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Normaw G. Rnclevson—_
Proteus Technologies, Inc.
12301 Parklawn Drive -
Rockville, MD 20862 U.8.A.
Tel: 301/231-5628

Los Alamos

Los Alamos National taboratory
Los Alamos.New Mexico 87545

Dear Colleague:

A cordial welcome to participants in this OHER sponsored workshop
on sequencing the human genome. In addition to the principal
sponsorship of OHER and Los Alamos, New England Nuclear is
contributing to the support of this meeting without commercial
exposure beyond this simple. acknowledgement. We are called together
by the new head of the Office of Health and Environmental Research,
Dr. Charles DeLisi. Dr. DeLisi wishes to carefully and prudently
examine the potential importance of this bold initiative. This
enterprise is clearly appropriate to the mission of OHER which has
given strong support to the National Gene Library project and the
sorting of human chromosomes. As part of his initial assessment of
future OHER directions, Dr. DeLisi has had the hubris to ask whether
and to what extent biologists might consider entering the arena of big
science, an arena which until now has been peopled almost exclusively

by those in high energy and physics cosmology. 1Is it possible that -

accelerated sequencing of the entire genome and the resulting insights
into its organization might produce tangible health and research
benefits which are even more compelling than those findings which have
emerged or might emerge from on-going and planned mega scale physics
projects? ) .

It is thus important that we identify here what - real benefits and
liabilities might emerge from the contemplated sequencing activity,
which would aim at capturing the entire human genome in a period of 10
or 12 years. Do we have the technologies necessary to do this, and do
we have the computational power and algorithms needed to integrate and
anaylze this data? Will this information provide both clinical and
basic benefits of such magnitude to warrant an accelerated effort?
c

We need to generate a succint and focused document which summarizes
our conclusions with regafa to these fundamental issues. The
conference has been designed in an oscillating mode around four
workshops. These workshops will be dedicated to questions concerning:
1) new and emerging sequencing technologies; 2) the overall benefits
and liabilities which would arise; 3) approaches to overall cost and
coordination of the enterprise; 4) generic identification of
participants and funding sources. Each of these workshops will be
divided into subsections, addressing particular aspects of the
workshop topic. 1In addition, each of the workshops will prepare a
vu-graph for presentation at plenary sessions. Therefore, everyone
will have the opportunity to evaluate each issue. All points of view
will be heard in order that the final document represent impartially
the combined wisdom of the participants. To save time, the planned
agenda has a designated Chairman, Frank Ruddle, and workshop session
leaders. The latter will be asked to develop a summary vu-graph (or
two) for each of the workshop sessions for presentation before all
assembled participants in plenary sessions. Participants will
assemble in the workshops of their own choosing.
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We are committed to the generation of a concise and impartial document
which can be used as a resource (by Dr. Delisi) for formulating
recommendations to the Department of Energy and the Congress. Again,
welcome! We face a substantial challenge with compelling time
constraints. Let us enter this enterprise with excitement, and with
the clear conviction that the deliberations and conclusions of this
workshop will be of value to the biomedical® community, the Department
of Energy and the Nation.

Very truly yours,

M. W. Bitensky’z i.n.

Senior Fellow
Los Alamos National-Laboratory

P.S. There are in your folder in addition to the Agenda and
information materials three sets of comments on our enterprise, from
Walter Gilbert, Richard Sinsheimer, and a letter from Los Alamos
biologists to Charles DeLisi. These are only included for your
reference and are not intended to influence your judgements.
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AFPENDIX X

MEMO ABONT THE NHUMAN GENOME INSTITUTE

‘ Walter Gilbert
2/9/86

1) I would seec the scientific work split about 50-50 between

a highly programmed, misrion-oriented mapping and sequencing of
the human genome, which T think needs to be fully supported hy
institute funds, and a highly innovative program in basic
resecarch on human genetics and biology (in the sense of human
genes and development). The bhasic research side also should
involve workx in model systems, especially mouse, but also
possibly nematodes, ycast, etc. where direct work on genes
related to development and direct experimental genetics is
possible.

wWithin the institute, the basic side might be largely
staffed with scientists on rolling 5 year appoinments, being
supplied by the instute with a technician and core research
support but encouraged to apply for outside funding for postdocs,
further support, etc. This would permit the development of
major research groups going heyond the institution's own funding
resources and provide some outside peer review on the quality of
the hasic research. The reseach on the mission-oriented side
needs review and targeting from time to time--some outside review
system for this should be set up early (to report to a board of
diprnctors.)

D) .Size--maybe 10 scientists and 40 technicians in the
mission oriented part: covering physical bhank and map, rflp map,
scequences, technique development, and data-base maintence and
creation. 0On the basic side, genetics, molecular and
developmental bhiology, engineering and robotics develolpment,
advanced statistics and program development--2() scientists, 20
technicians (one for each, 10 postdocs (on institute funds but
free to get involved anywhere). This group would be able to
expand its effort by getting grants--to maybe 5 people/scientist
on average--another 80 students, postdocs, or technicians.

Support staff--administrators, secretaries, accountants,
purchasing and stockroom, workshop, building maintenance, etc.
is probably another 20 people.

Overall, 120 people on institute support and a running budget
¢f 10-12 million a year--going up to 200 people with grant
support and a budget of 15-20 million. (The budget of 12 million
for 120 people is fully loaded with the depreciation of the
building etc. This is what it would cost with leased building
and equipment).

This is a total endowment of 240 million (assuming 5%/year
ahove inflation). If from the Hughes foundation, for instance,
this might come in over 4-5 years, as the institute built up. 1
would expect thc mission oriented side to build up over three
years, work on the map, both rflp and physical, and on sequencing
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technigue improvement should begin immediately, while the basic
- side should build up over 8 to 10 years, with the continuing
choice of gzood people.

Other funding possibilities--a group of private donors for
the whole endowment. Or a private donor for the building along
with an endowment for its maintenance, the building would be about
25M (200 benches, 25,000 net sg. ft. of lab space plus instrument
rooms, other support, probably G0-80,000 sq ft gross, with a
maintenance cost of 2-2.5 M or an endowment of 40-50M) along with a
state pledge of the rest of the running budget-- 10-20M/year.

3) Scale of effort and timetable.

The physical map involves ordering, storing, and anlysing
some 100,000 cosmids. At current techniques, some 40 person-
years, with improvements it might be done hy ten people in two
vyears. The rflp map, to be correlated with the genetic map will
constantly improve, but the major portion might also be done, in
collahoration with other groups by 20 people in 2-4 years.

Sequencing, since the current technology is ahout 1N*5H
bases/person year, the whole project looks like 30,000 person years
and a cost of 3 billion dollars (one S per base). Technology will
improve.

1 would suggest the sequencing should focus on selected
gene areas, in” the early years the institute may want to be a
sequencing resource--taking genes and probes from outside and
returning sequences, cosmids, and probes 1o the outside. Some
selection may have to be done as to which are the most
interesting genes to be done first. The g.sadual increase of
sequence around genes, placed on the chvsi..a)l map, will mean that
the information available at the institute is of great scientific
interest and use throughout all the first phase of the institutes
existance. 1 expect that the most reward .ng information
scientifically will be in the first 1% of :otal sequence, if the
work is focused, that most of the informal.on, in the sense of
interesting differences will he in the nex: 10%, and the last 90%
--0f intron and intergenic region--will be the least informative,
but the increase in speed of sequencing should make each of these
three phases take roughly equal times---or possibly make the last
faster than the first.

Phase 1) the first 3x10%*7
Even using current tecnology (10*5/person-year) thirty
people can do this phase in 10 years.

Phase 2) This needs an overall rate c¢f 30 megabases (mb)/
year from the working group. I think just changes in strategy,
along with automated reading and storage, will attain this rate.
A directed strategy, coupled with a simple form of the genomic
sequencing, along with the improvement made by mass production of
the input clones and labeled fragments 'should get to 50,000 bases
/5 people/week (as a group) which is 0.5mb/50 people/week.

Phase 3) Tiis needs 300mb/year or about 1.5mb/working day
from the sequencing group. Mechanization of the DNA fragment
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'handling technology (robotics), sequencing, and storage will be
" needed. -

Thus in 30 years (at most, with the steady improvement of
techniques) the institute would have sequenced a reference human
genome. The continuing viability of the institute as a center
for human biology-which will take unpredictable forms--would be
assured by its basic rescarch side--and by the use of its
techniques and focus to provide other seguences, such as mouse,

for comparison.

4) Benefits: The total human sequence is the grail of
human genetics--all possible information about the human
structure is revealed (but not understood). It would be an
incomperable tool for the investigation of every aspect of human
function.

More modestly: the correlation between the rflp map and a
physical map makes it possible to isolate and identify (at the
institute and elsewhere) the genes for all human genetic diseases
--some 3000. Any human genetic marker can he tracked down and
analysed.

The human development genes and nervous system
genes will be analysed--probably found by comparison w‘th the
mouse genes.

By making available filter sets bearing all the ordered
cosmids, (one hundred filters, one for each 30 centimorzans, each
with GO0 spots) suitable for blotting, the speed of clining new
numan genes by the general community, both acazdemic and
industrial, will be greatly speeded (that step some 100 fold).
The centrali7at10n of all such 1nfornatzon, created by open

exchange, 1s of great value.
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APPENDIX VI

THE COST OF SEQUENCING THE COMPLETE HUMAN GENOME
CHRISTIAN BURKS

I've broken the cost of the project down into four categories: (1) mapping;
(2) sequencing; (3) computing; and (4) administering. The cost of office
and lab space as well as required materials are built into the salary
estimates, based on the value suggested by W. Gilbert of $100K per fte per
year. (Personally, this seems like a lower estimate — especially in terms
of national laboratory dollars — if it is to include physical plant and
experimental materials.)

(1) MAPPING

The consensus opinion was that this would take on the order of 55
man-years, which at a rate of $100K per man-year, comes to a total of
$5,500K.

(2) SEQUENCING

The estimate here depends on whether one uses the current rate of
sequencing (the consernsus opinion was that sequence can currently be
determined at 10*+*5 bp per man-year), a (likely' estimate that the
sequencing rate will ircrease ten-fold in the next three-five years, or the
(optimistic) predictior that the sequencing rate will increase one
hundred-fold in the nex: 10-12 years. In the following, I have used the
estimate of sequencing rate reflecting a ten-fold increase — 10**6 bp per
man-year. The human cenome is 3*10**9 bp, so sequencing it would take
3*10**3 man-years, whi:a would cost $300,000K.

(3) COMPUTING

The calculation here presumes a centralized computing facility with a
Cray-class computer at its heart. The Cray would be required for
similarity comparisons crucial to sorting the sequences submitted to the

- central facility by the various in-house and/or distant laboratories, and
would also be crucial for analysis (e.g., detection of protein coding
regions) of the assembled sequences, A Cray costs about $15,000K
initially, and on the order of $3,000K (including maintenance staff) per
year to maintain — so total cost of the hardware over (say) a ten year
period would be $45,000K. The cost of additional "front-end" machines,
network machine, the n2twork itself, many local workstations, and related
hardware is harder to pin down, but I think an illowance of $2,000K per
year is not unreasonable: this yields $20,000K over 10 years, for a total
hardware estimate of $65,000K. One also needs to ctnsider the man-years
required to: collect, manage, and distribute the di¢ta; write software for
managing the database and the network; and write anci execute software for
sorting and analysing the sequence data. Based on our experience with
GenBank, this could easily keep a centralized staff of 30 busy -- over 10
years, this would come :0 300 man-years, or $30,000K. The total for
hardware and staff thus comes to $95,000K. -

L 6A
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Note that this is ten to twenty-fold greater an estimate than we discussed
the last day of the workshop — but I think this reflects a more reasonable
estimate of the effort involved. Another was of looking at this is that
GenBank is costing, over the first 5 year span, about 30 cents per bp; the
numbers above applied to the human genome come to about 3 cents per bp;
reflecting a projected increase of efficiency similar to that envisioned
for sequencing technology, as discussed in the previous paragraph. Yet
another way of backing up this total cost, which comes to about $10,000 per
year, is the following examples: C-Division costs about $60,000K per year -
to run with 6 Crays (including amortization) and a large network; the
Defense Nuclear Agency pays C-Division about $12,000K per year in return
for ~ 1 Cray, 1 Cyber, and use of CFS and other network facilities;
finally, each NSF-sponsored Cray center get $10,000K-$15,000K per year.

(4) ADMINISTERING

Again, this is difficult to estimate, but there will be a number of people
at the centralized facility, and some at the distributed institutes,
required to organize and oversee the project, generate and keep track of
the funding, and synthesize the understanding resulting from the project.
I would make a guess at a staff of 15 for this, which over 10 years comes
to 150 man-years, or $15,000K.

TOTAL

Adding categories (1)-(4) yields a total of $415,000K (or 1/2 billion
dollars). I think, given the optimistic estimates above, especially with
respect to advances in sequencing techno .ogy, that the actual cost could
actually be up to five-fold greater. In summary, I would place the cost in
the range of .5 to 2.5 billion FY 86 dollars.
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APPENDIX TV

GENOME WORKSHOP 1 TECHNOLOGY

Running Notes

(By Dr. David E. Comings)

Dr. Deaven summarized the National Gene Library Project for making
chromosome specific libraries. The initial questions were: a) Is it
possible to get enough DNA per chromosome by sorting techniques and b) 1Is
the DNA of high enough quality to be utilized. Four approaches were tried
1) the ethylene glycol method, which resulted in DNA with low molecular
weight, 2) the prppidium iodide method,' which has limited usefulness
because although it stabilized the chromoscmes they couldn’t gubéequently
be restained for sorting, 3) magnesium sulfate technique, and 4) the
spermidine stabilization technique. The latter is the one found most
useful.

The flow sorting histograms gave a purity of somewhat less than ninety
percent for each chromosome. The small ch;:omosomes (between 13 and 22)
wure easily sorta'ble. Chromosames i4 and 15 were well resolved in some
individuals and not others. For the larger chromosomes hamster/human

hybrids containing a single or a few chromosomes had to be used. Because.



of the difference in AT/GC content the human chromosomes sepat.ated on .
different axes and/or were readily isclated. There was some problem with
translocations in some of the hybrid cell lines. The efficiency of this
sorting was low (in the oi:det of 1-10%). A lot of chromosomes were lost in
the isolation procedure. Using the standard sorting machine it was
possible to sort 300,000 chromosomes per day; with high speed machines 1.3
X 106 chromosomes per day. For the larger chromosomes it was necessary to
obtain 2 x 1()6 chromosomes/mg and for the smaller chromosomes 10 x 106/mg.

It was initially felt that making libraries of the small insert size
was most feasible. When these libraries are comp'eted, the second phase
will provide cosmid or X\ libraries using larger inuerts.

The molecular weight of DNA is critical for ma:ing the larger insert
libraries and here it has been demonstrated that sizes of 150Kb or greater
are easily obtained. No additional sorting capacicy is required for making
the cosmid or XA libraries. )

It was pointed ocut that the efficiency of sort.ng increased using
Chinese Hamster human hybrids because of the small number of Chinese
hamster chromosomes. Going to the Indian muntjac, which has only a few
chromosomes would be even more efficient, but some individuals have tried

that and the cell lines have proven to be rather unstable. The question

was raised as to whether it wouldn’t be possible ti: use a small-insert



chromosome specific library to probe.random cosmid libraries and to
segregate the cosmids, into chromosome specific sets. The repetitive
elements in the libraries may make this difficult although they could
conceivably be reduced by prehybridization.

Dr. Hans Lehrach addressed the question Bf,Otdering of the cosmids. He
_felt that any technique that required individual hindling of cosmids would
be very labor intensive. Thus he favored methods in which 100K cosmids
were dot blotted on filters and hybridized to 50 or 100-9 base pair random
probes. This size of probe was chosen because it would give hybridization
to appfoximately 50% of the cosmids. Using 50 or 100 probes one generated
a probe map for each cosmid. These were then entered into a computer using
a binary code and this information made it possible to determine that
cosmids were identical and which had moderate or significant amount of
overlapping, and those that showed some overlapping could be ordered
utilizing this technique. He showed computer generated figures based on
zero ana 5% error rates for examining 100 to 500 cosmids using 50 ¢c 100
probes. This could also hélp address the problem of library purities.
There would be some proglem with this procedure with very long DNA repeats
but not with short repeats.

Dr. Walter Gilpert pointed out that there were other method; already in

place, which could accomplish the same thing and this generated discussion
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by Dr. Sidney Brenner of the technique, which he was using, called the
restriction signature method for identifying and ordering the cosmid
libraries of the nematode. This technique consists of taking the cosmid
and cuttiné it with Hind 3, removing the insert and cutting a 40 Kb insert
of approximately 10 Hind 3 fragments. Thesé fragments were then labeled on
both sides and then cut with a 4-base cutter. This produced a large numbér
of small fragments, which were then separated on a standard DNA sequencing
genome and audioradiographed. This technique labeled about 10% of the
total number of fragments produced and the patterns were unique for each
cosmid insert. It also allcwed identification of overlaps between inserts
in different cosmids. It was also pointed out that individuals who had
cloned smaller pieces of nemitode DNA ahd used the same technique to obtain
a signature could send the -esults to him and then he could send back a
cosmid containing a much larger genomic fragment from which that small
piece of DNA came., These techiques would be quite valuable in the human
genome sequencin§ procedure, especially when individuals could map segments
of DNA of interest and, from the entire human cosmid library, receive a
larger segment of genomic DNA covering that particular sequence. This
would be a valuable asset for the program even in its eaily stages. The
nematode has 108 base pairs and while it could be coverec with about 6,000

evenly spaced cosmids with a1 average size of 40 Kb it would actually



require about 20,000 cosmids. By these approaches perhaps 4 megabases of
DNA sequence could be ordered per month. About 19% of the cosmids examined
are singles, that is to say have no similar sequence in other cosmids.

Dr. Richard Gelinas discussed \ vs. cosmid libraries. A vector

4

libraries contained inserts of 1 or 2 times io base pairs, while cosmid
libraries can utilize inserts” of 2 or 3 times this length. To cover the
human genome would require several million A clones but about 200k or 300K
cosmids. He emphasized the psychological value of breaking the task into
more manageable segments up by being able to sort out individual
chremosomes. Cosmids have proven difficult to work with in some l;bs and
_can have poor life span in the lab. There may be a need to make new
vectors to insure stability. He tﬁised the question of utilizing herpes
simpl.en.c_ virus as a vector, which would have ‘le capacity to hold 150 Kb
inserts. He pointed out that Dr. Lebo had made a cosmid library of the
human Y chromosome based on flow sorting. Since A vectors are proven the
initial stages of the project should use a A it vector. It was also
pointed out that initially sequencing ¢DNA libraries might be quite
va.luable.

Dr. Charles Cantor described the pulsed field gel electrophoresis
procedure, which was capable of separating DNA fragments in the size range

of 100 thousand to a million base pairs. The restriction endo-nuclease DMP
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1, which is depéndent upon methylation sites through the appropriaf.e
manipulation of DNA can be utilized to act as an 8-base cutter given vel."y
large pieces of DNA. Thus the restriction fragment map similiar to the
Smith-Berns'tiel approach can be used but with much larger pieces of DNA
instead. He felt it would be useful to star't Put with such a large size
. restriction map in the ordering of DNA pieces.

Dr. David Ward discussed the possibility of increasing the present rate
of sequencing. In a dedicated lab with a highly motivated individual
approximately 105 base pairs can be sequenced iper year. At this rate it
would require 3,000 persons working for ;O years to complete the sequencing
of the human genome. He suggested that it was going to be necessary to
increasc this rate by approximately 2 orders of magnitude to bring the
projec: down to 30 persons for 10 years. Some of the following approaches
were stlxggested. 1) The technique described by Lee Hood utilizing 4
independent fluorescent primers, which are then all run in a single lane in
a continuous elution system with scanning of the aliquot by fluorescence
and the use of a computer to direct the results. Dr. Elaine Heron of
Applie! Biosystems spoke to this procedure and pointed ocut that
approximately 250 or very optimistii:ally 350 base pairs per lane could be
sequenced with their new instrument and that the machine read 8 lanes

simultajseously in a twelve hour period. This represents approximately
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4,000 base pairs per day or an approximate 10 fold increase over the 5 x

10°

pairs per person per year. 2) Dr. Ward discussed fluorescent
techniques to read standard gels. This would have the benefit of multiple
lanes per g-el but would not be a significant improvement over the above
procedure. 3) Chemo luminescence teactions' of specific molecules attached
to the primers could potentially allow a single treatment of the gel to
make chemo luminescence reading of the sequence ladders possible. 4) The
George Church multiplex sequence analysis technique. Dr. George Church
described his technicue whereby 50 different vectors were utilized with 2
probes each and each ve:tor containing & 1000 base pair insert. This was
made into 50 libraries aud 130 pools were combined for.6,500 different.
1,000 base pair inserts. These were then treated with the 4 sequence
reactj.oqs and after elecs:rophoresis transferred to 5 membranes. These
membranes were then labeled with 5 of the 100 probes, the results read, the
membranes stripped, and labeled with 5 more probes. Each probe requires
approximately 1 day exposure and the entire process would read 6 x 106 base
pairs. It would require automated equipment in order to have this .
technique begin to apprcach the 2 orders of magnitude increase in
sequencing speed required. Dr. Ward discussed the pctential of using
biotin labeled probes, which are then probed with avidin linked- to

peroxidase or- a chemo-luiinescent compound. He described an automated



machine for fluorescence in situ hybridization (developed by David
Righetti) and soon to be sold by Fisher Allied Company. Some modifications
of this could allow to it to be used for southern blots hybridized with
fluorescen; probes.

fhe reliability of sequencing will be digcussed and it was felt that

careful workers had an error rate of approximately 1 in 1000.



GENOME WORKSHOP 1 CONTINUED

COMPUTATION: Problems with computation and data base management were
discussed by Dr. George Bell and Jim Picketf. ‘* when such huge data bases
are being accessed there arises a requirement for supercomputer use, such
as, a Cray and or utilization of parallel processors. It was suggested
that parallel processing might allow the data base for each chromosome to
be handled on a different microprocessor and this would speed up the
acvessing of such large amounts of information considerably. Presently
information is fed into GenBank and it was pointed out that already, 2to 3
m'llion base pairs per year are going .:Lnto that bank and approximately 1/6
o! those are for the human genome. Dr. Brenner pointed out that there is
much sequence data that is never published and methods were discussed as
how to stimulate individuals to publish this data. Journals are
restricting the publication of sequences only to include those parts

required to make the point of the paper. 1In the futuré much data will go

directly to the data banks rather than be officially published.

Af‘ernoon Workshop II: Benefits and Liabilities

Basic science advantages were discussed by Dr. Sherman Weissman. He

-
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identified the four levels oflinformation that the human sequence project
would ident;fy. 1) A large scale restriction map in the human genome. 2)
The availap}lity of eosmids. 3) Total segquence ahd 4) cDNA sequences.
He discussed predominately the advantaées of the initial phase just having
a large scale restriction map of the geﬁome évailable. This wouid be quite
valuable for investigators studying various human genetic abnormalities,
such as, translocations, deletions or genes localized to specific parts of
the chromosomes by linkage mapping. The availability of such restriction
map and access to cosmid libraries would significantly enhance the rate at
which individuals could then zero down upon the gene in question. 6,000
DNA fragments (on average 500Kb) could be generated with appropriate
restriction enzymes and separated by th; pulsed gel electorphoresis
technique. |

Dr. Robert Moyzis talked about the advantage the gene sequence would
provide toward our understanding of coordinate gene expression, both in
regards to individual structural genes and gene clusters. He also
discribed some studies of his on chromosome specific repetitive sequences
detected by in situ hybridization, i.e., to chromosome 16.

Dr. Comings discussed the clinical and sociclogical aspects of the
project. He emphasized that in order to gain wide spread public acceptance

and especially acceptance in cOngtess and higher levels of government it
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would be essential to demonstrate its ‘broad appeal, not only for the
ususual genetic diseases, but for the large number of common disorders that
have a very strong genetic component to them. These include the following:
_ 1) Cancer; which is basically a genetic disease of somatic cells.

Relevant to cancer would be the detection of additional oncogenes, growth
factors and cell differentiation. 2) Birth defects, studies of trisomy
21, mongolism or Down's syndrome, trisomy 18 and 13 in the broad area of
mental retardation. (Twenty-five percent of males with inherited mental
retardation have fragile X associated mental retardation.) 3) Heart
disease, the hybrid lipidemias and familial hypertension are significant
contributors té heart disease. 4) Diabetes - Type II diabetes is a
strongly genetic and Type I diabetes hés geﬁetic elements attributing to
its expression. 5) Alzheimer’s disease approximately 50% of all
Alzheimer’s disease is probably a genetic disorder and affects 6 or more
percent of the population. 6) Mental disorders - 1% of the population has
schizophrenia and 2 to 3% major depressive disorders, 2 to 3% severe
alcholism, 2% panic attacks, 4% attention deficit disorder of childhood;
all of these have very strong genetic components to them and mapping of the
human ger.ome would very likely provide very strong clues as to their

etiology. 7) There are many less common genetic disorders, which are

important to many individuls affected by them including: Huntington’s

11



disease, Cystic Fibrosis, Duchenne’s Muscular Dystrophy, Pompe’s, Tay Sachs
and many others. There are also many common diseases, which have strong
genetic components, such as the arthridities. A second aspect that is
important is to demonstrate that improved health would come more quickly
with this knowledge and the third aspect is fhat it would in fact save
money in two ways. 1) It would save money in that each individual
investigator would not have to do extensive sequencing and that centralized
sequencing facility would probably do it about 10 times faster and 2) it
would save health doIiars through improved understanding of various genetic
diseases both those that are common and the less common.

Dr. Comings also pointed cut that when heterogenecus miwclear RNA is
labeled and hybridized back to single cbpy DNA that the btein shows 25%
hybridization, liver lg%, kidney 9%, lymphocyte 6%. This .ndicates that
their are 2 to 3 times more genes expressed in the brain than in any other
organ. Very few if any of these brain specific genes have £een identified
and the sequencing of the human genocme would go along way toward a much
more thorough understanding of the functioning of the human nervous system.
Genes of related function could also be identified througl their sequence
similarity. Such ;mpottant gene families presumably have a role in cell -

recognition, memory, gene regulation, proteins, neuropeptides and oncogenes

to name a few.
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It was also suggested that consideration be given to the sequencing of
‘the cDNA libraries especially from brain and liver. The advantage of this
would be that it would identify the expressed portion of the genome, which
constitutes only about 1% of the total sequences and that probably 75% of
the critical genetic information would be foﬁnd in this small subset of the
total.

There was somehow some sentiment against this approach stating that
many investigators are involved in sequencing of cDNA sequences and the
project should not step on the toes of those investigators and that the
initial part of the human gercme sequencing approach, i.e. ordering cosmids
in a large scale restriction map would be very valuable and that the
sequencing of the whole genome project‘ﬁould not conflict with any projects
currently underway, i.e., it would be unique.

Dr. Eldon Sutton reemphasized the need to have a broad based appeal to
generate funding for this project and reemphasized its importance in more
common diseases with a strong genetic basis, such as, cancer, heart
disease, and diabetes.

Dr. Puck emphasized that we should be careful not to convey the ;dea
that we are involved in any way with cloning of the human genes. This is a
common misconception among the public that we should very cateé;lly

indicate that this is not the case.
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Dr. Mark Bitensky discussed the economic impact of such a projéct and
pointed out that the funds would not compete for exist;ng NIH funds and
that there should be encouragement of the private sector to invest in this
project as.well. Dr. Bitensky pointed out that the health benefits
associated with genomic sequencing should sui:s_tantially decrease the
profound losses in productivity which arise from acute/catastrophic
illnesses and chronic/debilitating illnesses. He also pointed out that the
American public will spend about 400 billion dollars on health care costs
in 1986. The likelihood is profound that sequencing data will bring about a
savinés in these expenditures that would be likely to more than equal the
cost of the project. Dr. Bitensky a.so suggested important private sector
and economic benefits from the proprsed sequencing activity in the form of

new biomedical products and new emp. ¢yment opportunities.
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Summary Remarks on Workshop II

Dr. Weissman pointed out again that there was significant benefits of
the mappiné alone along the way of getting a complete sequence map. Dr.
Comings reemphasized the need to have the broadest possible base of support
by the ability to investigate common diseases with important genetic
components. Dr. Bitensky reemphasized the aspect of improved quality of
life and productivity. Dr. Ruddle stated that a concerted effort would
bring about improved treatment of genetic diseases a generation eatlier

than would otherwise occur.
Workshop III Monday
Model of the enterprise/strategies and approaches/costs

Dr. Cantor emphasized the importance of making a macro map by taking
chromosome specific DNA, cutting it into very large pieces with methylation
specific restriction endo nucleases and ordering there pieces by
hybridization techniques. The cosmids from specific chromosomes would also

be mapped by the signal sequence technique of Dr. Brenner and when

questions arose about ordering the hybridization of tiese sequences to the
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ordered large pieces based on pulsed separation could be utilized to fill
any gaps that might occur if a crifical cosmid sequence was missing. The
cosmids would then be seguenced.

Dr. Bl;ttner proposed the possibility of a highly labor intensive
effort to sequence random clones from the genome of hydatiform mole and
then enter all the sequences into the computer. This would result in
ambiguities around repetitive DNA and where pieces could not be ordered
properly because of these, branches mapping of the cosmids would have to be
done to settle the order. This is a sequence first map later stategy as
opposed toADr. Cantor’s approach, which is to map first and sequence later.

Dr. Walter Gilbert reemphasized the incalculable benefit of a total
sequence map nt the human genome and emphasized again that the cost would
be proportion.. to how rapidly the project was completed.

There then followed considerable discussion concerning the map now
sequence later vs. the sequence now map later philosophy and.the general
concensus was that a map should be generated first, followed by sequencing.
The best solution would be to have the Los Alamos and Lawrence Livermore
Laboratories nake overlapping cosmid and A clones of each individual
chromosome and make junction libraries and then make these sets of
libraries available throughout the scientiiic community. Individuals

interested in 3pecific chromosome would then begin mapping on.their own.
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The next step would be to pick an individual small chromosome, such as
chromosome 21, and produce a map of that through a combination of the
pulsed gel technique of Dr. Cantor and the signal sequence of Dr. Brenner.
Soon after ’this approach was initiated sequencing of cosmid clones could
begin. 1It is important to get a comittmenﬁ tc3 finish the entire 'genome
and the best approach would be to proceed by seguencing a chromosome at a
time first with the ordered map then completing the sequences. It is
anticipated that other in.stitutions would probably jump in and do some of
the work on their own when the cosmid and junction libraries became
available. These supporting efforts would become contributory when the DOE
laboratories got to those partici:lar chromosomes.

The cost estimates were disrussed again. Estimates for the mapping
phase. ranged from 55 to 200 man years. At an estimate of 100K per man year
this ranged from a 5 to 20 million dollar effort. With explosive
improvement in techniques it was projected that the entire seaguencing might
be completed with a 500 million dollar investment or approximately 16 cents
per base pair. Many thought that even further declines in sequencing costs
were quite feasible.

The workshop ended with a discussion of cost estimates ard funding.

The Hughes Medical Research Institute has also expressed interest in this

project and infusion of money frim Hughes would certainly help in the

17



overall work. It was hoped that funding could also be obtained from other

sources as well. (NIH, other foundations, NSF.)
Session of 3-4-86 Summary of previous Workshops

Dr. Cantor reemphasized the concept of a rapid push of the physical
mapping of the genome and gradually phasing into sequencing. Dr. Fred
Blattner pointed out that there are multiple.units of the task and that
there is the genome ébnsisting of one unit, the chromosomes consisting of
24 units, cantor fragments of 3K, cosmids of 100K and individual cloning
pieces of 2 million. By giving his estimate of 10° residues per day per
technician, 500 technicians working 300 days per week or 5 years could map
1.5 x 10 bases, offering some redundancy to the genome. What should be
sequenced? The genome of an individua; vs. a hydatiform mole. The latter
has the advantage of being homozygous. The sequence options ranged from
cosmids to cDNA, every single chromosome or hop junctions. General
cohcensus was that a reasonable approach was to take the project a
chromosome at a time.

Dr. Gilbert discu.sed three levels of the map namely, ofdered cosmids,

RFLP maps and hoped that this could be done by 1990. The sequencing part

would have a goal of being finishgd by the year 2000. Dr. Christian Burks
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reiterated the cost again placing it at 100K dollars per man per year
assuming a 10 fold increase in the present rate of sequencing gave a figure
of 500K dollars as a very conservative lower estimate. There was some very
significant.disagreement with this low estimate and if the sequence rate
could only be increased 5 fold the cost woula be 2.5 b:i.llion dollars
instead of 500K.

Dr. Ruddle restated that sequencing was the ultimate goal; that the
mppi;tg and then the sequencing should be done on a chromosome per
chromosome basis and doing the physical cosmid map and the RFLP map would
allow melding of the physical and Mendelian maps and that the cost would be

somewhere b:tween 1/2 and 1 billion dollars.
Worksh>) IV Participants, Funding, Unfinished Business

Dr. Norman Anderson started off by recdmneneding 2 books, one by James
Webb entitled "Space Age Management: Large Scale Approach" McGraw Hill,
NY, NY 1969 and another by Weinberg A. entitled "Reflections on Big
Science" MIT Press, Cambridge, MA 1967. The book by Webb described how he

set up NASA and the book by Weinberg weit into the problem of choices

between large programs.

Dr. Ancerson pointed out that it was critical that we not ask Congress

19



whether to do it, but simply to say that the decision to do it.has already
been made, the project is underway, and that funding is needed to finish
the project.

He po;ﬂied out that ARPA Net already has a contract to investigate
para;iel computing. This is alrea&y related to the GenBank and we should
point cut the similarity between the computation requirements for this
project and that of Star Wars projects. He also pointed out the question
of who has the "license" to do this project. He stated that the way to get
the license i; simply to take it and DOE should assert itself in this area
and take the lead.

Dr. Ruddle addressed the administrative aspects of the task. He
recommended a Science Advisory Committee and then an administrative unit
and on one side a computational unit for data baéing, programming analysis,
and storing of the sequence material and on the other side.a wet lab to
work on methods, information, chromosome sorting, and other aspects of
technique. He then visualized that there would be multiple regiocnal
centers from around the country involved in the process.

The aspect of a centralized institute vs. multiple regional centers was
uiscussed in great detail. The guestion of morale was brought up and
various people felt that because of the importance of this project morale

might not be a problem, but that decentralization might in general be more
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welcome.

Dr. Smith pointed out that he did’'t want to turn off present workers in
the field by seeming to preempt their tasks and that a cooperative
interactioﬁ.with scientists around the world was critical. He cited the
National Acid Rain Precipitation Program, whﬁcp is predominantly
coordinated by the National Research Program in conjunction with regional
laboratories.

Dr. Hamilton Smith suggested that an approach be devised in 2 phases.
Phase 1 mapping, which is relatively small in scope, low cost, and
potentially doable now and phase 2, sequencing, which is high cost, and
requires multiple centers and decentralization.

1t was felt it might be possible to sell part of the program as a joint
ptogtam.with the Soviets or possibly the Japanese. Dr. Anderson pointed
out that Fuji has launched a program using thin films for sequencing, KAKO
a program for sequencing robotics and Hitachi for the mechanics of the
process.

Frank Ruddle concluded that there was a need for a map and sequencing
and a strong need for a continuous group of advisors so that the concept
would not die.

In the final session Dr. Brenner stated that it was importa;t to focus

on how to get started and not try to do the whole project at once.
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Larry Deaven pointed out that the ‘project of starting the chromosome
specific cosmid or A libraries had already been bequn and Dr. Carrano from
Lawrence Livermore Laboratory stated that they had also initiated this
phase of the work. The vector they were using was Homer IV,

Dr. Ruddle emphasized step wise increase's'in the funding and-
cooperation with Hughes Institute. There was some discussion of which
agency should be involved and it was generally felt that DOE should
continue with its present strong involvement.

The session was summarized by Dr. Ruddle, who pointed out that in a
1981 Gene Mapping Conference, Dr. Southern had first discussed tie concept
of an overlapping cosmid map of the human genome and that this suk‘ject has
increasingly come up and has generated-a lot of interest and exciteoment in
the genetic community. An ordered cosmid library would be of trem@ndous
value and would stimulate a great deal of reseach in human genetics. There
was a very strong concensus that the mapping and the sequencing project
should unquestionably be done.

Dr. Bitensky thanked the participants on behalf of Dr. Charles Delisi
for their lively and substantive contributions and requested an a:celerated

mailing of comments in order to expedite completion of the Workshop report.
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GUEST EDITORIAL

A policy and program for biotechnology

BY N.G. ANDERSON AND N.L. ANDERSON

If the biotechnology enterprise in the United
States is to succeed in the long term, a unifying
policy based on well-defined objectives appears
necessary. And if biomedical research and bio-
technology are to achieve and deserve major gov-
ernment and private funding comparable to that
provided for aerospace, nuclear energy, and nu-
clear physics, the objectives must be fully compre-
hensible to the average person, fill a deep-felt
need, and be sufficiently broad to encompass
most of biology.

Man is the most complex entity in the physica]
umverse. Although explorations of space and the
atomi¢ nucleus have achieved and deserve large-
scale funding, huge facilities, strong mandates,
and continued public attention, the average citizen
is more interested in human mysteries: reproduc-
tion, development, birth, disease, aging, and
death. This public interest and concern is reflected
in the position of health care as our largest single
industry.

Assuredly, the exploration of man and the cells
of which he is composed will ultimately require
the best minds, the most sophisticated technology,
and a large and superlative organization.

Only two objectives appear to us to offer the
possibility of long-term support on the scale re-
quired to maintain national leadership in biomedi-
cal research and in biotechnology: the complete
sequencing of human DNA and the separation,
cataloging, and characterization of all human
gene products. The first objective might be called
the ‘‘Plan for Man,'’ and the second the ‘‘Parts
List for Man.”” These objectives encompass, as
necessary prerequisites and as defensible ancillary
projects, much of current biomedical research and
engineering and are (or can be made) readily com-
prehensible to nearly everyone. Both efforts are
now technically feasible, both have already been
organized on a small scale, and both offer means
for the acquisition of new knowledge and for the

Dr, Norman G. Anderson is Head, and Dr. N. Leigh Ander-
son is Director of Research, Molecular Anatomy Program, Di-
" vision of Biological and Medical Research, Argonne Nutional
Laboratory. This work was supported by the U.S. Department
of Energy under contract no. W-31-109-ENG-38.

solving of numerous practical problems. Progress
toward reaching these objectives can be measured
objectively. Overpromising need not be a prob-
lem.

DNA databases are currently organized at the
European Molecular Biology Laboratory, and
jointly by the firm of Bolt, Beranek, and New-
man in Boston and Los Alamos National Labora-
tory of the U.S. Department of Energy. In both
instances, reliance is largely on published se-
quences resulting from investigator-initiated
studies, as should be the case initially. However,
the Los Alamos Laboratory is now developing a
human gene bank based on chromosome isola-
tion. Hence, the chromosomal origin of each

. cloned DNA segment will be known. Sequencing

long DNA segments on a routine basis, assembly
of large numbers of sequences in order, and sys-
tematic assignment of the sequences to chromo-
somes will probably be beyond the interests, fund-
ing, or motivations of academic laboratories. If
sequencing is fully automated (and rumors suggest
industrial attempts here and abroad to do this),
then the rate of data acquisition may increase by
several orders of magnitude. If the automated se-
quencing systems are large and expensive, se-
quencing may need to be centralized in a few fa-
cilities. The organization and management of
these facilities may be patterned after that for
contemporary large accelerators.

It may also be that the major contribution of
the so-called fifth generation of computers and
artificial intelligence will be to elucidate in detail
how human DNA is organized and how gene ex-
pression is controlled.

The new knowledge to be gained from global
sequencing is breathtaking indeed. Computerized
analysis of genomic architecture is already a new
and exciting field in itself and will probably be
the first one in biology where theory will play the
key role it does in physics. The details of human
development and gene regulation ultimately lie in
DNA sequences. In addition, the library of genet-
ic variants will become completely accessible as
the sequences for mutant genes associated with
the more than 2000 described genetic diseases be-
come known. The key question of whether new



mutations are produced in the human population
by radiation or chemical mutagens will be answer-
able in detail. Hence, the sequencing effort is fun-
damental to the Environmental Protection Agen-
cy, the U.S. Department of Energy, the National
Institute for Environmental Health Sciences, the
National Cancer Institute, and the National Insti-
- tute for General Medical Sciences, but is beyond
each institution individually. .

The ultimate intellectual challenge and goal of a
DNA-sequencing project is to deduce man from
the sequence (or show definitively that this cannot

be done). Progress toward this goal would require .

that the mechanisms for the control and program-
ming of gene expression be understood, that the
amino acid sequence of protein gene products be
systematically deduced from the corresponding
DNA sequence (as can be done), that the three-di-
mensional structure of proteins be deducible from
the sequence, that protein function be deducible
from tertiary structure, that cell structure be de-
duced from the sum total of properties of cellular
macromolecules, that human anatomical develop-
ment be deduced from cellular behavior, and that
genetic disease be describable purely from knowl-
edge of sequence errors, etc. Although the chal-
lenge to deduce man from DNA sequencing will
persist and be the subject of long and interesting
arguments, progress toward reaching the more ex-
otic goals listed above will be slow. However,
most of them will be met, we believe, in the next
or the following century, While DNA sequencing
will ultimately provide much of the basic data re-
quired for a human protein database, decades are
too long to wait. Hence, we currently have the
absolute necessity for a parallel program to char-
acterize human gene products (i.e., proteins).

The second major objective must be to charac-
terize and catalog cellular proteins, the precision-
made molecular machines underlying nearly all
cell functions. In fact, for the near future we pro-
pose that the Human Protein Index Project!s? be
the major effort, both because of the many short-
term applications and because the feasibility stud-
" jes for it are now almost complete.’

Estimates of the number of structural genes in
man vary, but generally range from 30,000 to
50,000. Extracellular proteins are generally modi-
fied post-translationally, while a fraction of intra-
cellular proteins are processed to yield two or
more different forms. Therefore, any attempt to
characterize and catalog human proteins systemat-
ically must deal with more than the number of
structural genes. It is estimated that approximate-
ly 10% of structural genes are turned on in any
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one cell type; hence, if one cell type is to be ana-
lyzed, 3,000 to 5,000 proteins, plus modified pro-
teins, must be dealt with.

Recent improvements in high-resolution, two-
dimensional electrophoresis* give theoretical reso-
lutions as high as 40,000 proteins, suggesting that
the Human Protein Index Project is feasible.

Several ancillary techniques have been evolved
that allow further study of the very small
amounts of proteins separated on individual gels.
Using submilligram starting samples, we can now
identify groups of proteins that are coregulated,
do global amino acid determinations on large
numbers of proteins simultaneously, determine re-
latedness of wild-type proteins and genetic vari-
ants by mapping of partial digests, identify pro-
teins immunochemically, produce antibodies to
each protein, and do sufficient sequencing to en-
able synthesis of DNA probes so that the genes
can be cloned and the proteins in question pro-
duced in quantity. In addition, nondenaturing sys-

_tems are being incorporated into the mapping sys-

tems to dllow histochemical methods to be used
for enzyme identification. These methods require

" very small amounts of starting material; for ex-

s

ample, high-resolution maps can be made using
the proteins from a single frozen section.’ In ad-
dition, new very high-resolution centrifuges are
under development for precision cell fractionation
to allow every protein detected to be assigned an
intracellular location, Proposals for the develop-
ment of such a system are now under considera-
tion by the U.S. Department of Energy and are
based, in part, on gas centrifugation technology
developed for uranium enrichment.

As part of the Human Protein Index Project, a
library of both monoclonal and polyvalent anti-
bodies will be required so that the distribution of
each protein in cells and tissues may be confirmed
and so that clinical tests for the proteins that vary
in disease can be rapidly developed. Parallel pro-
grams to develop comparable, identified protein
data bases for mice, rats, corn, and wheat (among
others) will ultimately be required. Comparative
studies will also be needed to attempt to resolve
many interesting problems in both human and an-
imal evolution, It is, in fact, difficult to imagine

. very much research in biochemistry, molecular bi-

ology, genetics, medicine, or in many areas of
zoology that will not ultimately contribute to the
two main objectives suggested here.

Large national efforts do not generally arise by
cohsensus of the scientists and technologists con-
cerned. Neither the space nor nuclear energy pro-
grams in their present forms would have been ap-



proved by the scientists ultimately involved, if
that vote had been taken before the programs
were originally established. Hence, the fundamen-
tal decision to establish a DNA sequencing or a
Human Protein Index effort is an almost purely
political one. C.P. Snow pointed out that, in the
past, most decisions in science and technology
were made in secret, unknown to the majority of
those ultimately affected. (He also pointed out
that in government, scientists should be *‘on tap
but not on top’’.) Secrecy relative to very major
decisions such as those suggested here was never
desirable and is no longer possible. If, as George
Keyworth (Director, Office of Science and Tech-
nology, The White House) has suggested, biotech-
nology is thé most important high technology for
the future of the United States, and if (as nearly
all major countries have concluded) future eco-
nomic progress depends on mastery in high tech-

nology, then it is essential that the ideas described -

here hatg. the-widest possible discussion.

