciences, Moscow, Russia

Mapping and Sequencing with BACS and
Fosmids
Melvin1.Simon
California Institute of Technology, Pasadena, California

Towards a Globally Integrated,
Sequence-Ready BAC Map of the Human
Genome
MelvinI. Simon
California Institute of Technology, Pasadena, California

Generation of Normalized and Subtracted
cDNA Libraries to Facilitate Gene Discovery
MarceloBentoSoares
Columbia University, New York, New York

Mapping in Man-Mouse Homology Regions
Lisa Stubbs
Oak Ridge National Laboratory, Oak Ridge, Tennessee

Positional Cloning of Murine Genes

Lisa Stubbs
Oak Ridge National Laboratory, Oak Ridge, Temessee

Human Artificial Episomal Chromosomes
(HAECS) for Building Large Genomic Libraries
Jean-MichelH. Vos
University of North Carolina, Chapel Hill

*Cosmid and cDNA Map of a Human
Chromosome 13q14 Region Frequently Lost
at B Cell Chronic Lymphocytic Leukemia
N.K.Yankovsky
N.I. Vavilov Institute of General Genetics, Moscow, Russia

Informatics

BCM Server Core
DanielDavison
Baylor College of Medicine, Houston, Texas

A Freely Sharable Database-Management
System Designed for Use in Component-Based,
Modular Genome Informatics Systems
Nathan Goodman
TheJackson Laboratory, Bar Harbor, Maine

A Software Environment for Large-Scale
Sequencing
MarkGraves
Baylor College of Medicine, Houston, Texas

Generalized Hidden Markov Models for
Genomic Sequence Analysis
DavidHaussler
University of California, Santa Cruz

Identification, Organization, and Analysis of
Mammalian Repetitive DNA Information
JerzyJurka
Genetic Information Research Institute, Palo Alto, California

*TRRD, GERD and COMPEL: Databases on
Gene-Expression Regulation as a Tool for
Analysis of Functional Genomic Sequences
N.A.Kolchanov
Institute of Cytology and Genetics, Novosibirsk, Russia

Data-Management Tools for Genomic Databases
VictorM. Markowitzand I-Min A. Chen
Lawrence Berkeley National Laboratory, Berkeley, California

The Genome Topographer: System Design
T. Marr
Cold Spring Harbor Laboratory, Cold Spring Harbor,
New York

A Flexible Sequence Reconstructor for
Large-Scale DNA Sequencing: A Customizable
Software System for Fragment Assembly
GeneMyers
University of Arizona, Tucson

The Role of Integrated Software and Databases
in Genome Sequence Interpretation and
Metabolic Reconstruction
Ross Overbeek
Argome National Laboratory, Argonne, Illinois
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Database Transformations for Biological
Applications
G. ChristianOverton,Susan B. Davidson,and
Peter Buneman
University of Pemsylvania, Philadelphia

Las Vegas Algorithm for Gene Recognition:
Suboptimal and Error-Tolerant Spliced
Alignment
PavelA. Pevzner
University of Southern California, Los Angeles, California

Foundations for a Syntactic Pattern-
Recognition System for Genomic DNA
Sequences: Languages, Automata, Interfaces,
and Macromolecules
DavidB. Searls
SmithKline Beecham Pharmaceuticals, King of Prussia,
Pemsylvania

Analysis and Annotation of Nucleic Acid
Sequence
DavidJ. States
Washington University, St. Louis, Missouri

Gene Recognition, Modeling, and Homology
Search in GRAIL and genQuest
EdwardC. Uberbacher
OakRidge National Laboratory, Oak Ridge, Temessee

Informatics Support for Mapping in
Mouse-Human Homology Regions
EdwardUberbacher
OakRidge National Laboratory, Oak Ridge, Temessee

SubmitData: Data Submission to Public
Genomic Databases
ManfredD. Zorn
Lawrence Berkeley National Laboratory, University of
California, Berkeley

ELSI

The Human Genome: Science and the Social
Consequences; Interactive Exhibits and Pro-
grams on Genetics and the Human Genome
CharlesC. Carlson
TheExploratorium, San Francisco, California

Documentary Series for Public Broadcasting
GrahamCheddand Noel Schwerin
Chedd-Angier Production Company, Watertown,
Massachusetts

Human Genome Teacher Networking Project
DebraL. Collinsand R. Neil Schimke
University of Kansas Medical Center, Kansas City, Kansas

Human Genome Education Program
Lane Corm
Stanford Human Genome Center, Palo Alto, California

Your WorldlOur World-Biotechnology & You:
Special Issue on the Human Genome Project
Jeff Davidsonand Laurence Weinberger
Pennsylvania Biotechnology Association, State College,
Pennsylvania

The Human Genome Project and Mental
Retardation: An Educational Program
SharonDavis
TheArcof the United States, Arlington, Texas

Pathways to Genetic Screening: Molecular
Genetics Meets the High-Risk Family
lloy Duster
University of California, Berkeley

Intellectual Property Issues in Genomics
Rebecca S. Eisenberg
University of Michigan Law School, Ann Arbor, Michigan

AAAS Congressional Fellowship Program
Stephen Goodman
The American Society of Human Genetics, Bethesda,
Maryland

A Hispanic Educational Program for Scientific,
Ethical, Legal, and Social Aspects of the Human
Genome Project
MargaretC. Jeffersonand Mary Ann Sesma’
California State University and ‘Los Angeles Unified School
District, Los Angeles, California