The transition in physics from small-scale ef-
forts to large-scale problem solving occurred un-
der wartime pressure, while the parallel transition
in space exploration was largely driven by Sputnik
and defense requirements. A similar transition
and redirection may now be required if the United
States is to win the so-called biotechnology race.
Whether this transition can be made for nonmili-
tary, humanitarian, and economic reasons pro-
vides an interesting test of our civilization.

The policy we propose is to organize biomedi-
cal and biotechnological research around two ma-
jor, understandable, and technically feasible very
long-range goals, which can logically encompass
nearly all present program objectives and which
can also support the engineering and development
now required to master biology and biotechnolo-
gy. Few existing genetic engineering and biotech-
nology companies will fail to see at once where
they might fit in.

To be realistic, a national biotechnology pro-
gram must be planned for at least a twenty-year
period, with major milestones spelled out for the

first eight years. The average length of time be-
tween innovation (either administrative or scientif-

- ic) and success or failure in achieving an end re-

sult or use appears to be at least five years.

An eight-year span, therefore, would give three
years for start up and time for at least one inno-
vation-application cycle.

The best guides to the organization and philos-

ophy of sizable multidisciplinary efforts remain
the books by Webb, who organized NASA,* and
Weinberg,” who supervised the maturation of the
Oak Ridge National Laboratory under the Atomic
Energy Commission.

Success or failure will nor be solely dependent
on our own efforts; we have competition. A day
of judgment lies ahead. There is the very real pos-
sibility that, within a decade, biomedical scientists
and technologists in the U.S. may join their fel-
lows in the electronics and automotive industries -
as spectators. Then neither policy nor programs
will help. The U.S. biotechnology die is being cast
now.
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It is now technically feasible to sequence the entire human genome,
to determine where the coding regions are and to index the genome to
the set of all gene products (RNAs and proteins). _As a result the
sequences of all proteins will be known, it will be feasible to find
the root cause of all of the estimated 3,000 human diseases, the
structural basis of cancer as a somatic genetic disease, the genetic
basis of aging, and to provide a wealth of new information on the
effects of radiation and chemical mutagens on the human genome. It
will also be possible to begin to write the program of human
development in detail, once the complete sequence (i.e., the PLANS
for MAN) are known. _

The Program for Large-scale Analysis of Nucleotide Sequences (PLANS)
has far-reaching 1mp11catzons. No major research program in
biological research is unaffected by it. Without links to PLANS, and
support of it, programs in nearly all institutes of the NIH including
those in cancer, human development, genetics, and aging, and studies
in radiation research and birth defects are not credible. Defense of
‘indirect approaches to core human health problems will be difficult
when direct, and in many cases final answers can be obtained. As the
technology for PLANS desvelops, major revisions of programs in
agriculture, animal breeding, and biotechnology generally will be
reguired.

Many forcing functions are at work. to drive human genomic sequencing.
International competition including the emergence of a major Japanese
large-scale sequencing effort, and the central role of the PLANS
effort in identifying rew genes from which diagnostic and
therapeutically useful products may be derived all suggest a major
new U.S. sequencing iritiative. 7The drift of the economic fruits of
high technology abroad is of central national concern. The
manufacture of automobiles, consumer electronics, and micro-
electronics has moved increasingly overseas. It is evident that the
Program for Large-scale Analysis of Nucleotide Sequences will play a
major role in attemptiig to reverse an economically dangerous trend
by retaining leadership in this key area of biotechnology in the
United States.

Major new science based programs, once feasibility is demonstrated
and need identified, arise from political decisions, which are in
turn driven by public expectations. An initial task, therefore, is
public education and public discussion. There are no "end runs" by
which large budgets can be quietly obtained, and new large programs
initiated. The element<s of the required education process are
symposia (to justify the program in detail to the scientific
community), workshops f7or science writers, popular articles, TV
specials, interviews - in short, all those activities which we
associate with early ALC and NASA success. The objectives are
simple: To demonstrate to each citizen that the human genome can be
completely sequenced, and that his own future health and part of his
economic well bezng depend on the project. 1In addition he must be
shown that an entire new universe is now open to exploration and
discovery, that excitirg milestones have already been identified, and
that everyone will share in the excitement.
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I1f the case made to the public is to be credible, the supporters of
the PLANS project must accept that funding involves choice between
competing programs, and must ultimately be willing to challenge
directly NASA, the superconducting supercollzder. some exzstlng

health programs, and many programs in the military. There is no
"new" money.

Role of DOE

Once public expectations provide the necessary motivation, what next?
All previous large science-based programs have grown from existing
roots. There are many roots for PLANS, and the gquestion is, which
existing root can support large growth? If new legislation is to be
passed, who gets the funds? Almost invariably they go to the agency
already having the mission, the most credible program in being, the
courage and leadership to announce aims and goals, and the requisite
management skills.

We assume that the Office of Health and Environmental Research
desires a lead role. The case it car. make to the Congress must be
based on already having announced the mission to explore large-scale
sequencing, on already having in its laboratories major segments of
the program (for example GENBANK), o' having the management
flexibility to move rapidly by integrating commercial contract
activities, academic research, and piogrammatic research in National
Laboratories, and by having unique t2lent and facilities.

It would appear that the very first c¢rder of business is to £fola
GENBANK, chromosome sorting, sqpport for the Human Gene L;brary, and
work on the closely allied Human Protein Index into DOE as line
items, and then 'to announce the objective of sequencing the entire
human genome, spell;ng out the detalls of the mission, including
short term objectives.

PLANS and Doe Missions

DOE, Radiation Biology, and Genetic Toxicology:- DOE owns radiation
biology and the genetic toxicology c¢f energy-related pollutants. It
is estimated that approximately two billion dollars has been spent on
radiation effects to date, and a very large and valuable body of -
information has been accumulated. The major and overriding reasons
for public non-acceptance of nuclear power and nuclear energy, and
the major concern with nuclear weapons are obviously human health
effects. While numerous and credible extrapolations from animal
models to man have been made, in no ‘nstance has a human radiation-
induced mutation been identified, the mutant protein characterized,
and the mutant gene sequenced. Hence a large number of central
questions, some of which are listed below, remain unanswered. The
challenge is therefore to extend present knowledge, especially of
human radiation and chemical mutagen effects, to the DNA level. To
answer the central-mission questions of the Office of Health and
Environmental Research of the U. S. Department of Energy, it is
necessary to sequence the entire humaa genome. This goal should be
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stated as the major objective of OHER.

Basic Radiation Biology and Genetic Toxicology Questions:- Study of
the genetic effects of radiation began at the whole organism level
and proceeded to the cytological level with the study of chromosome
breakage, translocation, etc. Genetic effects which were below the
level of the light microscope were termed "point" mutations, and the
exact nature and dimensions of these events remains obscure. Point
mutations range from translocations or deletions involving several
genes down to single base substitutions,. and now require explicit
redefinition. '

There is no table or graph giving the sizes of deletions in mammalian
DNA as a function of dose rate, linear energy transfer, stage in the
cell cycle, or position on the chromosome. One does not know in man
the exact nature of the initial radiation damage prior to repair, and
the characteristics and details of repair as a function of the
spectrum of radiation injury. There is no map indicating DNA
segments which are “truely nonsense and can be modified as to sequence
with impunity, sequences which can be modified to yield null
variints, and sequences of base pairs whose exact preservation is
essential to survival.

Different genes, different parts of genes, different cell types,
different stages in cell division all can exhibit large differences
in radioresistance. Some apparent resistance is due to repair, some
to elimination of injured cells, and in other cases the actual
senetitivity of DNA itself could vary due to differences in its
phyeical state and degree of condensation. We conclude that a very
large fraction ot the core questions concerning energy-related human
health effects can be answered by large-scale genomic sequencing.

Thousands of individuals now exist at Hiroshima and elsewhere who
have been either exposed to fairly high doses of radiation or are
desccendants of those who have been exposed. Using tissue culture
techniques, cells from these individuals and their parents may be
cultured and preserved in a frozen state so that their DNA may be
examined, and the nature and extent of genetic damage determined in
detail.

The limiting factor in human radiobiology is the rate of DNA
sequencing.

We propose subsequently the oganization of a contract_laboratory,
vwhich may be called the MbL, dedicated to the modest objective of
sequncing one megabase of DNA per year using the best available
techiiology. In parallel with ongoing sequencing, MbL would develop
autonated and/or robotic systems for larger scale genomic analysis
together with cost and design studies aimed at defining a laboratory
to analyze one gigabase of DNA each year (GbL). GbL could then be
repeatedly reduplicated if necessary, or could serve as the test bed
for the development of one or more even larger laboratories. The
goalt and objectives would initially lie entirely within the mission
of the U.S.Department of Energy, as would all funding, management,
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and review. Possible enlargement of the mission to encompass human
genetic disease, cancer, age;ng. birth defects, evolution, sequencing
of DNA from bacteria and viruses, production of probes for clinical
use, should be widely discussed, but implimentation should be
deferred until the DOE missicon-oriented objectives are being met.

The Test Segment:- Both radiation biology and genetic toxicology
could be revolutionized if one large segment of human or mouse DNA
could be routinely, easily, and repeatedly sequenced. It would be
best if this segment were obtained from the Y chromosome since
segments obtained from other chromosomes would be heterozygous. It
is proposed that the activities of MbL be limited almost entirely to
the repeated sequenc1ng of one DNA approximately 10-50 kilobases long
of human origin, and a similar segment of mouse origin. 1If possible,
these segments should be made with restriction enzymes which cut in
the middle of two structural genes, in regions which appear to be
evolutionarily invariant, thus avoiding the problems which might
arise if the ends are in capriciously varying regions.

By defining initial objectives which are well within DOE's mission,
and by starting the projected wzthout competing with grants,
opposition can be minimized.

We conclude that DOE has many parts of the PLANS project within its
g;asp, needs to gpx:kly fold them into its support structure,
complete prelzmznazz organ1zatzonal stud;es, and announce their

Organization g£ PLANS

. It is suggested that an overall management task group be organized

by DOE including DCE staff and individuals from academia and
industry, with a full time executive chairman. Reporting to this
task group would be (1) the Segquence Objectives Committe (largely
geneticists), and (2) the Sequence Strategy Committee (largely
molecular biologists, computer, AI and instumentation specialists
including some from industry). The turnover rates in top management
suggested by Webb for NASA should be adopted.

At the outset an inventory of DOE programs which are relevant should
be prepared.

One of the first problems to be considered is the use of National
Laboratories vs industrial contracts. It is strongly suggested that
in a highly competitive international environment, and with many
proprietary processes and systems already in existence, that a firm
policy in favor of competing industrial contracts to operate MbL, and
for sequencing teclinology development be established. It is
absolutely essential to use the rest technology, and to entrain the
best groups and minds in this effort. The efforts of industry can be
utlized though contracts, and the best university minds can be
obtained through consultantships. Problems which can be solved by
neither of the above, or are of no interest to them, or where the
best minds are already found in National Laboratories should be in
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National Laboratories. 1It-is essential that the sequencing project
not become a welfare program for ailing Biology Divisions in DOE.
The lesson of redirection is that it does not work. It is also
essential to have industrial backing for the entire venture.

IF THIS PROGRAM 1S TO BE A KEY VEHICLE FOR MAINTAINING U.S.
LEADERSHIP IN BIOTECHNOLOGY, THEN AS MANY ASPECTS OF THE WORK AS
POSSIBLE SHOULD BE THE PROPERTY OF U.S. FIRMS.

The ability of DOE to carry through this program with the end result
(i.e., the sequence) being in the public domain, but with the bulk of
the technology remaining private will be a key element for continued
public support. The bottom question is, can the U.S. collectively
compete with Japan Inc.

Organization of the Megabase/Year Laboratory (MbL)

Among the first contracts let should be one or more prime contracts
for a sequencing laboratory scaled to sequence one megabase of DNA
per year, and in parallel to develop automated and/or robotic systems
for speeding up analysis and for reducing cost. Separation of
development from actual process is often fatal, hence the inclusion
of both activities under one contract. The technical objective is to
develop the procedures and systems to be used in the larger one
gigabase/year laboratory (GbL) for whole chromosome sequencing.
Subcontracting should be extensively employed by MbL to be sure that
the best U.S. technology is used.

Mutations are rare events, and the credibility of a sequencing
approach to mutational studies depends on showing that sequencing can
be done reliably and with an error rate well below the background
mutation rate.

Hence Task 1 for MbL is to determine the noise level of the entire
DNA isolation and sequencing operation by isolation and sequencing
the same segment repeatedly. 1f the error rate, with existing
procedures, is higher than the expected background mutation rate
then Tasks 2 to 4 must be deferred until the basic analytical
problems have been solved, and acceptable reproducibility has beeen
demonstrated.

Task 2:- The second task is to determine the differential mutability
of differert parts of the chosen test segment. This would be done by
repeatedly sequencing the same DNA segment isolated from different
individuals. Are there nonsense regions which can accumulate
background mutations with impunity? Can the length of intergene
regions vary in a capricious manner? Do some base substitutions
occur more frequently than others? Can genetic distance by measured
by simply comparing non-coding regions? Are there constant or
restricted variability non-coding and non-control regions which have
~ to do with chromosomal organization and structure?

Task 3:- Begin the systematic analysis of the effects of ionizing
radiation as a function of linear energy transfer, dose, dose rate,
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dose fractionation, cell type, and length of recovery. Comparative
studies would also be initiated using chemical mutgens on human cells
in culture or on mice.

Task 4:- In parallel with biological studies, develop both through
subcontracts and in-house R&D robotic and/or automated systems of

analysis, sample preparation and management, and demonstrate that

each new system is superior to methods then in use doing the tasks
outlined.

Task 6:- Initiate design of the those portions of GbL not already
under development (waste disposal and other problems associated with
operating at a larger scale).

MbL should be set up immediately by diversion of existing funds

to commercial contractors to obtain operational and personnel
flexibility. If there are any serious problems, a competing parallel
contract should be let. If the overall problem is deemed very
urgent, then three contracts should be considered. The actual
operations may be distant from, near, or actually in a National
Laboratory. Extensive use must be made of the best personnel,

groups and concerns now available. The MbL laboratory will set the
tene for the technical level of the entire operation, and must be

"s+ tate of the art" thoughout.

Ncte that MbL may evolve into an efficient unit which can be
rmpeatedly reduplicated in universities and institutes to work on
itlected DNA sequence problems. The MbL unit would include sample
uwanagement and sample preparation systems and programs, sequencing
michines, and computing systems, and MbL units could be scaled up by
factors of up to 10 if necessary.

Ancillary DOE Programs

The objective of the PLANS operation is information (i.e., sequence
data). Sophisticated analysis of large sequences will be an entirely
new field in biology, and will, we believe, lead to the establishment
of a new and central discipline of Genomic Theoretical Biology.
'heory has played almost no role in bioclogy previously. We believe
this will change radically as large scale computerized genomic
analysis develops. Provision must be made from the very outset for
development ©of genomic theoretical biology through grants, graduate
gtudent support, access {0 large computers, and arrangements for
personnel exchange. Specifically Walter Goad and associates should be
line item DOE programs ai the expense of almost anything else.
Chromosome sorting, the physiology of chromosome condensation,
techniques for producing non-aggregated chromosome suspensions,
high~resolution centrifugal methods for chromosome separation,
production and maintenance of suitable cell lines =~ all these should
be DOE-supported programs.

GENBANK is now overwhelmed with data. The published information

~arailable through it is widely used and highly valued by the
suientific and industrial communities. It too should be made a DOE
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line item as soon as possible. In addition, distribution of cloned
fragments from sorted chromosomes should have DOE support. The
National Gene Library Project is already partially DOE supported, and
the support should be enlared.

Gene Identification and Indexing

Genes are named by the proteins they make, or the effects mutations
of them produce. 1In the end it is essential to face up to the
problem of providing a protein index whi'ch is also an index of all
structural genes. Advances in two-dimensional electrophoresis now
allow thousnds of proteins to be separated and characterized, and a
large fraction of them partially sequenced. This seguence data can be
reverse translated to provide identification of the genes producing
the proteins. Hence the technology now exists for linking spots to
genes in a systematic manner. 1In addition, antibodies can be
routinely produced against proteins recovered from 2-D gels. These
antibodies can in turn be used to isolate undenatured proteins for
functional studies, i.e., to find out where known enymes are in
patterns. In addition, the antibodies can be used to determine the
intracellular location of each protein, and the cell types in wlich
each occurs.

Genomic sequence data becomes valuable as it is linked to masses of
existing biological data. The sequences for structural genes shotld
therefore be linked to the highest resolution protein analytical
system presently available (2-D electroporesis) which system is now
in turn linked to a data base including protein names, activiti..:,
sequences, disease-associations, and literature citations (The l'uman
Protein Index).

Note that 2-D electrophoresis offers the possibility of detecting
point mutations at an extraordinarily large number of loci, and uence
over large regions of coding DNA. One 2-D pattern can serve to
“report" single base substitutions is more than one megabase of !)NA!
Protein variants seen on these gels can be partially sequenced, and
the mutant genes cloned and sequenced. Hence by combining 2-D
electrophoresis, protein sequencing, and gene cloning and seguencing
the entire system can be made to yield important experimental results
very quickly.

The Human Protein Index project therefore will also provide the index
for GENBANK.

GbL = Phase I.

The objective of GbL is whole chromosome sequencing. It is evideait
that GbL could continue on doing purely DOE programmatic studies.
examining the radiobiology ©f the entire human and mouse chromosomes
and ultimately genomes.

Phase I planning and initial program expansion should proceed in
parallel as was done in the early Manhattan Project.
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Task l:=- Organization of GbL DNA sequencing operations. Based on the
experience of MbL, sequenc;ng at approximately the megabase per year
level without engineering development (but in close collaboration
with MbL) should be started. The samples to be analyzed would be
those chosen collaboratively as of most medical importance. Some
time and effort will have to be expended initially on site choice, on
selection of support personnel, and on arranging the base for what
will become a relatively large operation.

Task 2:- Organization of collaborative studies. Many competent
investigators have identified restriction Iragments which are near to
or include clinically important genes, have probes for isolating
these genes, or actually have cloned the genes and need to sequence
them. Using accelerator managment experience, and with the inclusion
on the GbL staff of specialists or curators in different areas
(diseases, chromosomes, restriction fragments etc) it should be
possible to organize these studies efficiently. Only a2 few percent of
the human genome codes for proteins, and only a few percent of the
coding region is concerned with important genetic diseases. Every
effort should be made at the outset to solve as many human genetic
disease problems as possible, or to move them into propose clinical
settings with the proper equipment. Collaborative studies should be
planned as an ongoing activity but not as the central effort.

Task 4: Planning the Core Activities of GbL. The product of GbL 15
information. Massive sequencxng is. requzred to obtain that
information. While sequencing of a single human genome may be the
‘initial stated objective, the long term objective is the sequencing
of many human genomes, followed by the complete sequencing of many
other genomes as well in decades to come. Massive data storage will
be required, and computing systems not now envisioned will be
required to obtain from sequence data the types of information we
believe it to contain. Obsolescence, staff turnover, and acquisition
and assimilation of new concepts, procedures, and ideas will, along
with funding, be central problems for the planning staff. It is
suggested that contracts be let with university groups to explore
further exotic alternative approachs to large scale sequencing,
including development of new restriction enzymes, new separation
methods applicable to large fragements, new mapping and ordering
methods etc - all with the express intent of incorporating the
successful ones into GbL. Originators should be retained as
consultants. As the ordering and sequencing philosophy and approaches
become: clear, and the ratio and relationships between university and
industry sequencing and the GbL efforts is seen, the sequencing
effort at GbL may be increased through collaborative efforts. As the
"interesting" sequences are done, and interest in actual sequencing
diminishes in the academic community, a gradual shift is forseen to
reliance on a central facility to drive the task to completion.

Task 5:=- Support. MbL is viewed as an intramural program which can
proceed from largely internal decisions within DOE, does not produce
interagency problems, and justifies DOEs mandate in the sequencing
area. GbL is big science, and can only succeed as such. GbL will
require major decisions in full public view. There is zero chance
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that GbL can succeed to a high level of funding in a short period in
this era without very high visibility and a willingness to compete
for funds with other big budgets in the public arena. Hence
organization of a public education group outside the government is
essential as well as one inside GbL. MbL and the GbL therefore should
be the subjects of NOVA and as many other public television programs
as possible, should be discussed widely, be presented to the
Congress, and be described in the press. The objective is to provide
detailed correct information and to build expectations for what we
know can be done. Expectations can be built without creating
opposition. Once the public is fully aware that the entire human
genome can be sequenced, that all human genetic diseases can be fully
understood (and some of them treated), that cancer is a genetic
disease of somatic cells, that aging may be preprogrammed and
partially preventable, that many previously undiscovered gene
products have therapeutic uses, that that limiting factor in the
promised genetic engineering revolution is finding new new and useful
proteins to make - then massive support for the PLANS program will
emerge. Public distussion also converts many unthoughtful skeptics

' before they can do damage.

It is essential that MbL not compete with grant support at
universities. Rather every effort shold be made to point out
instances where the results from PLANS will be useful to individuals
with NIH and DOE grants. By the time that GbL is in operation, it is
believed that the concept of large central facilities will have been
accepted, and that a new constitutency of data users will have
evolved.

The public (and correct) image is of a program #hich has irvented
itself, exist now naturally in DOE, will continue to grow, and can
benefit nearly everyone if fully supported.

Information contained in the iequences of DNA in the 46 chromosomes
of human somatic cells constitute the PLANS for MAN. Phase II of GbL
is therefore the expansion of this effort up to the full gigabase per
year level.

The Transition to Big Science

The unique features of socalled "big sience" which are relevant to
the PLANS project are:

1. Simple, well defined, widely understood goals in the national
interest.

2. Cohesive support from academia, industry, atd one or more
government agencies (even where a new agency is sultimately
organized), i.e., there is a constituency for the project.

3. Spokesmen and administrators completely committed to the project
who place program success well above personal credit.
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A well thought out plan which meets the program objectives and
the interests of the majaor participants.

Active management (vs passive management of investigator-initiated
research.

Innovator-translators who can subdivide major problems in biology
including biochemistry and genetics into small tractable efforts
and define them in such a manner as to interest and effectively
utilize specialists in other disciplines including chemistry,
mathematics, computer sciences including graphics, and many phases
of engineering and construction. Lack of these key individuals
accounts for many failures in industrial biotechnology.
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Los Alamos National Laboratory wai stop LS-DO-85-1.14-132

Los Alamos New MEXI'CO 87545 TELEPHONE 505-667-2690

Dr. Charles Delisi

Office of Health and Environmental Research
ER-70, F-208, GIN

Washington, D.C. 20545

Dear Charles:

Prologue:

We have begun to seriously examine how we might assist in the process of
evaluating and supporting your proposal for an initiative that aims at
sequencing the entire human genome. There can be little question that this .
is a challenging and vital enterprise, aspects of which resemble in scope
and impact initiatives developed under the aegis of high energy physigs.
Moreover, the important results for human health and the consequences that
must accrue from such an effort are far more immediate and significant than
many "Big Science" activities of far greater cost. We do not question the
significance of such initiatives, but rather emphasize that sequencing the
human genome is an undettakzng of protean significance and compelling
importance. :

Subjects Addressed In This Letter:

Here we examine the extraordinary and tangible benefits arising from this
initiative; attempts to accurately estimate cost and time for completion of
the work; the need for advanced instrumentation and automation of the
sequencing process; a variety of approaches that could be taken; and ways in
which to coordinate and orchestrate the program from a central location.

It seems more than appropriate that such integration would be closely
.associated with GenBank functions. We note that theoretical biologists in
GENBANK routinely undertake analyses of sequences and do research into new
algorithms for sequence analysis. Furthermore, a preferred experimental
approach to this work could be expedited substantially by the National
Laboratory Gene Library Project (at _Los Alamos and Lawrence Livermore
Laboratories), which 1is producing chromosome specific recombxnant DNA
libraries for the entire human genome.

Significance and Benefits -

It is impossible to anticipate at this point in the history of molecular
genetics, all significant consequences of this initiative. Clearly we will
have defined the organization of the whole human genome.  Also we will have
developed a powerful informational infrastructure in order to wunderstand
more perfectly the mechanisms utilized in the coordinate expression of gene
families i.e., proteins, which by themselves are without significance, but
when accompanied by a matched set of gene products serve as components of a
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protein cascade, which subtends a particular function in a specialized cell.
For example, proteins involved in muscle contraction; proteins involved in
the synthesis and degradation of glycogen and proteins involved in insulin
or steroid synthesis, and a multitude of other "matched sets”. .

Yet another benefit would be having access to (it would probably take a long
time to work it all out) the complete interactive network of all the genes
or subgroups of genes in a 'high level’ organism. Though there are
currently several complete genomes known, they are for extremely parasitic
organisms (viruses) that rely extensively on the host gene network.
Although E. coli will probably be sequenced within the next decade or so, it
would obviously not suffice for understanding animal genes and their
regulation. In summary, the theory of the.operon told us (many years ago)
that genes are interrelated, often in quite extensive networks. However,
there is no single example of a relatively free living organism where we can
say that we have the complete interdependent network at hand to analyze or
understand.

Having the entire sequence of the human genome will have profound
implications for the understanding of evolutionary processes; the appearance
and disappearance of genes, which are either soon to be deployed or are no
longer needed. Also evolutionary questions relating to.species proximity
and evolutionary pathways will be more readily resolved. It should alsd be
emphasized that this sequencing initiative will have a very important imgact
on our understanding of development, embryogenesis and specialization - of
undifferentiated cells. ' : :

The sequencing will have profound impact on our understanding of the role of
oncogenes in cancer and the abnormalities of gene expression that are
associated with cancer. - .

Additional benefits in cost and time would derive from using the complete
sequence as a reference for which one would need minimal information to
readily access some desired portion of the genome in a relatively localized
fashion. An example: suppose someone notices an unusual protein which
appears on a gel in a clincial or basic study — determination of the amino
acid sequence of a relatively short portion of the protein would allow one
to scan the translated human genome data for regions of similarity or
identity, thus narrowing in on an already known or previously unknown
gene(s). This would eliminate the need for all the molecular biochemistry
involved in making probes and attempting to isolate genes. If an
investigator wants to acquire and amplify a copy of the gene, it would be
easy to go from the sequence data entry (which would in all likelihood cite
a fragment in an established library such as the Gene Library) to the place
where the fragment corresponding to that gene is stored and available.

Yet another benefit, perhaps more abstract, would arise from answers to
questions concerning the: richness of sequence information, and how unique
individiuval sequences are. It would provide an important base for
calculations that are often used in, for instance, designing probes,
estimating expression levels (through codon usage), etc. 1t would tell us
whether or not there are chromosome-specific sequences; and the same for
other levels of "locale”. '

The proposed sequencing will have a profound impact on questions of prenatal
diagnosis, genetic counseling, inborn (genetic) errors of metabolism, and
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the identity of various "abnormal" or absent genes (e.g., cystic fibrosis,
" Pompe’s disease) and an even more profound impact on the whole question of
genetic engineering in terms of how and where in the genome to introduce
nucleotide sequences for the correction of genetic abnormalities.

Moreover, sequencing the entire human genome will provide a powerful
understanding of the architecture that governs distribution of repetitive
sequences and the potential role of both repetitive and intervening
sequences with regard to gene structure and gene expression. The structural
implications of the entire sequence ought to help us to understand ways in
which the genetic information  is made available especially with regard to
‘the unfolded forms deployed in interphase, or when the chromosomes are fully
condensed, and when the genetic information is being replicated. It is more
than likely that a number of surprises (totally unexpected benefits) will
emerge from such sequence information. 1In this regard insights into genetic
heterogeneity within and between families or larger population clusters will
have profound implications for individualized medical care.

Estimates of Time and Cost

Although the benefits are dramatic and unambiquous the issues of cost fand
time must be carefully considered. There are a variety of approaches ! to
estimating cost: One can take the average rate at which DNA is sequenced at
one of the more advanced laboratories (1000 bases per man-day) and estimate
the cost by multiplying the cost per 1000 bages by the total number of kilo
bases in . the human genome (i.e., 3.5 x 10°kb). A problem with such an
estimate results from the fact that it is based on current technology and
current approaches all of which may become rapidly ocutmoded by technological
advances. Automation of the sequencing technology will make it more rapid,
less labor intensive, and less costly. Also such estimates do not include
the need for multiple sequencing passes to accommodate ambigquities and
enhance accuracy and the costs for preparing specific DNA segments for
sequencing and the costs of organizing these sequences in a linear or
overlapping array. - '

In the 1000 bases/day approach one arrives at the following estimate.

1. 1,000 bases per day sequenced by a "state of the art"” lab.

2. 3.5 x 109 total bases = 3.5 x 106 man days

1000 bases per diem

3. 3.5 x 1()6 man days = 104 man years
350 man days/annum
4 104 man years = 10 years -

oU00 laboratories (2 sequencers/lab)

5. 10% man years x 105 $ per man year = $109 (1 billion dollars) over 10
years.

6. Given ambiguities with respect to error rate and potential technical
problems ameliorated by probable technical advances the $1 Billion/10 year
estimate should more properly be cast as 1-3 Billion over 9-14 years (at the
outset). ) .
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7. We should plan a DOE sponsored workshop (or workshops) to begin to
examine the beat approaches, players, centers and technologies. o

8. Such funding might well involve National and International participation
including current adversaries, such as the Soviets, in order to provide a
DNA centered mechanism for international cooperation and reduction in
tension. '

9. Such funding might thus be derived nationally (OHER, Howard Hughes, NIH
and other foundations) and internationally (UN/WHO participants). There may
be useful opportunities here for the nation regarding possible initiatives
with the Soviets. . '

10. The phasing in of the project must occur gradually with careful planning
and in ways which are perceived by individual investigators as supporting .
and non-threatening. The 500 laboratories used in the calculation begins to
capture the need for distributing the task over many centers.

Need for Advances in Instrumentation and Automation of Sequence Analysis

There is clearly a formidable need for improvement. : in
instrumentation/automation methodologies that are now employed for ,DNA
sequencing. This extends from gel column technologies to the preparation of
DNA. It is likely that a variety of new approaches could emerge in the next
5-10 years. The last decade has witnessed an order of magnitude gain in the
speed of sequencing! Of course it is a profound and central question as to
whether and how the next order of magnitude gain in sequencing speed and
cost will be accomplished, e.g., multifexing. In the context of such
sequencing technology, the National Laboratories are one potential locus in
which to develop advanced instrumentation both because of personnel,
experience, the association with the National Laboratory Gene Library
Project and because of the computationally intense nature of the task.

Experimental Approaches

At least three approaches have been considered. In discussions with Frank
Ruddle we have learned that at a recent Gordon Conference (this past summer)
one approach suggested was sequencing an entire human chromosome. This was
seen as an attractive "demonstration" possibility. Another possibility that
Ruddle favors is to do extensive sequencing in regions of clinically
significant RFLPs. Yet another approach that Bob Moyzis has suggested is to
use the shotgun approach and to sequence all available clones in the
recombinant libraries with the idea that this minimizes preparation time
(the clones are already available). This would require an intense
retrospective and computational effort to array all domains being
simultaneously sequenced. There are various technical approaches and it is
agreed that many of these issues (once we have developed an initial
position) will benefit from discussion with colleagues at an OHER sponsored
conference dedicated to this purpose.

Integration

GenBank appears to be a logical organizational unit within which to organize
this initiative. The computational base at GenBank is a valuable receptacle
for the information that will emerge as well as the perfect tool with which
to arrange, and integrate this flow of information. = GenBank could also



LR,

participate in -efforts to identify overlaps of sequenced domains and to
develop new algorithms with which to explore, study and analyze the tota.
sequence. ' :

Concluding Remarks

In summary, there is considerable enthusiasm for this concept. A note of
caution has been voiced concerning uncertainties in time and cost estimates.
They may be too sanguine or too conservative. (More data are needed). we
find strong unanimity with regard to the need for advanced instrumentation
and automation and enthusiasm with respect to the basic importance of
clinical and applied spinoffs associated with a project of this magnitude.
Finally, there was enthusiasm for your initial point that the Life Sciences
have still to learn to address the very effective large scale enterprises
that so often have graced and strengthened the arena of high energy physics.

Very truly youtéj

‘e @ e pw

Christian Burks
Walter Goad
Jim Ficket

Ed Hildebrand
Bob Moyzis
Larry Deaven
Scott Cram
George Bell
Mark Bitensky
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Sequercing the Human Genome - Computation Requirements 3/13/86

A central facility is required to collect, correlate, siofe, and
distribute the sequence database and associated information (source,
function, relation to other sequences and to physical and genetic.map,
etc.). It is essential that this be linked in a network with
generators and users of the data. The collection, storing, and
distribution of the data could be handled using an advanced
minicomputer at the network core. However, by the time the database
reached ~108 bases, we believe that a dedicated state-of-the-art
supercomputer would be required in order to handle problems of sequence
alignment and similarity searches.

Computer memory requirements associated with the database are modest,
11010 sequence bits or 1011 bits overall. This is easily accommodated
within current state-of-the-art. For example, the Los Alamos "Common
File System” will soon store ~1013 bits. Fast disks storing 109 - 1010
are common.

The rate of data acquisition requires direct input o* the sequence and
other data into the database and hence an efficient jata transfer
network coupling data generators to the database. [1 addition, the
community of users must have ready access to the datibase and to
analysis tools presumably over the same network. Facile communication
over this network should make it a vital tool for molecular genetics
research.

Sequence comparisons for purposes of data assembly do not pose major
problems, at least if partially ordered cosmids or other fragments are
used in generating sequence data. This conclusion nay be reached as
follows: A single search for nearly identical subsuguences between a
“"gene" of 103 bases and GenBank (6 x 106 bases) would take a few
seconds on a current supercomputer, e.g., CRAY X-MP/48. Thus aligning
2 unique sequence with a 100 base overlap to the human genome library
(3.109 bases) would take a few minutes and many (+1(5) such alignments
could be done per year using current technology.

Similarity searches allowing for mismatches, insertions, and deletions
are much harder and will pose formidable challenges to the designers of
algorithms and of supercomputer hardware. Fortunate'y, current trends
towards increasing parallelism in computer design will benefit database
. Coarchee far ather

70



71

will similarly challenge both computer scientists and molecular ,
geneticists probably for many decades. We believe the network should
make available algorithms and computer time for scientists doing
computationally intensive work.

Costs of the cémputing facility and network and management of the
database are estimated to average $10M per year, being about half for
equipment and half for people. The rate of expenditure would increase
somewhat with the.size of the database but an eariy investment should
be made in establishing the communication network, database framework,
and in algorithm research. Once the network is delivering a reasonable
level of service, user demands may require substantial increases of
communication or computing resources beyond that implied by the above
estimate. | '



FRED HUTCHINSON CANCER RESEARCH CENTER
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467.5000

Seattle. Washington 98104
17 March 1986

Dr. Mark Bitensky M-881
Los Alamos National Laboratory
Los Alamos NM 87545

Dear Mark,

Thank you for the chance to attend the meeting about the human
genome sequencing project. I thoroughly endorse the 1idea of
sequencing an entire reference human genome withing a ten vyear
period as did everyone I spoke with at the meeting. The largest
problems I believe are political and social, not scientific. 1
am convinced that at least two methodologies exist (the ABI
machine and the multiplex sequencing approach) tg improve today' T
sequence data acquisiton rate of 0.5 - 1.0 x 10¥ bases person
year'1 by a factor of 20 to 100. This is the sole technical
advance necessary to sequence the genome (or the parts which can
be stably carried in current vectors, probably 99%) within the
tentative time frame of ten years.

I also endorse the preliminary-goal of working out a coarse
physical map -(as with Sfi I and Not I) of the genome. Again, no
new technical advances are reguired; when such a map is
integrated with the growing collection of restriction fragment
length polymorphisms, . medical genetic analysis would enter a new
era, when phenotypes based on one (or a few) genetic determinants
could be rapidly assigned to a physical locus, if a suitable
family group is available for study. I think the possible goal of
sequencing a complete complementary DNA library (message library)
though useful, would not command the same high priority as the
basic map. Arbitrary decisions about the choice of a cell from
which to make the library and the notorious inability of the
reverse transcriptase to copy certain messages would weaken the
general usefulness of such a library. Were a map to be
published, 1individual 1labs around the world could map cDNAs on
their own. The coarse restriction map would be achievable within
a few years, would start paying benefits immediately, and would
continue to do so for the duration of the sequencing project. The
mapping project should begin with total human DNA, not flow
sorted chromosomes, since mapping would be carried out by
Southern blots, the complexity of the human genome is so great
that simplification by a factor or 20 or so is irrelevant to the
mapping process.

na



My recommendation would be to segquence the genome with cosmid
libraries on individual chromosomes. This approach would assume
one could obtain enough euploid cells from one source to vyield
sufficient material for the high speed sorters to produce several
micrograms of each of the 24 different chromosomes. I think
there are several advantages to this .approach. PFirst, useful
results would start very soon, since existing probes to important
genetic loci, translocations, or oncogenes could be followed in.
Second, dividing the genome into 24 segments will help the
closure problem to a certain degree. Third, the motivation of the
teams doing the actual work could be positively influenced with a
focus ("we've finished 21p now on to 2iq") which could lead to a
competitive challenge between different groups. Fourth, it is
politically and practically sensible to make use of the expertise
of LANL and LLNL at high speed sorting of human chromosones.

Next, libraries of cosmids would be- ordered by ary of the several
approaches: the restriction 'signature' method of S.Brenner, the
conventional mapping approach, or the differential hybridization
to random oligonucleotide probe scheme of H. Lehrach. Additional
shortcuts and contiguous groups of cosmids could be derived from
existing sets of cloned probes (which now number in the
thousands), as well as probes de:’ved form the coarse physical
mapping studies and the several hurcred existing RFLP probes.

Finally, the sequences of individu:.l cosmids would be taken with
one of <the available methods. Both the automatic sequencing
device being developed by Applied Biosystems and the multiplex
sequencing of G.Church are close to being 20 to 100 times more
efficient than a person working in a lab today. A particularly
exciting possibility would be a cumbination of the multiplex
sequencing with chemiluminescent probes and exposure times of a
few seconds (D. Ward) and thus the elimination of radiocactive
tracers and x-ray film. Ultimately such data could be taken
directly on a video camera screen as an input device, the pattern
of bands stored on magnetic media, and the sequence deduced by
computer.

I urge the OHER to 'assert a license' to carry out this research
and start active planning. The na%“ional labs, as opposed to the

NIH would be natural choices . because of their excellent computing.

resources, the high speed chrom:some sorting projects, the
excellent data communications (ARPA'ET), GENBANK, and the fact
that the national labs do have a history of doing active rather
than passive research. The NIH has still never organizzed its own
computing and finally set up contracts with third parties
(Intelligenetics) to make computer services available (at great
and growing cost) to the peer-revied community. On the other

93



hand OHER will have to overcome 1) a lack-luster reputation in
the general biology community (though unfair, I am afraid the
accomplishments of the National 1labs are not vet fully
appreciated; 2)jealousy from the NIH if it perceives that the
funding would compete with their own- better to invite them to
help in the early stages; and finally the difficulty of getting
new money ( the incremental funding) out of Congress these days.

I would also favor the idea of a central location for the work to
begin. I think this would be invaluable to help focus and
motivate the scientists involved. As many conferees suggested,
the projects could be divided up during the la\er years or to
nurture specific technologies as warranted, bit the main work
would be expedited in the beginning if it were a* one location. I
think Wally Gilbert's plan would be quite practical.

I hope this summary will be of use. I enclose :'eprints on the
collagen molecular genetics work from my lab.

Sincerely,
M tMWM
Dr. Richard Gelinas

Assoociate Member
Program in Molecular Medicine

7Y



College of Physicians & Surgeons of Columbia University | New York, N.Y. 10032

DEPARTMENT OF HMUMAN GENETICS AND DEVELOPMENT 701 West 168tn Stree:

March 6, 1986

Dr. Mark W. Bitensky . -
Los Alamos National Laboratory

Life Sciences Division

Los Alamos, New Mexico 87545

Dear Mark:

I enjoyed our workshop very much. This letter summarizes
ny views on some of the scientific and organization issues
raised at Santa Fe, particularly focusing on items on which I
feel sufficiently close enough to have strong views.

I favor a staged approach to sequencing the human genome.
In the first few years I would focus attention on:

1. Macrorestriction mapping the entire genome with
PFG electrophoresis, rare site libraries and somatic cell
genetics and cytogenetics.

2. Developing optimal strategies for cosmid link up
based on the premise that a full macrorestriction map will
become available, and then actually implementing these
strategies, chromosome by chromosome.

3. Aligning the physical maps on the RFLP linkage map
of each chromosome.

4. Developing improved automated DNA sequencing
methods. ‘

5. A pilot, larger scale sequencing study, focusing
on regions of current interest and aimed at gaining experience
in automated data imput to a data base, on error analysis, on
improved data analysis, and on maximizing cloning efficiency
prior to sequencing.

6. Selecting the samples, e.g. mole DNA, for further
study.

In the next few years I would concentrate on:

1. Sequencing of the most interesting 10% of the
human genome, including immediately important disease gene
regions located through the combined linkage and physical
maps.

2. Further improvement of automated sequencing.

3. Some pilot studies on physical map and sequence
diversity among distantly related humans and within disease
pedigrees.

In the last 5-7 years I would concentrate on:
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1. Completing those regions of sequencing actually
feasible.
. 2. More elaborate studies on diversity, including some
mouie-human comparisons in interesting multigenic disease
regions.

In terms of organization, I favor a strong central
administrative structure with clout, but physical dispersal of
most of the actual project to go to about 10 Centers located
at or adjacent to existing institutions. I feel this is both
politically and scientifically optimal. I would see these
Centers as starting at around 10 people each and growing to
30-50 as each project matures. I am pleased that DOE might be
the lead agency in administering the program and it seems
highly desirable that the national laboratories play major
roles, possibly with Los Alamos continuing to serve as the
center for data storage analysis and distribution and for
Livermore and Los Alamos involved in the development of
automated instrumentation as well as cytogentics. I believe
the optimal sites for most of the mapping and early sequencing
are at medical centers or universities where intense interest
in the emerging data will keep the project focused on
inportant goals and maintain morale. I would contract most of
the less interesting sequencing to companies but I lean
towards having intense communication between each contract and
a particular Center.

The leadership of the endeavor must be visible, highly
interactive and unusually flexible. I suspect that technology
~will continue to advance rapidly and that many major
mid-stream course corrections will be required. A
‘sub=-directorate composed of the leaders of the Centers and
participating national laboratory groups seems an appropriate
governing board with one or two individuals additionally
designated as full-time director (and possibly co-director) of
the overall project. I believe the overall endeavor is
sufficiently attractive that it should be possible to recruit
outstanding individuals to head the program and its Centers.

Please let me know how I can be of further help since I
support this overall program gquite strongly.

Sincerely,
ZZ/_\--

Charles R. Cantor
Professor and Chairman
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"§ CITY OF HOPE NATIONAL MEDICAL CENTER

y! 5

f' 1500 EAST DUARTE ROAD ¢ DUARTE, CALIFORNIA 91010 ¢ ~T7TI) 359.81 1
DEPARTMENT OF MEDICAL GENETICS
Dovid E. Comings..M.D., Director March 11, 1986

Dr. Mark Bitensky
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Dear Mark:

Just a note that you requested of me. 1) I am strongly in favor of the
proposal to map and sequence the human genome. 2) I believe that the best
approach would be to finish the cosmid libraries for each individual chromo-
some along with a Not and lambda library of each chromosome. When that phase
is complete, then progress with the mapping and aligning of the cosmid clones,
then finally, the third phase of sequencing. The first part is apparently
already being funded and begun. The second part of mapping tt.e cosmid clones
would probably cost much less than the final sequencing. Multiple center
support might allow the mapping part to be done without neediny to approach
any government agency about spending $500,000 to $1,000,000,00:- for the
whole project. Between the Department_of Energy, NIH, Hughes, and other
institutes, it is possible that this part could be funded withcut any
st1rr1ng up of any congressmen or other related creatures. B’ that time,
there is a possibility that newer sequencing techniques would jive us a
better ‘estimate of the third phase and that would be the time -:0 approach
congress for funding.

1 would be happy to serve in any capac1ty, in the future, in any way
you might need help.

Best regards,
oo~ )

David E. Comings, M.D., Director
Department of Medical Genetics

DEC:km
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Lawrence Livermore National Laboratory

March 13, 1986

Dr. Mark W. Bitensky

Life Sciences Division, M881
Los Alamos National Laboratory
Los Alamos, NM 87545

Dear Mark: ' .

In response 1o your request for input about the Santa Fe meeling on sequencing the human
genome, we wanted 10 provide you with some of our thoughts and those of our colleagues at Livermore.
Before we do that, however, we wish to thank you for the invitation and congratulate you on hosting and
co-chairing an exciling and stimulating meeting. We believe that this meeting has clearly fulfilled the

mandate of Dr. Delisi. We concur strongly with the major points of consensus that emerged there. A
summary of our ideas follows and a table giving a proposed time and effort schedule is also offered for
your consideration.

We envisage this project as having perhaps four stages: (1) a 2.5 to 3.5 year "prefunding” penod
(2) a five year period during which the main project is initiated at about one fifth its projected size and
then grows at approximately 40% per yaar, (3) and (4), two subsequent five year periods with constant
effort but changing emphasis. Since it seems certain that significant funding for this effort would not be
available until October of 1988 at the earliest, we have about 2.5 to 3.5 years in a prefunding period.
With only the preexisting funds or mode: t additional support, this time could be used very promably to
-improve and fest sequencing and orderir J methods. In addition we could begin, based at leas! in part
on the fruits of the "large insert” phase 3 the Gene Library project, 1o produce some partial, ordered
libraries of a few chromosomes. Thi¢ oreliminary work should be very valuable in motivating and
defining the main project itself.

We propose that the main project 52 initiated at the level of about 100 FTE, devoted to four major
components: (A) ordering, (B) sequencin) methods development, (C) computation related development
efforts, and (D) administration, planning, and recruiting. During the first five year penod the manpower
levels would be increased at about 40% per year to attain a level of 500 FTE in year six. This increase
~would be almost entirely devoted to bringing up two additional very large areas of effort, sequencing and
communily interfacing. " Approximately this level could then be maintained for the expected 15 to 20 year
duration of the project. At the completior of this project, the manpower effort could be re-directed to the
mouse or other appropriate genomes.

We strongly concur with the view espoused by Gilbert and others that ordering efforts and the con-
sequent integration of the physical and genetic maps should receive the dominant initial emphasis and
be well under way before any significant se(:uencmg is undertaken. This partly reflects our view that the
ordered libraries would make the sequencing efforts much more efficient. They would also permit the
sequencing work to be more useful, especially in the early years, by being eﬂucaemly targeted to regions
of greatest interest. The use of cDNA libraries 1o select cosmids for sequencing should allow the most
interesting 1% to 3% of the genome to be sequenced first.

: Of course, the RFLP and genetic mapping efforts are currently under way and would be: greatly
enhanced by information gained from the physmal ordenng maps. In parisular, known RFLPs and
genes could be mapped with much grea‘er precision using the ordered libraries which should also be a
rich source of new RFLPs. Reciprocally, genetically ordered RFLP's may well play an important role in
providing closure for the physical map. The synergistic interaction which will take place between the
RFLP linkage and physical ordering efforts may be of particular importance and profundity. While the
ordering map provides a critical characterization of a “reference” human genome, the RFLP linkage
analysis provides the strongest available tool to investigate the orthogonal dimension of genetic variabil-
ity and individuality.

Simultaneously, but as a separate effort, we think it critical to begin 1o develop and validate fast
sequencing methods. We suggest that ¢ useful trigger point for initiating massive sequencing efforts
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might be the demonstration of sequencmg to better than one error per thousand bases at a cost of
under ten cents per base (a minimum 50 fold increase over present methods). Because no clearly
superior method for either ordenng or sequencing has been identified, we support the idea that several
approaches should be pursued in parallel.

it also seerns valuable 1o begin considering at the earliest possible point the expansion of the
- current Gen Bank resource at Los Alamos to accommodate the needs of this project. It is plain that
.very subsiantial changes, both qualitative and quantitative, will be required (data base restructuring,
algorithm development, paralleVarray processing, remote access and facilitated |0 methods).

This need relates closely to the need to have active plahning and administering efforts in place
from the beginning. We concur that a parially distributed structure with unified funding and fairly cen-
tralized management, like that proposed by Ruddle, may be the optimum way to organize this effort.
We believe, however, that these organizational issues deserve very careful study and feel that it is 0o
soon to be very specific about them.

. Interfacing with the scientific community is essential and, as indicated by Brenner, requires up 1o
50% of the effort devoted to the laboratory and computational work. Our own experience with the Gene
Library also suggests this is reasonable. The table reflects these estimates of the costs for this essen-
tial part of the undertaking.

We also want to support the views expressed by Norman Anderson, Sidney Brenner and others
‘emphasizing the importance of preceding carefully in how this effort is brought to the attention of
Congress, o the affected scientific research communities, and to the American public. For example, we
feel that a program whose announced purpose was simply 1o "sequence the human genome" might
~ unnecessarily and incorrectly arouse fears of territorial and financial usurpation in the biomedical
research community. That is partly why a plan to "order first" is valuable apart from the technical issues
involved. "An ordered library would be a tremendously valuable, and largely non-competing, resource to
viually every molecular-level investigator in the field. ‘As researchers adapt to the new opportunities the
ordered libraries provide, a centralized program which then undertakes, in cooperation with ongoing
effoits, to complete the sequencing of the human genome, would then be much more welcome.

Along this line we feel the "catch phrase” by which this effort comes to be known is worth design-
ing with come care. Ruddle’s suggestion of "The Human Ultimate Resolution Map", while technically
correct and appealingly all-embracing, seems unsuitable. We propose instead: "The Human Genome
Prograin". Of course, almost all non-biologists would have to leam how "genome" goes beyond "gene".
But just as with the "Superconducting Supercollider”, that is part of it's appeal.

Livermore remains very interested in seeing this project through and in being an active participant
in its planning and operational phases. . We would specifically desire to be involved in the proposed
steering committee. The organization and expertise our respective laboratories have developed in the
ongoing Gene Library Project could provide an administrative and technical foundation for our involve-
ment in this larger human genome project.

Sincerely yours,

Wity Vb

Anthony V. Carrano

Efbert W. Branscomb

n§



Proposed Plan

FTE
Task yr1 | yr2-5 | yr6-10 | yr 11315
+=40%/yr
Ordering 55 55 10 5
Sequencing 20 20550 20 10
methods . '
Computation/ 15 20 20 10
data base
0 20200 250 275
Sequercing hot 1% next 5% | the rest
(cDNA?)
Community
interfacing
for ordering: 0 545 40 40
for sequencing: 0 080 110 120
Administration 10 1050 50 50
Total 100 | 130500 500 500
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Laboratoire Européen de Biologie Moléculaire
European Molecular Biology Laboratory
Européisches Laboratorium fiir Molekularbiologie

Dr. Mark Bitensky

Los Alamos National Laboratory
Los Alamos, New Mexico 87545
USA .

l4th March, 1986
Sumnary of session on chromosome linkup: .

Contributions to the discussion on chromosome linkup and physical mapping
techniques were mainly made by myself (H.L.), Sidney Brenner, Fred Blattner,

Tom Gingeras and Charles Cantor. There was agreement that linking up the human
genome by cosmid libraries was achievable using current techniques, and an
essential step in any large scale sequencing effort. To overcome the problems

of heterocygosity, the use of "mole" DNA was suggested. Alternatively, sorted
chromosomes from cell lines carrying translocations could be used. Depending

on the linkup technique, the use of sorted chromosomes could offer advantages,
though depending on the scale of the effort, the alternative possibility of

a total linkup of random cosmid clones would be quite feasible. Using a technique
developed in MRC Cambridge and used for the linkup of the Nematode genome could
be used, requiring an estimated effort of the ordur of 40 to 80 man years, a
value which could however be reduced automating stme of the steps involved.

This protocol requires the growth of individual c¢r lonies, cleavage by e.g. HindIII,
radiolabelling of the ends by Kleno polymerase, arnd recleavage with a second
enzyme (e.g. Sau3A) generating small cleavage pr.cucts. These fragments are then
sized on sequencing gels, and their length is us: to search a database for over-
lapping ‘cosmids.

As an alternative I have described a protocol to Jink up genomes under development
in our laboratory, which uses hybridisation of cormids to a large number of
different oligonucleotide probes to identify overlapping cosmids. This protocol

is currently being developed using the yeast genome as model system. If successful,
this alternative protocol should reduce the effor:i required in a genome linkup

by up to 10 fold.

Also discussed were the use of restriction enzymes cutting rarely in the genome
in PFG gel electrophoresis (Charles Cantor), the construction and use of special
libraries (junction libraries), selected to contain fragments bridging a rare
cutting site (Charles Cantor, H.L.), as well as the construction and use of
chromosome jumping libraries (Sherman Weissman, H.L.).

Postfach 10.2209 Meyerhofstrasse 1
6900 Heidelberg Germany
Telephone: (6221) 387 {direct)
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ELEANOR ROOSEVELT INSTITUTE FOR CANCER RESEARCH, INC.
. FLORENCE R. SABIN LABORATORIES FOR GENETIC AND DEVELOPMENTAL MEDICINE

4200 EAST NINTH AVENUE, DENVER, COLORADO 80262, TELEPHONE (303) 394-7152

March 17, 1986

Dr. Mark Betinsky

Los Alamos National Laboratory
Diamond Drive

P.0. Box 1663

Los Alamos, New Mexico 87545

Dear Mark,

I enclose a set of remarks on problems raised in the course of the
meeting. I thought it was a highly illuminating and successful
meeting. I think the project is extremely important. we will do
anything in our power to assist its progress.

with regards,
Sincerely,

./";;//

//

Theod: :'e T. Puck, Ph.D.

Direc tr, Eleanor Roosevelt
Institute for Cancer Research

and Professor of Biochemistry,
Binphysics and Genetics and

Profes.;or of Medicine

University of Colorado
Health Sciences Center

TIP/vst
Enclosure
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MEMORANJUM ON DR. BETINSKY'S HUMAN GENOME CONFERENCE

Gene sequencing and gene mapping are two different sets of opera-
tions and both are necessary for the achievement of elucidation of the
human gerom2. Eventually, the gene mapping will grgatly'assist the
~ sequencing. But without mapping, sequencing itself will not nearly
accomplish all of the contributions to humanipiology which are to be

expected from complete analysis of the human genome.

The gene sequencing procedures available are well known and each
of the two major technologies has certain advantages. There is no
question but that a concerted effort of the kind discussed here will
lead to additional economies and shortcuts in the sequencing

operations.

Some discussion is tecessary about.gene mapping. A variety of
procedures have been caveloped: a) in situ hybridization; b) gene
walking; c) the use of a bank of hybrids containing multiple human
chromosomes incorporated in a rodent cell so that one can by construc-
tion of a square arrav determine precisely on which chromosome a given
gene is located; d) the use of hybrids cbntaining single human chromo-
somes in a rodent cell; e) the use of single chromosomes isolated by
flow cytometry, and applied by means of the dot blot method; f) the
RFLP method; and g) combination of the use of repetitive sequences
with deletion analysis. If techniques of chromosome microdissection

improve sufficiently ir their efficiency, those may also be considered.

Gene mapping must be considered at different levels: assignment

of the specific chromosome (or chromosomes) to which a given gene



belongs; determination whether a gene family exists; assignment of'
genes to particular arms of its carrier chromosome; aséignment to a
region on that particular arm; fine structure mapping; and ultimately

exact linkage to 1ts flanking sequences.

In this connection it is also necessary to discriminate between
coding sequences, non-coding sequences and repetitive sequences. The
latter two kinds of DNA may well be concerned with regulation of geﬁe

expression.

The RFLP method produces results which in cases like Huntington’s
disease cannot yet be duplicated by any other method. There is a very
significant body of human genetic diseases and other markers for
which, at present, the RFLP method appears to offer the only means for
mapping of the genes responsible for the disease or marker in
quesfion. However, more than 1400 human genetié loci have been mapped
t} the Gther methods ‘mentioned without any organized concerted attack.
There is no question that these methods offer a powerful resource.
Moreover, by combining elements from RFLP and other methods it seems
reasonable to expect even ﬁore powerful methods to emerge which may be

especially useful in certain kinds of situations.

The point of these considerations is that one must not confine the
analysis of tr2 iotal human genome to one approach alone. Different
methods will complement each other. In addition, the confirmations

obtained by the use of multiple methodologies are not to be despised.

in the case of repetitive sequences, it becomes necessary to

distinguish between a variety of different situations. Dr. Fisher in



our laboratory has demonstrated that repetitive sequence probes 1so;
lated from human chromosome 11 produces multiple bands when blotted to
tne DNA of this chromosome by standard techniques. However, when the
Southern blotting procedure was repeated at a series of different tem-
peratures pfﬁviding different conditions of stringency, it became
possible successively to reduce the nuﬁber of bands which formed until
ultimstely only a single band remained. vaiéusly, though each of
these bands shared certain sequences of the specific probe used, they
were not identical. It becomes necessary to work out the fine struc-
ture which is revealed by such experiments. Such elucidation may
yield information of great value in understanding how the human genome

1 regulated, in health and disease.

The information that will be achieved by the complete elucidation
of the human genome will add greatly to our unde;standing of the
rsture of the human genetic diseases. It should provide new fundamen-
tel undéfstanding, and new methods of diagnosis; and should suggest
wrole new areas of treatment and prevention when delineation of the
metabolic basis of tpese conditions will be achieved. However, impor-
tant as are these accomplishments, even greater contributions to human
health may be expected. 1In any cell of the body, each of the metabo-
lic reactions carried out requires the mediation of specific struc-
tufal and enzymatic proteins. These are produced and regulated by
sbecific regions of the cell genome. Therefore, even diseases not due
t+ an inborn genetic defect will be illuminated by understanding of

the structure of the genome resulting from this program.

—

g5



Understanding of the principles of genetic regulation of the
various human genes will not be forthcoming until a much greater frac-
tion of the human genome is mapped and sequenced than is now
available. 1In addition, the structures of the whole gamut of the
human proteins will for the first time become available. It is dif-
ficult to conceive of any single advance in biomedical science that
_ will have as great an impact as this on the development of new
understanding of all disease and the devising of new measures to

diagnose, treat and prevent many human afflictions.

1 think it would be a mistake to set up a single laboratory to
carry out this program. Such a monolithic structure could not help
but suffer from a certain amount of isoclation from the rest of biome-
dical science and would be cut off from Fhe generation of new ideas
and unconventional approaches that can result when a number of dif-
ferent laboratories are encouraged to assume responsibilities for dif-
ferent parts of the program and to communicate intensively with each
other. The development of the atomic energy project was divided among
several centers at Columdia University, Brookhaven, the University of
Chicago, Oak Ridge, Hanford, Berkeley, and Los Alamos and the results
achieved were remarkable. I think that a similar situation would be

found to operate effectively in the present case.

Our laboratory has developed a number of the different chromoso-
mal, regional and fine structure mapping procedures. We also carry on
highly effective sequencing. We would be delighted to take an active

part in some phases of this program elucidating the human genome.

g6



g7

Lawrence Berkeley Laboratory

1 Cyclotron Road Berkelev. California 93720
(415) 486-4000 ® FTS 451-4000

March 17, 1986

Mark W. Bitensky, M.D.

Senior Fellow

Mail Stop M881

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Jear Mark:

First, I would 1like to extend my thanks to you for organizing such a
~rovocative and interesting meeting on the genome sequencing project. It is
: lear that there would be great value in engaging that process which would
..ead to the approval by Congress of this highly worthwhile project directed at
the human genome. The following is a list of impressions and opinions which I
10w have as a consequence of the meeting.

1) The first three years of activity on this project should be
directed at ordering cosmid libraries of the various chromosomes, and setting
ap an information and material distribution procedure which would stimulate
sedical researchers around the world to focus those portions of the human
genome with most immediate impact upon human health. Simultaneously, a
- substantial level of support should be provided in order to stimulate the
development of instrumentation which would speed up the ultimate goal of a
complete sequence of the human genome.

2) 1 favor a decentralized approach to the project. It is essential
that approval of this activity be obtained from both the community of
biological and medical scientists, and the political community. Such
objectives will only be met by a decentralized and perhaps even an
international effort.

3) The selection of centers where the sequencing activities will take
place is also crucial to the success of the project. While Los Alamos
National Laboratory might well be the center of the computer support of this
effort, I am strongly of the opinion that the National Laborartories which
lack an intimate connection with a university community should not be chosen
as a site for the experimental work. Strong interaction with biochemists will
be an essential ingredient for the success of this major project.



: §) Finally, it is essential to realize that most of the work on such a
massive project will be performed by highly trained techmicians in a tightly
controlled administrative environment. Such activity must be recognized to be
distinet and different than basic research, and must not be supported at the
expense of support for basic research in the biological sciences.

Sincerely yours,

S 8

~John E. Hearst
Y Acting Director
Division of Chemical Biodynamwics

cc Rosenbdlatt
Delisi
Varga
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850 Lincolin Centre Drive, Foster City, California 94404¢(415) 570-6667« Telex 470052

March 7, 1986

Dr. Mark Bitensky
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Dear Dr. Bitensky:

Thank you for the opportunity of attending the recent workshop on
sequencing the human genome. The discussions were especially helpful in
confirming that the automated sequencing technology we are developing
will make a contribution to molecular biology. Indeed our technology may
be critical for.the larger sequencing projects such as the one you are
contemplating.

Although sequencing technology will no doubt be reviewed at the
actual start of the project, I thought it might be helpful to summarize
the capabilities and schedule for our instrument. Please feel free to use
this information in your report to support the feasibility of this
exciting project.

The instrument we expect to introduce in June will provide sequence
data from eight clones in the time required for electrophoresis
(four to seven hours). The operator runs the dideoxy reactions (about one
hour) and loads the gel. From that point, no operator interaction is
required. The data is stored on a floppy disk in a Gen-Bank compatible
format. The initial raw data generated by the sequencer are available
within one to two hours of the gel loading; complete data are available at
the end of electrophoresis.

The cost of operation will be less than with conventional methods
because no film or radioactive materials are used. The cost of the
instrument has not been established, but will be less than $65,000.

Although it is difficult to predict future improvements in this
technclogy, we invest heavily in continuing product development. This has
made possible dramatic improvements in every one of our existing product
lines. Enclosed is information on our products under development and our
most recent annual report; both include information on the automated
sequencer,

Also enclosed are two earlier annual reports which help to
demonstrate the rapid success of the products which we created to fill the
stated needs of scientists and researchers worldwide. Each instrument we
introduced quickly became the standard because of our research and
development and continuing enhancement.
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Since nearly all of technologies required for the Human Genome
Project have application to various segments of the worldwide scientific
community which we serve, Applied Biosystems would be interested in
developing other related automated instruments. The expertise we have
developed and continue to expand includes all aspects of instrument
systems engineering and software development. This resource could be a
very economical alternative to assembling a group of engineers and a
production facility at the center coordinating the sequencing.

Again, I appreciate being included in the workshop, the task you are
contemplating will make an incalcuable contribution to science. If there
is any assistance which we can provide to you or to the realization of the
Project, please do not hesitate to ask.

Very sincerely yours, /
1'17 ",&. R -ﬁ/é‘..'-,_;_r.lu C  —

v

Elaine Jonés Heron, Ph.D.
DNA Group Product Manager

Enclosures

EJH/d1b



CALIFORNIA INSTITUTE OF TECHNOLOGY

DIVISION OF BIOLOLY 13-29

March 10, 1986

Dr. Mark W, Bitensky

Division Leader

Los Alamos National Laboratory
Los Alamos, New Mexico B7545

Dear Dr. Batensky:

1 apologize for not getting back to you on your March 3 and 4
workshop on sequencing the human genome. It is on a subject that
1 am very interested in, and I would be delighted to hear what
came of the meetina. Unfortunately I have just gone on sab-
batical, and I had an enormous number of commitments to try and
finish up so as to relieve myself of administrative duties.
Again, don't take my absence at “this workshop as a lack of
interest. 1 hope the meeting went well.

Sincerely yours,

':g/,q /Uch‘v//gkﬂ"
L.ee Hood

LH:skm

PASADINA CALITORNIA 01)28

7/
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‘March 24, 1986

Dr. M. W. Bitensky

Life Sciences Division

Los Alamos National Laboratory
P. 0. Box 1663, MS M881

Los Alamos, New Mexico 87545

Reference: LS-D0-86-1,12-50
Dear Mark:

I would like to thank you first for your superb organization of the Human
Genome Sequencing Workshop. It was highly beneficial to me personally not
only for developing an awareness of the debate on the feasibility ard
desirability of sequencing the entire human genome, but also for th.
opportunity to learn about current research on various aspects of :iequencing
strategies, since you bad the leaders in these efforts at the Wark {.op.

I am planning to share the proceedings of the Workshop <with my cnlleagues at
ORNL through a semipar. I have also talked with Dr. Dick Griesemer, our
Division Director, and Dr. Lee Russell, Head of our Mouse Genetics ilesearch
group about the general opinions of the Workshop participants,

Regarding ny personal opinion, I agree completely with the consensu:s of the
group that the sequencing of the entire human genome is not an unfeusidle
goal. At the same time, bacause the project will be so prohibitively
expensive, many of us here are worried adbout the potential and long-range
impact of such an endeavor on the current ressarch projects being funded by
DOE in national laboratories and elsewhere., Dave Smith emphatically expressed
his couviction that such a project ahould be initiated only with tlLe
availability of new funds. However, even if the venture is blessed with the
approval of OSTP and if the Congress provides it with some initial funding,
can anyone be certain that in this Gramm-Rudman era, the Congress (or the OMB)
dn their quixotic wisdom will not propose scme paring of already existing
programs?

Many of my colleagues here share my views that there may be some me'it in
complete sequencing of one representative chromoscme because some unusual and
unexpected structure may be revealed. However, the immediate benefit of
sequencing the complete human gencme is not obvious. In view of OHER's
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missions on mutagenesis and other health-related research and the presumably
large numbers of polymorphism present in the human population the whole
sequencing process may bhave to be repeated over and over again for various
individuals in order to make it useful. That is clearly impractical.

On the other hand, I also agree with the majority view expressed in the
Workshop that the immediate objective should be the creation of genomic or
chromosomal library and an ordering of the cloned segments. Once an ordered
human genamic library is available, any selected segment of the genocme could
be targeted and can be sequenced in a large population sample.

Furthermore, in view of the rapidly emerging developments and breakthroughs in
sequencing techniques, an immediate effort involving a large budget may be

_ somewhat wasteful and premature because, a few years later, the same task
could possibly be carried out more cheaply and expeditiously. Smme
participants in the Workshop made the argument that if the sequencing is left
to individual laboratories instead of as a part of an organized and unified
effort, the so called "uninteresting” regions of the gencme may never be
sequenced. However, it apprars that there may be very few, if any,
uninteresting segments in DMA,

I also want to raiss another point. Dr. Ruddle pointed out the importance of
sequencing the mouse genome., From my vantage, as a member of a Division with
a large mouse colony of inbr:d and well characterized mutant strains, 1
strongly share Dr. Ruddle's view. 1In fact, an ordered lidbrary and extensive
RFLP map of the mouse genocm) will be of immediate and major use in our
Division and in the sacienti’.c community at large, and some of my colleagues
will enthusiastically partic.pate in such sn effort. The mouse remains the
most useful genetic model system for man and provides s means of performing
genetic experiments eitber practically or ethically impossible to carry out in
humans.

I strongly hold the view tha: even if OHER takes the lead in proposing this
glant project, a perceptiop of national consensus (and perhaps intermational
collaboration as some speakers proposed) has to be conveyed. This may require
a national debate in scme kind of forum with participation of our leading
scientists in biological disciplines. Because of the potential benefits from
the availability of ordered libraries and extensive RFLP maps, I feel a
majority will be favorably :nclined and their blessing will improve the
chances of successful funding.

In summing up, I recommend that the following course of iction be consaidered.
1. Development of a national consensus in a iider forum on the
importance and desiiability of genmme sequencing including
availability of ordesed genamic libraries and RFLP maps.
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2. Emphaals, in the initial phase, on creation of thess genmic
libraries and RFLP maps in parallel e¢fforts for man and a
hamozygous strain of pouse.

With warm regards.

. Ioﬁrs aincerealy,

Sankar Mitra
Senior Staff Member
Binlogy Division

SM:ds

cc: R. A. Criesemer
L. B. Russell
File - SM
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Mocels of the Enterprise

To consider how the enterprise might be organized, we break it doun as
follows:

1) Central scientific nmanagement. ;

2) Laboratory operations; cloning, mapping, sequencing.

3) Data management, data distribution and compurational support.

4) Technolopgicel support; development of new technology.

5) Riological materials distribution; clones, libraries.
Eack of these activities could, in principle, either be centralized cr
distributed over several centers; laboratory operations, activity 2),
could be distributed over a large number of centers - the ‘cottage
industry' approach., However the rest of the enterprise is organized,
all of data should be collected and organized into a8 data bank that
supports efficient retrieval and analysis, giving every other
organizational element of the program instant access to its current
state and to all of its data and computational resources. Thus adequate
development and resources for the computational activity 3) makes it
possible to at lear: consider decentralizing the other phases of the
program, and at least one participant, Ruddle, supggested decentralizing
the computational artivity itself.

1) Since this is a jrogram with definite overall goals, central and
strong management &§:eDs 8 necessity, and 8 number of participants
(Brenner, Gilbert, smong others) spoke of this. The most
straightforward moctl would charge & director with overall
adzinistrative and i1cientific resposibility; he or she would see tc ttre
directiorn of all eie¢ments of.the program. There would be a strong and
distinguished scienzific advisory committee, in which there should be ro
problem in enlisting, the most productive scientists in relevant fields.

2) Soze participants thought it desirable to centralize and some to
disperse the laboraftory operations. Centralization would involve
creating an institute on the scale of from several hundred to a2 thousand
employees and would of course simplify wmanapgement of this phase of the
program. It seems likely that modest decentralization - into, lets say,
ten or fever centers - would increase the number of distinguished and
productive moleculsr biologists that could be recruited into the
program, and thus widen avenues into the program for new and innovative

.approaches. Several participants voiced concern that extrerme

decentralization would create preat problers of gquality control arnd of
focussing the effort. '

3) Sequence and map data, the state and availability of various
libraries and probes:, performance of various groups and stratepies - all
of the data needed :or effective management and planning - should flow
into a data bank and in turn be acrcessible to all parts of the project.
I think this should be centralized in a stiong data bank and
computatisnal analysis group with adequate computational and data
communicetion resources to serve the entire enterprise. An important
set of issues surrounds the extent to which this activity would seive toO
inteprate the work 1 f the scientific comnrunity as a whole in its use the
data and its feedback to advance the project. In any case the

computation group would both develop and make available frox otler
sources software to support all needs of the project, including such
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tasks as finding and ranking ambiguous relationships between tcequernce
fragments, which will become especially important as the 'endgarie'of
vhole genome sequencing is approached; identifying likely sipnals for
sites and regulation of such genetic functions as expression,
replication and recoxbination or integration at the DNA level;
predicting likely structure and function for possible transcripts and
translates of otherwise ufianalyzed sequences; modeling of new techniques
for sequencing and mapping.

4) The cost of the project is critically dependent on the extent to
vhich sequencing technology can be improved. Thus, &5 & nunber of
participants observed, it would be wise to invest some proportion of the
project's resources in new technology. Thus it seems wise to comrcission
at least one laboratory, with access to the full range of technological
skills &snd resources available &t institutions like the National
Laboratories - robotics, digital engineering, physical analysis of
separation processes, for examples.

5) Both for this enterprise itself, and to realize its payoffs for
science, medicine and agriculture, adequate resources have to be devoted
to distributing its products. This activity would provide the
biological materials that, having been characterized, ultimately at the
sequence level, would immensely speed the work of investigators and
developers of applicetions all over the world. Again, this was spoken
of by several participants.,

l/l H,[Z; bc’z(l,//)

3/19/3%
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Kline Biology Touer
P.O. Box 6666 219 Prospet Sireet

New Haven, Connecticur 065118112 Telephone
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March 17, 1986

Dr. Mark Bitensky’ : o
Los Alamos Scientific Laboratory
P. 0. Box 1663 o

Los Alamos, New Mexico B7545

Dear Mark:

I greatly enjoyed the meeting on the human genome. I am sure that something
will come out of it, I suspect by now you have seen Renato Dulbecco's editorial
Statement in Science which supports the general concepts arrived at in Santa Fe.
Below you will find my Trough notes regarding my opening statement at the
conference. Feel .free to modify this in any way you wish regarding your final
Teport. ’

. Sone oflthe important milestones in gene mapping have been the following.
The first human gene to be mapped was that of eolor dlindness which has placed on
the X chromosoue by E. B, Wilson in 1911. Many human X chromosome assignments
were made from that period forward and continue to be made on the basis of the
special advantages in mapping to the X chromosome. Haldane performed one of the
first human genetic linkage studies using the X chromosome, again dealing with
the color blindness locus in 1936.. In 1956, the correct human chromosome number
was established by Tjio and Levan as 2n equals 46. In 1968, the requirements for
parasexual mapping in somatic cell hybrids were finally assembled and the period
of parasexual mapping began. The important requirements were the use of
chromosome Segregation in mouse/human hybrids as reported earlier by Mary Weiss
and co-workers, including the early work of Boris Ephrussi; the establishment of
isozymes as genetic markers that could be employed in somatic cells in tissue
culture by Ruddle and his co-workers; and the identification of all of the
individual chromosomes using banding techniques as introduced by Caspersson and
his co-vorkers. In 1973, there were sufficient assignments to initiate a gene
mapping conference, the first of which was held at Yale University, under the
organization of F. H. Ruddle., This meeting instituted the series of meetings
which has persisted to this day, now being held every two years., It is
interesting to note that the assignments to the map have doubled every two years,
‘Parasexual techniques can also be used for establishing the regional position of
genes making use of chromosome translocations and deletions. The first case in
which the ord:r of linked genes was established was that for phosphoglucose
‘kinase (PGK), hypoxanthine phosphoribosyl transferase (HPRT), and glucose-6
phosphate dehydrogenase (G6PD), all located on the long arm of the X chromosone
(R%cciuti and Ruddle). The practical resclution of such procedures is about 1 x
10’ base pairs. In 1680, physical mapping was advanced by the introduction of in
S8itu hybridization techniques which permitted the identification of single copy 7
‘genes on chromosomes., This method also has a resolution of approximately 1 x 10
base pairs. Earlier in 1976, the identification and characterization of middle
repetitive sequences was made. These middle repetitive sequences which vere
frequently species specific have been extremely useful in physical mapping
studies and also in gene cloning. In 1978, the restriction fragment length
polymorphism (RFLP) concept was introduced. This was essentially a Mendelian

77



papping procedure. However, it i1s exceedingly practical because of the following
features. (1) An efficient uniform DNA methodology is applied. (2) DNA
restriction site variants are relatively common and serve as an excellent source
of polymorphisms. (3) Reference families can be established and the data which
is accumulated from these families becomes increasingly povwerful as the data
accumulates, This procedure has one great advantage in that it allows one to map
any genetic condition expressed at the organisimal level. There are at least
1,000 such conditions already known as recorded in Victor McKusick's book
entitled "Mendelian Inheritance in Man". The resolution of the RFLP procedure is
approximately 1 x 10" base pairs which is equivalent to 1 centimorgan. Under
ideal conditions, fractions of tentimorgans can also be resolved. Also in 1978,
parasexual methods of higher resolution ordering and distancing of genes was
introduced, These include the following: DNA transfer which allows the transfer
of pieces of DNA in the size range of 20-50 kb. This is somewhat too small to be
useful for mapping purposes. Chromosome_mediafed gege transfer allows for the
transfer pieces effectively in the range of 10° « 10" base pairs. Chromosome
transfer also allows for the transfer of large unstable fragments, especially
those with partially functional centromeres which may then undergo subsequent
rearrangement by translocation into the recipient genome, Tgis pr9cedure
provides even higher levels of resolution in the range of V" = 10’ base pairs,
Chromosome sorting is the direct physical separation of chromosomes. It aliows
for the assignment of genes to particular chromosomes, as well as providing DNA
for the isolation of genes and chromosome specific segments. Chromosome
dissection, the actual manual subdivision of chromosomes usiig microdissection.
pocedures, has also been applied to the puﬁification of subchromosomal specific
DNA. The resolution here is around the 10 -base pair range., Many of the above
parasexual procedures have been reported, but not stringently evaluated., The
chromosome transfer systems tend to be tedious and suffer {te disadvantage that
they may also be associated with fairly extensive random rearrangments of gene
sequences wvhich may disturb the real ordering of genes and INA sequences. In
1984, individuals began to express interest in applying molecular techniques to
the development of a physical DNA map. This approach makes use of the following
techniques: One cgn make use of hopping techniques where sequences are isolated
at distances of 10 base pairs. Pulsed field electrophoresis procedures have
begn introduged which allow one to identify large fragments in the range of 5 x
10" = 5 x 10" base pairs using analytical approaches. A number of techniques
have been introduced to establish overlapping cosmid or phage insert maps. It is
estimated that between 100,000 to 200,000 cosmids would be required to cover the
whole human genome. Ultimately, overlapping cosmids would be subjected to
nucleotide sequencing providing the ultimate resolution map. A4ll of these

. procedures are relatively new in the context of mammalian gene mapping and much
pust be done to evaluate and develop them. Also, ancillary procedures must be
developed, such as data bases dealing with map positions, sequences, RFLP, and
probe availability. New computer techniques must be developed, both at the
software and hardware levels. New instruments may also be required in order to
speed up sequencing so that it is on the order of 50 to 100 times faster than
presently available methods. In addition to the advancement and improvement of
methods, new administrative innovations must also be introduced., These would
include new administrative structures to facilitate large and interactive
undertakings and the identification of new sources of financial support, perhaps
including DOE, NSF, NIH, Hughes Medical Institute, and other foundations. One
might ask what are the benefits? The establishment of an overlapping cosmid map
would immediately allow the integration of physical and Mendi:lian maps.
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Moreover, it would have the practical advantage that once a sequence had been
isolated, the surrounding sequences could also be obtained. Or the sequences
lying between two known sequences could be readily isolated or be made available.
The primary use of a gene map is related to problem solving. Gene maps are
especially powerful for excluding hypotheses., For example, one can ask a
question such as: is gene X affected or inactivated by translocation? The gene
.map is also particulariy important in generating hypotheses. For example, if
different genes in a chromoscmal region appear to have concerted functions, one
might ask: are they regulated by a common transregulatory protein? Or, do they
‘have a common evolutionary history? Such questions could be readily resoclved by
testing for sequence similarities between the genes in question. I believe the
current 1,000 gene map has called our attention to tiiese and even more exciting
future possibilities. Some of the practical rewards of an ultimate resolution
gene map are (1) isolation of the genes of medical interest as indicated to
above; (2) understanding chromosome compaction in the context of mitosis and the
mechanics of mitosis; (3) chromosome disposition and function in interphase cells
in relationship to the nuclear membrane and nuclear pores; (4) functions such as
recombination and DNA repair, and especially recombination in the context of
meiosis; and (5) developmental control of gene regulation and expression., Others
(particularly see a recent editorial in Science by Renato Dulbecco) suggest ihat
"~ an ultimate resolution map will provide extremely important information on
modifications of the genome which are related to neoplastic cell inception ard
progression. It is clear that many benefits both general and practical woula
come from the complete knowledge of the human genome., A concerted effort woild
make the realization of this project materialize at least one to two decades
before this problem would be worked out in the usual random methodology of
scientific research. A4 directed effort may make these benefits available t' our
population at least one or two generations earlier than otherwise possible.
Another point to mention is the structure of such a organization. My own feeling
is that central authority would best serve the scientific public with disper:ed
" regional centers, perhaps five to ten in number throughout the country. There
could deal with regional laboratories and service collection points for data
which is generated in a more random way. It is important to distinguish betiieen
a distributed system, such as the one that I advocate, and a diffuse syatem which
would be essentially random in mature.

These are some of my thoughts. I have not taken a lot of time to polish
them and bring them to a final stage of exposition, but I feel that it is more
inportant for you to get these notes now in the two-week period that you
indicated than to wait a longer period of time. Thank you again for a good
meeting.

All the very best,

Yours sincerely,

ke
Frank H. Ruddle

Professor of Biology and Human Geretics

Ross Granville Harrison Professor of Biology
FHR:ms
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Mark W. Bitensky, M.D.

Senior Fellow

Mail Stop MB881

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

vear Mark:

First, I would like to extend my thanks to you for organizing such a
nrovocative and interesting meeting on the genome sequencing project. It is
t lear that there would be great value in engaging that process which would
..ead to the approval by Congress of this highly worthwhile project directed at
the human genome. The following is a list of impressions and opinions which I
10w have as a consequence of the meeting.

1) The first three years of activity on this project should be
directed at ordering cosmid libraries of the various chromosomes, and setting
'Jp an information and material distribution procedure which would stimulate
zmedical researchers around the world to focus those portions of the human
genome with most immediate impact upon human health. Simultaneously, a

- substantial level of support should be provided in order to stimulate the

development of instrumentation which would speed up the ultimate goal of a
complete sequence of the human genome.

2) I favor a decentralized approach to the project. It is essential
that approval of this activity be obtained from both the community of
biological and medical scientists, and the political community. Such
objectives will only be met by a decentralized and perhaps even an
international effort.

3) The selection of centers where the sequencing activities will take
place is also crucial to the success of the project. While Los Alamos
National Laboratory might well be the center of the computer support of this
effort, I am strongly of the opinion that the National Laborartories which
lack an intimate connection with a university community should not be chosen
as a site for the experimental work. Strong interaction with biochemists will
be an essential ingredient for the success of this major project.

V&4
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I} Finally, it is essential to realize that most of the work on such a
massive project will be performed by highly trained technicians in a tightly
controlled administrative environment. Such activity must be recognized to be
distinct and different than basic research, and must not be supported at the
expense of support for basic research in the biological sciences.

Sincerely y
S I,

,aohn E. Hearst
“ Acting Director
_ Division of Chemical Biodynarwics

¢cc Rosendlatt
Delisi
Varga
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Dr. Mark W. Bitensky

Division Leader

Life Sciences Division

Los Alamos National Laboratory
- Los Alamos, New Mexico 87545

Dear Dr. Bitensky:

I would like to take this oprortunity, first, to thank you for
inviting me to participate in the Genome Sequencing Workshop, and second,
to summarize some of my conclusione from the meeting.

Perhaps the most impressive feature of the meeting was the
unanimous consensus that sequenci:; the entire human genome is doable,
even with current technology, and that enormous benefits would be
forthcoming for medicine and basic science. Having the knowledge "up
front” could accelerate every branch of biological and medical research.

How to implement such & heroic and costly undertaking is less
clear. I currently divide the undertaking into two phases. Phase 1
would focus primarily on developias an ordered library of cosmid and/or
phage clones for each human chromneome. Such a set of human chromosome
libraries could be used to localize known genes, sequences, and RFLP's.
Concurrently, a map of Cantor fragments could be assembled and related to
the ordered cosmid library. These two concurrent physical mapping
efforts would mutually facilitate and confirm each other. A third
concurrent effort would be to choose an appropriate small chromosome for
sequencing. This would allow development of systematic, automated
sequencing strategies which could eventually be applied to the much
greater task of the whole genome. The sequencing effort during Phase I
would be relatively small. In addition, a small group of physicists,
engineers, and electronics staff would interact with the biologists in
order to develop new sequencing co: cepts, and to automate conventional
methods. Finally, Phase I would e:tablish a central computing and data
bank facility with national networking.

Y
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Phase I would be implemented in a national laboratory ceanter, for
example, Los Alamos. New or existing buildings could be used.

Phase II would be a large scale, dedicated, mission-oriented
sequencing assault on the whole human genome, It would begin as soon as
sequencing technologies and strategies are sufficiently developed. Again
this would be done in a central facility (presumably an expanded Phase 1
facility). In my opinion, farming such work out to numerous university
laboratories on a contract basis would be exceassively inefficient and
costly.

The central facility (Human Genome Resource Center, or whatever you
want to call it) would be a repository for all tha collected knowledge of
the human genome. Consequently, it would need to provide an extensive
service function to the rest of the nation. All scientists could readily
obtain library clones and catalogued information through the center.

Good luck in preparing your report for Dr. D:Lisi, and thanks again
for an enjoyable and exciting two days. :

Sincerel
7;#;;;¢é¢, ::E3V"::;Ef;- :

HamiZton 0. Smith
Professor of Molecular
and Genetics

HOS :mk
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March 17, 1986

Dr. Mark W. Bitensky

Los Alamos National Laboratory
MS 881

Los Alamos, NM B7545
Dear Dr. Bitensiy:

We want to express-our appreciation for the opportunity to have
attended and participated in the genome sequencing workshop. Sequencing
the gentme is an important endeavor that should be actively pursued. While
executicn of the project requires a large infusion of funds (estimates
range from 0.5 to 1.5 billion over a 10-15 year period), the value and
applications of the information to be gained make the project timely and
cost effective,

.- Wirt respect to approaches, we would strongly recommend the sequencing
of 1ibriries constructed from individual chromosomes using the largest
tlonable fragments. From our experience with the mapping of human histone
genes (vhich constitute a multi-gene family), we know that similar or
identical segments of DNA map to more than one chromosome. Other
multi-gene families may be similarly organized.\\:f the mapping and X
sequencing were to be carried out on a random rather than on a chromosome
by chromosome basis, the problem of closure of the map will most likely be

. extremely difficult, 1f not impossible.

With respect to administration and execution of the project, a good
case can be made for a primary, centralized facility with centers outside
of the primary unit to carry out specialized aspects of the program. The
chromosome sorting and cloning project is underway at LésAlamas and
Lavrence-livermore and has proven to be effective. A strong argument must,
therefore, be made to incorporate this component as a najor unit of the
genome sequencing project.

If ve can be of any additional assistance in the evaluation, planning
or execution of the program, please do not hesitate to contact us.

Yours sincerely,

Yours s rely,

Ty SteiTX

t Stein

WOUAL EMPLOYMENT OPPORTUNITY/APFIRMATIVE ACTION EMPLOYER)
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March 7, 1986

Dr. Mark Bitensky
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Dear Mark:

Enclosed is the brief report you requested on the technical feasibility of
sequencing the human genome. It deals exclusively with the technological
aspects of the project; it does not address either implementation strategy or
financial considerations which will be covered by the reports of other
participants.

1 really enjoyed the meeting and I sincerely hope the project can be
implemented as soon as possible.

Best personal regards.
Yours sincerely,
Gl
David C. Ward

DCW:dsqg
Enclosure

ry
i
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Report of David C. Ward

Summary Statement of DNA Seauencing Technology.

It was concluded that sequencing the human genome using existing
techniques would be an untenable project.. However, there are novel technical
improvéments, forseeable in the next 6-12 months, that should increase the
speed of sequence data acquisition 10-100-fold. With the successfd}
development of this technology, the human genome sequence project becomes a
viable reality.

At present, a fully dedicated and totally competent scientist or
technician can produce about 2x105 - 5x105 bp of new sequence data per year,

or between 5x104

and 1x105 base pairs of definitive sequence information; this
differential reflects an average 5-fold redunéancy in data acquisition. At 105
bp/year, it would take ~ 30,000 man years of wurk to complete the full 3x109 bp
in the human genome. It is therefore mandator: that the through-put time for
data acquisition be reduced markedly. With a .0-fold improvement in sequencing
speed (i.e., 1x106 bp/person/year) it would ta':e 300 fully dedicated personnel
10 years, while with a 100-fold rate increase ’,1x107 bp/person/year) it would
take only 30 people 10 years to complete the project.

Two different technologies are presently under development. First,
Applied Biosystems Inc. (Foster City, CA) is in the late stages of developing
an instrument which uses a lazer fluorometer 1o determine sequence datav
generated by a proprietary modification of the Sanger dideoxynucleotide primer
extension method. The instrument can process 1 sequencing gel with 8 data
lanes in a total thru-put time of 6-8 hours. With readable sequence at 25U
residues per lane, each gel can generate 2000 1ucleotides of sequence per run.
Assuming two analytic runs per day, the instrument should generate 4 kb of

sequence per day [i.e., 20 kb/week or 1 megabase (MB) per year].- Since



representatives of AB] state that one technician can easily handle 2
instruments, ~ 2MB of raw data (or 200-400 kb of complete sequence) could be
obtained per person per year. This is a 2-4-fold improvement over present
techniques. The first generation of the ABI sequence instrument s to be field
tested during the summer of 1986 with market introduction expected by the late
fall of 1986. Projected cost per instrument is presently $50-60,000.

The first generation ABI instrument can be modified to process 40 sample
lanes within the same 6-8 hr thru-put time without major retooling or technical
development. This would expand the comfirmed sequence acquisition rate to ~
1MB/year/person, or 10-20 times existing rates. Upgrading of the ABI
instrument capacity would be strongly stimulated by a commitment to the total
genome sequence project.

A second sequencing strategy, termed multiplex sequencing, is under
development by Dr. George Church (University of California, San Francisco). He
~has constructed 50 unique cloning vectors; each containing two unique 20 bp
probe hybridization sites flanking a2 Smal cloning site. Subsets of the genore
can be ciéﬁed into each of the 50 vectors. One plasmid from each of the 50
c}one sets are pooled and treated as one, using the Maxim an¢ Gilbert
base-specific chemical reactions. Several hundred such reaction pools are
electrophoresed and then transferred from sequencing gels to nylon membranes.
Up to 100 sequences should be obtainable from each pool by hybridizing the
rmembranes with a succession of end-specific, strand specific arobes. Once the
membrane transfers have been completed, 10 membranes at a time can be process
manually by one individual, with each hybridization cycle taking ~ 30 hours
(2-3 hr for hybridization and 24 hours for autoradiographic detection). Since
each cycle of 10 filters should yield 80-100 kb of raw sequence data, it is
conceivable that up to 15-20 MB of raw sequence or 3-4 MB of refined sequence

could be obtained each year by one individual. Although this technique could



result in upto a 100-fold increase in the rate at which sequence data could be
generated, it must be stressed that methodology has yet to be rigerously
tested. }The feasibility studies should, however, be completed within the next
12 months. Further reduction of the current detection time (24 hrs) may also
be achieved byousing peroxidase chemiluminescence to detect biotinylated
oligomer probes. Preliminary data from the laboratory of David C. Ward (Yale
University) indicate that as little as 1 pg of ta;get sequence can be
visualized by a 10-30 second film exposure using this chemiluminescence
technique. Finally, relatively simple modifications of a prototype instrument
for auiomated dn situ hybridization (recently designed by David Brigati, Hershy
Medical School, and under construction by the Fisher-Allied Corporation) it
should be possible to fully automate the multiplex sequencing technique.