Implications of the Geneticization of Health
Care for Primary Care Practitioners
MaryB. Mahowald
University of Chicago, Chicago, Illinois
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Nontraditional Inheritance: Genetics and the
Nature of Science; Instructional Materials for
High School Biology
JosephD. McInerneyand B. Ellen Friedman
Biological Sciences Curriculum Study, Colorado Springs,
Colorado

The Human Genome Project: Biology,
Computers, and Privacy: Development of
Educational Materials for High School Biology
JosephD. McInerneyand Lynda B. Micikas
Biological Sciences Curriculum Study, Colorado Springs,
Colorado

Involvement of High School Students in Se-
quencing the Human Genome
Maureen M. Munn, Maynard V. Olson, and Leroy Hood
University of Washington, Seattle

The GeneLetter: A NewsletteronEthical,Legal,
and Social Issues in Genetics for Interested
Professionals and Consumers
Philip J. Reilly, Dorothy C. Wertz, and Robin J.R. Blatt

The Shriver Center for Mental Retardation, Waltham,
Massachusetts

The DNA Files: A Nationally Syndicated Series
of Radio Programs on the Social Implications of
Human Genome Research and Its Applications
Bari Scott
Genome Radio Project, KPFA-FM, Berkeley, Cdlfornia

Communicating Science in Plain Language:

The Science+ Literacy for Health: Human

Genome Project
Maria Sosa, Judy Kass, and Tracy Gath
American Association for the Advancement of Science,
Washington, D.C.

The Community College Initiative

Sylvia J. Spengler and Laurel Egenberger
Lawrence Berkeley National Laboratory, Berkeley, California

Genome Educators

Sylvia Spengler and Janice Mann
Lawrence Berkeley National Laboratory, Berkeley, California

Getting the Word Out on the Human Genome
Project: A Course for Physicians
Sara L. Tobin and Ann Boughtonl
Stanford University, Palo Alto, California
Thumbnail Graphics, Oklahoma City, Oklahoma

The Genetics Adjudication Resource Project

Franklin M. Zweig
Einstein Institute for Science, Health, and the Courts,
Bethesda, Maryland

Infrastructure

Alexander Hollaender Distinguished
Postdoctoral Fellowships
Linda Holmes and Eugene Spejewski
Oak Ridge Institute for Science and Education, Oak Ridge,
Tennessee

Human Genome Management Information

System
Betty K. Mansfield and John S. Wassom
Oak Ridge National Laboratory, Oak Ridge, Tennessee

Human Genome Program Coordination

Sylvia J. Spengler
Lawrence Berkeley National Labomtory, Berkeley, California

Support of Human Genome Program Proposal

Reviews

Walter Williams
Oak Ridge Institute for Science and Education, Oak Ridge,
Temessee

Former Soviet Union OffIce of Health and

Environmental Research Program

James Wright
Oak Ridge Institute for Science and Education, Oak Ridge,
Temessee

SBIR

1996 Phase I

An Engineered RNA/DNA Polymerase to
Increase Speed and Economy of DNA
Sequencing
MarkW.Knuth
Promega Corporation, Madison, Wisconsin
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Directed Multiple DNA Sequencing and
Expression Analysis by Hybridization
GualbertoRuano
BIOS Laboratories, Inc., New Haven, Connecticut

1996 Phase II

A Graphical Ad Hoc Query Interface Capable
of Accessing Heterogeneous Public Genome
Databases
JosephLeone
CyberComect Corporation, Storrs, Connecticut

Low-Cost Automated Preparation of Plasmid,
Cosmid, and Yeast DNA
William P. McConnell
McConnell Research Corporation, San Diego, California

GRAIL-GenQuest: A Comprehensive
Computational Framework for DNA Sequence
Analysis
Ruth Ann Manning
ApoCom, Inc., Oak Ridge, Temessee
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Appendix F: DOE BER Program
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Text andphotos in this appendix first appeared in a brochure
prepared by the Human Genome Management Information
System for the DOE Office of Biological and Environmental
Research to announce a symposium celebrating 50 years of
achievementsin the Biological and Environmental Research
Program. “Serving Science and Society into the New
Millennium” was held on May 21-22,1997, at the National
Academy of Sciences in Washington, D.C. The color
brochure and other recent publications related to BER
research, including the historically comprehensive A V~tal
Legacy, may be obtainedfrom HGMIS at the address on the
inside front cover.
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Biological and Environmental Research Program
Aristides Patrinos, Ph.D.

Associate Direct;~fo;eEnergy Research

Office of Biological and Environmental Research
U.S. Departmentof Energy

301/903-3251, Fax: 301/903-5051
httpf7www.er.doe.gov/production/ober/ober_top.html

DOE Biological and
Environmental Research
Program

An Extraordinary Legacy
To exploitthe boundlesspromiseof energytechnologiesandshed
light on their consequences to public health and the environment,
the Biological and Environmental Research program of the U.S.

Department of Energy’s (DOE) OffIce of Health and

Environmental Research (OHER) has engaged in a variety of
multidisciplinary research activities:

● Establishing the world’s first Human Genome Program.

● Developing advanced medical diagnostic tools and
treatments for human disease.

● Assessing the health effects of radiation.