In conclusion, it appears that major improvements in sequencing technology
will occur in the near future. The goal of sequencing the entire human genome

within a 10-year period thus should be both feasible and highly desirable.
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Mark W. Bitensky, M.D.

Life Science Division

Los Alamos National Laboratory
P.0. Box 1663

vS, M88l

Los Alamos, NM 87545

Dear Mark,

This is in follow-up to the SantaFe meeting about the project to sequence
the human genome. This letter summarizes ..ome of my personal views and is not in
general an attempt to identify any consens s opinion.

First, 1 think there was a clear and eathusiastic consensus that the total
description of a human genome would be a 1ighly desirable thing to have, and that
the cost to the nation to obtain it woulc 7e well justified, provided it did not
come at the expense of diversion of funds iway from other support for bio-medical
research. In particular, there would be raom for very serious debate if any cf
the funding were to come from KIH, and the impact on other research would have to
be considered if bio-medical research support foundations or institutes such as
Hughes were to provide any significant part of the money.

The three types of material describing the human gencme are in order of
increasing time and labor needed to obtain them:
(1) A ccarse level restriction map of the genome
(2) A set of ordered clones covering the genome
(3) An essentially complete nucleotide sequence of the genome.

My perspective on the technology is that (1) may emerge sooner than many people
think, (2) may be much less costly as developing techniques solidify, and (3) .
might take longer than many of the participants estimated, unless (2) is in place
and some structured approach to (3) is devised. -

Goal (1) would be extremely useful as an end in itself, providing: (a) a
rapid physical basis for accurate mapping of restriction fragments length
polymorphisms (RFLP), (b) access to centrcmeric and telomeric sequences, (c) 2
rapid diagnostic and cloning approach for a number of oncogenes and genes
involved in hereditary disorders, including some polygenic disorders, and (d)
interesting insights into the organization and variation of midrange genome
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structure in man, as well as insights into chromosomal evolution. Koal (1) would
provide a firmer basis for execution of goals (2) and (3).

In addition to (1), (2), and (3) certain related or alternative goals should
be considered as part of this {or another) national effort. These are

(4) mapping and sequencing the mouse genome.

{5) evolving a2 set of techniques (for which 1 have in mind specific
proposals) to produce very extensive cDNA libraries in which all
cDNAs would be represented at approximately equal abundance, and
which could be used for sequencing the cDNAs and mapping them with
respect to time and place of expression during the lifetime of the
mouse.

(6) Construction of strains of mice heterozygous for deletions which
in toto cover large regions of the mouse genome. These would provide

a general tool for proceeding from the nucleotide sequence to in
vivo biology. - .

The completion of the first three of these goals would be almost revolution-
ary for higher eucaryote biology. Experimental methods already exist and would
sur2ly further evolve for using this data in a study of general and neural
development, definition of human genetic disease, and of contributing genetic
elerents in diseases of complex etiology and environmentally conditioned disease,
humin evolution, and the design of proteins, peptides, and protein binding
mol. cules for pharmaceuticals, disease prevention, etc.

1 also share the common enthusiasm that this project be declared underway,
fuiied at least initially by the DOE. I suggest that the initial phase of the
wo~: plan include goals (1) and (2) and pilot studies to evaluate the true
ove-all efficiencies for the best DNA sequencing protocols. In addition further
dis:cussion of the technical strategies of (2) and (3) (random vs. chromosome at a
tim2 vs. other parsing methods) is sorely needed. I remain cautious about random
approaches for (2) as well.-as (3). The end game could yet involve generatirg
sufficient data to obviate the opening and mid game. The technology for
accomplishing these goals is rapidly advancing.

1 also share the almost general consensus that a national laboratory or
institute, or at least a federally Supported institute should be an important
.component of the effort. The unit should play an important role in development of
instrumentation, software, and to not quite the same degree molecular
technologies. It should be responsible for coordinating and distributing data and
materials (including RFLP probes and other information and material not
necessarily generated as part nf the wet 1ab research effort.) How much of the
cloning and sequencing effort siould be housed in this central unit is presently
unclear, Cloning could probably go forward by various approaches in academic
laboratories until a consensus protocol is reached. I'd suggest that the in
in‘tial efforts in sequencing be focused on automation of wet lab procedures,
data reading, and data correlaticn procedures, and on an evaluation of the
technical approaches i.e. progressive deletion of large fragment vs. shotgun
sequencing, Maxam and Gilbert vs. dideoxy multiplexing, radioactive vs.
luminescent detection, etc. before a serious effort on the genome is undertaken.
My opinion is that a trial run on yeast would yield much more biology per buck in
our 1ifetime than trying out the protocol on a human chromosome.

Vg
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The structure of the effort should be looked at from a "zero base" point of
view as to what would be most desirable and efficient rather thar what fits into
currently existing structures, as is is 1ikely that a successful effort would
have indefinite extension for continuing new opportunities in large scale
biology. For example, does something in the Rand Corporation structure offer
advantages. Placing the central unit in a highly desirable area such as certain
parts of California, and near a major academic center like Stanford could make
recruiting top flight people easier and keep 2 close tie with developing trends
in academia. Placing the organization outside of the government civil service or
military systems has the obvious advantages of being able to offer competitive
salaries and avoiding the sluggish apparatus of government.

As the discussion evolved it seemed possiblz that such an.effort could
consume a major part of national resources available for this type of work. In
view of this, I believe a significant proportion of the funding of the project
should be distributed to "peripheral laboratories." Regional centers have some
advantages but several disadvantages with regard to flexibility, maximum quality
of the workers in the trenches, etc. I fear they could also become
self-perpetuating administrative rather than innovative structures, especially if
they are large. Important contributions could also be made from institutional
laboratories, scientific consortia, university based centers, and even
bio-technology companies. One relatively unstructured way of administering extra
mural money is to firmulate goals and request investigator initiated proposals of
various sizes subje-t to constraints about costs per unit data in cases where
data generation ratier than technique development is the goal. Criteria for
evaluating these proposals would include their usefulness for the overall goal,
freedom of access to materials, information and techniques developed under this
sponsorship, etc. ¢yat do not as explicitly enter into evaluations for NIH
funding. Funding c>:1d also be subject to annual or biarnual zero base planning,
and specified maximim periods. Review could the a function of an advisory

committees which should contain a substantial majority of extra-mural academics.
" 1t is important the the process and structure be such as to obtain uniform
support or at least lack of vocal dissent from the responsible bio-medical
community. A part of this will involve convincing people that the goals are
feasible and non-utopian, and that some of the benefits will be derived early in
the process, rather than a decade or more in the future,

Sincerely, /%
= ’l\\—["l/\, &{%

Sherman M. Weissman, M.D.
Professor of Human Genetics,
Medicine, and Molecular
Biophysics and Biochemistry

SMyi: amm
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Dr. Mark W. Bitensky
Senior Fellow
Los Alamos National Laboratory

M881

Los Alamos, New Mexico 87545

Re: LS-D0-86-1.12-50

Genome Sequencing Workshop

Dear Dr. Bitensky:

I am in complete agreement with the general consensus of the workshop

attendees- sequencing the entire human genome in one concerted effort will be
highly beneficial. 1 believe that the project is highly desirable and could be
Justified for the following reasons:

The project will increase our understanding of human genome organization
and expression.

Applications and extensions of this information will be extremely
beneficial to society for diagnosis, drug design and therapeutics. These
advantages also extend to agricultural applications, which are economically
more significant. (GNPpoa1th care$<GNPfood)

Most of the sequeﬁcing can be done by semi-skilled workers; project will
provide jobs and/or training to this politically important sector of the
workforce (Could one hire unemployed auto or steel workers?)

Technology to do the project already exists. Why not reap the benefits
when society/government has already expended research funds to develop
these procedures?

Similar expenditures to NASA have been very beneficial to U.S. taxpayers;

(e.g. electronics industry). A large financial committment will help the
U.S. to maintain its lead in biotechnology.

We are interested in continuing our involvement in this project. DuPont

car provide management expertise, lobbying support, or any other assistance that
ma)y be necessary in getting this proposal approved. Please do not hesitate to
call us if you need any help. -

Sincerely,

Mauriée A. Kashdan, Ph.D.

Area Supervisor, Laboratory Operations
DuPont NEN Research Products
NEN PRODUCTS

549 Albany Street, Boston, Massachusetts 02118  Telephone 617-482-9595  Telex 94-0996

/&
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THE UNIVERSITY OF TEXAS AT AUSTIN
AUSTIN, TEXAS 98912-7818

The Genetics Instituse
Patterson Laboratories 13 March 1986
(312) 471-6268

Dr. Mark Bitensky
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Dear Mark:

Enclosed are some comments and summaries on certain parts of
the DNA sequencing workshop held last week. 1 never established
that I was an "official" workshop leader, but that never stops me
from making comments. Pleise use them however you see fit.

I thought that the workshop was very successful. The issues
seem generally to be well cefined. Those that are not should not
alter the feasibility of scquencing the human genome. i do hope
that DOE continues its intsrest in this project. I will be on a
site visit with some of the DOE staff in early April and will do
what I can to suppress an: signs of waivering on their part.

-- You and your staff d-c¢ an exceptional job of organizing and
making arrangements for th.: workshop. We all benefitted.

Sincerely yours,

;l ‘l/[ﬂv

H. Eldon Sutton

3



NDTES ON SANTA FE WORKSHOP

Justification. Genetic disease 1s & major problem of human health. O
every one thousand recognized conceptions, approximately 150 result in
miscarriage. Half of these are associated with visible chromesomal
atnormalities that cause genic imbalance. An additional unknown number
have genetic defects that cannot be seen cytologically. Many
genetically abtnermal embryos undoubtedly are lost very early and are
not recognized as conceptions.

Some one percent of liveborn children have simply inherited deferts
that cause some degree of health impairment. The most common amcng
populations of European descent are congenital adrenal hyperplasia
(CAH) and cystic fibrosis (CF). Sickle cell anemia in blacks and
thalassemia among severa) populations are other major inherited
defects. Tay-Sachs disease is a lethal disorder that occurs with a
frequenty of some 123400 births among Ashkenazic Jews. Hundrads of
other less commen irherited defects are also known.

The total impact of inherited disease must alsc include morbidity
and mertality among adults. Often the inheritance may be complex, and
heredity may not be recognized commenly as a major contridbuting
factor. Diseases such as diabetes, heart diseate, and some forms of
tance: may depend on inherited propensities. Mental discorders such as
sthizophrenia, whith affects one percent of the population, affective
disorder, and.dyslexia seem to have underlying genetic bacses, as yet
poorly understood. Such disorders that tut short a persons productive
years are a major tealth turden that adds substantially to the cost of
health care.

An additional watter -of doth tlinical and basit interest s the
extent of genetic variability in normal persons and possible
associations of these variations with risk of disease. There is
presumably a standard array of genes, but there is no "standard” DNA
sequence.

fry program supjorted by public funds must be justified ultimately
by the public benefits. These include a decrease in human suffering
and a reduction in cost of health care. It is not easy to express the
dollar value of human suffering and premature loxs of life. One can
anticipate nmajor advances in alleviating both these situations should
the complete human DNA sequente be determined. For example, many
inherited defectes can be compensated for if the specifici mutant genes
involved are known, Our very Imited knowledge of gene mutations
indicates the great variety of DNA altferations that may impair or
inattivate any one locus. Knowledge of the specific changes should
telp design effective therapeutic strategies. There are a number of

277



l1ow activity enzymee, especially those that depend on vitamin Bé or
biotin as coenzymes, that can be made te function within the normal
range by high dietary levels of these vitamins., This is established at
present by trial and error., There must be hundreds of additioral leoci
for which similar therapeutic approaches are possible, but this will
only be accomplished by learning the molecular details of the gene and
its variants. The analysis of such details at, the level of DNA confers
the abtility to predict risk much earlier, potentially at the & to €th
week of pregnancy, rather than waiting for a discrder to develop, a
disorder that may not always be reversible, especially in the case of
defects of the nervous system,

Pricritiec for study. Although the ultimate goal is to establish the
DNA sequence of the entire humarn genome, there are various strategies
that miqht be followed in pursuit of this goal, (1) One strategy is to
start sequencing at randoem points, gradually filling in until there
are no gaps. This may be the meost efficient in terms of resources. (2)
A second approach is to concentrate on one chromosome at a time. This
has the 1dvantage of previding information on chromosome structure
relatively scon, information that may tell us some very interesting
things #bout chromosome structure and function that we do not know or
even sussect, This may be the most interesting approach from the point
of viev of basic science. (2) A third approach is to start with genes
that aite known to be transcribed and therefore functional, filling in
between them cver time. Such regions can be identified by cDNA probecs.
This we'.1d protably be less efficient than (1) or (2) but should yield
the earliest benefits to health. A combination of (2) and (3) might be
the best strateqy, concentrating on each chromosome in turn starting
with the known functional regions,
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Yale University School of Medicine I-310 Sterling Hall of Medicine
’ I-310 SHM 333 Cedar Street
P.O. Box 3333

New Haven, Connecticut 06510-800s

June 11, 1986

Dr. Alan S. Rabson
Director

Division of Cancer Biology
Building 31, Room 3A-03
National Cancer Institute
Bethesda, MD 20205

Déar Alan:

Just a brief note in follow-up of our phone call about the genomic
sequencing project. There are a few points that I might make in
writing. One is that I can see that this project could be divided
into three stages. First is the development of a restriction map of
the total genome. This would mean that one would get short segments
of cloned DNA distributed over genome in an ordered fashion such that
each segment would be separated on an average by several hundred
thousand base pairs from the-next and each segment would have on an
average 4,000 base pairs within it. At that point, something between
.5 and 2% of the genome would be cloned. The next stage of the
project would be to obtain a set of overlapping cosmid clones covering
the entire genome. This would certainly be expedited by having the
ordered restriction map. Parts of the work could go ahead in parallel
with, rather than subsequent to, the development of the restriction
map. The third stage of the project would be to proceed with the
sequence of the genome. Here there are a number of alternative
technologies proposed including George Church's multiplex sequenciﬁg,
the possibility of sequencing machines using fluorescent nucleotides
and possibly other physical methods that are rumored. I'm not working
with these procedures directly but from what I know from what had been
published so far, my impression is that these procedures have vet to
be fully established in the field and evaluated in terms of overall
economics as compared with the current methods. At any rate, a .
sequencing project would be very large, long term, and expensive and
a very major part of the benefit would be derived only in the latter
stage of the project. In contrast, the restriction map of the genome
is a relatively small scale project, requiring scarcely more than 2-4
of the conventional laboratories, and the cloning is no more than an

" order of magnitude larger, using currently the best available
procedures. Having the restriction map together with partial
digestion mapping procedures such as we are working on could among a
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great many other things provide very rapid scanning and identification

of chromosomal deletion and translocation sites and also expedite very
much the actual cloning of the DNA at these sites (something of
potential relevance for the Cancer Institute). The restriction map
also would be of great value for the study of genetic disorders in man
and having the restriction map could accelerate cloning effort and
according to my perception, skim off some of the cream that would
eventually emerge out of a total sequencing project years before the
sequencing data would provide these results.

With best regards,

Ier P _

Sherman M. Weissman, M.D.
Professor of Human Genetics, Medicine
and Molecular Biophysics and Biochemistry

SMW:rt
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College of Physicians & Surgeons of Columbia University | New York, N.Y. 10032

DEPARTMENT OF GENETICS AND DEVELOPMENT 701 West 168th Street

May 27, 1986

Dr. Alan Rabson

NCI

Building 31

Room 3A03

Bethedsa, Maryland 20892

Dear Alan:

I really enjoyed meeting you and discussing the
possible merits of making a physical map of the human genome,
I am glad you were enthusiastic about our approach in which a
physical map would be constructed prior to any large scale
sequencing. Here, as you requested, is a very brief outline of
what is involved.

New Methodology Four types of techniques can be used in
concert to provide rapid physical mapping of the human DNA.
These are: -

a. Isolation of unbroken genomic DNA. This is done by
suspending live cells in liquid agarose and after
solidification, diffusing reagents into the agarose to
remove all cell constitutents except the DNA.

b. Separation of large DNA molecules by pulsed field gel
electrophoresis. This works well for DNAs from 10 kB to
10,000 kB and may be extendable to larger molecules.

¢c. Specific fragmentation of genomic DNA into large
pieces. This cannot be done by normal solution techniques
because of the fragility of large DNA. Instead,
restriction nucleases are diffused into DNA samples inside
agarose. Enzymes are chosen that recognize very
infrequent sequences. Not I, which cleaves at GCGGCCGC,
Sfi I which cleaves at GGCCNNNNNGGCC, and Mlu I, which
cleaves at ACGCGT, are particularly effective with human
DNA. They yield fragments averaging in the range of 250
kB to 1000 kB. Methylase~-nuclease combinations can yield
even larger fragments. . :
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d. Determining the order of large DNA fragments in the
genome. Where a genetic map already exists, or large
number of probes are available, direct Southern blotting
of separated large fragments can reveal their order just
as in conventional methods for mapping smaller DNA
regions. However, a more powerful and efficient approach
is to screen or select probes that contain just the ends
of large fragments. There are two types of such probes:
. linking probes span rare cutting sites and thus contain
just the ends of two contigquous ‘large fragments; Jjumping
probes contain just the ends of a single large fragment.
Together, the two types of probes contain all the
information needed to place the large fragments in order.-

Overall Strategy Here is an outline of a simple scheme for
physically mapping the entire human genome. One can work with
single chromosomes, one at a time, by using hybrid cell lines
containing only a single human chromosome and libraries made
from flow sorted DNA from the same chromosome. A typical human
chromosome is 150,000 kB in size. This will be cut into 300
fragments by the methods described above, and only 600 clones
are required to place these in order. Available mapped markers
and cytogenetic markers will serve as bench marks. If cell
lines and flow sorted material representing only parts of a
single chromosome are available the task will be even simpler,
since it is easier to link up small patches of fragments into
co?tiguous units and then order these, rather than work totally
blind.

Organization The task requires merging the best available
pulsed field gel electrophoresis, the most efficient
construction of libraries of specialized clones, chromosome
sorting, and state of the art cytogenetics and the construction
and maintenance of specialized cell lines. This will best be
achieved by orchestrating a tightly knit cooperative effort
among a consortium of five to ten laboratories, each

- contributing specialized technology, and each supervising the

part of the parallel effort on particular chromosomes once all
of the common groundwork has been completed.

The overall task of constructing a complete human physical
map should take about five years and would cost, I estimate,:
roughly $10 million per year. It would be efficient if a
parallel effort on mouse and Drosophila mapping were
coordinated with the human map project, but that clearly should
be funded separately.

Justification The first human physical map will consist of a
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set of cloned DNA markers spaced at accurately known positions
throughout the entire genome. The average resolution of the
map will be 500 kB. This is ten times the resolution of the
human genetic linkage map being developed by Ray White and
others. It is also ten times the resolution of existing
cytogenetic methods. This extra resolution should allow the
visualization of many oncogene-mediated DNA rearrangements
currently invisible cytogenetically. It will also dramatically
speed the search for genes associated with inherited cancers.
With even extremely tenuous evidence ‘for genetic linkage for a
particular tumor (or any other disease, for that matter), one
will be able to use the map to select the appropriate DNA
probes to provide a clear test of possible inheritance. If
this is confirmed, then the map will serve to accelerate the
search for the gene involved. The physical map will also serve
“to calibrate the genetic map. This will reveal whether that
map is badly distorted by hot spots for DNA rearrangements,
which "in turn, allows the discovery of additional loci
important in oncogenesis.

The first human physical map will also set the stage for
the construction of a higher resolution map. All the
techniques needed to proceed efficiently from a 500 kB
resolution map to a 50 kB map are already developed. The
higher resolution map is an ordered set of cosmid clones
spanning the entire genome. This map in turn will set the
stage for the sequencing of any or all regions of the genome.

I enclose preprints that describe some of the above issues
in more detail. I would be happy to discuss all of these plans
further with you and others at NCI. Please share this letter
with Ruth and send her my regards.

Sincerely,

. [

Charles R. Cantor
Professor and Chairman
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ANALYSIS OF GENOME ORGANIZATION AND REARRANGEMENTS BY PULSED

FIELD GRADIENT GEL ELECTROPHORESIS

Cassandra L. Smith, Peter E. Warburton, Andras Gaal*,
and Charles R. Cantor

Department of Human Genetics and Development
Columbia University, New York, NY
*LKB-Produkter AB, Bromma, Sweden

INTRODUCTION

Conventional gel electrophoretic techniques for DNA analysis
are effectively limited to molecules less than 20,000 base
pairs (20 kb) in size. Above this size all DNA molecules have
such similar mobilities in ordinary agarose gels that no
separations can be achieved (1,2). Most recombinant DNA
procedures inevitably involve one or more electrophoretic size
fractionations., Many strategies for the molecular analysis of
genome organization and rearrangements, and some strategies for
purification of genes of particular interest, are rate limited by
the size of the DNA pieces used in the procedures. Thus the
size limitations in conventional electrophoresis place severe
restrictions on scope and speed of many important biological
experiments.

An alternative method for genomic analysis is based on cyto-
genetics through direct light microscopic observations of chromo-
some rearrangements and mapping of ‘specific in situ hybridization
of cloned DNA probes to chromosomes. This-technique is extremely
povwerful in organisms like Drosophila where high resolution
mapping by in situ hybridization to polytene chromosomes is a
routine procedure. However the cytogenetic approach is typically
much more limited, Many unicellular organisms fail to show
condensed metaphase chromosomes, rendering the cytogenetic
approach impossible. Mammalian cells in metaphase show well-
condensed chromosomes that can be routinely identified. In situ
hybridization, especially of single copy genes, is effective for
determining which chromosome a gene is on, and provides some
information about sub-chromosomal locatfon, but high resolution
mapping has not yet proven reliable.
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Between ordinary electrophoresis and cytogenetics lies a DNA
size range of almost a thousand-fold, from 10 kb to 10,000 kb
that is almost totally unexplored. Such a size range is analo-
gous to the difference between what is observable by the naked
eye and  the oil immersion lens of the light microscope. In
between there is almost certain to be a wealth of important
biological information inaccessible to observations at both
extremes. i ) '

The new technique of pulsed field gradient gel (PFG)
electrophoresis (3-5) allows high resolution separations
of DNA molecules ranging In size from 10 kb to more than 2500
kb. Thus this technique neatly fills the unexplored DNA size
range. The purpose of this paper 1Is to summarize the state
of the art of PFG, and to describe some of the potential
applications.

PRINCIPLES

In aqueous solution DNA behaves like a free draining coll,
with a frictional coefficient directly proportional to length.
The charge on DNA is also directly proportional to the length.
Hence the electrophoretic mobility in solution, which is depend-
ent on the ratio of charge to friction, is molecular weight
independent, Therefore DNA molecules in free solution cannot be
fractionated by electrophoresis. '

Electrophoresis of small DNA molecules in gels fraction-
ates molecules of different size very effectively. The
separation occurs because of gel filtration (6). All of the
separation power is determined by the sieving properties of the
gel matrix; the electrical field just provides for rapid DNA
motion.

DNA molecules larger than 20 kb are not fractionated
during ordinary gel electrophoresis because they cannot be
sieved. These molecules are larger than the pores in a typical
agarose gel, However, large DNA molecules can still enter
the pores and move iIn the gel because, under the influence
of an_electric field, they can distort their shape to match that
of the gel paores (Figure 1). The notion of the distorted DNA
molecules {s similar to what the polymer physicists call
reptation, In concentrated solutions, polymer molecules move
most easily along the polymer axis like a snake slithering along
its path. Similarly the trailing sections of a DNA molecule will
follow the leading sections on a complex path through the gel
network. -

Once the reptation process sets in, and sieving is elimi-
nated, the ability of ordinary gel electrophoresis to fractionate
DNA molecules by size is lost. The charge on DNA 1is still
proportional to molecular weight as 1s the friction. The
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normal
gel

DNA

PFG

Figure 1. Schematic drawing of a DNA molecule free in solution,
during electrophoresis in ordinary agarose gel electrophoresis,
and during pulsed field gradient gel electrophoresis,

friction will be determined by the size and shape of the pores in
the gel matrix. Since all molecules will sample similar pores,
they will experience the same average friction per unit length.
The total frictional drag will depend only on the length of pore
occupied, which will be directly proportional to the molecular
weight of the molecule. Thus all molecules will have the same
ratio of charge to friction and thus all will have the same
electrophoretic mobility.

In PFG electrophoresis, DNA molecules in agarose gels are
forced to continually change the direction in which they are
moving. The rate at which a distorted DNA coll can change its
configuration is known to be extremely dependent on molecular
weight., In free solution this forms the basis of the viscoelas-
tic relaxation technique (7). In a gel matrix no detailed
physical modeling of the reorientation of DNA coils has yet been
reported. However it seems clear, intuitively, that a short DNA
coll that occupies only a short path through the gel pores ought
to be able to change direction fairly quickly, while a much
longer molecule might face many false starts before it found a
new distorted configuration that would allow net movement through’
the gel.

) 3
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In a typical PFG electrophoresis experiment, molecules are
subjected to alternate electrical fields in nominally perpendicu-
lar directions (3-5). Thus the net motion of the molecules will
be along the line bisecting the two field directions. Usually
the two alternate fields are applied for equal time intervals,
called the pulse time (Figure 2). The switch between the two
fields occurs in less than 0.1 second which is faster than the
reorientation time of most DNA molecules. However the pulse time
may be comparable to the reorientation time of a DNA molecule,

.\\
\\
\.
‘\\
">\,
intermediate }
|
.- | e ——
slow . .
V

Figure 2. Schematic illustration of DNA migration in response to
alternate pulsed perpendicular electric fields, In the top panel
the pulse time is much slower than the DNA reorientation time; in
the center panel the two times are comparable; in the bottom
panel the pulse time is much faster than the reorientation time,

129

" aW A



ANALYSIS OF GENOME ORGANIZATION AND REARRANGEMENTS 49

The relative mobility of different size DNA molecules depends
critically on the electrical field strength and the pulse time.
For example, 1if the pulse time is much longer than the
reorientation time of the molecules in the gel, there is little
or no size resolution. What happens is that the molecules move
by ordinary electrophoresis first along only one field and then
along the other. Since the relative time required for
reorientation is negligible compared to the pulse time, the only
process occurring is reptation, which is size independent. 4
The other extreme case occurs when the pulse time is much
shorter than the . reorientation time. When this occurs, the
molecule simply experiences the rapidly fluctuating perpendicular

fields as a net constant field midway between them. Ordinary

electrophoresis occurs in response to this field and since
reptation 1s occurring, there is no size resolution. At inter-
mediate pulse times, effective size resolution occurs because,
during each pulse, the molecules spend a fraction of the pulse
time reorienting and the remainder of the pulse time migrating.
This fraction, and thus the net motion, will depend directly on
the reorientation time. Thus very high resolution size separa-
tions can be obtained, for those molecules in which the reorien-
tation time is the same order of magnitude as the pulse time.

In practice, with overall electrical field strengths of 10
V/cm, pulse times of 1 to 10 seconds are optimal for molecules
around 100 kb, while times of 50 to 100 seconds are optimal for
molecules around 1000 kb, What typically happens for a given
pulse time is a window of high resolution size separation extend-
ing over a five-fold size range., All smaller molecules move with
similar, rapid mobilities while all larger molecules move with
similar slow mobilities, The gel pattern which emerges shows a
zone of effective separation spaced between two zones with a
compressed DNA pattern. Experience thus far suggests that a
critical feature in determining the overall resolution is the
total number of applied pulses.

ELECTRIC FIELD SHAPES

There are currently two experimental configurations in
common use for PFG. These are illustrated in Figure 3. In the
single inhomogeneous fleld configuration (si) the vertical fileld
electrodes consist of a single point near or at one corner and a
linear array of points that for all practical purposes behaves
like a line. This leads to an electrical field strength that
continuously decreases as one moves away from the point elec-
trode, The second field is homogeneous and acts to move
molecules away from the point electrode. The net result is that
molecules are always moving into regions of progressively weaker
flelds and increasing angles between the two fields (see below).
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Figure 3. Illustration of the electrode configurations used in
the single inhomogeneous and double inhomogeneous modes of pulsed
field gradient gel electrophoresis. Also shown 1s a typical
electrophoresis pattern seen for yeast DNA using the two modes.

The si configuration was used for most early PFG experiments
because it allows a relatively large number of samples to be
loaded for a particular size apparatus (4,8). It has moderately
high resolution throughout a fair fraction of the entire gel
area. Regions near the single point electrode should be avoided
since the large field gradients present here lead to severe shear
breakage of large DNA molecules, The major disadvantages of the
si configzuration are that the bands run at an angle, making
quantitative size and mobility measurements difficult, and the
resolution in different gel lanes varies quite a bit, so that the
overall gel patterns are quite complex and require elaborate
description. We have experimented with more complex analogs of
the si configuration in which fields are periodically reflected
so that molecules first run to the left and then to the right,
In this way it is possible to produce gels in which large numbers
of samples run vertically with very similar mobilities. However
these more complex configurations, in general, show poorer reso-
lution than the optimal simpler configurations.

The double inhomogeneous electrical configuration (di) was
used for the very first PFG measurements (3). In this configura-
tion both sets of perpendicular fields have one point electrode
and one line. Thus the pulsing is symmetrical when viewed along
the line bisecting the two flelds, as shown in Figure 3. InTthe
di configuration the DNA bands run along the diagonal and best
results are obtained when the samples are loaded along a line
perpendicular to this diagonal (5). The resolution of different
lanes i{s somewhat variable and only the center few lanes run
perfectly straight. However the symmetry of the overall gel
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pattern is much more aesthetic and conducive to simple descrip-
tion and quantitative analysis,

If pulsed electrophoresis is carried out with perpendicular
uniform (homogeneous) electrical fields, very poor size resolu-
tion is observed (4). DNA molecules of a particular size migrate
as a relatively broad band and different.size molecules have
similar, though not 1identical, mobilities. If one or both
electrical fields is inhomogeneous, like that generated by the
electrode configurations shown in Figure 3, much sharper bands
and much more molecular weight discrimination are wusually
observed. There are at least three reasons for this. When
electrical field gradients are preser: in typical si and di
configurations, the actual angle between the two alternating
fields is greater than 90 degrees in virtually all regions of the
- working area of the gel., For configurations that afford particu-
larly good resolution we calculate that the angles between the
two fields range from 110 to 150 degrees. Although the optimum
angle i{s still unknown, it is apparent that fields 90 degrees,
apart or less give very poor resolution (Figure 4) while fields
180 degrees apart would be expected to produce no net electro-
phoretic motion.

A second effect, with field gradients present, is that the
component of the electrical field along the diagonal of the gel
(parallel to the net direction of motion) keeps getting weaker.
This occurs primarily because the angle between the two filelds
keeps increasing, but also because the fields themselves grow
weaker. The net result is that the leading edge of each DNA band
moves more slowly along the diagonal than the trailing edge.
Thus each band is self-sharpening.

A third effect of fleld gradients can be understood by
considering the effect of overall field strength on PFG. What
matters during each pulse is the relative time spent reorienting
and the actual distance covered during the remainder of the
pulse. A weaker electrical field will decrease the distance
covered, and it also retards the reorientation process. Both
phenomena are additive and imply that at weaker fields, longer
pulse -times will be needed for optimum separations in a particu-
lar size clas3s., When a field gradient is present, at constant
pulse time, as molecules move through the gel they encounter
progressively weaker fields, Thus the effective pulse time they
feel becomes shorter and shorter. The field gradient acts like a
constantly decreasing program of pulse times, The smallest
molecules that move the fastest reach the weakest fields and
largest angles where they will have the optimal size fractiona-
tion. Once the appropriate match between the field shape and the
pulse time can be found it is possible to obtain high resolution
size fractionations from 10 kb to 1500 kb with a single pulse
time,

) The electrical field gradient is a tensor quantity. The
field shapes used in typical di and si configurations lead to
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Figure 4, The effect of angle between the alternate electrical fields on resolution in pulsed field
gradient gel electrophoresis. In both cases shown the samples are identical yeast chromosomal DNA
and the double inhomogeneous configuration was used. In the left panel the point electrode was
positioned at the midpoint of the edge of the gel producing angles between the two electrical fields
that are less than 90 degrees of all locations within the gel from the sample wells to the center of
the gel. 1In the right panel the point electrode was situated essentially as shown for the di
configuration in Figure 3, producing angles between the fields that are much larger than 90 degrees
for all locatidns in the gel from the sample wells to the position of the fastest moving bands.
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gradients parallel to the net direction of DNA motion and
gradients perpendicular to it. The parallel components of the
field gradients lead to sharpening of each DNA band as discussed
above. The perpendicular components lead to spreading and thin-
ning of the band along the direction perpendicular to net
motion. Some bands, especially those that have migrated a long
distance, become much wider than the *original applied DNA
samples. This band spreading is particularly pronounced for most
di configurations. Thus the di configuration is usually limited
to a smaller number of samples than the si configuration and it
was avoided in most of our early studies, However, as more
systematic studies of electrical field shapes were carried out,
electrode positions could be found that minimized lateral spread-
ing of the bands while preserving considerable band sharpening.
This makes the di configuration superior for most applications.

In summary, from numerous experiments with different
electrical field geometries, it is clear that the overall pattern
of PFG separation is very semnsitive to electrical fleld shape.
The resolution 1is extremely sensitive ‘to the position of the
point electrode and also the length and position of the. line
electrode. As a result, the performance of a particular appara-
tus can be optimized by judiclous tuning of the electrical field
shapes.

EXPERIMENTAL APPARATUS

Although it is potentially possible to build PFG apparatus
with a wide variety of different electrode types, we have found
the use of diode-linked electrodes particularly convenient.
Since a diode will conduct in only one direction, a diode-linked
electrode is active when voltage is applied, but nonconducting
otherwise. In this way the field generated by one electrode
array cannot be distorted by thé presence of another array.

Using diode electrodes we have coanstructed square horizontal
submarine PFG apparatus in a range of sizes including 10, 20, 24,
28, 36, and 55 cm electrode arrays (Figure 5). In practice the
largest conveuient gel surface used inside these arrays has been
20 x 20 cm., Larger gels are expensive, difficult to handle, and
hard to immobilize In a typical submarine gel apparatus. There
seems to be no compelling reason to use larger gels at this time.

The general behavior of the different size PFG boxes is
similar. However there is some tendency for larger boxes to
perform better for larger DNAs. The major reason for this is
probably shear breakage. In a small box it is very difficult~to
avoid regions of the gel with high field gradients. 1In a very
large apparatus, one can place a gel in the center where the
field gradients are small and fairly regular across the gel
lanes. Thus shear breakage is minimized, and, in addition, the
behavior of different gel lanes is quite similar.
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Figure 5. Photograph of a typical 20 x 20 cm pulsed f£field

gradient gel electrophoresis apparatus.

Running times for the varicus boxes at overall fields of 10
V/em are typically 1 hour per cm of box size, with 1% agarose
gels, However improved resolution can often be obtained with
longer running times. Increasing agarose concentrations require
still longer running times but frequently produce sharper DNA
bands. Lower agarose concentrations decrease resolution and have
not been very successful., The typical buffer used is TBE (100 mM
Tris-borate, 2 mM EDTA) but half this concentration is equally
effective. There are some indications that different anions can
have a marked effect on electrophoresis patterns and sample
loading, similar to what is observed with ordinary DNA gel
electrophoresis. However no systematic studies exist yet.
Temperature is a very important variable and preliminary indica-
tions suggest that temperatures around 15°C are optimal for most
applications.

DNA SAMPLES

DNAs from 10 kb up to a few hundred kb can be loaded into
gel wells as aqueous’ solutions just as {is done in ordinary
agarose gel electrophoresis. With such samples the usual prac-
tice {s to apply the pulsed field in only one direction for 20 to
45 min to run the samples into the running gel before applying
the pulsed perpendicular fields. Larger DNA molecules cannot be
handled in solution without severe degradation due to shear
breakage. The best way to circumvent this is to prepare the DNA
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directly in a solid agarose plug, called a gel insert (4). The
insert is put directly into the gel slot to load the sample for
electrophoresis, With the di mode pulsed perpendicular fields
can be applied immediately., With the si mode a 20 to 45 min run
in period with only a single pulsed field is still recommended.

To prepare high molecular weight DNA, iAtact live cells are
suspended in liquid low-gelling agarose which 1is poured into a
mold and quickly cooled (Figure 6). The concentration of cells
is chosen to provide typically 0.5 to 20 ug DNA in a 10x5x2 mm
gel insert. Ultimately anywhere from 1/6 to a whole insert will
be used for each electrophoresis sample,. Earlier protocols
. employed higher cell concentrations but subsequent work has shown
. that this leads to significant loss in electrophoretic resolu-
tion, A detailed ptotocol for preparing DNA samples is provided
in the Appendix.

The gel insert is treated with whatever combination of
detergents and enzymes is necessary to remove cell walls, cell
membranes, RNA and proteins and leave, eventually, naked DNA.
The first procedures were worked out for yeast. These used high
concentrations of EDTA to inactivate cellular nucleases and
extensive treatment with proteinase K in the presence of
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Figure 6. Photograph of a mold used for preparing gel inserts
and several i{nserts.
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detergent to remove all proteins. Modifications of these proce-
dures have now proven successful in E. coli and other bacteria,
trypanosomes, Leishmania, Plasmodium and other unicellular
protozoa, Drosophila and mammalian cell lines, There is no
reason to think that any source of DNA will be refractory to this
kind of a procedure.

The gel insert method for preparing DNA has numerous practi-
cal advantages. No centrifugations or precipitations are
required. Hundreds of replica samples can be prepared simultane-
ously, each containing the identical amount of DNA., 1In agarose
inserts, at 0.5 M EDTA concentrations, high molecular DNA shows
amazing stability. No detectable double strand breakage |{is
observed for molecules as big as 1000 kb over several years at
4°C or several weeks at room temperature to 37°C. Thus it fis
routinely possible to mail DNA samples in gel inserts with no
degradation. ..One clear advantage of the gel insert procedure {s
that it could be carried out in the field with relative ease.
The most complex piece of portable apparatus required would be a
50°C temperature bath for the proteinase K digestion,

DNA prepared in gel inserts is free from detectable double-
strand breaks up to the current limits of PFG electrophoresis,
around 4000 kb, There are some variations in the behavior of the
inserts depending on the size of the cells used to prepare them,
Although there have been few _systematic studies, {intuition
suggests that it i{s best to use cells that are not rapidly divid-
ing, It is known that topological complexity of DNA can have a
profound effect on PFG electrophoretic behavior. Thus replica-
tion forks could lead to complications in the electrophoresis.
There are other effects of DNA topology that are still
unexplained. For example, DNA pieces containing tandemly
repeated ribosomal DNA genes show retarded mobility in PFG
electrophoresis (4,8, and unpublished results).

LENGTH STANDARDS

Yeast 1is the organism that has been most extensively
characterized by PFG electrophoresis, and various yeast strains
are convenient standards for monitoring the behavior of PFG
apparatus. However the sizes of all of the yeast chromosomes in
any strain are not yet known directly. Thus for quantitative
studies it i{s preferable to use viral DNAs as lenzgth standards.
While a few viruses like bacteriophages T7, Pl, T2 or T4 and G
provide convenient markers, the best set of length standards
appears to be tandem linear concatemers of bacteriophage lambda.
Various lambda strains are available with monomeric lengths from
40 kb to 50 kb. We have found it convenient to use lambda vir,
which {s 42,5 kb, -

The ends of linear lambda DNA have 12 complementary single
stranded bases, At low concentration the monomeric circle is the
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thermodynamically stable form at room temperature or below. At
concentrations approaching 0.5 mg/ml, an infinite head to tail
linear concatemer is preferred (9). In practice, what will limit
the growth of this concatemer is molecules with damaged ends
which act as chain terminators. From such samples we have.
resolved linear concatemers as large as, 3l-mers and larger
material is evident, The use of lambda ladders provides accurate
length standards up to about 1500 kb. It remains to be seen what
kinds of samples will provide satisfactory length standards for
even larger slzes.

Lambda ladders also provide a test of the electrophoretic
resolution at each molecular weight. 1In general, using the di
configuration we find that the net mobility of DNA {s roughly.a
linear function of molecular weight from lambda monomer up to
some particular lambda n-mer where the value of n depends on the
pulse time. Between that value and some larger critical length
resolution is optimal and appears to be 5 kb or better. Above
the critical length resolution drops off abruptly (Figure 7). By
choosing an optimal pulse time it 1s possible to resolve large
DNA molecules differing by less than 17 in length across a wide
size range.

Figure 7. Pulsed field gradient gel electrophoresis of a lambaa
ladder formed by tandemly annealed lambda vir DNA. Each succes-
sive band is 42.5 kb larger. .
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SAMPLE ANALYSIS AND RECOVERY

In general most other procedures for handling DNA in PFG
electrophoresis parallel those in ordinary agarose electrophore-
sis. After running, the gel patterns, are stable, essentially
indefinitely. DNAs can be visualized by staining with ethidium
bromide and photographed under ultraviolet light. However great
care should be taken to minimize the exposure because photobreak-
age of large DNA molecules is quite an efficient process.
Molecules can be transferred to nitrocellulose or other membranes
by adaptations of standard blotting procedures. In our hands,
thus far, UV breakage of DNA prior to Southern transfer has
proven most satisfactory. DNA molecules can also be electroe-
luted by placing an agarose slice inside a dialysis sack in the
PFG apparatus and applying pulsed alternate perpendicular
fields. The resulting material is suitable for subsequent
digestion with restriction nucleases -and cloning. 1In this way
one can construct a DNA library from any large plece of DNA
fractionated by PFG electrophoresis.

CYTOGENETICS BY ELECTROPHORESIS

Many unicellular organisms have chromosomal DNA molecules
that fall into the size range currently accessible to PFG. This
includes various yeasts (4,5,10,11) and numerous parasitic proto-
zoa (8,9,12-16). For such samples PFG provides what is
essentially cytogenetics by electrophoresis. Genes can be mapped
to chromosomes by Southern blotting which is far easier than in
situ hybridization, even {if 1t were possible with these
organisms, which it disn't, DNA insertions, deletions and
reciprocal translocations can all be visualized directly by
changes in the sizes of chromosomal DNAs and confirmed by watch-
ing the shift of known chromosome-specific DNA probes. A few
chromosomes have been observed to show anomalous behavior which
is.presumably related to some kind of topological complexity. An
example, discussed earlier, 1is chromosomes with large tandem
arrays of ribosomal genes which frequently have difficulty
entering the gel at all,

For many simple organisms PFG can piovide an instant snap-

shot of the genome., It is especially useful for examining the
number and chromosomal distribution of moderately repeated
elements like yeast TYl elements since one can study the entire
family at once. The general picture that has emerged from
studies thus far is that of genomes in considerable turmoil.
Chromosome length polymorphisms and rearrangements abound, even
among closely related strains. 1In some parasitic organisms these
DNA rearrangements are exploited to generate antigenic diversity
that is valuable to the survival of the parasite against the
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hostile environment of the immune defense system of the host
(8). For non-parasitic organisms, the role played by such karyo-
typic variations remains to be seen.

GENERATION OF LARGE DNA FRAGMENTS

Although the sizes of DNA molecules handled by current PFG
technology are imptessive, the chromosomal DNAs of most organisms
are still too large to be handled as intact molecules, The
solution of this problem is to cut intact chromosomal DNAs into
well defined fragments that fall in the 10 to 2000 kb size range
now accessible by PFG. This has proven possible through the use
of restriction nucleases with relatively rare cutting sites.

"Since handling of large DNAs in solution would result in
unacceptable shear breakage, the procedures that have proven
effective are to diffuse enzymes into agarose inserts of DNA and
allow digestion to occur in situ. The restriction enzymes are
then removed by proteinase K treatment in the presence of deter-
gent and high concentrations of EDTA. Fallure to do this leads
to serious loss in resolution. This is presumably caused by
restriction enzymes remaining bound to DNA and altering 1its PFG
electrophoretic properties. A detalled protocol for restriction
nuclease digestion of DNA in agarose inserts is provided in the
Appendix.

There are two restriction nucleases commercially available
that have eight base pair recognition sites., These enzymes are
Notl and Sfil (Table 1). Both work quite successfully when
handled as described above, and both have yielded clean patterns
of DNA digestion on samples that include E. coli, yeast, mouse
and human cells. There is one restriction nuclease with a seven
base pair recognition sequence, RsrIl (17), but unfortunately
this sequence seems to be present quite frequently in many
organisms as determined by scanning nucleic acid sequence data
banks.

There are a number of restriction en_smes that have six base

recognition sites but these sites are relatively rare in particu-
lar genomes (Table 1). For example in the DNA of higher
eukaryotes the sequence CpG is almost five-fold rarer than
expected statistically from the base composition (18). Thus
enzymes that have one or two CpG's in their recognition site tend
to give large DNA fragments. When the target DNA s very ATe-rich
or GC-rich one can clearly pick enzymes to bias the pattern of
cutting towards larger fragments., It has been our experience
that most enzymes tried will eventually work in agarose proto-
cols. However we have noticed that for some enzymes there is a
marked, severe, batch to batch variation in the effectiveness of
agarose samples in supporting total nuclease digestion, The
reason for this 1is unknown but it is clearly a very significant
experimental variable. At present the lack of additional
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. Table 1
Restriction nucleases useful for generating large DNA fragments

Source of DNA

Enzyme Sequence Phages Bacteria Viruses Mammals Others

Notl  GCGGCCGC O 1 1 1 1
SfiI  GGCCNSGGCC 1 2 3 1 1
Bvul  CGATCG 3 13- 4 1 2
Sall  GTCGAC 2 7 6 2 4
Mlul  ACGCGT 4 14 4 1 2
Sacl  GAGCTC 4 5 1 4 6
Nrul  TCGCGA 5 12 7 1 3
Apal  GGGCCC 7 4 11 9 4
Scal  AGTACT 3 7 11 6 11
Files Searched 148 565 904 " 1846 1491

Genebank was scanned for the sequences indicated. Each entry
shows the 7 of the files for each type of DNA that contains one
or more enzyme cutting site.

Enzymes that cut especially rarely are indicated by underlined
numbers, '

restriction nucleases with relatively rare recognition sequences
is the single most severe limitation on PFG analysis of large
DNAs. This is not surprising since, before the advent of PFG,
there was no convenient way to see if such enzymes even existed.
Now one can anticipate that a thorough search will be made, and,
more than likely, many highly specific useful nucleases will
emerge, ' -

It is possible to increase the specificity of nuclease
action by combining restriction nuclease digestion and methyla-
tion, and thus to increase the length of the average size
fragments produced. There are two different ways to do this.,’
Some restriction nucleases are blocked by prior methylation.
Thus by treating a DNA substrate first with the appropriate
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methylase, one can increase the effective size of the DNA frag-
ments a subsequent nuclease produces (19, and see many examples
cited in the 1985 New England Biolabs Catalog). Alternatively,
some restriction nucleases like DpnI require prior methylationm.
In this case, by using one or more methylases whose specificity
overlaps that of the Dpnl cutting site one can create a situation
where two separate recognition events by methylases are required
to generate a single Dpnl cleavage (20). In this way one can
generate recognition sites that have effectively, 8, 9, 10 or
even more base pairs. To date such schemes have proven very
effective when applied to small DNAs in free solution. However
they have been less effective in generating stoichiometric
cutting inside agarose, presumably because of the considerable
fastidiousness of the Dpnl enzyme.

There are other potential highly specific cutting schemes
that remain to be tried to provide samples for PFG analysis.
These include the use in nucleases known to be involved in site-
specific DNA insertion-excision or recombination reactions
(21,22). It also seems likely that methods will be found to
exploit wunusual DNA structures to zenerate specific cuts.
Finally, the potential exists to use DNA itself as a reagent to
direct highly specific DNA cleavages. Thus far such schemes have
been limited to single-stranded cleavage but it seems only a
matter of time until more general -highly specific double-strand
DNA cleavage techniques emerze (23-25).

MACRORESTRICTION MAPPING

The eight base pair-specific restriction nucleases Notl and

Sfil have been used to cleave E. coli DNA, mouse and human DNA

into large fragments. These range in size from less than 25 to
more than 1000 kb. Individual fragments can be identified by
Southern blotting and hybridizatfon with cloned single copy DNA
probes., It is then relatively trivial to tell, for example,
whether two genes, believed to be closely linked, appear in the
same_ size DNA fragment., This 1is suggestive but not conclusive
evidence that they are physically linked.

A major goal for molecular genetics is to develop physical
maps of complete genomes of organisms of particular interest. A
first stage towards such a goal would be to plece together the
order of the large fragments generated by restriction nucleases
with rare cutting -sites. Even the smallest mammalian chromosome
is likely to consist of a few hundred such DNA pieces, Thus one
can examine only one region at a time. As a model for such
studies, and because of its own intrinsic Interest, we have
concentrated our initial efforts on trying to, comstruct a physi-
cal map of the E. coli genome. This is a single 5000 kb circle.
Thus it is the size of a typical band seen cytogenetically for a
mammalian chromosome. The circle 1is an added complication;

137




62 ' ~ C.L.SMITHET AL.

however the much smaller complexity of E. coli, compared with
even a single human chromosome, more than compensates for this.

Statistically, NotI would be expected to cleave the E. coli
chromosome into about 80 pieces. However, in practice, Notl gen-
erates only 20 fragments from a typical E. coli straiE_TFigure
8). One i{s a nominally 1200 kb DNA piece (but this contains
several rDNA genes and may have an anomalous mobility) while all
the others fall into the size range of 25 to 400 kb. In some
strains every single plece is resolved. Simply blotting such
gels with DNA probes with known positions on the E. coli genetic
map is allowing us to plece together the physical map of the
genome, - .

Additional information about the physical map of E. coli DNA
is provided from known DNA insertions and rearrangements. For
example, lambda lysogens have been characterized with prophage
DNA inserted at different loci around the genome. Lambda itself
has no Notl sites. Thus depending on whether a given lysogen is
a single or multiple tandem insertion event, the length of the
Notl DNA fragment containing the insertion site will increase by
approximately 50 kb or some multiple of this. Given the resolu-
tion of PFG such insertions are readily detected on ethidium

Figure 8, Pulsed field gradient gel electrophoresis of fragments
of the E. coli genome generated by a complete digest with the
testriction nuclease Notl.
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stained gels and easily confirmed by hybridizing Southern blots
with lambda DNA, In a similar way, F+ insertions have been
characterized by monitoring the 90 kb size increase in particular
bands in a variety of Hfr strains. Finally, a number of E. coli
strains are available with known inversions among ribosomal
cistrons, or known deletions. These are ptoviding confirmation
of band assignments made by blotting.

The approaches described above seem destined to provide a
complete physical map of E. coli shortly., They are clearly
applicable to any other ptokatyote 'ote with a comparable sized genome
so long as an ample supply of genetic mapping data exists,
Clearly such an approach should also be successful for individual
yeast chromosomes. However this approach could not be used for
larger genomes or for organisms where no genetic maps were
availabdble. As more rare cutting schemes become avallable {t
should be possible to use these to construct macrorestriction
maps by overlapping cutting patterns in exactly the same way as
currently used on a much smaller scale for plasmids and phages.
However this 1s a tedious approach and it would be highly
desirable to have a more general approach. '

The relatively large size of DNA fragments separable by PFG
has encouraged us to devise a new simple mapping scheme that
depends on large fragments for {ts efficiency; We call this
approach a junction fragment analysis., The basis of this scheme
is to generate large DNA fragments by an enzyme with a rare
cutting site, separate these fragments by PFG electrophoresis and
then analyze the PFG separation by hybridization with cloned DNAs
containing one single rare cutting site each. Each clone will
hybridize to two large DNA fragments and these must be adjacent
in the physical map (Figure 9). In cases where more than one
large fragment co-migrates, secondary cutting with another rare
cutter should provide unambiguous identification, in most cases.
In the remaining cases, rearrangements, or screening against a
hybrid cell panel containing chromosome fragments, will be
required.
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Figure 9. Schematic illustration of how a junction probe can be
used to determine that two large restriction fragments are
adjacent in the genome.

(39




64 o C. L. SMITH ET AL.

The major obstacle in the junction fragment approach is to
obtain a complete set of clones representing all rare cutting
sites in the genome. For prokaryotes this should be relatively
straightforward since the number of clones required is small.
Directional cloning procedures have been developed for proceeding
from a complete genomic library to a sub-library containing only
junction fragments. One first clones DNA fragments containing
one rare site and one common restriction site. Next one uses
these clones to screen a genomic library made from a common
restriction site to pick out those clones that contain junction
fragments. This {s effective for enzymes like NotI that generate
clonable ends. For enzymes like Sfil which do not produce sticky
ends, one can, instead, differentially label Sfil-containing
clones from one library and use these to screen a second library
for the presence of junction fragments.

The junction fragments (and, in the case of enzymes like
NotI, the directionally cloned fragments used to find them) serve
two functions. First they are used to {dentify neighboring large
fragments. Next they can be used in the macro-~analog of the
Smith-Birnstiel procedure (26,27) rapidly to map more common
cutting sites within each large fragment (Figure 10). A total
digest is made with the rare cutter, a partial digest, ideally
with single hit kinetics, is made with the common cutter. The
mixture of DNA fragments is fractionated by PFG electrophoresis
and then a Southern blot is probed with one side of the junction
fragment.

By this indirect end labeling, one will detect a ladder of
DNA fragments progressing from the common cutting site closest to
the rare site to the intact rare site fragment, The size of each
band gives the location of each cutting site. Thus a single gel
lane will provide a restriction map of the entire large fragment,

SartheBirnst 2] restriction mass.ng
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Figure 10. Scheme for rapidly mapping additional restriction
enzyme cutting sites of a large DNA fragment. This is the
Smith-Birnstiel method scaled to larger .sizes.
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This procedure is relatively simple when two rare cutters
are used. For example, Sacl will cut a typical E. coli Notl
band into three sub-fragments., When more common cutters are used
the patterns will become more complex but they should still be
analyzable, - For example, a 400 kb NotI fragment should contain
20 to 40 sites for an enzyme like BamHI with relatively uncommon
sftes. Given the current resolution of PFG it is likely that
almost all of these sites will be spaced. far enough apart to
yield resolvable bands. The major potential problem is detecting
the fragments. For a single copy probe, one will have to have
sufficient sensitivity to detect 0.0l copy per genome to observe
the pattern of fragments resulting from partial digestion. This
is no difficulty with small genomes and it should still be possi-
ble with mammalian cells where such detection sensitivities have
been reported in genomic sequencing and nucleosome footprinting.
Thus far, optimized Southern blot hybridizations of fragments
from PFG gels show signal to noise comparable with that seen in
ordinary gels so one can be optimistic that macro-Smith-Birnstiel
analysis should be practical.

All of the junction mapping procedures described above have
been tested on E. coli and all appear to work quite satisfactori-
ly, In principle there does not appear to be any reason why
these procedures will not generalize rapidly to allow application
to all genomes. For higher organisms one will have to start with
single chromosome libraries and use hybrid cell lines with single
chromosomes from one species on a background of non-crosshybridi-
zing chromosomes from another species, Such materials are
already available for many human chromosomes. Libraries and cell
lines representing only part of a single chromosome will be even
more desirable and procedures for constructing these are
available. The major complication for the genomic analysis of
higher organisms will ‘undoubtedly be repeated DNA sequences. It
is possible to screen libraries to remove clones containing
highly repeated sequences. However the result 1s usually a
library far too Incomplete for the types of mapping approaches
described above. However it should be possible to adapt the
junction library approach to small enough DNA fragments to mini-
mize the inclusion of highly repeated sequences., There is always
the risk that a supposedly rare cutting site will be found in or
associated with a repeated sequence. In this unfortunate case
the site will be useless, ’

APPLICATIONS OF PFG TECHNIQUES

PFG is too new a technique and too different a technique for
all of its major applications to have been tested yet, or even
thought through. However some general classes of applications
have been tested by preliminary feasibility studies and some
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other applications seem to have no real obstacles although they
have not yet been tested.

The methods by which DNA samples are prepared for PFG analy-
sis are extremely gentle and effortless., They should be
applicable to all DNA and RNA samples regardless of whether these
are destined for the eventual analysis of large DNA fragments.
Gel inserts work just fine in ordinary gel electrophoresis and
the improved intactness of the sample can frequently produce
pleasant surprises. The stability of DNA in agarose and the
convenience of modular replica DNA samples should encourage all
kinds of new automated procedures for DNA analysis.

PFG should allow the construction of a physical map of the
DNA of any simple organism. This will provide many of the
features of genetic analysis even for those organisms where no
established genetic techniques exist. Even before a physical map
is available, PFG will allow routine screening for DNA {inser-
tlons, deletions, rearrangements, and gene amplification. A wide
range of questions in evolution and regulatory organization can
be answered just by knowing whether two or more particular genes
are near by in the genome and PFG makes such information readily
accessible, .

Genes performing related functions quite commonly occur in
physical clusters. Many genetic engineering tasks would be
rendered much easier 1f such clusters could be handled intact.
PFG greatly simplifies the analysis of such clusters. It can
also provide purified DNA fractions in the 20 to 250 kb size
range. These samples can be handled in ordinary solutfon., Such
DNAs are an important intermediate in new advances in cloning
technology such as the construction of jumping libraries for
rapld chromosome walking. The availability of DNA molecules in
this size range should encourage the construction of cloning
vectors capable of handling large inserts. Such vectors would
have major impact on a wide variety of biological and technologi-
cal problems.

For organisms like parasites with very mobile genomes, it is
often difficult to distinguish between closely related species or
subspecies. It would also be desirable for epidemiological
studies to be able to distinguish the geographic origin of
particular parasite isolates. Preliminary studies suggest that
PFG has excellent promise for providing all of this informatfon.
For example the pattern of chromosomal DNAs of a number of close-
ly related lLeishmania species is sufficiently distinct that it
was possible to diagnose the organism infecting a patient by a
single PFG electrophoretic analysis.

For higher organisms, PFG should pave the way for rapid
physical mapping of the genome. Rapid progress in -linkage
mapping with restriction fragment length polymorphisms (28) will
soon provide a coarse genetic map for all human chromosomes.
Similar information is also becoming available in the mouse.
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Here established genetic techniques will help lead from a coarse
map to a fine map. In humans the task will be more difficult.
PFG seems a natural way to fill in physical linkage between poly-
morphic markers spaced 5000 to 10,000 kb apart. It also provides
a way to 1isolate large pileces of DNA neighboring polymorphic
sites linked to particular disease genes. In this way PFG should
greatly speed the search for more markers with better diagnostic
value and ultimately provide DNA containing the disease gene
itself. This possibility is currently being tested by starting
from markers 5000 kb from Huntington's disease (29) and attempt-
ing to use them to find DNA closer to the gene responsible for
the disease. The task of doing this is still quite difficult,
but by combining PFG with improved cell culture and cytogenetic
methods it now seems feasible.

It would seem that PFG offers considerable opportunities for
improved clinical diagnosis, For example, DNA translocations
near or at oncogenes are frequently associated with cancer (see
30,31 for typical examples). The difficulty in analyzing such
translocations by ordinary Southern blotting is that they can
occur over a relatively wide DNA region, say 50 kb or more, and
still result in a malignant phenotype. To be sure of detecting
and classifying all possible translocations one must be able to
look at least 50 kb from the oncogene., It would be difficult to
do this in one step by ordinary electrophoresis, without collect-
ing a large number of different DNA probes, but it will.be a
relatively easy matter to accomplish the analysis by PFG.

Cytogenetics is useful for clinical diagnosis by providing
an overview of the entire genome. Recombinant DNA probes allow a
detailed view, one gene at a time or even one nucleotide at a
‘time. Both approaches have found many wuseful <clinical
correlates. Three orders of magnitude in size stand between
these two technologies. All of this is now accessible by PFG.
There 1s every reason to think that this large domain of
structural information also contains useful clinical correlates.
All one has to do is look.
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APPENDIX: PREPARATION OF SAMPLES

Procedures for yeast sanples have been published elsewhere
(4). The following are new procedures that have been developed
working with E. coli.

Cell Preparation

E. coli was grown in i19 minimal medium plus supplements
to 1.5 x 108 cells/ml with vigorous aeration at 37°C. The
chromosomes were aligned by adding 180 pg/ml chloramphenicol and
incubating an additional hour. Cells were chilled by swirling on
ice and concentrated by centrifugation at 8000 rpm for 15 nin at

49C, The cell pellets were resuspended in 10 ml of PIV (10 mM

Tris-ClL, pH 7.6, L M NaCl) and repelleted by centrifugation. The
cell pellet was thoroughly resuspended in PIV at about 1.8 x 109
cells/ml. Since the inserts were about 100 ul this cell concen-
tration produces inserts that contain about 1 ug of DNA assuming
each cell contains about 1 x 10~1% z of DNA.

Insert Preparation

Freshly grown cells were wartmed to 30° - 40°C, mixed with an
equal volume of 17 low gelling-temperature agarose, and distri-
buted into an insert mold covered on one side with tape. The
insert mold was cooled on ice 5 to 10 min to allow the agarose to
solidify. 1Inserts were pushed out of the insert mold with a bent
glass-rod that lhad been alcohol flame sterilized into EC lysis
solution (6 mM Tris-Cl, pi 7.6, 1L M NaCl, 100 md EDTA (pH 7.5),
0.5% Brij-58, 0.2 deoxycholate, 0.5% Sarkosyl, 20 ug/wl DNase-
free KNase and 1 mg/ml lysozyme). The samples were incubated
overnight at 37°C with zentle shaking., The solution was changed
to £SP (0.5 M EDTA pH 9-9.5, 1% sodium lauroyl sarcosine and 2
mg/ml proteinase K) and the inserts were incubated an additional
2 days at 50°C with zentle shaking. Organisus without eell
walls, such as mammalian and parasite cells, may be lysed Dby
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directly putting cells in agarose inserts into ESP. Insert
preparations were stored in ESP at 4 oc.

Restriction enzyme digestion

Ten inserts were washed on a rotator at room temperature for
2 hr, twice with 10 ml of TE buffer (10 mM Tris-Cl, pH 7.5, 0.1
mM EDTA) containing 1 mM phenylmethyl sulfonyl fluoride (PMSF)
and three times with 10 ml of TE buffer not containing PMSF,
Restriction enzyme digestions were carried out in an Eppendorf
tube in a final volume usually of 250 ul in the recommended assay
buffer containing fresh sulfyhdryl reagent, and an excess of 100
pug/ml bovine serum albumin, The enzyme to DNA ratio was usually
20:1 (units of enzyme: ug of DNA). Reactions were usually
allowed to proceed overnight at 37°C with gentle shaking. The
next day the assay buffer was aspirated off and replaced with 1
ml of ES solution (ESP minus proteinase K) and the inserts were
incubated at 50°C with gentle shaking. After 2 hr the ES solu-
tion was replaced with 250 ul of ESP and the samples were
incubated an additional 2 hr before loading onto a PFG gel.
About 0.25 ug/well was loaded.
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APPROACHES TO PHYSICAL MAPPING OF THE HUMAN GENOME

Cassandra L. Smith and Charles R. Cantor, Department of Genetics
and Development, College of Physiciahs and Surgeons, Columbia

University, New York, NY 10032

Macroscopic methods of examining the map of the human genome
include cytogenetics, somatic cell genetics, and linkage
analysis. Each of these methods is powerful, and all are quite
complementary. In practice, however, each becomes progresssively
more tedious when structural data is required at finer resolution
than 10,000 KB. It seems unlikely that any of these methods will
be extended, in the near future, to provide routine analysis of

the human genome at 1000 KB resolution.

Molecular methods of examining the map of the human genome
involve cloning, restriction mapping and séquencing DNA
fragments. In practice the analysis of a 10 to 50 KB region by
restriction mapping is nearly trivial. The extension of such maps
to several hundred KB is possible by chromosome walking 7
techniques. However these become quite tedious as the qize of the
region increases and as segments of DNA become dominated by .
highly repeated sequences. While walks of 1000 KB are practical,
it would be hard to approach such a task with great enthusiasm

unless the particular DNA region were of compelling interest.
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To bridge the molecular and macroscopic techniques, Qhat is
needed is a way to construct a physical map with 100 kB- to 1000
kB resolution. In this article, we will describe four techniques
that, together, allow the construction of suchva coarse
restriction map. Each technique was developed or tested on
simple organisms like yeast or bacteria but each has now been
shown to be.feﬁsible for comparable studies on human samples.

Then we will provide an outline a strategy that appears to be
quite an efficient way to apply these techniques to construct
complete physical maps of each human chromosome. Finally we will.:

offer a brief discussion of the utility of such maps.

PHYSICAL MAPPING METHODS

Isolation of unbroken genomic DNA. High molecular weight DNA

' samples are prepared by suspending live cells in liquid low
gelliné agarose (Scwartz and Cantor, 1984). After solidification,
extensive detergent, protease, and salt treatments are used to
remove all cellular constituents except the DNA. This is possible
because the pores of the agarose are large enough to allow rapid
diffusion of proteins and other small macromolecules while
genomic DNA is retained, quantitatively. We have found it
convenient to use roughly cubic agarose samples, about 100 ul in
volume, which we call inserts. However it will probably be
equally effective to use cells suspended in agarose microbeads

(Cook, 1984).



For bacterial samples, a typical insert will be made from 10
to 100 million cells resulting in 0.1 to 1 ug of DNA (Smith and
Cantor, 1986a). For mammalian samples, we typically u;g 1
million cells per insert, resulting in 10 ﬁg of Dﬁh (Smith et al,
1986a) . Detailed ﬁrotocols for preparing such samples are
described'glsewhere (Smith et al., 1986b). DNA samples made in
inserts show a negligible level of double strand breaks. They are
stable indefinitely at 4 C and can be kept at room temperature
for more than a month with no detectable démage. Thus, in
-éractice, agarose inserts are transpo;ted routinely by ordinary

mail.

Separation of large DNA m&lecules. The technique of pulsed

field gel (PFG) electroﬁhoresis allows high resolution size
fractionation of DNA (Schwartz et al., 1983). In this technique,
molecules are periodically forced to change their direction by a
change in the applied electrical field direction. A number of
variations in experimental geometry haﬁe been described in detail
elsewhere (Schartz and Cantor, 1984, Carle and Olson, 1984, Carle
et al., 19§6). The general type of apparatus that we find
optimal for physical mapping studies is shown in Figure 1 (Smith
and Cantor, 1986b). This contains a 20 cm square 1% agarose
running gel placed at 45 degrees between two inhomogeneous
electrical fields. Two convenient‘sizes for the apparatus are 28
cm square, which is the smallest that will accommodate a 20 cm
gel at 45 degrees, and 55 cm square. In practice, with typical
ﬁpplied electrical fields of 10 V/cm this apparatus—fractionates

DNA molecules with 5% or batter size resolution through an order

~3



of magnitude in size. The frequency at which the electr?cal
fields are switched will determine the size range of the:
fractionation which can vary from 5 kB fdr 0.1 second pulses to
5000 kB for 1 hour pulses (Smith, Hui and éantor, unpublished

results).

For PFG electrophoresis, the agarose sample block is
inserted directly into a slot cut in the running gel and then the
alternate fields are applied. Typical. running times are 40 hours
in the 28 cm apparatus and 70 héurs in the larger apparatus. 1In
general, resolution improves as the DNA concentration is lowered;;
We have found that use of halves or thirds of inserts at the
sample concentragions described aﬁove represent a convenient
trade off betwee; resolution and sensitivity of resulting
-Southern blots for bacterial and mammalian DNA samples. In
practice ordinary Southern blotting and hybridization techniques
suffice for the analysis of PFG-electrophoretic bands. However it
is necessary to fragment the DNA prior to the Southern transfer,
and our experience is that nicking with UV light has been
consistantly dependable while acid nicking has been unreliable
(Smith et al., 1986a). In our hands the sensitivity of
hybridization detection of DNA blotted from PFG gels has never
been as high as ordinary Southern blotting, but the reason for
this is unknown.

Accurate size standards are important in assessing'the
performance of PFG electrophoresis and vital in using the

techniques for macrorestriction mapping as described below. We
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have found it most convenient to use tandemly annealed oligomers
of wild type and deletion strain lambda DNA as finely spaced size
markers (Smith et al., 1986b). The apparent sizes of concatomers
of two different monomer lengths are consistant which supports
the use of such samples as true size standards. In practice °

concatomers up to the 34-mer are routinely prepared.

Specific fragmentation of genomic DNA into large pieces. PFG

electrophoresis has shown excellent ability to separate small
natural linear chromosomal DNAs ranging in size from 50 kB
parasite microchromosomes to multi million bp yeast chromdsomes '
(Van der Ploeg et al., 1984, Schwartz and Cantor, 1984, Carle and
oléon, 1984, Kemp et al., 1985). However, intact human
chromosomes range in size from 50 MB to 250 MB, too larée for
direct PFG separations. Bacterial chromdsomes fall into the size
range currently accessible by PFG but their circular topology
prevents their entry into gels. .Thus, ;n ﬁragtice, for the
analysis of both bacterial and mammalian samples it is necessary
to cut genomic DNA into discrete large fragments. This cannot be
done bf normal solution techniques because of the susceptibility
of latge DNA to shear breakage. Instead, restriction nucleases
are diffused into DNA samples inside agarose, and digestion is

allowed to occur in situ.

Enzymes are chosen that recognize very infrequent sequences.
Not I, which cleaves at GCGGCCGC, Sfi I which cleaves at
GGCCNNNNNGGCC, and Mlu I, which cleaves at ACGCGT, are

particularly effective with human DNA. They yield fragments



averaging in the range of 250 KB to 1000 KB. Methylase-nuclease
combinations can yield even larger fragments (Mcclellaqd et al.,
1984, McClelland et al., 1985; Smith, Econome and Cantor,
unpublished results). |

Protocols that provide total digestion of DNA in agarose
were first developed with bacterial samples (Smith e al., 1986a).
An example of the appearance of such a digest is given in Figure
2. Twenty to thirty bands are seen ranging in size from less than
50 KB to more than 400 KB. The progressive increase in staining
of bands as a function of molecular weight ( except for obvious
multipies )'and the consistancy of the sum of band sizes with
known genome sizes indicate that the digests are complete. This
can be verified by Southern blotting and hybridization with known

single copy probes resulting in a single band.

The critical variable in preparing specific large DNA
fragments was found to be the particular agarose batch. Once a
suitable batch has been identified, complete digests of DNA can
be obtained with 10 to 20 units of most enzymes per ug of DNA. A
example of a typical digest of human DNA, analyzed by PFG is
shown in Figure 3. Depending on the enzyme, the average fragment
size varigs from a few hundred KB to more than 1000 KB. In most |
samples, only a continuous smear of DNA is seen. This is
reasonable since, from the haploid genome size of 3 biliion base
pairs, the digests should consist of 3000 to lo,ooo_discfete.
fragments. However some enzyme digests.show discrete fragments in

the highest molecular weight range examined. Elution of such



material from the gels could provide relatively pure samples of
500 KB to 1 MB regions of the genome. It remains to be
13

determined whether any of these regions are particularly

interesting ones.

Methylation is potentially a very serious‘complication for
the production of unique large fragments of mammalian DNA. Many
of the potentially most useful restriction enzymes with rare
sites contain the sequence CpG in their recognition site. Indeed
it is the relative rarity of this sequence, 20% the expected
value (Bird and Taggart, 1980), that m&kes the sites of these
enzymes rare. It is estimated that over 50% of the CpG's in
mammalian genomes are methylated (Gruenbaum et al., 1981, Kunnath
et al., 1982), and many enzymes will not cut at the methylated
sequence. If the pattern of methylation at each site is all or
none, the result will be an apparent reduction in the number of
. cutting sites but the digest will still appear to be complete.
However an intermediate methylation paﬁtern will result in
incomplete digests which can serious compromise some approaches
for assembling the order of large fragments. Ironically, however,
controlled incomplete digests are just what is desifed for other
macrorestriction mapping strategies.

In practice, the problem of methylation is unlikely to be as
serious as it appears at first glance. The recognition sequences
for the most useful restriction enéymes with rare s{tes appear to
occur preferentially if not exclusively, in HTF islands. These

regions of the genome are predominantly single copy DNA except
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for the ribosomal RNA genes (Bird et al., 1985). In HTF regions
the CpG sequences afe generally not methylated. Thus the
appropriate choice of restriction nucleases may largely eliminate

both the problems of methylation as well as the problems of
.repeated DNA in the specialized junction libraries described

below.

Macrorestriction mapping. Blotting a PFG electrophorogram of

digested human DNA and hybridization with a single copy probe
identifies a large DNA fragment that contains the DNA
neighborhood of that probe. Where a genetic map already exists,
or large numbers of probeé are available, direct Southern
blotting of separated iarge fragments can reveal their order just
as in conventional methods for mapping smaller DNA regions. This
approachhas been used on E. coli to provide a nearly complete
physical map in less than a year of effort (Smith and Cantor,
unpublished results). The same ;pproach has provided a map of

much of the human major histocompatibility complex (Weissman, et

al., 1987).

Ambiguities can arise when two fragments have the same size.
However this is less serious than in ordinary restriction mapping
by Southéfn biotting because fhe total number of fragments is
much less. If the density of available probes is great enough,
an unambiguous map can be assembled by overlapping two different
enzyme digests. But often this is not the case, and then it
bécomes difficult to prove whether two particular fragments are

actually adjacent.
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In general, a more powerful and efficient approach is to
screen or select probes that contain just the ends of iarge
fragments. We call these probes junction probes (émith et al.,
1986a). There are two types of such probes: linking probes span
rare cutting sites and thus contain just the ends of two
contiguous large fragmentsf jumping probes contain just the ends
of a single large fragment. These are shown schematically in
Figure 4. Linking probes can be prepaFed by selecting just those
clones from a complete smali insert library that contain a
particular rare restriction enzyme site. Probing a genomic digest
of DNA generated by the same enzyme will reveal two large
fragments'(Smith et al., 1986b). These must be adjacent and thus
a physical map of the distances between rare cutting sites can be
generated systematically by sampling all of the linking clones in
the library.

Ambiquities will arise in the anaiysis of linking clones
when two similar sized pairs of fragments exist. For example if
two different 250 KB fragments occur, each adjacent to an 840 KB
fragment, it will not be possible to tell which is next to which.
This problem can be eliminated, and the general utility of the
linking library approach can be enhanced by the use of library of
jumping probes. These are made by circularizing large fragments
around selectabie markers and then removing almost all of the
genomic DNA before recyclizing (Lehrach and Poustkai 1986,
Collins and Weissman, 1984). Each resulting small insert jumping

probe should identify a single large fragment in a
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macrorestriction digest and two unique linking probes in a

linking library. Similarly, each liking probe should identify two
unique jumping probes. In principle it sﬁould be possible to walk
between linking and jumping probes and establish their order
without any direct analysis of large DNA fragments; If the
jumping library is made from size fractionated DNA, the distance
covered by each step will Be known.

Together, the two types of junction probes and the PFG
electrophoretic analyses, contaih enough information to place the
large fragments in order, and determine their size. They provide :
sufficient redﬁndancy to allow efficient discrimination against
experimental errors. In practice it will be desirable to analyze
at least two diféérent enzyme digests in parallel. This will
provide valuable.overlap information as further protection
against accumulated errors. It will also pelp walk through any.'
areas where'junction probes are-too imbedded in highly repeated
DNA to be useful. In addition, as described above, the optimal
choicg of restriction nuclease may yield junction libraries
relatively free of repeated DNA. At present -the strategies of
constructing junction libraries have been tested and have been
shown to work in limited cases. It will be desirable to optimize
furthef the efficiency of creating such libfaries before large

scale applications to human genome mapping are initiated.
PROSPECTS FOR A HUMAN PHYSICAL MAP

It is possible to outline a simple scheme for physically
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mapping the entire human genome. This scheme makes use only of
existing technlogy outlined above and the known or pregumed
availability of human-rodent ﬁybrid cell lines and small insert
- flow sorted single human chromomosome libraries. If one could
work with single human chromosomes, appropriate digests could
fragment these into 50 to a few hundred pieces.  Indeed the
entire genome of Drosphila'melanogaster is about the size of a
single typical human chromoéome and a good fraction of this
genome can be visualized as discrete DNA pieces by PFG
electrophoresis after digestion with é.nuclease with rare

sites (Smith and Cantor, unpublished results). Assembling these
pieces into order would be no more difficult than assembling a
macrorestriction map of a bacterial genome since the number of

pieces is comparable even though the human pieces are five fold

larger in size.

One cannot currently work directly with flow sorted human
chromosomes because procedures for preparing these sampes lead to
too much DNA breakage. However one can reduce the problem of
working with the human genome in practice to working with single
chromosomes one at a time by using hybrid cell lines containing
only a single human chromosome and libraries made from flow
sorted DNA from the same chromosome. A typical human chromosome
is 150 MB in size. fhis will be cut into 300 fragments by a
single restriction nuclease with rare sites. Analysis of these
will require 600 junction clones consisting of 300 linking clones
and 300 jumping clones. Assuming that two nucleases are used,

the number of clones needed doubies. Summaries of the numbers of



clones needed for the largest and smallest human chromosomes are
given in Table 1. These numbers are large but not unreasonable,
especially in view of the many additional uses for the junction

clones described.below.

‘Available mapped markers and cytogenetic markers will serve
as bench marks for the phyéical map. Wherever cell lines and flow
sorted material representing only parts of a single chromosome
are available, the task will be even simpler. Such samples will
allow the physical map of segments of a chromosome to be
completed first. Then these can be linked up to make entire
chromosomal maps. Provided that the distribution of the human
material in the hybrid cell lines is known unambiguously, it will

always be easier to use the principle of divide and conquer.

It is tempting to consider focusing initial mapping efforts
" on selected interesting regioﬁs.of the génome. The recent
successes in identifying linked markers to Huntington's disease,
polycystic kidney disease, cystic fibrosis, and Duchenne muscular
dystrophy provide just a taste of the interesing regions likely
to emerge over the next few years. To approach the mapping of
such a region one must first identify the large DNA fragment on
which the. linked marker resides and then clone the ends of that
fragment. This will not be particularly difficult. Assume one can
start with a hybrid cell line containing only a single human
chromosome, 150 MB in size, on which the marker resides. A digest
of that sample with a rare restriction nuclease will yield 300

human DNA fragments averaging 500 kB in size.
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Current PFG electrophoretic resolution can provide a‘gel
.slice in which the desired human DNA fragment, contaiping the
linked marker, is coptaminated on average, by only four other
large human DNA fragments. Suppose one elutes DNA from the gel
slice'fragments it with some other restriction nuclease and
clones it into a vector reduiring pleces ending in the rare
cutting site. Four of the twelve discrete human DNA-containing
clones will represent an end of the fragment of interest. Cell
hybrids containing partial deletions or translocations of the
human chromosome of interest will serve to identify which of the
six clones are desired. Then physical mapping can proceed as
described above. In practice, however, it will probably be more
efficient to map regions of individual chromsomes without regard
to particularly interesting linked markers. These markers can be
used to test the correctness of the emerging physical map. Then
they will provide the basis for staging the construction of a
finer map of the large DNA fragments estimated to be in the

actual region of the particular disease gene of interest.

As outlined above, the task of making a complete physical
map of each human chromosome is arduous but now practical.
Particularly for the smallest or most densely mapped chromosomes,
the time seems appropriate to actually proceed with the task.
However several advances in technology seem likely to occur over
the next few years that should accelerate the task still further.
The size range of PFG electropﬁoresis has recently been extended

up to 10MB (Smith and Cantor, unpublished results) and may be .
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extendable still further. Potential methods for cutting human DNA

into pieces this large have been described in detail. As these
begin to work in.practicg the possibility emerges of cdtting the
DNA of a chromosome into 10 to 50 pieces before ffaétionating
these and then subcutting each into 5 to 20 smaller fragments.

This would greatly facilitate physical mapping.

In all the strategies outlined above, the use of hybrid cell
lines is a major 1imitation.because one never actually has large
human DNA fragments free from rodent contaminants. Problems with
rodent-human crosshybridization will inevitably arise. In
addition, the need to analyze all separations by blotting rather
thaq direct DNA visualization is quite labor intensivé. These
problems ﬁould all be solved if it is possible either to (1)
clone large DNA.fragments directly, (2) purify of large fragment
away from others of the same size by virtue of some feature of
its sequence, or (3) separate intact human chromosomes or
chromosomal DNA without significant doﬁble strand breakage. In
view of the rate of progress over the past few years and the
current level of interest in these problems it is hard to believe
that one or more of these technical breakthroughs will not be
achieved long before a physical map is complete

APPLICATIONS OF A HUMAN PHYSICAL MAP

The human physical map, constructed as described above will
consist of a set of cloned DNA markers spaced at accurately known

positions thoughout the entire genome. The average resolution of
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the map will be 500 KB. This is ten times the resolution of the

human genetic linkage map currently being developed. It is also
ten times the resolution of existing cytogenetic methods. This
extra resolution should allow the visualization of many DNA
rearrangements currently invisible cytogenetically. If will also
dramatically speed the search for genes associated with inherited
diseases. With even extremély tenuous evidence for genetic
linkage for a particular disease one will be able to use the map
to select the appropriate DNA probes to provide a clear test of
possible inheritance. If this is confirmed, then the map will

serve to accelerate the search for the gene involved.

The power of the physical map is best seen by its potential
for analyzing variation in DNA structure in the human population.
This is illustrated.in Table 2. Each linking probe allows one to
examine two adjacent large fragments. Suppose that PFG
electroéhoresié is used to search for restriction fragment length
polymorphism. If 25 probes could be used per lane one could
examine up to a third of the genome on a single gel at 20 KB
resolution. This is two orders of magnitude better resolution
than current cytogenetics. Furthermore the bands in a normal
individual would always appear in the same place so no subjective
image anaiysis will be required and the entire process is

potentially automatable.

The physical map will also servé to calibrate the-genétic
map. This will reveal the relationship between average

recombination frequency and chromosome position. It may provide
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fundamental insights into the mechanisms of human meiosis. The

physical map should be at high enough resolution to reveal

whether the genetic linkage map is badly disforted by hoét spots
for DNA réarrangenenté. This may in turn allow the discpvery of
additional loci important in understanding human disease as well

as human evolution.

The initial low resolution human physical map will also set
the stage for the construction of a higher resolution map. All
the techniques needed to proceed efficiently from a 500 KB
resolution map to a 50 KB map are already developed. While it-is.:
preméture to discuss higher resolution strategies in detail, one
approach seens pq;ticularly powerful and is already bearing fruit
in the analysis';f bacterial genomes. This is the Smith-Birnstiel
strategy which is shown schematically in Figure 5 (Smith and
Birnstiel, 1976). Genomic DNA is digested to completion with an
enzyme with very rare sites and -then digested partially with a
more frequently cutting enzyme. The digest is fractionated by
length and then analyzed by hybridization with one half of a
linking or jumping probe. The lengths of tne resulting DNA bands

reveal the positions of the more common restriction sites.

The power of the method is that many sites are mapped
unambiguously on a single gel lane. The Smith-Birnstiel method
requires accurate DNA sizing but this requirement is well met by
the high resolution of PFG electrophoresis and the availability
of reliable length markers. The method also requires that

controlled partial digests be carried out in agarose. The ability
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to do this is demonstrated by the example for E. coli DNA 6

"illustrated in Figure 6. The major disadvantage of the method is
that partial digests inevitably require greater detection
sensitivity. Current sensitivity in detecting single copy
mammalian genes on macro-restriction fragments may have to be
improved before Smith-Birnstiel mapping becomes a routine

approach for human DNA mapping.

The higher resolution map is equivalent in information to
an ordered set of cosmid clones spanning the entire.genome. It
can serve in practice to place an existing cosmid library in
order. This in turn will set the stage for determining the DNA

sequence of any or all regions of the genome.
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FIGURE LEGENDS

Figure 1. Photograph of typical pulsed field gel electrophoresis'
apparatus. The 20 cm square 1% agarose gel is placed at 45
degrees in the center of a 55 cm submarine gel box. _.For most

applications the use of a 28 cm square box is equivalent.



Figure 2. PFG electrophoretic analysis of the E. coli genome /67/
after digestion with restriction nucleases. The lanes, from left

to right are:.§; cerevisiae, lambda vir, digests of E. coli

with Not I, Eco RI, HinD III, Sfi I, Mlu'I, Xho I, then lambda

'vir, and S. cerevisiae. The electrophoresis was performéd in a

55 cm apparatus at 500 V with 25 second pulse times for 70 hours.

Figure 3. PFG electrophoretic analysis of human DNA digested with
various restriction nucleases. The lanes, from left to right are:

S. cerevisiae, lambda vir, digests of human 1Ymphob1astoid

cells with Not I, Sfi I, Sal I, Pvi I, Xho I, Mlu I, Apa I, then
lambda vir, and S. cerevisiae. The electrophoresis was

performed as described in Fig. 2, except that 120 second pulses

were used.

Figure 4. Schematic illustration of two types of juntion clones

particularly useful in the rapid physical mapping of large DNA
fragments.

Figure 5. Schematic illustration of the Smith-Birnstiel method of
restriction mapping as applied to large DNA fragments.

Figure 6.- An example of Smith-Birnstiel mapping applied to
macrorestriction fragments of E. coli. The outer lanes are S.

cerevisiae, and lambda vir. The center lanes show a total Not I

diges of E. coli, that was subsequently treated with
progressively larger amounts (from right to left) of Sfi I. The

separation pattern ofthis gel_is-unusual because a program of ﬁwo
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"different pulse times (15 seconds for 36 hours, then 120 seconds
for 36 hours) was used to generaté high resolution separations at
both small and large molecular weights simultaneously. Otherwise,

electrophoresis conditions were as described for Figure 2.
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Table 1. Number of Clones Required to Construct a Chromosome Map
with 500 KB resolution

Chromosome Size ' One'Enzyme Two Enzymes
50 MB 100 200

150 MB : 300 600

250 MB 500 . 1000

Table 2. Potential for PFG Analysis of Polymorphism or Genome

Alteration Assuming 50 Bands Probed per Gel Lane

Average Fragment Base Pairs Monitored Resolution

Size per Lane per Gel
wor - wswm wom  sm
1000 KB 50 MB 500 MB 10 KB
2000 KB 100 MB - 1000 MB 20 KB
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1. Introduction: . .

A haploid set of human chromosomes contains about 3x109 base pairs of DNA,
corresponding to an average of about l.3x108 base pairs per chromosome. A number
of techniques have aided the understanding of the organization of DNA ;équences
within chromosomes. Recombinational studies have suggested that the human genome
corresponds to about 3,300 centiMorgans of genetic distance (1). The
correspondence between base pairs and centiMoigans, however, is not linear. It
may be influenced by sex, the position of the DNA relative to the centromere, and
fine structurg of the genetic material. Cytogenetic studies of chromosomes, such
as in situ hybridization, can at best, resolve distances of the order of 10 base
pairs (2). Mapping of gene location and distance by conventional pedigree
studies has been limited .by the availability of polymorphic markers. The
application of studies of restriction fragment length polymorphisms (RFLPs) has
closely linked polymorphisms may be 1imiting. Even where polymorphic markers are
available, the resolution that can be obtained 1s limited by the number of
individuals in 1ﬁforﬁat1ve pedigrees. Under most circumstances, it 1s difficult
to obtain linkage information in a single family of a resolution much finer than

6

one centiMorgan, a figure on the average equal to about 10~ base pairs.

Population studies are required to obtain finer resolution.

In contrast to the magnitude of the geﬁome and the limitations of resolution
of these approaches to structure, conventional bloning methods can only isolate
DNA fragments of the order of 40 kilobases in a single step. -ln addition, the
resolution of conventional §e1 electrophoretic methods is usually only adequate

for fragments of about this size or smaller. Larger stretches of DNA have been

-3-
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cloned by chromosome walking procedures that {nvolve iterated steps of cloning
and probe 1sdIation.,but this process can be time consuming, and 1s complicated
by the preva]ence of repetitive sequences 1n the human genome. Ha]king requires
isolation of unique sequence probes from the end regions of a cosmid and using
these probes to identify new, overlapping, cosmid clones. On the average, the
new clone will contain only twenty kilobases of additional DNA and the maximum
distance covered per probe will be somewhat less than forty kilobases. For
higher eucaryotes, chromosome walking has been most successful when the region to
be covered has contained multiple dispersed markers that can be probed for in

parallel experiments,

Thus, as 1nd1cated in Figure 1, there is a size range between 100 and 2000kb
wh1ch is too large to approach by standard molecular techniques and too smal\ to
_reso]ve in cytogenetic and linkage analyses. There are, therefore, substantial
applications for methods that can be applied in this size range to: (a)
fractionate DNA fragments, (b) order such fragments, and (c) enable the rapid
cloning of DNA located at distances away from an available marker. Success with
such methods would expedite progress in 1dentifying and cloning end points of DNA
deletions and chromosome crossover points, and would provide valuable assistance
in preceeding from loosely linked polymorphic DNA restriction fragments, such as
those whicﬁ have been shown to be associated with a number of inheritable
- diseases (e.g., Huntington's chorea, cystic fibrosis), to DNA that is more
closely linked to the trait of interest.

Progress in the development of longer range mapping and cloning methods has
been made with the development of pulsed field gei (PFG) electrophoresis (3-6)
and 'chromosome hopping" techniques (7,8). PFG electrophoresis is a method thch

-4 -



/%0

)

separates DNA fragments in a linear relation with molecular weight over a size
range of several hundred thousand to over two million base pairs. This method
has made it possible to fractionate and display chromosome sized DNAs of
organisms such as.yeast trypanosomes. and plasmodium (4,9), as well as
fragments, generated by infrequently cutting restriction enzymes, of E. coli,
mouse and hﬁmaﬁ chromosomes (8). Application of DNA hybridization procedures, in
conjunction with PFG electrophoresis, has made it possible to detect fragments
complementary to short unique copy probes, throughout this size range. The data
generated in these studies has been used to construct physical maps of the E.
coli genome (10) and the human major histocompatibility complex (S. K. Lawrance,

C. L. Smith; S. M. Wefssman, C. R. Cantor, unpublished).

Chromosome hopp1ng techniques 1nc1ude severa] strategies for the isolation

and mapp1ng of DNA fragments ‘separated 1n the genome by distances ranging from a
few thousand to greater than a million base pairs. Chromosome hopping, as
originally described by Collins and Weissman (7), is a technique that enables the
{solation of DNA sequences within a defined range of distances in a specified
direction from a given DNA probe. This is accomplished by circularizing large
DNA fragments, generated either by random fragmentation or by complete digestion
with infrequently cutting restriction enzymes, around a selectable marker and
cloning thé junction fragments so generated. These clones are referred to as
jumping clones, or J-junctions. A similar approach has been described by Lehrach
(11). Thus this technique may be employed to clone DNA throughout the resolution
gap which can now be visualized in pulsed field gel electropﬁ;resis and blotting
experiments. For example, this procedure can be used to isolate, in a single

step, several unique sequence DNA probes interspersed in a distance of 50-200kb



/81

to each side of -an initial probe. These jumping fragments can thén be used, in
.batch or in parallel, to probe a cosmid 1ibrary to isolate extensive DNA
_sequences covering a region of 400kb centered around the initfal probe without

- resort to iterat}ve cloniﬁg procedures.