National User Facilities

Dedicated biomedical resources, such as
those maintained by BER at several DOE

Laboratory ... ... laboratories, are available at little or no
charge. These resources enable scientists
to gain an understanding of relationships
between biological structures and their
functions, study disease processes,
develop new pharmaceuticals, and
conduct basic research in molecular
biology and environmental processes.

Major DOE Facilities Laboratory ~ ‘-;*
for Structural Biology Research
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William R. Wiley Environmental Molecular Sciences Laboratory (EMSL) is a
national collaborative user facility for providing innovative approaches to meet
the needs of DOE’s environmental missions.
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An Enduring Mandate
DOE is carrying forward Congressional mandates that began

with its predecessors, the Atomic Energy Commission and the

Energy Research and Development Agency:

Contribute to a Healthy Citizenry
Develop innovative technologies for tomorrow’s

biomedical sciences.

Provide the basis for individual risk assessments by
determining the human genome’s fine structure by the
year 2005.

Conduct research into advanced medical technologies
and radiopharmaceuticals.

Build and support national user facilities for
determining biological structure, and ultimately
function, at the molecular and cellular level.

Understand Global Climate
Change

Predict the effects of energy production and its use on the

regional and global environment by acquiring data and

developing the necessary understanding of environmental

processes.

Contribute to Environmental
Cleanup

Conductfundamentalresearchto establisha better
scientific basis for remediating contaminated sites.

Determining the fine structure-DNA sequenc~f the
microorganism Methanococcus jannaschii (pictured at righ$
top) and other minimal life forms in DOE’s Microbial
Genome Program will benefit medicine, agriculture,
industrial and energy production, and environmental
bioremediation. The circular representation of the single
M. jannaschii chromosome, which was fully sequenced in
1996, illustrates the location of genes and other important
features. (Vertical bar represents a portion of a sequencing
experiment.)

DOE user facilities are revealing the molecular details of
life. Knowing the 3-D structure of the ras protein (above),
an important molecular switch governing human cell
growth, will enable interventions to shut off this switch in
cancer cells.

DOE Human Genome Program Report, Appendices 97



. . . . . .

Fif@ Years of Achievements. . .
Leading to Innovative Solutions

Tools for Medicine and Research

Radioisotopes developed for medicine and medical imaging are
being merged with current knowledge in biology and genetics to
discover new ways of diagnosing and treating cancer and other
disorders, detecting genes in action, and understanding normal
development and function of human organ systems.

.

●

●

●

Radioactive molecules used in medical imaging for positron
emission tomography (PET) and magnetic resonance imaging
(MN) allow noninvasive diagnosis, monitoring, and
exploration of human disorders and their treatments.

Isotopes and other tracers of
brti-activity are being used to
explore drug addiction, the
effects of smoking,
Alzheimer’sdisease,
Parkinson’sdisease, and
schizophrenia.

Technetium-99m is used to
diagnose diseases of the
kidney, liver, heart, brain, and
other organs in about
13 million patients per year.

Striking successes have been
achieved using charged atomic
particles to treat thyroid diseases,
pituitary tumors, and eye cancer,
among other dkorders.

Genome Projects

A legacy of DOE research on genetic
effects paved the way for the world’s
fmt Human Genome Program. Now new
genornic technologies are being applied
to environmental cleanup through the
DOE Natural and Accelerated
Bioremediation Research and Microbial
Genome programs, healthcare and risk
assessment, and such other national
priorities as industrial processes and
agriculture.

One-quarter of all patients in U.S.
hospitals undergo tests using descendants
of cameras developed by BER to follow
radioactive tracers in the body. PET
scanning has been key to a generation of
brain metabolism studies as well as
diagnostic tests for heart disease and
cancer. PET studies above reveal brain
metabolism differences in recovering
alcoholics (left, 10 days, and right,
30 days, after withdrawal from alcohol).

The laser-based flow
cytometer developed at
DOE national
laboratories enables
researchers to separate
human chromosomes
for analysis.

Discover the breadth of current activities and recent accomplishments via the BER Web Site:

http:llwww.er.doe.govlproductionloberlober_top.htrnl
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Radiation Risks and Protection Guidelines

BER studies have become the foundation for laws and
standards that protect the population, including workers
exposed to radiological sources:

“ Guidelines for the safe use of diagnostic X rays and
radiopharmaceuticals.

● Safety standards for the presence of radionuclides in
food and drinking water.

● Radiation-detection systems and dosimetry
techniques.

Finding a Link Between DNA Damage
and Cancers

Studies of DNA damage have uncovered similar
mechanisms at work in damage caused by radiation
exposure, X rays, ultraviolet light, and cancer-causing
chemicals. A screening test for such chemicals is now
one of the first hurdles anew compound must clear on
its way to regulatory and public acceptance.

Tracking the Regional and Global
Movement of Pollutants

BER research helped to establish the earliest and most
authoritative monitoring network in the world to
detect airborne radioisotopes. The use of atmospheric
tracers has led to the improved ability to predict the
dispersion of pollutants.

Understanding Global Change

Important achievements in environmentrd research
have led to enhanced capabilities in studying global
change, including more accurate predictions of
global and regional climate changes induced by
increasing atmospheric concentrations of
greenhouse gases.

Human chromosomes “painted” by fluorescent dyes to detect
abnormal exchange of genetic material frequently present in
cancer. Chromosome paints also serve as valuable resources for
other clinical and research applications.

66...(it’s)notso much whewweskuuj
as in what direction we are moving.

[Oliver Wendell Homes, SK] ~ ~

High-
performance
computing is
promoting
faster and
more realistic
solutions to
long-term
climate change.

-

I Creating a New Science of Ecology~

~

BER achievements in using radioactive tracers to follow
the movements of animals, routes of chemicals through
food chains, decomposition of forest detritus, together
with the program’s introduction of computer simulations,

The Unmanned Aerospace Vehicle (above) conducts
created the new field of radioecology.

measurements to quantify the fate of solar radiation falling on
the earth.
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This glossary was adapted from definitions in the DOE
Primer on Molecular Genetics (1992).

Glossary
.. 0.0... . . . ...0. ● . . . . . . . . ..0.00. ● 0

A

Adenine (A): A nitrogenous base, one member of the base
pair A-T (adenine-thymine).

Allele: Alternative form of a genetic locus; a single allele for

each 10CUSis inherited separately from each parent (e.g., at a

10CUSfor eye color the allele might result in blue or brown
eyes).

Amino acid: Any of a class of 20 molecules that are com-
bined to form proteins in living things. The sequence of
amino acids in a protein and hence protein function are deter-
mined by the genetic code.

Amplification: An increase in the number of copies of a spe-
cific DNA fragrnenq can be in vivo or in vitro. See cloning,
polymerase chain reaction.

Arrayed library: Individual primary recombinant clones
(hosted in phage, cosmid, YAC, or other vector) that are
placed in two-dimensional arrays in microtiter dishes. Each
primary clone can be identitled by the identity of the plate
and the clone location (row and column) on that plate. Ar-
rayed libraries of clones can be used for many applications,
including screening for a specific gene or genomic region of
interest as well as for physical mapping. Information gath-
ered on individual clones from various genetic linkage and
physical map analyses is entered into a relational database
and used to construct physical and genetic linkage maps si-
multaneously; clone identifiers serve to interrelate the muki-
level maps. Compare library, genomic library.

Autoradiography: A technique that uses X-ray film to visu-
alize radioactively labeled molecules or fragments of mol-

ecules; used in analyzing length and number of DNA frag-
ments after they are separated by gel electrophoresis.

Autosome: A chromosome not involved in sex determina-
tion. The diploid human genome consists of 46 chromo-
somes, 22 pairs of autosomes, and 1 pair of sex chromo-
somes (the X and Y chromosomes).

B

BAC: See bacterial ru-tiilcialchromosome.

Bacterial artificial chromosome’(BAC): A vector used to
clone DNA fragments (100- to 300-kb insert sizw,average,
150 kb) in Escherichia coli cells. Based on naturally occur-
ring F-factor plasmid found in the bacterium E. coli. Com-
pare cloning vector.

Bacteriophage: See phage.

Base pair (bp): Two nitrogenous bases (adenine and thym-
ine or guanine and cytosine) held together by weak bonds.
Two strands of DNA are held together in the shape of a
double helix by the bonds between base pairs.

Base sequence:Theorderof nucleotidebasesina DNA
molecule.

Base sequence analysis: A method, sometimes automated,
for determiningg the base sequence.

Biotechnology: A set of biological techniques developed
through basic research and now applied to research and prod-
uct development. In particular, the use by industry of recom-
binant DNA, cell fusion, and new bioprocessing techniques.

bp: See base pair.

c
cDNk See complementary DNA.

Centimorgan (cM): A unit of measure of recombination fre-
quency. One centimorgan is equal to a 1% chance that a
marker at one genetic locus will be separated from a marker
at a second locus due to crossing over in a single generation.
In human beings, 1 centimorgan is equivalent, on average, to
1 million base pairs.

Centromere: A specialized chromosome region to which
spindle fibers attach during cell division.

Chromosome:Theself-replicatinggeneticstructureof cells
containing the cellr.darDNA that bears in its nucleotide se-
quence the linear array of genes. In prokaryotes, cbromo-
somal DNA is circular, and the entire genome is carried on
one chromosome. Eukaryotic genomes consist of a number
of chromosomes whose DNA is associated with different
kinds of proteins.

Clone bank: See genomic library.

Clone: A group of cells derived from a single ancestor.

Cloning: The process of asexually producing a group of
cells (clones), all genetically identical, from a single ances-
tor. In recombinant DNA technology, the use of DNA ma-
nipulation procedures to produce multiple copies of a single
gene or segment of DNA is referred to as cloning DNA.
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Cloning vector: DNA molecule originating from a virus, a
plasmid, or the cell of a higher organism into which another
DNA fragment of appropriate size can be integrated without

loss of the vectors capacity for self-replication; vectors intro-
duce foreign DNA into host cells, where it can be reproduced
in large quantities. Examples are plasmids, cosmids, and
yeast artificial chromosomes; vectors are often recombinant
molecules containing DNA sequences from several sources.

cM: See centimorgan.

Code: See genetic code.

Codon: See genetic code.

Complementary DNA (cDNA): DNA that is synthesized
from a messenger RNA templatty the single-stranded form is
often used as a probe in physical mapping.

Complementary sequence: Nucleic acid base sequence that
can form a double-stranded structure by matching base pairs
with another sequence; the complementary sequence to
G-T-A-C is C-A-T-G.

Conserved sequence: A base sequence in a DNA molecule
(or an amino acid sequence in a protein) that has remained
essentially unchanged throughout evolution.

Contig: Group of clones representing overlapping regions of
a genome.