A second type of Vibrary which {is useful in the analysis of DNA fragments
separated by distances within the resolution gap involve§ the selective {solation
of genomic clones which contain {internal sigés for infrequently cutting
resfriction enzymes (8). These fragments are denoted Vinking clones or
L-junctions. L-junction libraries can be employed to determine the orientations
of the fragments detected Qy PfG electrophoresis as well as those isolated from
Jumping librarfes. As shown in Figure 2, when jumping libraries are constructed
from complete digests of genomic DNA with infrequently cutting restriction
enzymes, the jumping and 1inking junction libraries are complementary and can be

used in conjunction to walk rapidly along a chromosome.

. The combination of PFG electrophoresis with chromosome hopping techniques,
therefore, offers a considerable potential for generating restriction map data
for significant portions of large genomes, including the human genome, and in
addition, the cloning of gene family sized regions of DNA at pre-selected genomic

locations. - -

II. Pulsed Field Gel Electrophoresis and Blotting

Several detailed discussions of the principles of PFG e]ectrobhoresis have
recently been presented (12).  Here we will present a brief overview of the

general ﬁethodology fnvolved in this technique, and then we will focus more

)
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specifically on aspects of electrophoresis and sample handling particularly

relevant to mammalian DNA samples.

1. Principles of PFG electrophoresis

In conventional agarose électrophoresis of DNA molecules, the
fractionation of different sized 1inear DNAs is based almost exclusively on the

sieving properties of the gel matrix. ODNA behaves like a free draining cofl in

~ electrophoresis. For such a coil, the friction is a 1inear function of size.

The charge on DNA {s also a 1inear function of size. Hence, the electrophoretic
mobility, which depends on the ratio of charge to friction, should be independent
of molecular weight. This {s actually what is observed when DNA in gels is

though the gel in a relatively straight path because most of the pores are
accessible. A larger molecule will have to take a longer path to find pores
through which it can fit. Thus, the larger the molecule, the slower the net
translation through the gel. -

Sieﬁipg affords effective sfze separations of most types of molecules until
the noleculés become larger than the largest pores in the gel matrix. Then the
molecules fail to migrate through the gel at all. However, DNA molecules behave
like stiff coils. The shape of a DNA molecule 1s not constant. Under the
influence of an electrical field, DNA molecules larger than fhe gel pores can
distoft their shape to enter the agarose gel., They can migrate thfough all the
pofés of:the gel matrix by changing shape as the pores require. Once this
process, called reptation, is initiated, a1l DNA molecules move ihrough the gel

» P4
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with the same net velocity because the gel is no longer acting as.a sieve with

selective pore sizes.

In pulsed %ield gel électrophoresis. the ability of a gel to rétard l;rge§=
molecules selectively is restored by reduiring that the molecules periodically
change their direction of motion (3,4). This is done by applying an electrical
field in one direction for a fixed time period, the pulse time, then switching
the field to a second direction, usuaily for the same pulse time, and then
continuing to oscillate between the two directions. While no detailed wechanism
for PFG electrophoresis has been proven, the following picture 1s consistent with

the available facts.

When a field is applied, the DNA molecule must first distort its shape and
origntation in the gel until it achieves a configquration that allows net
trans1atioﬁa1 motion. We will call this shape change DNA relaxation. The time
required for relaxation is vefy sensitive to molecular weight; in fact over a
wide size range it may scale roughly linearly in molecular ueigﬁt. Thus, a
larger DNA will require a larger fraction of the pulse time to relax, and havé a
smaller fraction of the pulse time for actual migration. This predicts that the
resolution of PFG will actually improve as the molecular weight increases. Such
increased resolution is observed in typical experiments until the DNA reaches a
critical size where all larger molecules migrate with the same apparent velocity.’
What apparently happens is that these molecules have relaxation times longer than
the pulse time. Thus, instead of continually relaxing in response to the
changing fields, the molecules assume a time independent conformation in the gel
in response to the sum of the two applied fields. Then, since no relaxation

occurs, the molecules respond to the applied field as in ordinary

-8 -
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electropho;és1s. Since all have thé same mobility in the reptation 1imit, no
separation can be achieved. Thus, choice of the pulse time sets an effective
upper 1imit to the separation range. While the choice of a pulse time depends on
other experimenéal conditions. the‘f011ow1ng rule of-thuﬁb applies for the
typical PFG procedures described below. One to two second pulses are optimal for
separatfons of DNA less than 50kb; 10 second pulses are effective for DNAs {n the
size range of 50 to 200kb; 60 second pulses work well for DNAs from 200 to 800kb
while 120 second pulses allow separations of DNAs as large as 1400kb,

+

2. Practical considerations in PFG electrophoresis

Hhile'a variety of apparatus designs for pulsed field gel
electrophoresis have been effective, the device shown schematically in Figure 3

seems most generally useful for a wide variety of DNA sizes. This is a submarine

”"hdrizpntal gel box containing independent electrodes on all four sides. The gel

is placed at 45 degrees relative to the square sides of the apparatus (5).
Usually a 20cm square gel is employed while the actual box size can vary from
28cm to 55cm. The electrodes enter the gel vé}tica]ly and are each connected to
the power supply through a diode (4). Thus, when one set of electrodes is
energized, the other is essentii1ly invisible. In practice only 3 to 6
electrodes on a side are sufficient to provide fairly smooth electrical fields.
The e]ectrbbé geometry s absolutely critical to high resolution PFG separations.
DNA reptation times are very sensitive to the angle between the applied
electrical fields. While no systematic survey has yet been reported, préliminary
studies indicate that larger angles are better, at least for molecules up to
1000kb. The particular geometry shown in Figufe 3 provides angles between

alternate fields that range from about 100 degrees to 150 degrees and appears to
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have generally excellent performance for most DNA samples tested‘(Gaal.

.Harburton. Smith and Cantor, unpublished results).

In additioﬁ to the pdlse £3me;;and the angle, a number of other
environmental varfables are critical to high resolution PFG electrophoretic
separations. Rather than go through these in detail; we prééent running
- parameters that appear optimal for mammalian DNA samples. We recommend an
applied electrical field strength of 10 V/cm. If higher or lower fields are
used, one will have to shorten or lengthen the pulse times proportionally. ﬁith
- fields or 10 V/cm the running time needed for excellent separatfons is roughly 1
hour per cm of box size. Temperature control is very critical for reasons that
are completely unknown. The buffer in the submarine apparatus must be circulated
to provide a uniform temperature. We have achieved excellent performance at 15
degrees but 1tris not clear if this is optimal for all samples. A 1% agarose gel
concentration works reasonably well for most samples. Raising the gel
concentration can improve resolution but increases the run time needed'
considerably. Lowering the gel concentration usually leads to markedly decreased
resolution. No extensive studies on buffer variations have been described. We
generally use 1 X TBE; however, others have reported that 0.5 x TBE is quite
effective.

3. Preparation of mammalian DNA samples.

Intact mammalian chromosomal DNAs are generally 50 mb and larger except
for organisms 1ike chickens with microchromosomes. These molecules are much too
large for'current PFG technology. However, they can be broken into discrete

fragments by treating unbroken chromosomal DNA with restriction nucleases that

-10 -
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have very rare recognition sites in mammalian genomes. The usual iob.jec'tive in
PFG electrophoresis is DNA fragments in the 100kb to several thousSnd kb size
range. Such large DNAs cannot be handled in aqueous solution because shear
breakage caused ‘by-stirring or even thermal convection will be intolerable. To
circumvent this problem we prepare DNA molecules directly in agarose as described
below. All subsequent manipulations requiring the maintenance of high molecular

weight material are carried out inside the gel.

Preparation of DNA in agarose is actually much easier than solution
procedures. Freshly grown mammalian cells are spun at 1000 rpm in a conical
centrifuge tube and resuspended in 5-10 m1 of room temperature PBS. The cells

are spun again and t'horoughly resuspended in PBS at a final concentration of

] 1.-2x107_ cells/ml.. _One to_two ml_of the cells suspension. is mixed vwith,anfeq.uatﬂ

“volume of 1% Low Gelling Temperature Agarose (SeaPlaque, FMC) cooled to 45-50°C

and immediately distributed with a Pasteur pipette into a mold that makes 100u1
blocks. The agarose is allowed to solidify by placing the mold on ice for 5-10
minutes. The agarose blocks are removed from the mold and fncubated in ESP (0.5
M EDTA (pH 9-9.5) 1% Sodium lauroylsarcosine, and 1 mg/ml Proteinase K) for 2
days at 50°C with gentle shaking. The samples are stored at 4°C. in ESP and can
be shipped at room temperature with no detectable damage.

In most cases, we use a gel mold that makes 50-100 blocks that are 2 mm by 5
sm by 10 sm. We usually aim for 10ug of DNA per block. Thus, a million diploid .
mammalian cells are needed for each sample. A properly prepared DNA block sample
will contain almost quantitative recovery of DNA. Inspection By ordinary gel
electrophoresis or PFG should reveal little or no material entering t.he gel.

.11 -
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_ When first experimenting with new saﬁples it is useful to make up inserts at
several concentrations and to determine the bést concentration empirici\ly. We
usually prepare agarose blpcks at 2-4 times the DNA concentration fhat {s used
per run. Each block is cut into halves or quarters with a glass cover slip
before loading onto a gel by simply pressing the piece of agarose into the well,
The solid piece of agarose is sealed into place with 1iquid agarose. Thus, a
single 10ug insert can be used for several PEG experiments such as runs of

different pulse times.

4. Restriction endonuclease digestions of mammalfan DNA

The DNA samples in agarose in ESP can be loaded directly onto a gel if
one is looking for microchromosomes. Further treatment of the samples is
necessary if the DNA {s to be cut by restriction endonucleases. Each insert is
treated twice with 1 m1 of 1 mM Phenyl methyl sulfonyl fluroide (PMSF) in TE [10
mM Tris-C1 (pH 7.4) 0.1 wM EDTA] by slow rotation at room temperature for 2

hours. A fresh 0.1 M PMSF stock solution in isopropanol is made up each day.
This is followed up by three 1 ml washes with TE buffer alone for 2 hours éach.
Restriction enzyme digestions are carried out in 1.5 ml microcentrifuge tubes
usu&lly in buffers recommended by.énzyme ﬁanufacturers supplemented with 100 -
pg/ml Boviae'serine albumin in a final volume of 250 ul. Inserts are usually
added to the reaction buffer befbre enzyme §s added. We routinely use 10 units
of enzyme per pg of DNA. Reactions are usua11j allowed to proceed overnfght at
the apﬁropriate temperature by gently shaking in a water bath, The next day the
buffer 1s aspirated off carefully to avoid damige to the insert. One ml of ES
(ES = ESP without Proteinase K) is added and the samples are incubated for 2 |

~ hours at 50°C with gentle shaking. The buffer 1s changed to 250 ul of ESP and

=12 -
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the incubation continued for another 2 hours before samples are loaded onto a

-gel.

Several features of the above protocol deserve further comment. Some
restriction nucleases are very sensitive targets to protease activity used in the
original DNA_preparation. Therefore, this must be eliminated prior to adding
restriction nucleases. Some restriction nucleases appea; to be easily
{nactivated by EDTA. Thus, it is important to remove the EDTA used in storage of
DNA-agarbse plugs dbefore attempting restriction enzyme digestions.

Small traces of restriction enzymes or other proteins left in the agarose
plug may interfere seriously with PFG electrophoretic resolution. While the

precise reason for this is unknown, a 1ikely cause is that protein binding to the

Wﬁﬁﬁfiiii'fétifaﬁ{ts’dbbiliiywih'PFGféldctfophdrééis. just as is seen for ordinary

electrophoresis. Thus, after any enzymatic treatment of the DNA, rigorous

removal of any DNA binding proteins by proteolysis 1s recommended.

In general we find,tﬁat the effectiveness of agarose in allowing restriction
nuclease digestion is extremely batch dependent and the best procedure is to
assay different batches until a reliable one is found. It is likely that special
grades of agarose optimized for restriction nuclease cutfing Jn situ will soon be
available from FMC, Inc. In our handg. with proper agarose, roughly the same
amounts of enzyme that suffice to produce a complete digestion of DNA in solution
will yield the same result in agarose. Once a good batch has been identified, it
is effective for a wide range of different enzymes. However, it may be necessary
to alter the buffer and temperature conditions found optimal in solution if
optimum performance {is desired in the gel.

-13 -
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The choice of restriction enzyme will undoubtedly depend on the pafticular
DNA sample and experiments. However, overall we have had consistently good
success in generatihg large fragments of human and mouse DNA with the enzymes

Notl, Sfil, Mluf. Sall, and Pvul (see Table 1). These énzymes consistently ;1elg-

average DNA fragment sizes for mammaiian DNA that range from 100kb to greater
than 1000kb (Figure 4). The relative size of franéntS seen is quite consistent
with relative frequencies observed for the appearance of these sites in the DNA
sequence bank, GenBank. Thus, one can use this approach confidently to predict
the behavior of enzymes. There are other restriction enzymes which have the
potential to generate large ffagments. In some cases we haye tried these but
have failed to detect bands upon hybridization with single copy mammalian probes
(e.g. Nrul). In other cases the commercial enzyme preparations have not been

active enough or haVe been contaminated with nucleases (e.g., Narl, Scal, NaeI.

XmallI, SacIT). Still other potentially useful enzymes have not yet been tried,

" e.g., Rsrll,

The average size of restriction fragments generated by digestion of DNA with
a particular restriction enzyme cannot simply be calculated on the basis of the
size of the recognition sequence. The base composition, nearest neighbor
frequencies, and methylation pattern of the DNA sample as well as the methylation
sensitivity of the restriction enzyme will influence the average fragment sjze
obtained with a particular DNA sample. For instance, in human DNA the G+C
content 1s 40% while the CpG frequency is only 6.81 (15). In principle, this
allows one to use simple binomial statistics to attempt to calcuIafe the expected
restriction fragment éizes generated by enzymes with particular recognition
sequences. Typical results are shown in Table 2. However, these calculations do

not agree very well with the observed results for mammalian DNA (Tabie 1). There

-14 -
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samples with these enzymes will result in incomplete cutting. However, the

b

are two reasons for the discrepancy. First although the sequence CpG is quite
rare in mammalian DNA 1t occurs preferentially in HTF fslands (16). While the
exact preference is not known, the result is that restriction sites coh;aining
multiple CpGs within six or eight base pairs of continuous C+G d%é not nearly so
rare as predicted by simple statistics. In contrast, CpGs embedded in A+T rich

recognition seqhences can be expected to be extraordinarily rare (Table 1).

The second problem with simple estimates of fragment sizes is DNA
methylation. The major known methylation site in mammalian cells is the sequence
CpG. It is estimated that over 50% of the CpGs are methylated (1). However, the
CpGs in HTF islands :are generally not methylated (16). Some restriction enzymes
are inhibited by the presence of 5-methyl cytosine. Digestion of mammalian DNA
extent of the effect of meth)]ation will depend whether the particular
restriction sites are clustered in HTF 1slands. There is yet one further
comp]ication. There are both tissue specific and cell specific differences in
levels of methylation (17,18). Thus, it is difficult to predict a priori, the
degree of incomplete digestion one may encounter with a particular sample. Table
2 summarizes what is known at pfesent about the methylation. sensitivity of
particuIar_restriction endonucleases. There is 1ittle available information
about the ocﬁurrence of the sites of these enzymes in HTF islands. Thus, at
present, not enough is known to predict the outcome of a particular restriction
endonuplease digest on a particular tissue. One simple test one can perform 1is
to determine whether a digest is complete by hybridizing such a digest with a
single copy DNA probe. We have obtatned single bands upon hybridization of
single copy mammalian probes to PFG electrophoretic separations of digests with

NotI, Sfil, Mlul, Sall, Pvul, and XhoI. -This indicates either that the sites of

- 15 -
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these enzymes are not methylated, that a discrete subset of sitesiis
stoichiometrically uethjlated, or that the enzymes are insensitive to
methylation. While the three possibilities are indistinguishable at present the

‘results indicate that the enzymes are clearly useful,

While the in vivo methylation of CpG described above leads to unfortunate

complications, in vitro methylation can be used to improve the usefulness of

certain restriction endonuclease to generate large fragments of DNA. For
example, the inhibition of various restriction enzymes can be used to éenerate
rare restriction enzyme cutting sites by increasing the apparent size of the site
(19,20). Alternatively, the unique requirement of Dpnl for methylated adenosines
on both strands can-be used to generate a large number of specific cutting site§
by heterologous methylation of sequences that ovér1ap the ppnl recognition

sequence (21).

5. Length standards for PFG e1éctrophoresis

Since mammalian DNA samples inevitably show a broad smear of DNA in
most size ranges for PFG electrophoresis just as in ordinary electrophoresis, it
is essential to have standards of defined DNA length both to assess the
performance of the apparatus as well as to provide length markers. As primary
standards, the dnly current available samp]gs are tandemly annealed lambda DNA
concatemers. These can be made by dirept incubation of lambda DNA inside agarose
plugs as déscribed elsewhere (B). As secondary standards, yeast chromosomal DNAs
like S. cerevisiae strains are recommended. These have discrete chromosomal DNAs
that ha#e been sized against lambda concatemers. Use of lambda DNA samples like

those shown in Figure 4 indicate that the resolution of PFG electrophoresis can

- 16 -
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be better than 5 kb for molecules as large as 1,400 kb and much better than this
for smaller DNAs.

Several type; of;bvidehce suggest that lambda oligomers do provide accurate
molecular weight markers applicable to other DNA species. When oligomer sets
from two different sized lambda DNA monomers are compared! the resulting patterns
shown the coincidences in mobility expected from simple arithmetic. When
independent total Notl and Sfil digests of E. coli are fractionated by PFG
electrophoresis and sized, relative to lambda standards, the resulting genome
size calculated from the sum of all detected fragments is consistent to within a

few percent.

6. Blotting and Detection of Fragments from PFG electrophoresis

Large'fragments of duplex DNA do not tran;fer efficiently from agarose
gels to nitrocellulose or other media suitable for DNA immobilization and
subsequent hybridization with cloned probes. We have experimented with a number
of different protocols for DNA transfer. The object of these protocols is to
break the large DNA into much smaller fragments which can be transferred more
efficient]y. In our experience, acid treatment has yielded unreliable results.
It is possible that the size of the DNA fragments produqed is extremely sensitive

| . to the length of treatment. Introducing nicks into the DNA fragments by exposure
of the DNA to short wavelength UV 1ight in the presence of ethidium has been
quite dependable. The DﬁA is stained by incubation in 1 pg/ml ethidium bromide
for 10 minutes with gentle agitation on a platform shaker. We have then used 10
minute exposures to a very weak 245nm UV source during which time photographs of

the gel are taken. It is, however, important to adjust the time of UV nicking to

-17 -
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fit the intensity of the particular light source available, The Qels afe
protected from 1ight during subsequent manipulations prior to and during Southern
blotting (8). Denaturation is carried out for one hour in 0.5N NaOH, 0.5M NaCl
and neﬁtralizétfon is carried out for one hour in 1.5M Tris-C1 pH 7.5 with gentle
agitation. The gel is blotted to nitrocellulose (Schleicher and Schuell) or
Zetapore (AMF-CUNO. Meriden, CT) membranes by ascending transfer overnight with
15 X SSC. The filter is then baked for two hours in vacuo at 80°C. Filters are

stable for up to six months §f stored in an air tight container.

Hybridization of DNA attached to filters is carried out for samples from PFG
much. in the -same way as in ordinary agarose gel electrophoresis. An example is
shown in Figure 5. In this case, an HLA-DRa probe was hybridized with two'
filters: one contained an EcoRI digest of human DNA electrophoresed and blotted
in a conventional manner, and the other contained NotI, Sall, and Mlul digests of
human DNA electrophoresed in a pulsed field. The hybridization, washing and
autoadiographic conditions were identical. The signal is markedly weaker in the
PFG blot, however. This may be a result of suboptimal transfer of DNA from the
PFG gels. Thus, it is important to take steps to insure sensitivity in
autoadiographic detection. We have accomplished this by using probes nick

/ cpm per hybridization at 108

translated to high specific activity, minimally 10
cpm/pg for a single copy mammalian probe. Probes labelled by mixed oligo priming
may also be used (22). In general, we also find it advantageous to increase
autoradiographic eprsure times (e.g., one week in the case of the blot shown in
Figure 5) and to wash the filters at lower stringencies (e.g.; 3 X SSC at 50°C in
Figure 5) than are commonly used in conventional Southern blotting experiments.
To obtain accurate size measurements of hybridizing bands we have found it useful

to probe the filters a second time with nick-translated lambda DNA. As shown in

- 18 -
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Figure 5, by referring to the 11luminated lambda ladder, the Notl, Sall, and Mlul
bands detected with the HLA-DR a probe are readily assigned sizes of 920, 290 and
340 kb, respectively.

I111. Chromosome Hopping: Generation of Jumping Libraries

1. Principles of the Circularization Method:

As shown schematically in Figure 6, if §enomic DNA is broken 1ntollong.
1inear fragments and each fragment is self-ligated to from a circle, the two ends
of each linear ffagment become covalently attached to one another. After
digestion of the circularized fragments with a restriction endonuclease, a large
number of restriction fragments are generated from sequences that were originally
located internally in the large fragments. These restriction fragments are
identical in sequence to restriction fragments that are obtained by digesting
intact genomic DNA with the enzyme. However, digestion of the circular DNA
produces an additional fragment, the jumping or J-fragment, that contains within
it the sequence derived by ligation of the two ends of the original linear
fragment. If the genomic DNA was initially broken into linear fragments'of 100
kb, for éxample. then the J-fragments will each contain two segments of DNA that
were origih&ily separated in the genome by 100 kb of other sequences. Thus, a
given J-fragment, isolated for example, by hybridization with a unique sequence
probe, also contains a segment of DNA which was originally located 100 kb to one
side or the other of the probe sequences position in the genome. Unique sequence
J-fragments, derived in this manner, can then be used to establish the linkage'
relationships of restriction fragments detected in PFG blotting experiments.

They can also be used to screen cosmid 1ibraries so as to isolate larger segments

-19 -
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of DNA scattered over about 100kb in either direction from the oftgina] probe.
Used {teratively, they can allow 'hopping' along a chromosome to move from a
1inked marker to a disease gene; or across a translocation or deletion -

breakpoint.

2. Use of Markers and Vectors

A technical difficulty in screening a library prepared simply by
complete digestion of large circular DNA molecules is that most of the clones in
~ the Tibrary are derived from 1ntern§1 rather than J-fragments. Thus, the
majority of clones isolated with a given probe will not serve the desired
purpose. Additionally, the number of clones that must be screened for each
J-fragment would be large and would increase with the size of the original
fragments that were cir;ularized; To overcome this problem, we have introduced a
second step in which the linear DNAs are co-ligated with selective marker
fragments to form circles in which the marker is incorporated between the two
ends of the original linear fragment. The marker we have used to date {s a
synthetic tyrosine amber suppressor tRNA gene flanked by appropriate restriction
" cleavage sites (23). The suppressor tRNA gene is sufficiently small (219bp) that

it 1s unlikely to undergo self circularization priof to ligating to other
no1ecu1es.-‘Follow1ng circularization, digestion and cloning, one can select
biologically for clones that have incorporated the sup tRNA gene. This can be
done by cloning either into phage vectors thatArequire the suppression of
nonseﬁse mutants to grow, or with plasmids containing selectable antibiotic
resistance markers which can only be expressed if nonsense mutants are

suppressed. In this way, 1ibraries can be prepared which contain only J-
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fragments, reducing by one or more orders of magnitude the diffichlty of

screening for desired fragments.

Although wé currentl} have less experience with the1r Bse.;other selective
markers could also be used. Qne possibility would be to enzymatically
hemi-biotinylate a short DNA fragment with a dNTP derivative 1inked to biotin
through a reversible bond such as S-S, ligate it into thé Junctions of the
genomic circles, cut with a second enzyme, and then use the physical selection
provided by biotin-avidin interactions to purify the J-fragments. Biologic
selection by in vivo recombination with a plasmid containing a sup tRNA gene (24)
could ;hen still be used to isolate the desired junction fragments. Another
hypothetical possbility would be to use the lac operator sequences as the marker

and lac repressor as the means of physical selection. These physical methods

~ have the agvantage’that'bﬁéfbhly”heeds'to clone and package the useful fragments

~ and would consequently represent a considerable savings in materials. A

disadvantage of this approach is that generally one wishes to obtain as extensive
a library of junction fragments and any additional preparative step prior to

cloning would decrease the yield.

J-fragments can, in principle, be cloned in either plasmid, phage or cosmid
vectors. When the J-fragments are prepared from size selected partial digests of
DNA the yield {s sufficiently low, however, that the high efficiency of cloning
with packaged DNA and the lack of bias for insert size over a fairly large range
makes use of the phage system advantageous. The size of plaqﬁes produced with
some of the established phage vectors that require suppression for growth but
have incorporated a suppressor tRNA gene in insert tends to be small, This can

be a technical limitation but the use of lambda Ch3A A lac (red+, gam+, provided
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by Dr. Fred Blattner) has provided a satisfactory solution. We find the most

satisfactory sup” host to be MC1061. The high efficiency transfection methods
[}

that have been developed in recent years may make plasmid cloning systems that

depend on suppre;sion comﬁetitive for some,asplications with phage vectors.

3. Preparation of Genomic DNA: Partial and Complete Digest Jumping

Librarfes

a. J-Fragments from Randomly Generated Genomic Fragments

The initial large linear fragments of genomic DNA for
circularization can be prepared in several ways. A method which we have used
successfully is to perform a partial digesf of high molecular weight DNA using a
restriction enzyme that has a recognition sequence which occurs frequent]yvin
- mammalian DNA and that generates sticky ends which are suitable for the
circularization step. For example, Sau3Al or Mbol, which cleave at the four base
sequence 5'-GATC-3' can be used in conjunctfon with the sup tRNA gene flanked by
BamHI Vinkers. To avoid shear damage of the partiai]y digested high molecular
weight DNA and to expedite the selection of the desired size ranges for hopping,
PFG electrophoresis is the method of choice. DNA is prepared in agarose as
described above. Standard inserts are tested with increasing amounts of enzyme
or lengths of digestion to determine the optimal conditions for generating DNA of
the desired size range. If any significant DNA enters the-geI prior to
restriction digestion, it is preferable to remove this by a short
"pre-electrophoresis® of the blocks prior to enzyme digestion. This will remove
sheared-end molecules which would be damaging to the protocol. These condi}ions

are then scaled up for a preparative run. For preparative purposes, we have used
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2 X 10mm X 7cm dnserts. containing approximately 5 X 107 cells (20049 DNA).,
Using the lambda ladders as a guide, the desired size range of DNA molecules s

cut out of the gel, and electroeluted into 0.5X Tris-borate-EDTA (TBE) buffer.

The electroelut{;n iSecarﬁied out in a dialysis bag in the PFGE box. The gel
fragment is then removed from the bag and the DNA {s dialyzed twice at 4°c
against 10mM Tris pH7.5, ImM EDTA. Great care wmust be tgken in subsequent
manipulations of the DNA to avoid exposing {t to shearing forces. For example,
centrifuging, vortexing, or pipetting must be avoided. The size of the DNA can
be re-examined by running an analytical PFGE gel. Its concentration is best
assessed by evaporating a fixed. volume of fhe solution to near dryness and

comparing it with known standards on a conventional ethidiim stained agarose gel.

An alternative approach to chromosome hopping 1s to circularize
genomic DNA which has been digested to completion with a restriction enzyme, such
as NotI, that cuts mammalfan DNA.very infrequently. A library of J-fragments
produced in this fashion cﬁntains fragments corresponding to the two ends of the
1inear genomic fragments produced by complete digestfon (see Figure 2). In this

~ instance, the DNA for circularization can.be directly electroeluted from the

inserts without size selection, resulting in a range of molecular sizes

representing the range of genomic Notl fragments. For this approach, we have

prepared a suppressor tRNA gene and an antibiotic resistance gene flanked by Not!

. 1inkers. J-fragments prepared in this way contain the two ends of a single Notl °

fragment of genomic DNA. Because of the 1imited number of NotI restriction sites

. in the human genome (perhaps 3-4,000), only a few thousand clones are required

-23-

I

b. J-fragments generated by infrequently cutting restriction enzymes



/7?7

3

for a complete Notl hopping Tibrary. A limitation of such a library is that {t
1s of use only 1f one begins that hop with a probe which contains DNA flanking a
Notl site. An advantage of this approach is that it can be used in conjunction

‘with-a 1ibrary of 1inking fragments. This procedure is discussed below.

4. Directionality

R {s possible to émploy chromosome hopping so as to clone in a
predetermined direction from an initial probe. This can be readily seen if one
considers the example of circles formed from partial Sau3Al digests, which are
then digested to completion with EcoRI to give EcoRI bounded jumbing fragments.
In the sinplest case an EcoRI fragment from genomic DNA will have only one
fnternal Sau3Al site, and therefore, will be divided into a left half and right
half by this enzyme, If the probe used for screening thé Jumping 1ibrary was
derived from the right half of the EcoRl genomic fragment, then all isolated
J-fragments will contain this right half 1inked to a part of a differentv genomic
EcoRl fragment. Prior to circularization, this other fragment would have been
located at the distal end of a large linear fragment. whose proximal end would
have begun at the Sau3Al cutting site within the original EcoRI fragment and

- would have extended from the Sau3Al site to the rightward EcoRI site. The distal
end could .tﬁerefore only have been derived from DﬁA rightward in the genome. As
shown in Figure 7, provided that the probe is choéen so as to lie close to an
EcoRI site this obligate direction of cloning Qi'll still be true regardless of
the number of internal Sau3Al sites. i
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5. Ligation Concentration Parameters

To avoid Vigation of two long DNA fragments together while permitting
circularization to occur, the simplest expedient is to perform the ligation at
Tow DNA concentrations. The concentration of DNA at which circularization will
occur 1s calculabie from physico-chemical estimates of the concentration of one
end of a linear DNA molecule in the viqinity of th} other end as a function of
the length of the molecule. Theory predicts that this concentration should
decrease as the square root of the length of the molecule (25). To favor
circularization, for example, at a ratio of one hundred to one over

1nterﬁ01gcu1£r 1igation, and molar concentration of DNA molecules in the solution

" should be one hundred fold less than the concentration of one end of any DNA

nqlgcule in the neighborhood of the other end. Theoretical calculations and

experimental measurements appear toA;;;;éﬁ(7) and suggesifiﬁgf at a DNA
concentration of 3.3I(kb)1’z pg/ml, whére kb is the length of the molecule in
kilobases, 95% of the 11gatfons will be circularizations.

The amount of DNA that must be used to obtain a complete hopping library |
increaseg with the length of thé initial fragments to be circularized. This is
true becausg.a larger fraction of the total DNA is present in non-junction
fragments as the length of the circles increases. This consideration together
with those discussed above indicate that the total volume of DNA solution in
which the circularization is conducted must increase as the 3/2 power of the
original DNA fragments, to produce libraries of various size}ﬁops. all of which
contain similar numbers of J-fragments embedding each probe. For example, if one

begins with 100 kb fragments and wishes to obtain 4 X 106 clones with greater

- than 95% true J-fragments, then it 1s necessary to ligate 5,m1¢rograms,of size

- -
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selected DNA in a volume of 25m1. These conditions are summarized {in Table 3.
For these sorts of efficiencies to be present, packaging extracts must be of high
.quality, yielding 4 X 10 pfu/ug or better with wild type lambda DNA.

To increase the size of the hop, for example, to 200kb, while maintaining
the number of junction clones produced, it 1s necessafy to increase the amount of
DNA to 10 micrograms, and the 1igation volume to 70 m1. The DNA 1igase
concentration should be kept constant, at 1 unit/ml. To monitor the efficiency
of 1igation reactions and subsequent steps, we have found 1t useful to set aside
smal) quantities of each reacfion and to run these on 1.4% agarose éels. By
probing Southern blots of such gels with the.suppressor tRNA gene, the success of
the reactions can be assessed. A successful 1igation is indicated by ladder
" formatfon of the suppressor tRNA genes, and by the appearance of suppressor tRNA

in the high molecular weight region of the gel.

Construction of hopping 1ibraries, as outlined above, requires a 200:i to
500:1 m61ar excess of marker DNA, such as the suppressor tRNA gene, in order to
effect efficient recovery'of J-fragments. To prepare large quantities 6f the
marker, it 1s desirable to obtain a plasmid with multiple tandem {nserts of the
tRNA gene, so that the molar yfeld per mass of plasmid DNA is increased.

Plasmids containing 8 copies of this gene were obtained by 1igating a large
excess of suppressor tRNA gene monome; into plasmid. The plasmid has been passed

several times without deletion of copies of the suppressor tRNA gene.
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6. .Avoiding non-circular 1igations

A major potential hazard in the preparation of hopping libraries is
that they may include a troublesome percentage of fragments derived from ligation -
of the ends of two separate long fragments. This can occuf jf the concentration
of long fragments in the 1igation is too high, if the ligation does not go to
completion in the first stage and end fragmentg are 1igatéd together during the
process of ligating genomic restriction fragments with the vector DNA, or if the
original long fragments were damaged at one end so that they could not be
circularized and therefore the other ends could only 1igate to different DNA

) noleéules. The first possibility can be minimized by use of low concentrations.

The second possibility:can be minimized by use of ample amounts of 1igase and

reaction times. To some extent both possibilities two and three can be reduced

—4f- the circularized DNA is treated with alkaline phosphatase prior to digestion

and cloning. Phosphatase treatment will {nactivate unligated ends and prevent
their aberrant Joining.during the circularization step. The most important
precaution, however, 1§ to begin with very high molecular weight DNA such as can
be prepqréd as described above by cell lysis in gels, and to avoid steps that
might break DNA molecules prior to 1igation. As noted above, brief PFG
electrophoregis of blocks containing undigested DNA in the PFGE box can be
employed to remove degraded material prior to partial digestion with Sau3Al or
complete digestion with enzymes such as Notl that cut sufficiently 1nfrequent1y?

Even with these precautions, however, there 1s always a non-zero probability

that a given jumping clone will represent the connection of two genomic fragments

. which were not originally closely related in the genome. An {ndependent means of

assessing the relationships should be employed, especially if hopping is to be

-27 -

-



203

done {teratively. If an appropriate somatic cell hyb;id or chromosome sorted DNA
is available, one can determine whether the new fragment s on the same
chromosome as the starting fragment. An a1ternafive method 1s to prepare the
1ibrary itself from a somatic cell hybrid which contains a single human
chromosome on a background of another species. Hopping can be performed along
the human chromosome, and any non-circular ligations wfll be recognizable by the
presence of non-human sequences. A further advantage of.this method is that it
permits the general validity of the 1ibrary to be assessed by using
“human-specific repeats before an extensive screening is carried out. For
example, in a 100 kb hopsize hamster-human chromosome 4 hopping 1ibrary, by
screening fpr clones containing human repeat sequences and then re-screening with
hamsfer repeats, we-were able to rapidly establish that greater than 85% of the

clones arose from circularizations (F. S. Collins, unpublished).

IV. Cloning Fragments with Internal Rare Restriction Sites: Linking Libraries

1. Principles and Construction of Linking Libraries

Linking Tibraries (8) consist of all those clones from the genome
containing a particular rare enzymatic'cutting site of interest (See Figure 2).
We refer to these as 1inking fragments, or L-frdgments A variety of techniqués
can be employed to construct‘linking 1ibraries. One such strategy is outlined
schematically in Figure 8. As indicated, the suppressor tRNA with NotI linkers
described above may be hsed tb {solate plasmid, lambda, or cosmid clones
containing genomic fragments with internal NotI sites. Linking libraries

specific for a chromosome of interest can be isolated by 1igating selective
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markers into DNA prepared from a library of DNA prepared by chromdsome sorting

(26).

An alfernative §cheme is to-ciréﬁlarize EcoRI or partial Sau3Al digests
of chromosome-specific DNA around a suppressor gene. Subsequent digestion with
NotI will only linearize those circles with a Notl site, which can then be
selected by ligation into an amber-mutated phage with a Notl cloning site, and

plating on a sup™ host.

2. Determining the organization and relationship of fragments detected
with 1inking clones

When Tinking clones are used to probe é PFG electrophoretic separation of
DNA fragments generated with the enzyme, each clone should reveal two DNA
fragments, and these must be adjacent in the genome. In principle, with just a
single library and digest, oﬁe should be able to order the rare cutting sites,
although it will not generally be possible to distinguish between two fragments

of the same size. Some ambiguities will be resolvable by performing a second

" digest with another rare cutting enzyme. Other ambiguities should be resolvable

by examining a partial digest with the original rare cutter. However, in general
it will be more efficient to use several different libraries, each for a
particular enzyme and overlap the resulting patterns just as in ordinary

restriction fragment analysis.
The Jumping and 1inking Vibraries can be used in a complementary fashion
(Figure 2). Jumping libraries, if constructed by digestion to completion with a

rare cutter (see above), consist of clones containing the ends of each large
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p-Noke]
fragment generated this particular enzyme. Each jumping clone w;]l detect only a
single fragment on a PFG electrophoretic separation of fragments generated with
the same enzyme. However, each 1inking clone, since it Spahs a restriction site,
should cross:hysrldize'uilh two different jumping clones, and each jumping clone
should 1ikewise cross-hybridize with two different 1inking clones. Thus, by
cross-screening the two 1ibraries, 1t should be possible in principle, to walk
from clone to clone and generate a complete ordered map'without.use of DNA
blotting techniques. No information will be provided directly about the physical
distances between the clones, but that information 1s readily available from'PFG
' electrophoresis.' Thus, it is clear that the two junction libraries outlined
above are complementary and in combination with DNA blott1n§ provide the

necessary redundancy to allow error detection.

A major potential difficulty with the schemes outlined above is repeated
DNA. This difficulty can be minimized in several ways but ultimately some
regions of mammalian genomes will still contain too much highly repeated DNA to

be mapped easily.

Once ordered large DNA fragments are available, it should be possible to
generate finer restriction maps for each by an analog of the Smith-Birnstiel
procedure (27,28). One performs a total digest of genomic DNA with the same |
enzyme used in generating jumping or linking libraries. Then one performs a
partial digest with an enzyme that cuts somewhat more frequently so that each
large fragment will be nicked on the average of once or less fo produce smaller
fragments that average roughly half the original size. The p#tterﬁ of fragments
generated is viewed selectively by indirect end labeling through'hybridization
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with one half of a junction clone. This will detect only those gfagments
extending from the fare cutting site in that clone to a site of partial digestion
with the more frequéntly cutting enzyme as shown schematically in Figure 9.
Thus, the patte;n of fraghent sizes reveals the order of the more frequent
cutting sites. This technique has already been used successfully to examine the
structure of large fragments of the E. coli genome. There is no fundamental
reason why it should not be effective for mammalian DNA although 1t does require
an order of magnitude more sensitive detection than ordinary Southern blots.

It may even be possible to map a larger region by using a "double barrelled"
Smith-Birnstiel approach, as diagrammed in Figure 10. In this protocol, a
partial digestion is done with a rare cutter such as NotI, and parallel lanes are

separately probed with the two halves of a linking clone. The pattern observed

~~should allow mapping of several Notl sites to either side of the 1inking fragment

'probe.

None of the methods described above actually provide pure DNA internal to
the large fragments. That DNA can be obtained in an ordered manner by preparing
a jumping library where the jump starts from a rare enzyme cutting site and
proceeds to a more frequent site. The same half junction or half jumping
fragments needed for PFG analysis as described above can also be used to screen
jumping libraries for the desired sets of clones adjacent to a particular sites
of interest.

The 1inking library approach would only require 50-300 clones to cover each

human chromosome. The identification of such clones and thefr use in creating a
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physical map of chromosomes could certainly set the stage for subsequent total

genomic sequencing.
Conclusion

Mapping of complex marmalfan genomes, especially thpse of mouse and man, has
progressed rapidly over the past few years. New DNA probes. many of them
polymorphic, are appearing in large numbers, and can now be readily mapped to a
particular part of a chromosome using in situ hybridization or somatic cell
technidues. An enlarging panel of such probes will soon allow the mapping of
genes for most Mandelian disorders, through the method of 1inkage analysis.

While such techniques are extremely powerful, they are not well suited for
molecular physical mapping in the size ranée from 100 kb to 2,000 kb, as shown in
Figure 1. Standard molecular cloning methods are also limited in }heir
application to this size range. The ability to work in this macro-region is
essential if one wishes to use map location to clone genes whose normal protein
product is unknown; it is also necessary for mapping relatively large gene
complexes or for identifying the specific breakpoinfs of chromosomal deletions or

translocations, many of which have major biologic consequences.

By combining pulse field gel electrophoresis with the generation of jumping
and linking libraries, it is now possible to outline strategies that will allow
the complete physical mappping of large segments of mammalian genomes. Placing
pre-existing polymorhpic DNA probes on this map can then be readily accomplished
by PFG Slots. which will disclose the relationship between recombinational and
physical distances. These mapped probes, together with the 1inking 1ibraries,
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can be used in conbination with random-ended Jumping libraries (Fig@re 6) to
generate other clones in {interesting regions of the génome in a truly directed
manner. Thus, although the technical aspects of many of these methods are not
trivial, the necéssary toofs are in place for a real conquest to be made’of the

detailed physical structure of mammalian genomes.
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List of Figures

Figure 1. Schematic represehtation of DNA regions analyzable by various
standard techniques. Note that none of these methods are easily

adaptable to the 100 - 2,000 kb size ranQe.

Figure 2. Schematic representation of the relationship between Notl linking and

jumping clones. ~
The jumping fragments are formed by ligating the two ends of a fragment

from a complete Notl digest of genomic DNA. The linking fragments are

segments of chromosomal-DNA-containing an-internal Notl site.

Figure 3. Set up for double inhomogeneous pulsed field gel electrophoresis
Electrode arrangement used for pulsed field gel electrophoresis in the

double inhomogeneous field configuration. The gel is placed at a 45

dégree angle. Sample wells are indicated by the dashes.
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Figure 4,

Figure 5.

273

i

Pulsed field gel electrophoresis of large DNA fragments.

Sampies were run in a 55cm apparatus for 72 hours at 500 volts using a
two minute pulse time. The lanes from left to right are: yeast
chromosomal DNAs (S. Cerevisiae, strain DBY728), concatemers of lambda

vir (42.5kb monomer), human DNA digested with Notl, Sfil, Sall, Pwvul,

Xhol, Mlul, Apal, lambda !ig.concatenpr, and yeast.

Southern blot of DNA electrophoresed in a pulsed field.

Autoradiogram showing the hybridization of the 3.1 kb EcoRI fragment of
HLA-DRa (29) with Southern blots of human DNA digested with (1) Miul,
(2) Sall, (3) NotI and electrophoresed in a pulsed field; and digested
with (5) gggﬂi and electrophoresed: in a cbnventidnal manner, The sizes
of the hybridizing fragments were determined by reference to the lambda
ladder (lane 4) illuminated by a subsequent hybridization of the filter
with nick translated lambda DNA. |
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Figure 6. Scheme for chromosome hopping.

Principle of the cloning procedure. The heavy bar represents the
starting_probe, which in the final jumping clone is present along with
the marker gene and another segment of DNA (open box) that was
initially many kilobases away in the genome; In this particular
example, 2 suppressor tRNA gene (supF) is used as the marker. Other
marker DNA segments‘allowing biological or physical separation of the
Jumping pieces may also be of use. Horizontal arrows show the ‘
orientation of the jumping fragment pieces relative to their original

genomic arrangement.

" Figure 7. Directionality of jumping. ~ ~— ~— ~— . — — — S

Since a jumping clone will only be represented in the library if an
Mol site in that particular gggﬂl fragment has been cut, choosing a
probe which is immediately adjacent to an EcoRl site will make it very
likely that the jump occurs in that direction. A jump to the other
side can only occur (left side of figure) if the Mbol cut occurs within

the-probe sequence.
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Figure 8.

Figure 9.

Scheme for construction of a linking library. .

Linking fragments are 1so1atéd by preparing a total genomic library or
a libraéy from sorted individual chromosomes in a plasmid vector with
suppressible mutatiohs.in the tetracycline or ampicillin genes. DNA is
isolated from an amplification of this library. The preparation is
digested with NotI (which does not cleave the vector) and the
suppressor tRNA with Notl Vinkers is inserted. Upon retransformation,
only plasmids which contain the suppressor tRNA and, therefore, also a
1inking fragment, convert the recipient bacteria to tetracycline.or

ampicil]in'resistance.

Internal mapping of large DNA fragments.

Schematic of the Smith-Birnstiel method for rapid restriction mapping
as modified for large DNA fragments by detection through indirect

labeling.
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Figure 10.

External mapping of large DNA fragments.

Scheme for restriction mapping by partial digestion without end
label\e& DNA. No'represents a Notl site embedded in ailinking
fragment. To map Notl sites proximal to N,» 8 partial Notl digest of
genomic DNA {s preparéd. run on PFGE, and blotted. Probes p and a are
respectively, the left and right halves of the Notl 1inking fragment.
The bands detected with these probes are designated by Notl sites at
their two ends, e.g., (N'1 N'z) {s the band derived by cleavage at
position N} and N2 during partial digestion.
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Table 1 Restriction Enzymes That Generate Macrorestriction Fragments

| Enzyme Recognition Sequanco° Avg. Frag. Size Freq. in
- (Xb)balodbon c ' Genbaak
Seguence PFG (%)
5.‘ \ * 03' _ .
Not 1 GCGGCCGC 9750 1000 ' 1.2
i o o i 00 A
Si 1 GGCCNNNNNGGCC 390 250 1.4
ol
Mlu I ACGCGT 170 - 1000 1.0
4 \
Sal I GTCGAC ‘35 500 2.0
o +¢ .
Pvu I CGATCG 170 200 0.9
| Vot ¢ |
Xho I CTCGAG 35 200 4.0
+ ¢
Apa I G6Gccecece 16 100 9.0
+ . .
Rsr II CG G(%)c CG , nd 1.6

a - 4 denotes inhibition of cutting by methylation: o denotes no
effect of methylation on cutting; no mark indicates lack of
knowledge; { denotes site of cleavage. Methylation sensitivity is
sunmarized from references 13 and l4.. _ S

b - Calculated by binomial statistics as shown in Table 2.

€ - Weight average sirze seen by PFG electrophoretic resolutions of
DNA from mouse and human cells.

d - Mammalian sequences in Genbank were screened for the occurrence
of each of the restriction enzyme recognition sequences. S8hown
is percent files, out of 1842 mammalian DNA sequence files,
containing at least one occurrence of the particular sequence.
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Table 2 Expected Sizes of Restriction Fragments From Mammalian Gencmes

site size No. of C + G No. of CpG Avg. frag. size®
(bp) v (xB)

16
78
390
1950
7

35
170

N OWNMSO

390
1950
9750

77

380

1920

CODOO® AR
bbb ® AN ON

N2 ONWO

2 - This was calculated by binomial statistics neglecting the
clustering of CpG in HTF islands but including the observed
occurrence of CpG at only 20% the frequency expected from the overall
base composition.
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TAELE Yt Farameters for 100 kb hopping library

Starting amount of high MW genomic DNA 100 ug

Amounf of.siie-selectld DNA : S ug
Range of siz;s i ncluded BO - 130 kb
Amount of supF gene (Bamil ends) 2 ug
Molar e:cess of supf gene (220 bp) 2001 1
Ligation volume 25 ml
Genomic DNA concentration ) Q.z ug/mf
Arount of lamﬁdg vector . 156 ug
Total plaques on sup* hast o | 4 x 108

Insert containing plaques on sup® host 1 x 108

Total plaques on sup™ host 4 x 104
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Linking fragments

Linking clones include the ends of two adjacent Not 1 fragments |
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Very high MW DNA in agarose

Partial Mbo I digest
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ISOLATION OF LINKING FRAGMENTS

Genomic DNA LIS, B4 il gl
EnOMic . -
ctwih E0A '0‘ ® 17250 contains a
Not 1 shie Not | sile
+
A R
[ et |

(1) (1) aw clonad i 8 lasid ha has oy

—_— ' O mn+ (i)

{RNA No Not|

(1) s cutwith Noti —— (1) Joene o sites
Nexy.
(HI) ¢ N—xie—N 0300
: o k;;m avy+ av)
Sup tRNA gene
with Nol | ende

{(IV) + (1IV’) aze cloned into bacteria containing P3 ptasrrld with supprassible mutations in
| and amp geneson il + arp selection(IV) grows, (1V') does nat

——’ library of unking iragments



Smith - Birnstiel restriction mapping

DNA molecules

| 4 total digest with enzyme 1

J partial digest with enzyme 2

fragments detected by hybridization

=m probe
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FOR RESTRICTION SITE MAPPING
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DEPARTMENT OF HEALTH & HUMAN SERVICES = Public Health Service

National Institutes of Health
Bethesda, Maryland 20892
Building : Shannon
Room .: 124

(301) 496- 9433

AUG 7 1987

David T. Kingsbury, Ph.D.
Associate Director for Biological,
Behavioral, and Social Sciences
National Science Foundation
Room 506 ' '
1800 G St., N.W.
Washington, D.C. 20550

R3

Dear Dr. Kingsbury:

Enclosed is the Department of Energy and National Institutes of Health
budget information concerning agency support for research related to the
human genome, in accordance with the format developed at the May 8

meeting of the Domestic Policy Council, Working Group on Biotechnology,
Subcommittee on the Human Genome. In addition, included are: (1) a list
of organizations that may be contacted in order to determine the extent of
support for similar research, (2) a draft letter for your signature
requesting their cooperation in collecting this information, and (3)
minutes taken from the Subcommittee meeting. Please let me know if I can
be of further assistance.

Sincerely,

Mg F 2

James B. Wyngaarden, M.D.
Chairman,
Subcommittee on the Human Genome

Enclosures

cc:

Dr. Kirschstein
Dr. Bentley

Dr. Danello

Dr. Delisi

Dr. Fowle

Dr. Noonan

Dr. Smith

Dr. Wooley

./Ms. Levinson ,



DEPARTMENT OF ENERGY SUPPORT FOR RESEARCH RELATED TO THE HUMAN GENOME

The Department of Energy Human Genome Initiative envisions a focused,
coordinated program to create the technologies, tools and resources which
will allow a complete characterization, at the molecular level, of the human
genome. This coordinated focus on technology development is distinct from
the current national effort in human genetics. The DOE Human Genome
Initiative is not focused on mapping/sequencing around genes (even human
genes) of particular disease interest, and such research in DOE is not
included in that initiative. In the budget information provided below all
projects which are part of this coordinated research effort are listed under
I. A.,, Focused Research, Human, even though they may not deal directly with
the human genome. The key criterion is that these projects will be
coordinated and managed as part of the effort to develop the requisite
technologies and resources for characterizing the human genome.

The DOE Human Genome Initiative officially originated as a focused program
in the FY1988 Budget Submission to Congress which contains $II.5 million for
this activity. In anticipation of this program's beginning, we have
initiated some projects in FY1987, including some reclassification of
ongoing projects. In FY1986 the Genome specification did not exist, but DOE
research has been developing along these lines for several years. The
desirability of creating resources which can be used by the entire community
in order to achieve the most efficient utilization of future research funds,
was one of the motivations for the Genome Initiative. Savings in cost and
time would clearly be provided by the availability of ordered clone
libraries and improved sequencing technologies, for the whole research
community as well as DOE projects. In addition much more rapid and
economical gene comparison capacities were desired for related DOE
programmatic objectives: (a) a capacity to specify on an individual basis
susceptibilities to background radiation and energy related and
environmental carcincogens; and (b) development of efficient technologies to
monitor mutations in human populations.

I. Focused Research

A. Human
FY 1987 PROJECTS CLASSIFIED AS FALLING UNDER
THE "HUMAN GENOME INITIATIVE"

LLNL Ordered Clone/Mapping of Chromosome # 19 $875K
LANL Ordered Clone/Mapping of Chromosome # 16 670
Columbia U. Pulse Field Gel Mapping of Chromosome #21 430
Harvard U. Evaluation of Multiplex Sequencing 150
LLNL Gene Library Project : 735
LANL Gene Library Project - -==% ‘ - 71
LANL Computational Support for Mapping 200
LANL Database Development 200
LANL New Sequencing Technologies 75
ORNL Gel Imaging Technology , 94

Total 4,200



Several other proposals are nearing completion of review for possible
funding in FY I987. In addition, there are several planning and information
transfer workshops which have and will be supported which are not included
in these figures. Within DOE, the above activites are all considered to be
focused Genome Initiatitive tasks. _

OTHER RELATED RESEARCH
II. Basic Research

Research projects which merely have some gene cloning or sequencing
component are not considered part of the Genome Initiative. Rather they
will be beneficiaries of resources developed in that program. Abstracts of
such basic research projects are appended below. In FY1986, $5,447K was -
devoted to these projects. In FY1987, it is estimated that over $6,000K can
be so classified.

III. Research Infrastructure

NIH GenBank 200
LLNL Flow Cytometry Instrumentation 545
LANL Flow Cytometry Instrumentation 275

CURRENT AND FUTURE FUNDING LEVELS

FY86 Basic Research $5,447
FY87 Genome Initiative 4,200
Infrastructure 1,020
Basic Research approx.6,000
FY88 Genome Initiative, Congressional Budget Submission 11,500
Infrastructure est. 1,500
Basic Research o est. 7,000
FY89 Recommendation by HERAC Genome Committee (appended) 40,000
Infrastructure rough est. 2,500
Basic Research rough est. 8,500

The preparation of the FY 1989 budget is just getting underway and it isn't
possible at this time to provide reliable estimates of funding levels.

Technical review panels will be set up to help prioritize proposals under
the Human Genome Initiative. These panels will carry out prospective and
retrospective review of all projects and proposals whether from DOE
Laboratories, academia or industry.
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University of California
San Francisco, California 94143

Laboratory of Radiobiology and
Eavironmeanta] Health
@ ammalian Cell Culture Systems for Molecular
Studies of DNA, Mutagenicity, and Carcinoge-
micity
J.E. Cleaver $379,000

Cultured mammalian cells proficient or deficient in various
DNA repair and replication pathways are the basic biological
systems used to determine the mechanisms by which damage to
chromatin (induced by environmental pollutants) eventually
cause cell death, mutation, and cancer. Cells from patients defi-
cient in excision repair of ultraviolet light-induced DNA
damage and other radiation-sensitive mammalian cells are used
as the primary model systems. Biochemical and molecular
biological techniques are used (1) to measure various parame-
ters of normal DNA replication and DNA repair, (2) to deter-
mine the relationship of chromatin structure to repair and repli-
cation, and (3) to identify DNA sequences that code for radia-
tion and carcinogen sensitivity. This project is part of the basic

“biochemical approach of the laboratory’s work to uncover mech-
anisms of damage induced by energy-related environmental
poliutants. {1912]

N
@-, DNA Replication asd Repair
R.B. Painter $467,000

This project investigates how ionizing radiation and other muta-
genic agents affect the organization, replication, and expression
of DNA in buman and other mammalian cells. Since DNA
replication in cells from patients with the autosomal recessive

(446.) Cytogenetics and Molecular Genetics
\"" AV. Carrano $796,000

This project is aimed at: (1) understanding mechanisms by
which genetic damage is induced in mammalian systems; (2)
developing an animal model to determine the biological signifi-
cance of such damage; and (3) probing the location of genes in
the human genome associated with DNA repair of this damage.

“Emphasis is on the integration of cytogenetics, mutagenesis, and

molecular biology to link initial genetic injury and ultimate
consequence for man. Mechanisms of cytogenctic damage are
studied in cultured Chinese hamster or human cells. Using
Chinese hamster cell mutants deficient in DNA repair, events
at the molecular level are related to observed cytogenetic conse-
quences. The significance of cylogenetic and mutation
endpoints is fully examined in a mouse model, comparing
amount of initial damage and rate of repair for several
endpoints, including chromosomal aberrations, sister chromatid
exchange, and specific locus mutations at the hprt locus in
splenocytes and other tissues. Methods developed can also be
applied to humans to estimate exposure to physical and chem-
ical substances and to understand factors that potentially
confound interpretation of induced cytogenetic damage. At the
molecular Jevel this project is interested in the events that
mediate initial DNA damage and the genes that control these
processes. Human genes identified as complementary to the
repair deficiency in mutant Chinese hamster cells can be
isolated to study their function. [3743]

@.’ Mutations in Cultured Somatic Cells
L H. Thompson $623,000

The objective of this project is understanding, at the molelcular
level, the complex process of mutagenesis in mammalian cells
and the role of DNA repair in the production of genetic alter-

ations by environmental agents. Our approach involves genetic
analysis based on studying specific gene mutations that affect
DNA repair processes. We have developed in the CHO cell line
a collection of mutant strains that are much more amenable to
genelic_manipulation than the available repair mutants of
human cells. The CHO mutants have opened up new ways of
identifying and studying the human DNA repair genes. The
CHO mutants can be complemented, or corrected, by fusion
with human cells or by transfection with human DNA. The
genetic similarity of the hamster and human repair genes has
allowed us to map the chromosomal locations of the human
genes and to begin isolating these human genes by recombinant
DNA methods. Recent progress includes: (1) localizing three
DNA:repdir genes to human chromosome 19 (2 constructing
DNA libraries for isolating repair genes; (3) finding that two

discase ataxia-telangiectasia (A-T) is different from that in
normal human cells, and since DNA replication is inhibited
much less by radiation in A-T cells than in normal cells, we are
using A-T cells as a model system. DNA transfection of human
cells and other recombinant DNA techniques are developed to
isolate the gene that complements the defect in homozygous
A-T cells. Subsequently, the mRNA will be isolated and used ™
both to locate the position of this gene in the genome and to
obtain its translation product. To obtain information on regula-
tion of DNA replication, gene amplification is also studied.
Current work in other laboratories favors saltatory replication
or unequa! sister chromatid exchange as mechanisms for gene
amplification in mammalian cells, but other explanations may
be more likely. We are testing the hypothesis that unequal

segregation of DNA, which results from chromosomal aberra-
tions induced by the drug, causes increased copy numbers of
genes to occur in some cells. Expression of transfected genes not
closely associated with a promoter is studied to determine the
effects of translocation and transposition in human cells. A
comparison of repair-proficient and repair-deficient cells in
these studies should lead to information about the role of repair
systems in the expression of rarcly expressed genes, such as
oncogenes. [4455)

of the excision-repair mutanis of CHO complement several
genctic groups of xeroderma pigmentosum human mutants; and
(4) validating a simple, sensitive, and unique mammalian cell
test that appears specific for DNA cross-linking damage. In
addition to isolating human repair genes, our immediate objec-
tives include mapping three other repair genes snd studying

fepair by transfecting cells with damaged plasmid DNA mole-
cules. [0261])



@ ' Genome Structure and Function

e

RK. Moyzis $174,000

The long-range objective of this project is to determine the
molecular mechanisms by which humans organize and express
their genetic information. Ultimate applications of these investi-
gations include development of sensitive assays for detection of
buman genctic discases, and measuring effects of low-level
fonizing radiation and/or carcinogen exposure. A combination

" of biochemical, biophysical, and recombinant DNA techniques

T

are being used to identify, isolate, and determine the roles of
specific DNA sequences mediating_chromosome _structure
and/or involved in regulating differential gene expression.
Current efforts focus on determining (1) the organization and
function of human repetitive DNA sequences and (2) the
factors regulating induction of metallothionein and related
genes. These proteins are involved in reducing cytotoxic and
carcinogenic effects of heavy metals and alkylating agents.
Investigations in the past year have led to the proposal of a novel
model for the general organization of human DNA. 75% to 90%
of the mass of repetitive sequences present in human DNA have
been isolated and characterized. A highly sensitive assay for
genetic damage was developed using these cloned repetitive
scquences. An initial step in the metallothionein gene studics
was completed, resulting in the isolation of the hamster MT-1
gene. Future studies will: (1) define and isolate functional DNA
repetitive regions; (2) use repetitive sequences to define genomic
variability and damage; and (3) determine specific regulatory
mechanisms used by the metallothionein genes. Defining

University of Southern California -
Los Angeles, California 90033

552. Structure and Function of Human Metalloth-

ionein Genes and Their Protein Products
M. Karin $26,000

Department of Microbiology
213-224-7344 -

Exposure of various organisms to heavy metals can lead to long-
term adverse effects (e.g., carcinogenesis and teratogenesis)
besides the immediate toxicity induced by active exposure. We
are studying the human metallothionein (MT) gene family that
encodes heavy-metal-binding proteins responsible for protection
sgainst metal toxicity. To gain a better understanding of the
protection mechanisms, u_hwfo%t_hf_@l;uuu_m‘n_
oMT genes. We plan to determine the Tull nucleotide sequence

of these genes. The expression and regulation of the individual

genes will. be studied in various buman cell lines and tissues

using gene-specific hybridization probes. We also plan to inves-
tigaste MT gene expression during human embryonic develop-
ment. Since it is now known why most organisms, especially
primates, express multiple forms of MTs we plan to investigate
any functional differences beiween the various genes and
proteins in gespect to in vivo metal-binding capacities . and
protection against toxicily. Heavy-metal-resistant cell lines
whose survival depends on high-leve] expression of human MT
gencs carried on plasmid vectors will be constructed. In this way
we can study the functional {n vivo differences between the
various human genes. Using the most efficient MT gene(s) iden-
tified, we will construct nonpathogenic viral vectors that will
allow bigh-level expression of the inserted human MT gene and
as a consequence will lead to increased resistance by cell

- cultures and experimental animals to heavy-metal contamina-

tion. [9314)

Human

520., Corvelation of Chromosome Patterns in Human
~~—" Leukemic Cells with Exposure to Chemicals
and/or Radiation
J.D. Rowley $230,000
Franklin McLean Memorial Research Institute
312-962-6117

Nonrandom chromosome changes, particularly loss of Nos. §
and/or 7, are observed in most patients with acute leukemia
(ANLL) as a second malignancy (i.c., developed after radio- or
chemotherapy for another disease). The frequency of these
chromosome abnormalities increases in ANLL de novo paticnts
occupationally exposed to chemical solvents or pesticides, One
project goal is to corrclate data from patients with various
myeloid leukemias regarding their genetic background and
exposure 1o occupational, environmental, or medical thera-
peutic agents that may be mutagenic with (1) the chromosome
pattern of the leukemic cells, (2) the morphology of the
leukemic cells, and (3) the patient’s clinical course. Another
goal is to determine if presently available cytogenetic tests can
distinguish patients treated with mutagenic agents whose cells
are particularly sensitive to the chromosome-damaging effects
of these agents. Use of DNA probes to identify the DNA located
at the sites of chromosome translocations associated with
certain morphologic types of leukemia will allow us to determine
the product(s) of the DNA and to investigate the alterations in
function of the affected genes. Data on 63 patients with ANL!
as a secondary malignancy reveals a distinctly different chromeo-
some pattern in the leukemic cells compared with patients with
ANLL de novo. Sixty-one of 63 patients with secondary
leukemia had an abnormal karyotype, compared with 50% of
ANLL de novo. Fifty-five of 61 (90%) patients had consistent
Joss of chromosomes Nos. § and/or 7. We correlated the karyo-
type and occupation of 74 patients with ANLL de novo.
Seventy-five percent of patients who had a history of exposure
to chemicals or petroleum had an abnormal karyotype
compared with 43% of patients not exposed. Losses of chromo-
somes 5 and/or 7 were much higher in the exposed (67%) than
in the nonexposed (20%) population. [8328]

Case Western Reserve University
Cleveland, Ohio 44106

Y

’Q'L@- Repair of DNA Treated with v-Irradiation and
Chemical Carcinogens
D.A. Goldthwait $52,000
Department of Biochemistry
216-368-3337

Current work is in three areas. The first area concerns onco-
' genes in tumors of the human central nervous system. We are
scarching for oncogenes by transfection with CNS tumor DNA

of NIH 3T3 cells and of immortalized glial cells. A search for
sis genome rearrangements and an analysis of sis gene expres-
sion in cell lines continues. Factors affecting sis gene half life,
the effect of antitsis RNA, and the expression of a series of other
oncogencs are under study. Another area of study involves the
effect of carcinogens on CAT gene expression through LTR
sequences. We have inserted the CAT gene in a retroviral vector
in order to make & mouse cell line suitable for the study of phys-
ical and chemical agents on expression of the CAT gene.
Finally, we scarch for a human transposable element as an inac-
tivator of the gpt gene inserted into human lung carcinoma cells.
We are completing work on the effect of ATP on the structure
of chromatin in Hela cell nuclei. [9239]




. 481, Gene Expression in Carcinogenesis A

F.T. Kenney, K.-L. Lee $375,000

Project objectives are: (1) to define the molecular mechanisms
by which gene expression is regulated by hormones and during
differentiation in mammalian cells and (2) to determine how
genc control is lost in transition to malignancy. We have shifted
away from a focus on a single model gene toward analyses of
scveral. Through molecular cloning we have isolated seven
discrete genes whose expression is regulated by glucocorticoids
'g rat liver. Current work focuses on two of these: tyrosine
aminotransferase and a second of (as yet) unknown specificity,
provisionally identified as gene 33. Transcription of both genes
is accelerated in liver by glucocorticoids, insulin, or cyclic AMP;
a similar response to the latter two classical antagonists was
thought to be unique to the aminotransferase. Expression of
both genes is developmentally activated at about the time of
birth during differentiation of the liver. However, the control of
their expression is not identical in other aspects (i.c., tissue spec-
ificity and hormonal responses in fetal hepatocytes). The struc-
ture of gene 33 is being analyzed in detail to compare with the
aminotransferase gene; this information should lead to a defini-
tive description of the molecular basis for similarities and differ-
ences in their regulation. We are assessing what appear to be
trans acting regulatory genes controlling differentiation of the
liver; these genes have been identified through study of deletion
mutants in mice from the Biology Division mouse genetics facil-
ity. Initial experiments demonstrate that the usual develop-
mental activation of aminotransferase gene expression does not
occur in mutant mice, while that of gene 33 is not affected.
These studies will expand understanding of differentiation and
of hormonal regulation of gene expression in normal cells, and
8dd to knowledge of the factors responsible for the genomic
instability associated with cancer. [1699]

@. Effects and Uses of Chromosomal kb?naﬂ'ons
~— ng. Russell, W.M. Generoso $175,000

This project is concerned with various qualitative properties of
heritable mouse chromosome aberrations whose induction is
studicd and quantitated under other DOE-sponsored research.
Major emphasis is on (1) the organismic effects of the aberra-
tions and (2) the events (meiotic pairing and scgregation) that
play a role in the transmission of aberrations to tubs.equcnt
generations. The findings are of interest to basic genetics and
are needed, in conjunction with data on the frequency of induc-
tion, to assess genetic risk from environmental agents. Contrary
to earlicr belief, even balanced rearrangements can produce
dominant phenotypes. Among those currently investigated are
neurological :disorders associated with a reciprocal autosomal
translocation. Another type of heterozygous effects of interest
is blockage of spermatogenesis, which is found in certain classes
of autosomal translocations and in all sex-linked translocations.
Proposed causes of this sterility are under investigation. Mecha-
nisms of chromosome recognition and segregation during
meiosis play a8 msjor role in how rcarrangements are transmit-
ted. In turn, certain types of rearrangement, particularly
X-autosome translocations and X-inversions, provide excellent
tools for studies of homologous and nonhomologous synapsis
and de-synapsis. We are analyzing synaptonemal complexes in
pachytenc spermatocytes for such studies, which presently
emphasize X-Y pairing. Finally, certain chromosome aberra-
tions, particularly genetically characterized deletions and trans.
Jocations, provide valuable tools for isolating specific DNA
regions for studies of fine structure gene expression. Suc
“studies involving Chromosome-7 loci have been initiated. [0184)

(#94.) Carcinogen—Cell Genome Interaction

.

" Mlamwmal

~————

W.K. Yang $225,000

The long-range goal of this project is to elucidate the cellular
genetic mechanisms related to cancer formation and to under-
stand how energy-related environmental insults may affect
these mechanisms in the multi-step process of carcinogenesis.

- Research has focused on the isolation and characterization of

retroviral gene elements inherited in the germ line of the mouse,
considering that these potentially transposable genes may

interact with proto-oncogenes. Emphasis is on detecting cellu!ar
genetic factors that may control oncogene action. Recent major
results include (1) discovery of a novel class of mouse endoge-
pous retroviral gene elements that carry the IS-type long
terminal repeats and are Jocated in autosomes and specifically
in the Y chromosome of the mouse; (2) demonstration that some
chemical carcinogen-transformed and tumor-inducing NIH3T3
cells do pot contain altered ras oncogene expression; and (3)
development of a sensitive DNA transfection system for onco-
genic DNA detection, including isolation of NIH3T3‘ cell clones
with” various morphological properties. Specific aims are to
study the expression of various endogenous on;g;tcrmma!-
repeat (LTR )-containing genes in mice before and after carci-
nogenic exposure and to isolate a dominant genetic factqr that
can suppress ras oncogenes from causing the expression of
tumor properties. [1701)

525. Repair of Lesions and Initiation of DNA Repli-
cation in Vertebrate Cells
J.H. Taylor
Institute of Molecular Biophysics
904-644-1421

$82,000

The DNA of most eukaryotes contains the modified base
S-methyl cytosine (5mC), a postreplication modification at
certain CG sites. Higher animals have 2 10 4 percent of the cyto-
sines methylated, while higher plants may have as many as one-
third of the DNA cytosines methylated. Some of these modifica-
tions play a regulatory role, but they also present a source of
mutation duc to the spontaneous deamination of SmC. The
mismatched bases are simulated by constructing mismatches
with mutants at the unique Hpa 11 site (CCGG) in the DNA
of SV40 virus.. These heteroduplexes are used to transfect
monkey kidney cells in culture to learn how the cell deals with
these lesions. We can methylate the Hpa 11 site in vitro before
producing the heteroduplexes. We can also methylate other
cytosines in the genome and present the SV40 DNA with and
without nicks bracketing the lesion. We have learned that the
methylated chain is preferentially retained in mismatch repair,
but methylation bracketing the lesion is more effective than
methylation within the Hpa II site. Nicks near the lesions tend
to override the éffects of methylation 8o thii the nicked chain
is preferentially repaired. Experiments to explore the repair
mechanism are continuing by the use of synthetic polynucleo-
tides to produce pure heteroduplexes. We are also studying the
initiation of DNA replication and its effect on repair. A number
of dispersed repeats have been cloned and are being tested as
possible origins for the regulation of replication and as
enhancers for gene regulation. {7780)



Mammal

kf/, Gene Expression in Mammalian Cells
D.L. Grady, RK. Moyzis

The objectives of this pmject are: (1) to identify factors that
control phenotypic expression in mammalian cells; and (2) to
determine the structure and organization of & family of genes
responsive to beavy-metal induction. The coordinate expression
“of gene families is critical to normal development, differentia-
tion, and metabolism. Abnormal expression of critical genes can
have profound effects on cellular function and is likely to be the
basis of most, if not all, pathological states. Heavy-metal induc-
tion of the synthesis of metallothioneins (MT) provides an ideal
model system for basic mechanistic studies of gene expression
and the ways in which altered MT gene expression may be
involved in human disease and metal toxicity. A combination of
recombinant DNA and two-dimensional gel electrophoretic
techniques are used to study gene structure and the control of

RNA transcription and processing. A total of 14 kilobases of
overlapping DNA clones have been isolated that include thc

e e o s

_structural genes for Chinese hamster MT-1 and MT-11 proteins.

“The complete nucicotide sequence of the MT-11 gene uncovered

a cryptic splice site in the first intron that if used would code
for an altcred MT-II protein. Additionally, a search for other
metal-regulated proteins was initiated. Future studies will be
directed towards the identification of key DNA sequences
involved in the control of RNA transcription or processing and
the role of DNA-protein interactions in this regulation. Ulti-
matcely, an understanding of the mechanisms responsible for the
coordinate regulation of this metal-induced gene family will
allow realistic assessment of the health effects of energy-related
pollutants. [0124]

J)/dﬁT_

$179,000 L/

467.) Recombinant DNA Repair
M.A. Maclnnes : $115,000

This project is developing molecular-genetic understanding of
DNA excision repair to characterize major biochemical deter-
minants of repair efficiency in vitro and in vivo, Emphasis is on
identifying repair genes essential for DNA damage recognition
and enzymatic incision, which are probable rate-limiting steps
of repair for diverse chemical and ultraviolet radiation damages.
DNA cotransformation and expression of increased ultraviolet

resistance in a8 Chinese hamster ovary (CHO) repair deficient

mutant cell Tine is used to identify unique hamstcr er_and/or
human DNA sequences con eompnsmg ‘the repalr genes. This
m::gnes for screening recombinant DNA libraries for
functional repair genes. Repair system reconstruction with
recombinant repair genes will provide a novel basis for testing
specific hypotheses about mammalian repair regulation and
identifying repair proteins. We have proved that hamster and
human genomic DNAs from repair-competent cells can specifi-
cally transform CHO mutant UV-135 to express recombinant
repair function. DNA libraries derived from human or hamster
DNA-transformed cells will be used to screen for the presence
and repair activity of cloned sequences. Active cloned repair
genes will provide material for increasing understanding of
mechanisms regulating DNA repair in humans. These studies
will provide a better empirical basis to risk assessing occupa-
tional exposure to carcinogenic chemicals and/or sunlight.
[4424)

415, Gencetics and Regulation of the Plant Cell Divi-

sion Cycle
J. Van't Hof

$2150,000

The project objective is to understand the molecular and cellular
mechanisms responsible for the temporal order of chromosal
DNA replication and cell division in higher plants. Work
concentrates on (1) replicon origins, (2) termination omelnu-

tion, (3) joining of replicons and replicon clusters to 0 produce
lmture chromocomtl-nud DNA molecules, (4) dubo:mnmty

of replication fork movement, and (5) free replicon-sized mole-
cules excised from chromosomal DNA. Knowledge of these
basic elements of chromosomal DNA replication is essential to
understanding how plant cells distribute genetic information to
tbeir progeny and how they handle damaged DNA. {0006)
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8512, 'Reguhm’on of Gene Expression: The Sgs-4 Glue
“—" Protein Gene of Drosophila
S.K. Beckendorf $104,000
Virus Laboratory

The project objective is to study the role of a regulatory gene
important in the differentiation and development of Drosophila
melanogaster. The Sgs-4 Jocus in Drosphila melanogaster codes
for a developmentally regulated protein synthesized in large
amounts in salivary glands at certain times during development
of the fly from an embryo. This protein is not necessary for the
viability of Drosophila, thus mutants that do pot produce it or
under-produce it are viable and can be studied genetically.
Previous work has demonstrated what appears to be an impor-
tant regulatory region for the Sgs-4 locus, located 300 to 500
base pairs (bp) upstream or on the §’ side of the Sgs-4 structural
gene that codes for Sgs-4 protein. This Sgs-4 regulatory region
acts as an enhancer element. We will construct a hybrid gene
by recombinant DNA techniques, consisting of the putative
Sgs-4 regulatory region fused upstream from the structural gene
for alcohol dehydrogenase (Adh) of Drosophila. This hybrid
gene will be introduced by transformation into embryos of
Drosophila that are genctically deficient in Adh activity (Adh
minus). Transformation will be mediated by special genetic
clements (P-transposons) by the P-mediated transformation
technique. Successful transformation of the Drosophila will be
measured by expression of Adh activity. Expression of -Adb
fused to the Sgs-4 regulatory region will be measured in salivary
glands of developing larvae of Drosophila. Expression of Adh
is equivalent to expression of the Sgs-4 regulatory gene in the
cis position. Using the transformed Drosophila that carry the
Sgs-4/Adh construct, we will select mutations in genes that
regulate Sgs-4 expression. [9376])

515." Spermatogenesis in Drosophila

- D’.,l‘. Lin:;ﬁley oo $35,000

Depariment of Biology
619-452-3109

The project objective is the dissection of the normal gametogen-
esis network into its separate gene-controlled steps through the
study of spermatogenesis and meiosis in Drosophila
melanogaster. By conducting deliciency mapping and genetic
complementation studies of newly induced sterile mutations in
regions previously saturated with lethal mutations, we have
determined the degree to which lethal mutations fail to comple-
ment sterile mutations and thus estimated level of coincidence
among loci that can mutate to lethal and those that can mutate
1o sterile alleles. 8/9 male steriles and 5/7 female sterile muta-
tions are complemented by all the lethals in their vicinity: thus,
lethally mutable and sterility mutable loci form largely disjunct
populations. We sre currently examining the ability of normal
germ-cell precursors to become established and produce func-
tional gametes in sterile testes. We have determined the effects
of duplications and deficiencies for the base of the X' chromo-

some on male fertility by studying the interaction of a single .

heterochromatic deficiency with a graded series of free-Xh
duplications. In addition, a series of X chromosomes deficient
for increasing amounts of heterochromatin is being used to
examine the relation between X-Y pairing, as measured by the
frequency of nondisjunction, and sperm maturation, as
measured by X:Y transmission ratios. In these studies, the
effects of heterochromatic constitution on male fertility, meiotic
drive, and disjunction of X and Y are highly correlated,
suggesting that the same mechanism is involved in all three
responses. A scries of testis-specific genomic clones has been.

recovered W[crenm_l | cDNA screens of a genomic
Tibrary. These clones are being characterized; the corresponding

pﬂﬁs 0”9/,4 /. 4

551. Mutagenesis: Alcohol Dehyd i
Dragenc: ydrogenase in

W.H. Sofer $60,000
Waksman Institute of Microbiology '
201-932-3052 i

The project objective is to determine the mechanism(s) of muta-
genesis of scveral chemical mutagens in a higher organism. We
s}udy the effects of mutagenesis on the amino acid and nucleo-
tide scquences of alcohol dehydrogenase and the alcohol dehy-
drogenase gene respectively in Drosophila melanogaster. We
employ the alcohol dehydrogenase system to study the mecha-
nism of mutagenesis because of its useful properties. First, null
mutant flies lacking detectable alcohol dehydrogenase (ADH)
activity can be selected by chemical procedures devised in our
laboratory. More than 200 ADH-negative mutants now exist
that have been selected by this technique. Second, both ADH
and ADH-mRNA are present in large quantities in wild-type
flics; we estimate that between 1.5 and 2% of the tota! soluble
protein in a six-day-old fly is ADH and that ADH mRNA is
also present in relatively large amounts. This abundance of
protein allowed us (1) to easily purify the enzyme, (2) to raise
antibody against it in rabbits and goats, and (3) to measure and
isolate cross-reacting material (CRM). ADH is one of the few
well-characterized proteins in Drosophila whose gene has been
extensively studied. Using recombinant DNA technology, we
have isolated an ADH cDNA clone and a series of gcnon'?c
clones, and sequenced the entirc ADH ‘gene. These properiies™
of the ADH genc—enzyme sysiem make it suitable for our
approach. In the future, we should be able to identify the full
spectrum of changes generated by a given mutagen, tolearn how
neighboring sequences influence the frequency and type of
nucleotide changes, and to deduce the mechanism of muta-
genesis in a higher organism from these findings. [8656)
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€37, Mitotic Recombination and DNA Repair _
M.S. Esposito, J. Hosoda 394,000

The research objectives are to determine the mechanisms of
chromosomal recombination and the molecular defects of yeast
strains containing mutant REC genes. Recombination occur-
ring spontaneously and after exposure of mitotic cells to recom-
binagenic treatments is assessed genetically and by in vitro
studies using plasmids thet permit monitoring of Holliday struc-
ture resolution. Previously isolated rec mutant strains are used
for molecular cloning and sequencing of REC genes, and arc

—————

characterized with respect to stageés of the recombination

process in which they are defective. Previous research has
provided strong evidence that both spontaneous and recombina-
gen-induced mitotic recombination occur by mechanisms that
differ from those occurring in meiotic cells. This project will
provide tests of molecular models, and a better understanding
of the recombinational pathways of eukaryotes. Understanding
the pathways will lead to a critical evaluation of the role of
genomic rearrangements in the control of gene -expression
during development and in differentiated cells. Another goal is
to elucidate mechanisms controlling gencralized repair path-
ways including recombinational, inducible, and/or error-prone
repair. These pathways are closely related to recombination and
replication, and are carried out by multi-protein complexes.
Focus is on the protein-protein and protein~-DNA interactions
within the complex, which are the major factors determining the
overall activitics of the complexes. [3822]

/(4 76. )Compcra:in Genetics
J.L. Epler, F.W. Larimer,
C.E. Nix, L.C. Waters

The major objective of this project is to obtain basic information
necessary for evaluating the genetic effects of potential chem-
ical bazards through analysis of comparative biological
endpoints in eukaryotic systems in order to extrapolate results

$400,000

from short-term assays to the estimate of possible genetic risks

to man. Our experimental approach involves the use of (1)
Drosophila melanogasier for investigations of the molecular
mechanisms of genetic control of metabolism of xenobiotics
(c.g.. the P-450 system) and (2) Saccharomyces cerevisiae for
molecular studies of DNA repair. In mutagen metabolism
studies with Drosophila, P-450 has been resolved into two elec-
trophoretically distinct forms (P-450-A and P-450-B). P-450-A
is expressed in all strains examined whilc P-450-B is strain
dependent, associated with dimethylnitrosamine demethylase
activity, under frans regulatory control, and correlated with
insecticide resistance. Inmunochemical and recombinant DNA
techniques along with other biochemical and genetic method-
ology will be used to isolate the P-450-B gene(s). These DNA
clones will be used in experiments to determine the molecular
mechanisms of P-450-B cxpression and the basis of P-450 asso-
ciated insecticide rosistance. In the study of DNA repair in

yeast, the revl gene has been isolated from a genomic library.

Restriction mapping and subcloning will be used to identify the
minimum fragment carrying the revl gene. Future experiments
will be designed to identify the gene transcript and gene
product, facilitating study of its regulation and mode of action.
The approach will lead to a better understanding of ( 1) the role
of P-450-dependent metabolism and DNA repair in mutagene-
sis, (2) the relationship between these model systems in terms
of mutagen metabolism and DNA repair, and (3) extension of

similar studies to mammalian systems. [1569]

»’5{8. Incision of Ultraviolet-Irradiated DNA in Yeast

L. Prakash $30,000
Department of Radiation Biology and Biophysics
716-275-2656

We will examine the genetic control and molecular mechanisms
of the incision step of excision repair following exposure of yeast
cells to ultraviolet light. Several buman genctic discases are
associated with defective DNA repair and enhanced neoplastic
transformation. Correlations are known to exist between the
inability to repair DNA damage and the induction of cancer.
DNA repair processes can be casily studied in yeast because of
its well-defined and versatile genetic system, and ease of manip-
ulation with recombinant DNA procedures. Qur studies will
focus on further characterization of two of the four genes we
have cloned involving incision of ultraviolet-induced pyrimidine
dimers in the budding yeast Saccharomyces cerevisiae: RAD3
and RADIO0. The inducibility at the transcript and protein levels
of these genes in response to DNA damage will be determined.
The RAD3 protein will be purified with ‘the aid of antibodies
directed against a RAD3-lacZ hybrid protein and the purified
protein will be characterized for its DNA-binding properties,
ATPase activity, and so forth. The nucleotide sequence of the
RAD?3 gene, when compared to that of the other genes in this
group, might reveal homologies and consensus sequences. We
will also isolate and characterize the RAD4 gene. A long-term
objective is to purify all six proteins encoded by the genes
required for dimer incision in S. cerevisige. By reconstituting
dimer-incising activity in vitro, we will better understand the
molecular mechanism of this repair process. We will begin
similar studies in the fission yeast Schizosaccharomyces pombe,
since it may have evolved other pathways for repairing ultravi-
olet damage and may also differ in the incision step. [2868)

3549. Mutation and Structure-Function Relationships
of Cytochrome C
F. Sherman $65,000

Depariment of Radiation Biology and Biophysics
716-275-2766 & i

Iso-1<cytochrome ¢ and iso-2-cytochrome ¢ from the yeast
Sacchatomyces cerevisiae are two of the proteins of known
primary structure from a microorganism particularly suitable
for experimental genetic studies and for manipulation by recom-
binant DNA procedures. This iso-cytochrome ¢ system is used
to investigate numerous problems in molecular biology and
genetics, including: (1) DNA sequencing of mutations induced
by a variety of physical and chemical agents including a number
of carcinogens; (2) DNA sequencing of unusual mutations that
occur by multiple base-pair changes; {3) DNA sequencing of

© _mutable and immutable sites and of unstable mutations; and (4)

DNA sequencing of missense mutations and structure-function
relationships of iso-1-cytochrome ¢. Cytochrome ¢ genes corre-
sponding to tuna cytochrome ¢ and pigeon cytochrome ¢ will be
synthesized and inserted into the yeast genome. We will investi-
gate the transcription and translation efficiences of these
completely synthetic genes and the degree function of the corre-
sponding cytochrome ¢. The functions of the tuna cytochrome

¢ with various mutations and amino acid replacements will be
examined. [2869) .
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@Rilmnml RNA Genes of Nexrospora: Heteroge-
neity and DNA Sequencing of Promoter and
Processing Sites
S.K. Dutta $25,000
Department of Botany
202-636-694

Ribosomal (r)RNA genes are important for continuity and
maintenance of a given cell. These rRNA genes exist in multiple
copics in all of the eukaryotes studied, including the lower
eukaryote Neurospora crassa, as reported earlier. Studies
reveal more variety than uniformity in amplification, genomic
organization, and interconnected mechanism for regulation of
transcriptions of fRNA genes in the developing organism. The
primary objective of this project is to increase our understanding
of the beterogeneity of rRNAs, promoter sequences, and
processing sites of rRNA genes using rDNA clones from N.
crassa cell types like conidia, germinated conidia, mycelia,
normal and abnormal morphological mutants of N. crassa, and
representative species of sexually incompatible groups of
Neurospora. Variable regions of fDNA sequences (internal and
external spacers) and DNA fragments containing promoter and
rocessing sites will be cloned and sequenced. Since fRNA
| genes are in multiple copies and that number of copies varies in
cell types, it is essential to know whether these copies are identi-
cal. The conservation of specific sequences around TRNA genes,
which may suggest recognition and/or regulatory sites for initi-
ation, processing, and termination, must be understood in order
to know controls of gene expression. [6204)
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Stanford University
Stanford, California 94305

553, Repair of Damaged DNA In Vivo

P.C. Hanawalt, A.K. Ganesan $94,000
Department of Biological Sciences

415-497-2424

This project will elucidate the multiple pathways of excision
repair and DNA lesion tolerance in E. coli and their relation-
ships to biological endpoints such as survival and mutagenesis.
Current research objectives include: (1) comparative analysis of
the mechanisms and genetic control of inducible long-patch
excision repair and daughter strand gap repair in ultraviolet-
irradiated bacteria, with focus on effects of mutations that alter
normal recA-lex A regulatory circuit; (2) analysis of the action
of the denV gene product of bacteriophage T4, endonuclease V,
on defined DNA substrates containing pyrimidine dimers; (3)
further characterization of the cloned denV gene, an attempt to
obtain higher yields oI Thé géne product Tor use in determining
the pyrimidine dimer content of ultraviolet-irradiated DNA and
to study the effect of the gene in mammalian cells; (4) develop-
ment of immunological probes for specific photoproducts in
bacterial DNA and their use to analyze disposition of these
photoproducts in irradiated cells (with probe reactivity
compared with the specificity of other biological probes); and
(5) analysis of the spectrum of photoadducts produced in model
substrates treated with 8-methoxypsoralen and UVA. The focus
is on adducts involving cytosine nucleotides, both in E. coli
DNA and in oligonucleotides of defined sequence. Our overall
rationale is that bacteria continue to serve as the most immpor-
tant model system for guiding exploration of DNA repair
schemes in human cells. [6289]

&)

546. Molecular Mechanisms of Misrepair Muta-

genesis

C.W. Lawrence $85,000
Depariment of Radiation Biology and Biophysics
716-275-2948

The project involves two complementary approaches to the
study of misrcpair mutagenesis in yeast and E. coli, which in
combination will contribute to the long-term goal of elucidating
the molecular mechanisms responsible for error-prone repair.
The first approach is to clone some of the more important genes

concerned with mutagenesis, with the eventual aim of identi-

fying and isolating their products. The second approach is to
construct M13 single-stranded DNA virus derivatives that
contain a single defined lesion at a specific site, to be used as
tools to investigste in vivo replication. The molecules will help
to provide precise information concerning the occurrence of
translesion synthesis, its error rate, and the induced spectrum
of targeted or untargeted mutations.

University of Rochester
Rochester, New York 14642

@' Inducible Error-Prone Repair in B. Sabtilis
o el S
c. of Medicine and
716-275-5229 ne and Densisiry

The study qf DNA repair in B. subsilis is still in its early devel-
opment. With few exceptions, the work to date has been descrip-
!.xvc in nm.xre. The project objective is to apply molecular biolog-
ical and biochemica) technologies 1o this areas. Building upon’
our laboratory's earlicr genetic characterization of the inducible
SOB system, we propose (1) to investigate the role of mutations
on the regulation and control of the SOB phenomena; (2) to
S:Ione the genes involved in regulating the SOB system and begin

x'!cnuﬁca'lion of these gene products; (3) to continue the isola-

tion of Din (damage inducible) and Cin (competence inducible)

_{gﬁ:_gg,_map these genes and use the promoters to begin isolatin?
¢ ce

[ llular repressor(s) associated with the SOB system; (4) to
purify the bacteriophage 0105 repressor, using the DNA clone
nlfcady obtained, and identify the mechanism of inactivation of
this repressor when the SOB system is induced; and (5) to study
the interaction between the SOB system and the development
of competence. Results help in the dissection of the SOB system
(.both .ns regulation and its mechanism of action) and the rela-
tionship between DNA repair, mutagenesis, and competence

d.cvclopmcnt. and how bacteria handle environmental stress
situations. {8908

”

SN
@0. ‘Nucleic Acid Structure
- F.W. Studier $275,000

Bacteriophage T7 and its host E. coll provide an excellent
system in which to study basic genetic processes. T7 contains a
single molecule of linear DNA almost 40,000 base pairs long,
and the complete nucleotide sequence is known, During infec-
tion, T7 DNA'is introduced into the E. coll cell where it redi-
rects the metabolism of the host cell to produce new phage parti-
cles. Processes such as entry of the DNA into the cell, regulation
of gene expression, replication and repair of DNA, gene recom-
bination, and assembly of virus particles can be studied by a
combination of genctic and physiochemical techniques. The
nucleotide sequence predicts 50 to 55 T7 proteins, and muta-
tions affecting most of them have been found. Specific {rag-
ments representing all parts of the T7 DNA molecule have been
cloned in bacterial plasmids and are being used for genetic and

is of T7. Simple procedures for radicactive
labeling, gel electrophoresis, and filter hybridization permit
resolution and identification of individual T7 RNAs, proteins,
and intermediates in DNA replication and recombination.
Thus, all of the T7 genetic processes can be studied in detail at
the molecular level. An understanding of basic genetic processes
in this simple system should provide useful models for under-
standing similar processes in more complex plant and animal
systems. The T7 system itself, and the techniques developed for
studying it, are finding wide application in studies on the
detailed biological efTects of mutagens, carcinogens, and radia-
tion. (0019]
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Biomedical & Environmental Sciences Divisions

Lawrence Livermore National Laboratory

27 April 1987

Dr. Alvin W. Trivelpiece
Assistant Secretary

Office of Energy Research
U.S. Department of Energy
Washington, DC 20545

Dear Dr. Trivelpiece:

On behalf of the Health and Environmental Research Advisory Committee (HERAC), | am
pleased to submit to you the enclosed Report on the Human Genome Initiative. This was prepared by a
subcommittee under the chairmanship of Dr. Ignacio Tinoco, University of California, Berkeley, and is
in response to a charge by you. It has been strongly endorsed by the parent committee.