Contig map: A map depicting the relative order of a linked
library of small overlapping clones representing a complete
chromosomal segment.

Cosmid: Artificially constructed cloning vector containing
the cos gene of phage lambda. Cosmids can be packaged in
lambda phage particles for infection into E. colfi this permits
cloning of larger DNA fragments (up to 45 kb) than can be
introduced into bacterial hosts in plasmid vectors.

Crossingover:Thebreakingduringmeiosisofonematernal
and one paternal chromosome, the exchange of correspond-
ing sections of DNA, and the rejoining of the chromosomes.
This process can result in an exchange of alleles between
chromosomes. Compare recombination.

Cytosine (C): A nitrogenous base, one member of the base
pair G-C (guanine and cytosine).

D

Deoxyribonucleotide: See nucleotide.
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Diploid: A full set of genetic material, consisting of paired
chromosomes one chromosome from each parental set. Most
animal cells except the gametes have a dlploid set of chro-

mosomes. The diploid human genome has 46 chromosomes.
Compare haploid.

DNA (deoxyribonucleic acid): The molecule that encodes
genetic information. DNA is a double-stranded molecule
held together by weak bonds between base pairs of nucle-
otides. The four nucleotides in DNA contain the bases: ad-
enine (A), guanine (G), cytosine (C), and thymine (T). In
nature, base pairs form only between A and T and between G
and C, thus the base sequence of each single strand can be
deduced from that of its partner.

DNA probe: See probe.

DNA replication: The use of existing DNA as a template for
the synthesis of new DNA strands. In humans and other eu-
karyotes, replication occurs in the cell nucleus.

DNA sequence: The relative order of base pairs, whether in
a fragment of DNA, a gene, a chromosome, or an entire ge-
nome. See base sequence analysis.

Domain: A discrete portion of a protein with its own func-
tion. The combination of domains in a single protein deter-
mines its overall function.

Double helix: The shape that two linear strands of DNA as-
sume when bonded together.

E

E. coli: Common bacterium that has been studied intensively
by geneticists because of its small genome size, normal lack
of pathogenicity, and ease of growth in the laboratory.

Electrophoresis: A method of separating large molecules

(such as DNA fragments or proteins) from a mixture ofsimi-
larmolecules. An electric current is passed through a me-
dium containing the mixture, and each kind of molecule trav-
els through the medium at a different rate, depending on its
electrical charge and size. Separation is based on these differ-
ences. Agarose and acrylamide gels are the media commonly
used for electrophoresis of proteins and nucleic acids.

Endonuclease: An enzyme that cleaves its nucleic acid sub-
strate at internal sites in the nucleotide sequence.

Enzyme: A protein that acts as a catalyst, speeding the rate at
which a biochemical reaction proceeds but not altering the
direction or nature of the reaction.



ES’N Expressed sequence tag. See sequence tagged site.

Eukaryote: Cell or organism with membrane-bound, struc-
turally discrete nucleus and other well-developed subcellular
compartments. Eukaryotes include all organisms except
viruses, bacteria, and blue-green algae. Compare prokaryote.
See chromosome.

Evolutionarily conserved: See conserved sequence.

Exogenous DNA: DNA originating outside an organism.

Exon: The protein-coding DNA sequence of a gene. Com-
pare intron,

Exonuclease: An enzyme that cleaves nucleotides sequen-
tially from free ends of a linear nucleic acid substrate.

Expressed gene: See gene expression.

FISH (fluorescence in situ hybridization): A physical map-
ping approach that uses fluorescein tags to detect hybridiza-
tion of probes with metaphase chromosomes and with the
less-condensed somatic interphase chromatin.

Flow cytometry: Analysis of biological material by detec-
tion of the light-absorbing or fluorescing properties of cells
or subcellular fractions (i.e., chromosomes) passing in a nar-
row stream through a laser beam. An absorbance or fluores-
cence profile of the sample is produced. Automated sorting
devices, used to fractionate samples, sort successive droplets
of the analyzed stream into different fractions depending on
the fluorescence emitted by each droplet.

Flow karyotyping: Use of flow cytometry to analyze and
separate chromosomes on the basis of their DNA content.

G
Gamete: Mature male or female reproductive cell (sperm or
ovum) with a haploid set of chromosomes (23 for humans).

Gene: The fundamental physical and functional unit of he-
redity. A gene is an ordered sequence of nucleotides located
in a particular position on a particular chromosome that en-
codes a specific functional product (i.e., a protein or RNA
molecule). See gene expression.

Gene expression: The process by which a gene’s coded in-
formation is converted into the structures present and operat-
ing in the cell. Expressed genes include those that are tran-
scribed into mRNA and then translated into protein and those
that are transcribed into RNA but not translated into protein
(e.g., transfer and ribosomal RNAs).

Gene family: Group of closely related genes that make simi-
lar products.

Gene library: See genomic library.

Gene mapping: Determination of the relative positions of
genes on a DNA molecule (chromosome or plasmid) and of
the distance, in linkage units or physical units, between them.

Geneproduct: The biochemical material, either RNA or
protein, resulting from expression of a gene. The amount of
gene product is used to measure how active a gene is; abnor-
mal amounts can be correlated with disease-causing alleles.

Geneticcode:Thesequenceof nucleotides,codedin triplets
(codons) along the mRNA, that determines the sequence of
amino acids in protein synthesis. The DNA sequence of a
gene can be used to predict the mRNA sequence, and the ge-
netic code can in turn be used to predict the amino acid se-
quence.

Genetic engineering technology: See recombinant DNA
technology.

Genetic map: See linkage map.

Genetic material: See genome.

Genetics: The study of the patterns of inheritance of specific
traits.

Genome: All the genetic material in the chromosomes of a
particular organism, its size is generally given as its total
number of base pairs.

Genome projecti Research and technology development
effort aimed at mapping and sequencing some or all of the
genome of human beings and other organisms.

Genomic library: A collection of clones made from a set of
randomly generated overlapping DNA fragments represent-
ing the entire genome of an organism. Compare library, ar-
rayed library.

Guanine (G): A nitrogenous base, one member of the base
pair G-C (guanine and cytosine).
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Haploid:A single set of chromosomes (half the full set of
genetic material), present in the egg and sperm cells of ani-
mals and in the egg and pollen cells of plants. Human beings
have 23 chromosomes in their reproductive cells. Compare
diploid.

Heterozygosity: The presence of different alleles at one or
more loci on homologous chromosomes.

Homeobox: A short stretch of nucleotides whose base se-
quence is virtually identical in all the genes that contain it. It
has been found in many organisms from fruit flies to human
beings. In the fruit fly, a homeobox appears to determine
when particular groups of genes are expressed during devel-
opment.

Homology: Similarity in DNA or protein sequences between
individuals of the same species or among different species.

Homologouschromosome:Chromosomecontainingthe
samelineargenesequencesas another,eachderivedfrom
oneparent.

Humangenetherapy:Insertion of normal DNA dwectly
into cells to correct a genetic defect.

Human Genome Initiative: Collective name for several
projects begun in 1986 by DOE to(1) create an ordered set
of DNA segments from known chromosomrd locations,
(2) develop new computational methods for analyzing ge-
netic map and DNA sequence data, and (3) develop new
techniques and instruments for detecting and analyzing
DNA. This DOE initiative is now known as the Human Ge-
nome Program. The national effort, led by DOE and NIH, is
known as the Human Genome Project.

Hybridization: The process of joining two complementary
strands of DNA or one each of DNA and RNA to form a
double-stranded molecule.

I

Informatics: The studyof the application of computer and
statistical techniques to the management of information. In
genome projects, informatics includes the development of
methods to search databases quickly, to analyze DNA se-
quence information, and to predict protein sequence and
stmcture from DNA sequence data.

In situ hybridization:Use of a DNA or RNA probe to de-
tect the presence of the complementary DNA sequence in
cloned bacterial or cultured eukaryotic cells.

Interphase: The period in the cell cycle when DNA is repli-
cated in the nucleus; followed by mitosis.

Intron:TheDNA base sequence interrupting the protein-
coding sequence of a gen~ this sequence is transcribed into
RNA but is cut out of the message before it is translated into
protein. Compare exon.

In vitro:Outsidea livingorganism.

K

Karyotype: A photomicrograph of an individual’s chromo-
somes arranged in a standard format showing the number,
size, and shape of each chromosome type; used in
low-resolution physical mapping to correlate gross chromo-

somal abnormalities with the characteristics of specific dis-
eases.

kb: See kilobase.

Kllobase (kb):Unit of lengthforDNA fragments equal to
1000 nucleotides.

L

Library:An unorderedcollectionof clones(i.e., cloned
DNA from a particular organism), whose relationship to each
other can be established by physical mapping. Compare ge-
nomic library, arrayed library.

Linkage:Theproximityof twoormoremarkers(e.g.,genes,
RFLP markers) on a chromosom~ the closer together the
markers are, the lower the probability that they will be sepa-
rated during DNA repair or replication processes (binary fis-
sion in prokaryotes, mitosis or meiosis in eukaryotes), and
hence the greater the probability that they will be inherited
together.

Linkage map: A map of the relative positions of genetic loci
on a chromosome, determined on the basis of how often the
loci are inherited together. Distance is measured in
centimorgans (cM).

Localize: Determination of the original position (locus) of a
gene or other marker on a chromosome.
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Locus (pi. loci): The position on a chromosome of a gene or Nother chromosome marke~ also, the DNA at that position.
The use of locus is sometimes restricted to mean regions of
DNA that are expressed. See gene expression. Nitrogenous base: A nitrogen-containing molecule having

the chemical properties of a base.

M
Nucleic acid: A large molecule composed of nucleotide sub-

units.

Macrorestriction map: Map depicting the order of and dis-
tance between sites at which restriction enzymes cleave chro-
mosomes.

Mapping: See gene mapping, linkage map, physical map.

Marker: An identifiable physical location on a chromosome
(e.g., restriction enzyme cutting site, gene) whose inheritance
can be monitored. Markers can be expressed regions of DNA
(genes) or some segment of DNA with no known coding
function but whose pattern of inheritance can be determined.
See RFLP, restriction fragment length polymorphism.

Mb: See megabase.

Nucleotide: A subunit of DNA or RNA consisting of a ni-
trogenous base (adenine, guanine, thymine, or cytosine in
DNA adenine, guanine, uracil, or cytosine in RNA), a phos-
phate molecule, and a sugar molecule (deoxyribose in DNA
and ribose in RNA). Thousands of nucleotides are linked to
form a DNA or RNA molecule. See DNA, base pair, RNA.

Nucleus: The cellular organelle in eukaryotes that contains
the genetic material.

o
Oncogene: A gene, one or more forms of which is associated

Megabase (Mb): Unit of length for DNA fragments equal to with cancer. Many oncogenes are involved, d~ectly or indi-

1 million nucleotides and roughly equal to 1 cM. rectly, in controlling the rate of cell growth.

Meiosis: The process of two consecutive cell divisions in the Overlapping clones: See genomic library.

diploid progenitors of sex cells. Meiosis results in four rather
than two daughter cells, each with a haploid set of chromo-
somes. P
Messenger RNA (mRNA): RNA that serves m a temP1atefor P1.derived artifici~ chromosome (PAC): A vector used to

protein synthesis. See genetic code, clone DNA fragments (100- to 300-kb insert siz% average,

Metaphase: A stage in mitosis or meiosis during which the 150 kb) in Escherichia coli cells. Based on bacteriophage (a

chromosomes are aligned along the equatorial plane of the cell. virus) PI genome. Compare cloning vector.

Mitosis:Theprocessof nucleardivisionin cells thatproduces PAC: See Pi-derived artificial chromosome.

daughter cells that are genetically identical to each other and
to the parent cell.

PCR: See polymerase chain reaction.

Phage: A virus for which the natural host is a bacterial cell.
mRNA: See messenger RNA.

Multifactorial or multigenic disorder: See polygenic
Physical map: A map of the locations of identifiable land-

disorder.
marks on DNA (e.g., restriction enzyme cutting sites, genes),
regardless of inheritance. Distance is measured in base pairs.

Multiplexing: A sequencing approach that uses several pooled
For the human genome, the lowest-resolution physical map

samples simultaneously, greatly increasing sequencing speed. is the banding patterns on the 24 different chromosomes; the
highest-resolution map would be the complete nucleotide

Mutation: Any heritable change in DNA sequence. Compare sequence of ‘e c~omosomes”
polymorphism.
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Plasmid: Autonomously replicating, extracbromosomal cir-
cular DNA molecules, distinct from the normal bacterial ge-
nome and nonessential for cell survival under nonselective
conditions. Some plasmids are capable of integrating into the
host genome. A number of artificially constructed plasmids

are used as cloning vectors.

Polygenic disorder: Genetic disorder resulting from the
combined action of alleles of more than one gene (e.g., heart
disease, diabetes, and some cancers). Although such disor-

Protein: A large molecule composed of one or more chains
of amino acids in a specific ordeq the order is determined by
the base sequence of nucleotides in the gene coding for the
protein. Proteins are required for the structure, function, and
regulation of the bodys cells, tissues, and organs, and each

protein has unique fimctions. Examples are hormones, en-
zymes, and antibodies.

Purine: A nitrogen-containing, single-ring, basic compound

that occurs in nucleic acids. The purines in DNA and RNA
ders are inherited, they depend on the simult&eous presence are adenine and guanine.
of several alleles; thus the heredhary patterns are usually
more complex than those of singIe-gene disorders. Compare Pyrimidine: A nitrogen-containing, double-fig, basic com-

single-gene dkorders. pound that occurs in nucleic acids. The pyrimidines in DNA
are cytosine and tbymine in RNA, cytosine and uracil.

Polymerase chain reaction (PCR): A method for amplify-
ing a DNA base sequence using a heat-stable polymerase and
two 20-base primers, one complementary to the (+)-strand at R
one end of the sequence to be amplified and the other
complementary to the (-)-strand at the other end. Because the R
newly synthesized DNA strands can subsequently serve as

are-cutter enzyme: See restriction enzyme cutting site.

additional templates for the same primer sequences, succes-

sive rounds of primer annealing, strand elongation, and dis-

sociation produce rapid and highly specific amplification of
the desired sequence. PCR also can be used to detect the ex-

istence of the defined sequence in a DNA sample.

Polymerase, DNA or RNA: Enzymes that catalyze the syn-

thesis of nucleic acids on preexisting nucleic acid templates,

assembling RNA from ribonucleotides or DNA from deox-
yribonucleotide.

Polymorphism: Difference in DNA sequence among indi-
viduals. Genetic variations occurring in more than 170 of a
population would be considered useful polymorphisms for
genetic linkage anaIysis. Compare mutation.

Primer: Short preexisting polynucleotide chain to which new
deoxyribonucleotide can be added by DNA polymerase.

Probe: Single-stranded DNA or RNA molecules of specific

base sequence, labeled either radioactively or immunologi-

cally, that are used to detect the complementruy base se-

quencebyhybridization.

Recombinant clone: Clone containing recombinant DNA
molecules. See recombinant DNA technology.

Recombinant DNA molecules: A combination of DNA mol-
ecules of different origin that are joined using recombinant
DNA technologies.

Recombinant DNA technology: Procedure used to join to-
gether DNA segments in a cell-free system (an environment
outside a cell or organism). Under appropriate condhions, a
recombinant DNA molecule can enter a cell and replicate
there, either autonomously or after it has become integrated
into a cellular chromosome.

Recombination: The process by which progeny derive a
combination of genes different from that of either parent. In
higher organisms, this can occur by crossing over.

Regulatory region or sequence: A DNA base sequence that
controls gene expression.

Resolution: Degree of molecular detail on a physical map of
DNA, rangingfromlowtohigh.

Prokaryote: Cell or organism lacking a membrane-bound, Restriction enzyme, endonuclease: A protein that recog-
stmcturally discrete nucleus and other subcelluku compart- nizes specific, short nucleotide sequences and cuts DNA at
ments. Bacteria are prokaryotes. Compare eukaryote. See those sites. Bacteria contain over 400 such enzymes that rec-
chromosome. ognize and cut over 100 different DNA sequences. See re-

striction enzyme cutting site.
Promoter: A site on DNA to which RNA polymerase will
bind and initiate transcription.
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Restrictionenzymecuttingsite:A specific nucleotide se-

quence of DNA at which a particular restriction enzyme cuts
the DNA, Some sites occur frequently in DNA (e.g., every
several hundred base pairs), others much less frequently
(rare-cutte~ e.g., every 10,000 base pairs).

Restrictionfragmentlengthpolymorphism(RFLP):
Variationbetweenindividualsin DNA fragment sizes cut by
specific restriction enzymes; polymo~hlc sequences that
result in RFLPs are used as markers on both physical maps
and genetic linkage maps. RFLPs are usually caused by mu-
tation at a cutting site. See marker.

RFLP:Seerestrictionfragmentlengthpolymorphism.

Ribonucleicacid (RNA):A chemical found in the nucleus
and cytoplasm of cells; it plays an important role in protein
synthesis and other chemical activities of the cell. The struc-
ture of RNA is similar to that of DNA. There are several
classes of RNA molecules, including messenger RNA, transfer
RNA, ribosomal RNA, and other small RNAs, each serving
a different purpose.

Ribonucleotide:See nucleotide.

RibosomalRNA(rRNA):A class of RNA found in the nbo-

somes of cells.

Ribosomes: Small cellular components composed of spe-
cialized ribosomal RNA and proteti, site of protein synthe-
sis. See ribonucleic acid (RNA).

RNA: See ribonucleic acid.

s
Sequence:See basesequence.

Sequencetaggedshe (STS):Short(200to500 basepairs)
DNA sequence that has a single occurrence in the human
genome and whose location and base sequence are known.
Detectable by polymerase chain reaction, STSS are useful for
localizing and orienting the mapping and sequence data re-
ported from many different laboratories and serve as land-
marks on the developing physical map of the human ge-
nome. Expressed sequence tags (ESTS) are STSS derived
from cDNAs.

Sequencing:Determinationof theorderof nucleotides(base
sequences)in aDNAorRNAmoleculeortheorderof amino
acidsin a protein.

Sex chromosome:TheX orY chromosomeinhumanbe-
ingsthatdeterminesthesex of anindividual.Females have
two X chromosomes in diploid cells; males have an X and a
Y chromosome. The sex chromosomes comprise the 23rd
chromosome pair in a karyotype. Compare autosome.

Shotgun method: Cloning of DNA fragments randomly
generated from a genome. See library, genomic library.

Single-gene disorder: Hereditary disorder caused by a mu-
tant allele of a single gene (e.g., Duchenne muscular dys-
trophy, retinoblastoma, sickle cell disease). Compare poly-
genic disorders.

Somatic cell: Any cell in the body except gametes and their
precursors.

Southern blotting: Transfer by absorption of DNA frag-
ments separated in electrophoretic gels to membrane filters
for detection of specific base sequences by radiolabeled
complementary probes.

STS: See sequence tagged site.

T

Tandem repeat sequences: Multiple copies of the same
base sequence on a chromosome used as a marker in
physical mapping.

Technology transfer: The process of converting scientific
findings from research laboratories into useful products by

the commercial sector.

Telomere: The end of a chromosome. This specialized
structure is involved in the replication and stability of linear
DNA molecules. See DNA replication.

Thymine (T): A nitrogenous base, one member of the base
pair A-T (adenine-thymine).

llanscription: The synthesis of an RNA copy from a se-
quence of DNA (a gene); the first step in gene expression.
Compare translation.

Tkansfer RNA(tRNA):A classof RNAhavingstructures
withtripletnucleotidesequencesthatarecomplementaryto
thetripletnucleotidecodingsequencesof mRNA.Therole
of tRNAsin proteinsynthesisis tobondwithaminoacids
andtransferthemto theribosomes,where proteins are as-

sembled according to the genetic code carried by mRNA.
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‘Ikansformation: A process by which the genetic material

carried by an individual cell is altered by incorporation of
exogenous DNA into its genome.

Translation: The process in which the genetic code carried
by mRNA duects the synthesis of proteins from amino acids.
Compare transcription.

tRNA: See transfer RNA.

u
Uracil:A nitrogenousbasenormallyfoundin RNAbutnot
DNA;uracilh capableof formingabasepairwhhadenine.

v
Vector: See cloning vector.
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Virus:A noncellularbiologicalentitythatcanreproduce
onlywithina hostcell.Virusesconsistof nucleicacidcov-
eredbyprotehvsomeanimalvirusesarealsosurroundedby
membrane.Insidetheinfectedcell, thevirususesthesyn-
theticcapabilityof thehosttoproduceprogenyvirus.

VLSI:Verylargescaleintegrationallowingmorethan
100,000transistorson a chip.

Y

YAC: See yeast artificial chromosome.

Yeast artificial chromosome (YAC): A vector used to clone
DNA fragments (up to 400 kb); it is constructed from the
telomeric, centromeric, and replication origin sequences
needed for replication in yeast cells. Compare cloning vector.
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