The report urges DOE and the Nation to commit to a large, multi-year, multidisciplinary,
technological undertaking to order and sequence the human genome. This effort will first require
significant innovation in general capability to manipulate DNA, major new analytical methods for
ordering and sequencing, theoretical developments in computer science and mathematical biology,
and great expansions in our ability to store and manipulate the information and to interface it with other
large and diverse genetic databases. The actual ordering and sequencing involves the coordinated
processing of some 3 billion bases from a reference human genome.

Science is poised on the rudimentary edge of being able to read and understand human genes.
A concerted, broadly based, scientific effort to provide new methods of sufficient power and scale
should transform this activity from an inefficient one-gene-at-a-time, single laboratory effort into a
coordinated, worldwide, comprehensive reading of “the book of man”. The effort will be extraordinary
in scope and magnitude, but so will be the benefit to biological understanding, new technology and the
diagnosis and treatment of human disease.

It may seem audacious to ask DOE to spearhead such a biological revolution, but scientists of
many persuasions on the subcommittee and on HERAC agree that DOE alone has the background,
structure, and style necessary to coordinate this enormous, highly technical task. When done
properly, the effort will be interagency and international in scope; but it must have strong central
control, a base akin to the National Laboratories, and flexible ways to access a huge array of university
and industrial partners. We believe this can and should be done, and that DOE is the one to do it.

Sincerely,

Wttt Uputit L

Mortimer L. Mendelsohn, M.D. Ph.D.
Chairman, Health and Environmental
Research Advisory Committee

An Equal Opportunity Employer » University of California » POB 5507 e Livermore, CA 94550 * Ph. 415-422-8361 » FTS 532-8361 « TWX 910-386-8339 « DOE LLNL LVMR



considerably less than half of the coding sequences even if we knew the
entire sequence and the locations in the DNA sequence of the primary
transcripts. This is an area where focused research could greatly
improve the outlook, even without new data. The use of current data
with a good expert system (an expert system is a computer program that
uses all the information that an expert would have to solve a problem)
could significantly increase identification of splice-junction sites.
New data will continue to enhance the performance of such programs.
Although such programs will never be perfect, they provide predictions
that are easily tested. Effective programs would avoid the necessity
of sequencing the entire messenger RNA for a protein.

An expert system approach can be used on other patterns as the
data emerge. For example, the system used to find splice-junction
sites could also be used to identify promoter regions when more data
are available to define them. The interaction between computer-aided
predictions and experimental results is important. The results will
improve the predictions, and the predictions should direct the
experiments. BAn investment begun now in computer applications research
will maximize the return, in the short term as well as the long term.

There are many more areas of sequence analysis that will benefit
the human genome project. Current search and comparison programs
should be made more efficient to handle the enormous size of the data
base. We should also do more to understand the biological

- significance, in contrast to statistical significance, of finding

sequence homologies. Research into general pattern identification
methods would prove valuable.

Equally important to locating the proteins on the DNA segquence and
determining their requlation is to understand their functions. Recent
years have produced improvements in our ability to predict protein
structures from their sequences. More research is needed to be capable
of reliably predicting both structures and functions. That would
provide an additional major key to unlock the information of the
genome.
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Appendix B. The Need for Computer Resources: A Data Bank for the
Future -

As physical map data are gathered they must be stored in a way
that facilitates the cross comparisons required to construct a complete
map. Programs that do these functions already exist, but they may be
inadequate for this project, because the human genome is about 1000
times as large as the largest current map (E. coli). Inefficiencies
that are tolerable on small projects will be major problems on projects
the size and complexity of the human genome.

It is particularly important to include in the data base
references to other data bases and to facilitate communication between
data bases. Specifically, it is necessary to be able to locate
physical fragments with respect to any known genetic markers or to
restriction fragment length polymorphisms. This is essential for the
project to fulfill its promise of facilitating our understanding of
human diseases. The entire set of data bases on Genomic Resources (the
human gene map at Yale, the mouse gene map at Jackson Laboratories,
etc.) which the Howard Hughes Medical Institute is helping to make
cross-referenceable, contain data relevant to the human genome project.
There are major nucleic acid and protein sequence data banks in the
U.S., Europe and Japan which have agreed to collaborate closely. This
effort must be supported and further developed. ' A coordinated effort
must be established to maximize the interaction between these data
bases, to reduce duplication of effort and to improve speed of data
collection. Furthermore, there will undoubtedly be new discoveries,
such as the introns which were discovered a decade ago, therefore it is
important that the data bases be designed to absorb such changes
gracefully.

Sequence Analysis. If the human sequence were magically made
available, much of its interpretation would still remain obscure.
Research performed now could unlock a substantial amount of the hidden
information as the sequence becomes available. For instance, one of
the key pieces of information included in the DNA sequence is the
protein sequence, but that requires knowledge of the locations of
transcription and of the splice junctions. Splice-junction information
is usually obtained by sequencing both the genomic DNA and the
messenger RNA. This requires substantially more work than would be
needed if we could recognize the splice junction from the DNA sequence.
However, the best current methods are correct only about 85% of the
time in predicting splice junctions in genomic sequences. That means
that all the junctions of a three-intron mRNA would be properly
recognized only about 40% of the time. If a human gene resembles this
example, then it is likely that with current methods we would know
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Strategy. A substantial effort directed at technology, mapping and
pilot-project sequencing can begin immediately. The committee
recognizes that implementation of this initiative by DOE has already
begun, and it praises the speed and thrust of the effort. $11.5 million
has been requested for fiscal year 1988; an amount double this would be
more appropriate. Funds spent early in this project will save money
later, because each advance in technology will make all the following
steps more efficient and less costly. Support of $40 million dollars
the first year (fiscal year 1989) and increasing linearly to $200
million dollars by the fifth year (fiscal year 1993) could be used very
effectively. We envision three types of grants —— to individual
investigators, to centers with 3 to 10 senior investigators and to a
few large centers that will include mapping, sequencing and
interpreting the human genome. 1In addition to the principal
investigators, each project will involve junior scientists and
engineers, and students. A total of 2500 professional people might be
working on the initiative by 1993. The professional personnel will
include molecular biologists, chemists, engineers, physicists, computer
scientists and so forth.

Recaommended funding levels are:

FISCAL YEAR $ MILLION TOTAL
1988 20 20
S 1989 o 40— - 60
1990 80 140
1991 120 260
1992 160 420
1993 200 620
1994 200 820

1995 200 1,020

Reasonable goals to attain by the end of seven years of support at
the level requested (by the end of 1995 with $1 billion spent) are:

1) The United States should have the capacity to sequence ten
million bases per day.

2) The complete map of each chromosome and an essentially compiete
sequence of at least one human chromosome should be finished.

Attainment of these goals will prove that the U.S. has the
capabilities to continue the process to obtain all the benefits
promised. We assume that equivalent progress will have been made in
computer algorithms to analyze the sequences, and to characterize
medically important genes.
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Technologies Required for Sequencing the Human Genome

1. Production of DNA fragments containing 100 to 1000 kilobases

a. Chromosome separation

b. Sequence-specific chemical and enzymatic scissors
- (restriction enzymes)

c. Separation and purification of large fragments

d. large-insert cloning

2. Automated DNA handling, mapping and sequencing

a. DNA preparation

b. DNA cloning

c. Physical, restriction fragment, and genetic mapping
d. Chemical, physical and enzymatic sequencing

3. Data storage and analysis

a. Immediate data entry with uniform notation

b. Efficient searching with cross—referencmg and access to other
data banks

c. Rapid data distribution

d. Parallel or concurrent processing

e. New algorithms for analyzing and interpreting DNA and protein
sequences

4. Detection and analysis of DNA, RNA and protein at very low levels
a. Single molecule analytical methods

b. Methods for detecting large numbers of DNA fragments
similtaneously (multiplexing)

We estimate that the cost of the development of all of these
technologies will be about $500 million dollars. The total cost will
be near Sl billion and completion of the project will take many years.
However, each advance in technology will produce immediate benefits to
medicine, agriculture and industry.
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Multiplex sequencing techniques such as those being developed by
George Church are still in their infancy. However, their potential
attractiveness is so great that a careful evaluation and refinement of
such methods is surely warranted before one embarks on large-scale
sequencing. Direct physical approaches to sequence determination such
as mass spectrometry or scanning tunneling microscopy are speculative,
but their potential impact must not be overlooked. Such approaches
should be critically tested in the next few years.

Current strategies for using any of the existing sequencing
methods are mostly shotqun approaches which sequence random fragments
of DNA. These are quite inefficient since they require sequencing the
same region many times over. Sequencing of overlapping fragments is
needed to determine the order of the fragments; this is called a
bottom-up approach. Phased, or top-down approcaches, including
systematic ordering and mapping, linked library construction, and
optimized production of DNA fragments will all result in far less
redundancy in the sequencing. These preliminary steps probably
represent half of the final cost and require more than half of the
skilled labor. Each of these preliminaries to the actual acquisition
of sequence data needs full exploration, refinement and optimization.
Most of these preliminaries can and should be automated. Very exciting
developments, like methods for cloning or purifying large DNA
fragments, and schemes for orderly generation of nested sets of DNA
pieces are so new that their potential cannot yet be evaluated.
However, it is inevitable that some of these methods will have to be
incorporated into any-effective large scale sequencing effort. . - .

Once the speed, error rate, and cost are appropriate then one can
begin the organized and coordinated effort to sequence a reference
human genome. The technologies will then be sufficient to sequence
other genomes and to examine human polymorphisms. The wide range of
technologies that must be developed for this project are outlined
below.

/
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Appendix A. BAnalysis of Costs.

General. The total cost of sequencing the human genome will
certainly fall in the billion dollar range, although it is important to
stress that the actual cost will ‘be very sensitive to the
state-of-the~art technologies associated with DNA sequencing, and the
related requirements for automation of procedures for cloning, mapping,
data handling and data analysis. As an example, compare the current
and projected future costs for DNA sequencing and their corresponding
implications for sequencing the human genome.

Estimated Cost. for Determining the DNA Sequence of a
Human Genome (Given Unique Fragments)*

SOURCE COST GENOME COST

Current commercial laboratories $l/base $6 billion
Japanese sequencing machines $0.17/vase $1 billion
Future cost with automation - $0.01/base $60 million

*This estimate does not include the cost of isolating and ordering the
fragments; it only includes sequencing each DNA strand, or 6 billion
bases. Sequencing both strands provides a check on the accuracy of the
sequence. -

This table illustrates the importance of making substantial initial
investments in technology. We emphasize that the above estimates do not
include costs for cloning, mapping or data analysis. Thus our proposal
for sequencing the human genome would necessarily be staged. The first
5 years would focus on three general cbjectives: 1) mapping the human
genome, 2) development of technology, 3) sequencing of selected
chromosomal regions. ' '

Advances in technology are a necessary first step in sequencing
the human genome. These advances will make large-scale sequencing and
subsequent comparative studies practical and cost-effective. At
present the only automated sequencing machines are based on Sanger's
method. There are probably distinct advantages to be gained from
automating the Maxam-Gilbert method. A detailed comparison of the two
approaches should precede a major investment in one of them. Both
approaches can also benefit from considerable optimization. A twofold
increase in the length of sequence accessible on a single gel lane
would cut the cost of sequencing by considerably more than a factor of
two. A number of ways to increase this sequencing range, such as
pulsed-field techniques, are very promising and need to be tested.
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REPORT ON THE HUMAN GENOME INITIATIVE

Advances in biology and medicine have reached the stage where it
is now possible to acquire a thorough and very detailed understanding
of human biology and inheritance at the molecular level. This
understanding will require mapping and sequencing of DNA on a massive
scale, a task which cannot be accomplished efficiently with current
technologies. ‘

Two major tools are needed:
a) The sequence of a reference human genome

b) Efficient methods for obtaining and interpreting the
large amount of additional sequence data needed for a wide variety
of biological and medical studies

Creation of these tools will require a broad interdisciplinary
research effort that brings together technologies from the fields of
biology, computing, materials science, instrumentation, robotics,
physics and chemistry. This special focus on technological development
is distinct from the current national effort in human biology and
genetics and requires a new initiative.

The Department of Energy, through the Office of Health and
Environmental Research, has a mission to understand the health effects
of radiation and of other harmful by-products of energy production.
The Department has long supported work on human mutations, DNA damage
and DNA repair. Now it is clear that the ability to determine quickly
and accurately the sequence of a DNA is the most rapid and
cost-effective way to assess DNA damage, and to protect the public
health. Thus, the Department of Energy is poised for this initiative
because of its research support and interest in human genetics, and its
experience in developing large scale, long-term interdisciplinary
projects. Development of these new technologies will place the United
States in a commanding position in the biotechnology of the 21st
century.



RECOMMENDATIONS

1. DOE should fund a major new initiative whose goal is to
provide the methods and tools which will lead to an understanding of
the human genome. Funding should start in fiscal year 1989 at $40
million and increase over a five year period to reach a level of $200
million per year. BAppendix A provides details.

2. 'The early goals (first 5 to 7 years) of this program should be
to:

a) Make a physical map of the human genome. A physical map
consists of a complete set of segments of the DNA, arranged in order.

b) Locate genes and other markers on the map.

c) Produce and distribute cloned DNA sequences and other
materials needed for using and improving the physical map.

d) Develop new techniques and improve existing methods for
large-scale DNA mapping and sequencing (including applications of
automation and robotics).

e) Develop new methods for characterizing and locating genes;

~—both computational and cloning techniques are needed. -

f) Establish computer facilities, and develop computer data
bases for the storage, retrieval and dissemination of cloning, mapping,
and sequence information (including cross-references to other relevant
data bases). Improve and invent algorithms for analyzing DNA sequences,
including methods for identifying coding regions, predicting protein
structures and functions, and identifying genetic regulatory sites.

3. The major long-term goal is to obtain a base sequence for each
of 24 reference human chromosomes, and to make DNA sequencing
technology readily available to search for disease-related variations
and to make biological comparisons. The improvements in technology
listed in Recommendation 2 are necessary to attain this goal.

4. Work on these goals should take place in the National -
Laboratories, in universities and in industry. Both prospective and
retrospective peer review should be used. Cooperation and
collaboration among all groups is essential; in particular, all new
map and sequence information must be placed promptly in a designated
data base. Clones and cell lines must be made available for
distribution to other qualified investigators.

F. Deleterious effects on other programs must be prevented.

A major new initiative, no matter how worthy, must not disrupt or
hinder ongoing worthwhile programs. This initiative deserves the
highest priority. However, the most efficient progress will occur if
research in all aspects of the relation of DNA to RNA to protein and to
health are strongly supported. This requires major increases in
funding for the human genome.

It is also important that effort not be shifted from current
projects on the genetics of other organisms to study the human genome.
The human genome is the emphasis of this initiative; it is not its only
component. Everyone must realize the similarity among genes and the
utility of transferring knowledge from one organism to another.
Furthermore, the DOE initiative will involve people from a wide range
of disciplines, including biology, chemistry, engineering, physics and
mathematics. There is a large pool of scientists and engineers
available.

" There is some fear that a large influx of money into a field will
distort and disrupt current research. However, there is good
precedence that this is not necessarily so. The Howard Hughes
Institute increased its biomedical funding from $3 million in 1975 to
more than $200 million in 1986. There has been a significant
beneficial effect. : o R IO

A large and increasing financial commitment should be made to
support this initiative. It should be distributed among the National
Laboratories, Universities and Research Institutes; industry contracts
may be used when appropriate. Both small science and large science
projects should be supported. Peer review should be used for initial
funding, and continuing funding should require further review.
Flexibility and innovation should be fostered. It is particularly
important in this rapidly developing field not to start any large,
inflexible organizations whose direction would be hard to change. A
large part of the challenge of this initiative is to think of new ideas
and to develop relevant technology. A wide range of funding mechanisms
will be needed and a wide variety of organizations must be supported.
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E. Fundamental knowledge in biology will result, and young
scientists will be trained to be able to make new discoveries.

The many practical applications of this initiative have been
discussed, but we must stress that the most important result will be
new knowledge. We cannot predict what new insights we will cobtain, but
we are certain to learn completely new patterns of biological
organization, structure and control. The discovery of large numbers of
currently unknown genes will further our knowledge of all biological
processes. The human genome sequence will serve as a reference library
that will stimulate and coordinate the next century of biological
research. The graduate students and other young investigators who work
on this initiative will obtain the background and training to attain
the goals of 2lst century initiatives. Their exciting research

findings should also encourage more entering college students to choose

the fields of biological and physical sciences and engineering.
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5. Two scientific panels should be established immediately. One
would develop policy, define overall strategy, and provide continuing
oversight. The other would provide scientific review of proposals and
programs for their technical merit and feasibility. The initial phase
of the program should consist primarily of technological development in
the areas of construction of large scale maps, automation, sequencing
and the determination and analysis of sequence data. Because of the
highly creative nature of this beginning phase, it is essential that
the effort be widely distributed. The project should involve
single-investigator-initiated proposals as well as multidisciplinary
consortia that bring together the development of instrumentation and
software, as well as biotechnology.

6. DOE should encourage wide collaboration at the scientific and
managerial levels for the human genome project. Cooperation is needed
with other agencies within the U.S. and with other countries throughout
the world. Results should be open and in the public domain, within the
constraints of technology transfer and the promotion of industrial
involvements. Information transfer should be emphasized among the

cooperating scientists, the scientific community and the public at
large.



REPORT

THE ULTIMATE GOAL OF THIS INITIATIVE IS TO UNDERSTAND THE HUMAN GENOME

Knowledge of the human genome is as necessary to the continuing
progress of medicine and other health sciences as knowledge of human
anatomy has been for the present state of medicine. The DNA of the
human genome contains complete instructions for construction of each
human being, but we know only the crudest features. We each have two
sets of 23 chromosomes with a total of about three billion base pairs
per set. Each set consists of 22 autosomes plus one sex chromosome;
thus there are 24 distinct chromosomes -- one female (X), one male (Y)
and 22 autosomes. The chromosomes contain an unknown number of genes
with estimates which range from 20,000 to 200,000. Presently only
about 500 of these genes have been cloned and characterized. Our
knowledge is equivalent to that of 15th century anatomists who knew
about the major bones and organs, but knew very little about their
functions. The significance of most vital organs, including obvious
ones such as the liver and pancreas, or small ones such as the
pituitary and the adrenals, was completely unknown. Most important,
even the simplest concerted functions of the body, such as provided by
the circulatory system, were not mapped.

We are at the same early state of knowledge with respect to the
human genome. We do not know within a factor of ten how many genes

~“there are, nor the range of functions performed by the gene products.

We have very limited knowledge of how the expression of genes is
controlled. What sequences of the DNA turn genes on and off at the
right time for correct development and differentiation? We do not
understand how the coordinated control of genes is accomplished. We
expect that vital elements that exist in the human genome have not even
been imagined. The human genome has been called the book of man; it
contains the instructions that describe each human. It is time to
obtain a copy of the book to begin to understand what the text means.

It should also be clear that understanding the human genome is a
very long-range task. Once the gross features of a human gencme are
mapped, it will be important to identify and localize all the genes.
The control elements must be identified which determine when and where
each gene is expressed, and thus program our development from a single
cell to a complex structure. The study of single-gene defects in
humans has already been extremely beneficial for the diagnosis and
treatment of some diseases. Although genes may account for only ten
percent of the human genome, complicated chromosomal changes and
aberrations, which are not simply dependent on DNA sequences in
genes, are also heavily implicated in genetic diseases. Thus, Down's
syndrome is caused by an extra copy of chromosome 21, Cri-du-chat is
caused by a deletion —— a loss of a segment —- in chromosome 5,

D. The process will produce advances in biotechnology.

The long-range goal of this initiative is to understand the human
genome. This will require improved technology in many other fields.
It will automatically further fundamental advances in molecular
biology. It will encourage correct theories which relate DNA structure
and function, RNA structure and function, and protein structure and
function. The ability to organize, manipulate, correlate and retrieve
large amounts of data must be improved. Fast and accurate robots that
can clone, purify and sequence DNA need to be developed. The advances
in all these areas will be applicable to the use of biological
materials in industry and agriculture. For example, more efficient
production of biomass for enerqgy production should result. Important
environmental goals that are of major importance to the Department of
Energy will be furthered, such as protection of plants by improving
their resistance to environmental stress, and neutralization of toxic
wastes by using genetically engineered microbes. Development of the
new technologies for this initiative in the fields of biology,
chemistry, physics, instrumentation, automation and computing will
place the U.S. at the forefront of the biotechnology of the 21st
century.

New knowledge ahout the human genome also means new knowledge
about all other genomes. Fundamental knowledge about DNA structure

applies to all organisms. Even more directly, sequences of some genes

are similar from animals to plants to bacteria. Studies on other
organisms, where genetic experiments can be done, will help progress in
the human genome. Also maps of other species will greatly increase the
validity of applying the results of experiments on other organisms to
human health problems. Thus, the human genome project will complement
all the other biological research being done on humans and other
organisms to increase the rate at which we understand human biology.
Now is the appropriate time to begin the direct examination of the

‘human genetic system.
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genes following birth is well documented in the development of the
body's immune defenses. Abnormal alteration (mutation) of genes is
responsible for numerous cancers. Thus the knowledge of the human
genome -— the genes, their regulation and their abnormal function ——
will have the greatest impact on health maintenance yet experienced
in medicine. No individual will be untouched by this initiative.

We cannot afford, nor do we have foundation support for, individual
and redundant efforts on the 3500 inherited diseases presently known.
Many laboratories are presently working in parallel to obtain DNA
fragments and sequences near important human genes. Progress has been
made on particular diseases because of foundations dedicated to them,
but much of the effort has been redundant. Although the gene for
Huntington's disease has been localized to a region on the short arm of
chromosome 4 for three years, and the gene for cystic fibrosis has been
localized to a small region of chromosome 7 for over a year,
overlapping DNA fragments which span these regions are yet to be
developed. The high cost of these important studies would be markedly
reduced by the development of much .faster and comprehensive sequencing
and mapping studies. A reference sequence would thus provide rapid,
and much more economical, discovery and identification of human disease
genes. :

The development of rapid, cost-effective methods for sequencing may
be the greatest benefit. The more efficient technologies that will be
developed for the human genome project will be directly applicable to
all sequencing problems. It is appropriate to ask whether we can
afford not to develop such improved technology given the level of
resources already going into sequencing. We do not know what sequence
information is the most valuable. It is likely that the most
significant applications to medicine camnot be foreseen at the present
time, but the ability to determine DNA seguences routinely will allow
immediate application of that knowledge.
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and many birth defects and congenital defects have a chrcmosomal
basis. The part of the human genome whose function is not yet known
or even imagined must be characterized and understood. Searching
analysis will continue to be required to discern differences among
human genomes that correlate with sickness and health.

Accomplishing these goals obviously requires sequencing a large
fraction of the genome. However, some genomic regions, such as long
stretches of repetitive DNA, may not need detailed sequencing. As the
details of the genome unfold, it should be possible to set priorities
and make rational decisions about what should and should not be done.



A. Concerted efforts in several different areas should be
supported.

1) A first step is to map the human genome -— to arrange in order
large segments of DNA (in size from 100 to 1,000 kilobases); there are
3,000 to 30,000 of these pieces. As a prerequisite to sequencing the
human genome, it is necessary to have pure DNA fragments from known
locations on the genome. These DNA fragments constitute an ordered
clone bank. At present 30 to 50 kilobase fragments of DNA (cosmid
clones) can be prepared routinely and partially ordered; these
fragments are vital for current progress. However, methods for
preparing and separating larger fragments are becoming available.
Large DNA fragments can be formed with restriction enzymes.or reagents
specific for sequences which are eight or more base pairs long. They
can be separated by new methods of electrophoresis. Unique
identification of these DNA fragments can be obtained with probes or
restriction enzymes; the fragments can be characterized by a complete
set of restriction sites with known intervals. Practical methods to
determine their order must be worked out.

As human map and sequence data accumulate, many investigators will
be able to apply this knowledge to problems of medical and biological
importance. They will need access to large numbers of biological
samples including cloned DNA fragments and human cell lines. Methods
for the efficient production and distribution of these materials need
“"to be developed. Effective quality control for the identity and purity
of the samples is essential.

2) Genes should be assigned to the fragments as each fragment is
identified. There are standard methods available for locating genes
whose gene products (a protein or nucleic acid) are known. These
include genes whose defects are responsible for blood diseases such as
certain hemophilias, alpha and beta thalassemias and sickle cell
anemia. Genes for enzymes with known activities are particularly easy
to find. There are essential enzymes whose absence causes death, but
the deficiency of other enzymes may only lead to illness, or the
predisposition to certain diseases. An enzyme deficiency genetic
disease is phenylketonuria which causes mental retardation, but can be
treated by removing excess phenylalanine from the diet. A defective
anti-trypsin gene produces lungs very susceptible to injury and
requires extra care with smoke or other lung irritants. When gene
products are not known, as in many human diseases, the process is more
difficult. Here the methods which have been successful for
Huntington's disease, retinoblastoma, cystic fibrosis, and Duchenne
muscular dystrophy can be used. A genetically linked marker for the
disease must first be found; this is a sequence of DNA which is located
near the disease gene and serves to track the inheritance of the gene.
Many genes may only be found from analysis of the DNA sequence;
identification will lead to the gene product and its function.

C. Major advances in diagnosis, prevention and treatment of
disease will result.

Research to understand the human genome is taking place, so why is
it necessary to have a new initiative? The answer is that the results
of this initiative are so valuable to humanity that it is essential to
proceed as fast as possible. Consider diabetes, for example. One in
300 American children take daily insulin injections by age 18. 2bout
half of these will have kidney failure within 30 years. Today about
half of all people on kidney dialysis (at a cost of about $1 billion
annually) are diabetics. The disease is genetic, associated with
factors on chromosome 6, thus children at risk can be identified.
Knowledge of the precise genetic basis of the disease by appropriate
sequencing may allow reversal of the autoimmune process which leads to
diabetes.

The major killers in this country -~ cancer, cardiovascular
disease, hypertension and stroke -- all have significant genetic
components. The ability to respond to these diseases before they
strike will save lives. The immune system controls the body's
intrinsic defenses and is responsible for autoimmune diseases and other
degenerative diseases such as arthritis. Analysis of the genes of the
immune system will allow effective stimulation of the defenses and
appropriate therapy for the diseases. Detailed sequence information

- will lead to methods for more exact matching of donor and recipient in

transplantations. Monitoring changes in the DNA sequence of one tissue
in one person will reveal damage caused by environmental factors. Many
more examples could be given. However, the analogy of knowing human
anatomy and knowing the human genome is apt. We could not cure heart
disease as soon as we understood blood circulation, but it was a
necessary first step. It is also well to emphasize that we do not need
to recognize and order all genes for success. Each new fragment of DNA
sequence can bring human benefits.

It is now practical to locate genes, to sequence DNA, to supplement
some of the deficiencies caused by missing or defective genes. A major
effort will bring immediate and continuing benefits. Each new gene
identified and mapped will allow certain diagnosis of any diseases
associated with this gene. Recent examples include Duchenne muscular
dystrophy, chronic granulomatous disease, cystic fibrosis, Alzheimer's
disease and Huntington's disease. The identification of genetic risk
factors for common diseases such as diabetes and premature coronary
disease are further examples where genetic map information could lead
to methods of risk modification for an entire population. The recent
identification of genes which lead to abnormal development emphasizes a
relatively unexplored health problem —- birth defects. Alteration of
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Americans receive exposure to various mutagens, including mutagens
from energy sources such as the combustion of fossil fuels. The ;
exposure levels of paramount importance to society are low, and there
is enormous individual heterogeneity in susceptibility to exposure.
Rapid and cost-effective methods are needed to assess exposures and
risks to }arge numbers of people. The definitive measure of mutation
is the sequence of DNA. The ability to determine quickly and
accurately the sequence of any DNA is the ultimate way to assess
immediate and cumulative damage by many agents. Thus DOE has unique
capabilities to manage this initiative, and the initiative is central
to its mission.

Other Federal and private agencies have a major interest in this
initiative. The National Institutes of Health, in particular the
National Cancer Institute and the National Institute of General Medical
Sciences, are already heavily committed to support research on DNA
sequence and function. This support deserves to be increased. The
Howard Hughes Medical Institute supports an increasing number of
projects on human genetic diseases. Important work is also being done
in Europe and Japan. It has become clear to everyone that the tools to
map and to sequence the human genome can now be developed; what will be
accomplished depends on the effort and commitment.

DOE should develop general methods and provide tools useful to all
the other molecular biology projects. Instrumentation, automation,
computation and other multidisciplinary approaches should be
emphasized. DOE should foster cooperation among all the organizations
involved, both national and international. However, it should not
delay implementation of its plans or defer to some other organization.
Thorough communication should ensure that there is no duplication of
facilities and waste of resources. We strongly encourage continuing
cooperation among the various agencies.
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Genes for all the enzymes involved in metabolism, in biosynthesis
and in repair need to be localized. Structural proteins, proteins of
the immune response, transport proteins and the RNAs of protein
synthesis are all important. The genes for hormones, which act in very
small amounts, need to be identified and entered in the genome map.
The largely unknown control proteins, which orchestrate
differentiation, development and senescence, may be the most important
to characterize. As more genes are identified and their gene products
determined, the polygenic disorders like heart disease, hypertension,
diabetes, schizophrenia, manic depression and even some symptoms of
aging can be attacked. It will become possible to develop methods for
early diagnosis and effective treatment.

There are currently many projects, sponsored primarily by the
National Institutes of Health and the Howard Hughes Medical Institute,
involved in locating genes on the human chromosomes. This research is
extremely valuable and is primarily aimed toward medically important
genes. The DOE initiative will facilitate rather than compete with
those projects:; it will provide a valuable resource for the projects.
Even so, the success of all those other projects would locate only a
few percent of the total number of human genes. The tools and methods
developed through this project will greatly speed the finding and
understanding of the total complement of human genes, a task far beyond
the scope of any current research efforts.

3) Current methods for mapping and determining base sequences in
DNA need to be increased in speed by orders of magnitude and radical
new methods should be encouraged. Automation of current methods has
begun. There is a Japanese national project which is trying to develop
automated equipment based on current sequencing methods to determine
sequences at the rate of 300 kilobases to one million bases per day.
Even if the Japanese effort is successful, a thorough sequencing of a
human genome will not be possible because methods for preparing,
purifying and ordering DNA fragments are not available to provide the
necessary fragments for sequencing. However, advances in technology
are being developed which will allow complete and cost-effective
sequencing. These new methods need to be automated to provide a
reference sequence and also to provide the ability to make comparative
studies both within the human population and between humans and other
animals. Close collaboration between engineers and molecular
biologists can provide efficient, reliable methods that use the
capabilities of automated instrumentation to fullest advantage. It
should be possible to reduce the total cost of sequence determination
to one tenth, one hundredth, or less of the cost of current manual
methods. Appendix A gives details.

4) Computer facilities to organize, disseminate and interpret the
sequence of the human genome must be supported. At present there are
several organizations which act as repositories for sequence data and
human gene information (such as Genbank at Los Alamos, the National
Library of Medicine, the Yale human gene map, the European Molecular
Biology Organization, the Japanese National Institute of Genetics).



Easy cross-reference and cross-access between data bases must be
assured. Algorithms and programs to interpret the data are in very
early stages of development. We need programs to identify accurately
DNA sequences corresponding to genes and their control. At present we
cannot identify unambiguously the signals to start messenger RNA
synthesis, to start protein synthesis, to remove introns and thus to
provide a protein sequence. When a DNA sequence predicts a protein
sequence, we need to be able to predict the protein shape, its function
and possible cellular or extracellular sites for its location.
Algorithms to identify the control elements for expression and
regulation of the genes (enhancers, repressors, etc.) are needed. DNA
sequences involved in chromosome organization, recognition and
regulation must be understood. Appendix B provides further details.
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B. DOE can and should organize and administer this initiative.

The Department of Enerqgy, extending back to its predecessor the
Atomic Energy Commission, has successfully managed many long-term and
complex technological programs. DOE has a history of coordinating such
projects through contracts with industries, universities and its own
laboratories. The size, interdisciplinary nature and long-term scale
of the human genome project, with the many technologies involved, fits
these experiences of DOE well. In addition, within DOE the mission of
the Office of Health and Environmental Research (OHER) is to understand
the health effects of radiation and other by-products of energy
production. This requires fundamental knowledge of the effects of
chemical and physical damage to the human genome.

The OHER mission in human genetics has led to the initiation and
support of a number of research and technological developments which
are closely linked to the human genome mapping and sequencing project.
These include basic research on radiation and chemically-induced damage
of DNA and on the repair of DNA damage. Risk analyses of the effects
of the deleterious agents on cancer and genetic diseases have also been
done. DOE-supported studies in genomic mapping, chromoscme isolation,
and sequence data management and analysis are even more directly
related. Thus, this initiative is a natural outgrowth of current
DOE-supported research. Furthermore, the initiative will make
important contributions to other DOE missions, including environmental

waste control, improving energy production, producing and utilizing

biomass, and so forth.

The National Laboratories can be an important resource for the
genome project. They are currently furthering the goals of the project
by providing sorted chromosomes, genetic probes and clone libraries.
Genbank at Los Alamos is presently supported by NIH, DOE and other

-agencies as a computer facility for organizing and disseminating DNA

sequence information. The National ILaboratories are experienced in
providing technical and engineering support for large projects, and for
efficient development of technological tools. The completion of a
physical map of the human genome, the organization of associated clone
libraries and the production of a reference sequence produce a tool.
This tool can be the most powerful technological resource available for
the understanding of biology and medicine.

The Office of Health and Environmental Research seeks a fundamental
understanding of the health effects of radiation and of energy-related
chemical toxicants, so as to apply its findings to the protection and
improvement of human health. The complete sequence of a human genome
provides a reference base against which perturbations induced by the
environment will be recognized and measured. A long-term interest has
been the monitoring of somatic cell and germ cell damage caused by
radiation and by other toxic agents such as chemical mutagens.



Support for Research Related to the Human Genome

Please provide FY 1986 and FY 1987 budget information for support in the
following catepories:

I.

II.

III.

Catepory

Focused Research

Selected Examples

Major projects directed toward mapping or

sequencing an entire chromosome or genome

A. Human
B. Non-Human

Basic Research

Fundamental studies directed toward'mapping a.
specific gene and its control elements, or

sequencing a DNA fragment of equivalent size

A. Human
B. Non-Human

Research Infrastructure

A. Biological Methods Development

B. Instrumentation Development

C. Informatics

D. Biological Databases

E. Biomaterials Resources

Cloning techniques, identification
of new restriction enzymes, or DNA
separation methodology

Automated DNA purification,
Southern blot apparatus, or new or
improved chromosome or DNA sorting
methods such as electron tunneling
or mass spectroscopy

New algorithms for database
search, retrieval, and analysis;
methods for protein structure or
function prediction; or
identification of genetic control
elements

Databases such as GenBank®,
the Protein Identification
Resource, or BIONET

Stock and strain collections such
as the ATCC Probe and Gene Library
Repositories, the Human Mutant
Cell Repository, and the Aging
Cell Repository
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II.

Current and Future Funding Levels

Please provide aggregate budget information on levels of support in
FY 1986 and FY 1987 using the following support mechanisms:

A. Direct laboratory support (Intramural)
B. Grants
C. Contracts

Please provide aggregate funding level estimates for FY 1988 and
FY 1989 in the following categories:

A. Budgeted activities
B. Activities that may be undertaken if new funds become available



Domestic Policy Council
Working Group on Biotechnology
Subcommittee on the Human Genome

May 8, 1987
Minutes
Attendees:
Dr. Wyngaarden (Chairman) Dr. Kirschstein
Dr. Danello Dr. Noonan
Ms. Levinson (Exec. Sec.) Dr. Smith
Dr. Kingsbury Dr. Wooley

The first meeting of the Domestic Policy Council, Working Group on
Biotechnology, Subcommittee on the Human Genome, opened with a decision to
name the group as aforesaid. Dr. Wyngaarden, Subcommittee Chairman,
described the function of the subcommittee as that of "coordination" of the
activities of multiple federal agencies with an involvement in genetic
mapping and sequencing. He noted that although the central planning
function will remain in each individual agency, the subcommittee will
provide a forum in which plans can be constructed based on up-to-date
information contributed by each member agency.

The purpose of this first meeting was to discuss: 1) agency definitions of
“mapping and sequencing,' and 2) information concerning related agency
activities to be presented to the Domestic Policy Council. Questions
developed by Dr. Kirschstein were used to construct a request for
information that will be sent to member agencies as well as the following
federal agencies: the National Bureau of Standards; Veterans'
Administration; Centers for Disease Control; Alcohol, Drug Abuse, and Mental
Health Administration; and Department of Defense.

Members of the subcommittee agreed to respond to this request quickly so
that Dr. Kingsbury can present preliminary figures at the May 28 meeting of
the Domestic Policy Council.

Dr. Kingsbury will transmit the same request to several research-supporting
. foundations and institutions including the American Cancer Society, March of
Dimes, and Howard Hughes Medical Institute. Dr. Noonan, representing the
Office of Management and Budget, approved NSF distribution of the request
for information. (See attached)

(Subsequent to this meeting, an earlier decision by the Environmental
Protection Agency not to participate in subcommittee activities was reversed
per a telephone conversation between Ms. Levinson and Dr. Jack Fowle, who
will serve as EPA's representative.)

There was a brief discussion regarding the announced intent of a private
party to copyright sequence data and a possible response by the
subcommittee.
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Support for Research Related to the Human Genome

Please provide FY 1986 and FY 1987 budget information for support in the
following categories:

Catepory Selected Examples
I. Focused Research Major projects directed toward mapping or

sequencing an entire chromosome or genome

A. Human

B. Non-Human
II. Basic Research Fundamental studies directed toward mapping a
specific gene and its control elements, or
sequencing a DNA fragment of equivalent size
A. Human
B. Non-Hunan

IIX. Research Infrastructure

A. Biological Methods Development Cloning techniques, identification
of new restriction enzymes, or DNA
separation methodology

B. Instrumentation Development Automated DNA purification,
Southern blot apparatus, or new or
improved chromosome or DNA sorting
methods such as electron tunneling
or mass spectroscopy

C. Informatics New algorithms for database
search, retrieval, and analysis;
methods for protein structure or
function prediction; or
identification of genetic control
elements

D. Biological Databases Databases such as GenBank®,
the Protein Identification
Resource, or BIONET

E. Biomaterials Resources Stock 'and strain collections such
as the ATCC Probe and Gene Library
Repositories, the Human Mutant
Cell Repository, and the Aging
Cell Repository
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II.

Current and Future Funding Levels

Please provide aggregate budget information on levels of support in
FY 1986 and FY 1987 using the following support mechanisms:

A. Direct laboratory support (Intramural)
B. Grants
C. Contracts

Please provide aggregate funding level estimates for FY 1988 and
FY 1989 in the following categories:

A. Budgeted activities
B. Activities that may be undertaken if new funds become available



Responses should be addressed to:

James B. Wyngaarden, M.D.

Director, National Institutes of Health
Shannon Building, Room 124

9000 Rockville Pike

Bethesda, MD 20892

If you or your staff have any questions pertaining to this request, they
may be referred to Ms. Rachel E. Levinson. Ms. Levinson may be reached by

telephone on (301) 496--1454.

Thank you for your attention to this matter.

Sincerely yours,

David T. Kingsbury, Ph.D.
Associate Director for
Biological, Behavioral, and
Social Sciences

National Science Foundation

Enclosure



National Institutes of Health

Activities Related to Mapping and Sequencing the Human Genome

I. Focused Research

Nearly every National Institutes of Health (NIH) institute and division is
involved in research directed toward the analysis of complex genomes. At
this time, however, there are no major projects directed toward mapping or
sequencing an entire chromosome or genome. Rather, the bulk of the research
effort, consisting of roughly 3,000 projects, falls into the basic research
category.

II. Basic Research

NIH support of research relevant to genome mapping and sequencing ranges
from viral and bacterial genetics through human genetics. Examples of the
types of relevant research projects supported by NIH are described in
Attachment I.

ITI. Research Infrastructure
A. Biological Methods Development
B. Instrumentation Development

Because it was not practical to identify individual projects aimed
at biological methods development or instrumentation development,
estimates of the funds provided for these subcategories were based
on a representative sample drawn from the larger basic research
category and added to support for known discrete projects.

C. Informatics

The NIH has a long-standing commitment to cataloguing biological
information in order to maximize its usefulness to the public as
well as to the biomedical community. The recent interest in
manipulating molecular biology data has provided a new focus for
informatics research. Specific projects under way in the NIH
intramural program include an initiative developed by the National
Library of Medicine to increase ease of access to and interaction
with several molecular biology databases.

D. Biological Databases
E. Biomaterials Resources
NIH has established and continues to fund a number of biological

databases and biomaterials resources that support mapping and
sequencing efforts including GenBank®, BIONET, the Hybridoma



Data Bank, the Protein Identification Resource, the ATCC Cell/Tumor
Bank, the Human Genetic Mutant Cell Repository, the Human DNA Probe
Repository, and the Human Gene Library. The NIH National
Biomaterial Resource Committee has been established in order to
coordinate the NIH approach to management and funding of these
resources.

F. Additional Related Activities

Other activities include NIH sponsorship of workshops directed
toward promoting progress in genomic analysis. For example, in
February 1987, the National Institute of General Medical Sciences
and the European Molecular Biology Laboratory cosponsored a
workshop addressing the future database needs of researchers in the
life sciences. On May 18, 1987, the National Institute of Child
Health and Human Development convened a number of NICHD
investigators working on mapping chromosome 21 together with
experts in various aspects of gene mapping to discuss what the
Institute might do to foster and coordinate this effort. The
purpose of this workshop was not to construct a map of the entire
chromosome, but to share recent research methods and results
pertaining to particular loci of interest to the Institute.
Financial support for these activities was included in the category
best describing the purpose of the workshop.

Future Research Plans

Last October, the Advisory Committee to the Director, NIH, was asked to
weigh the relevant scientific and policy considerations attendant to mapping
and sequencing the human genome. A major concern raised at that meeting was
the need for improved information handling techniques. Additional
recommendations of the Advisory Committee concerning the science required to
promote progress in mapping and sequencing addressed the following needs:

. Better techniques for cloning large DNA fragments;
. Improved chromosome sorting methods; and
. Need for cosmid libraries, more genetic . markers and highly specific

restriction enzymes.

' Following the meeting of the Advisory Committee, an NIH working group was
established to examine recommendations put forward at the Advisory Committee
meeting. Working group members are: Dr. James B. Wyngaarden, Director,
NIH, working group chairman; Dr. Ruth L. Kirschstein, Director, National
Institute of General Medical Sciences; Dr. Donald A.B. Lindberg, Director,
National Library of Medicine; Dr. Betty Pickett,-Director, Division-of
Research Resources; Dr. Duane F. Alexander, Director, National Institute of
Child Health and Human Development; Dr. Jay Moskowitz, Associate Director
for Program Planning and Evaluation; Dr. George E. Palade, Yale University
School of Medicine, Advisory Committee Member; and Ms. Rachel E. Levinson,
Office of Program Planning and Evaluation, Executive Secretary.



The working group has developed two program announcements intended to convey
to the scientific community the particular interest at NIH in research
related to the analysis of complex genomes. These announcements were
published in the May 29, 1987 issue of the NIH Guide For Grants and
Contracts.

Program Announcement 1.

New Approaches to the Analysis of Complex Genomes

Examples include but are not limited to:

° Advanced techniques for obtaining pure preparations of
individual chromosomes and their fragments;

] Improved methods for cloning large fragments of DNA; and

® Enhanced DNA sequencing technologies, including
automation of DNA isolation and purification.

Program Announcement 2.

Computer-based Representation and Analysis of Molecular Biology Data

Directed toward improving computerized manipulation of the data
generated by molecular biologists via:

. Improved database design for searching, analyzing,
transmitting, and storing biological information;

[ Development of software algorithms for predicting
structure and/or function based on primary sequences of
nucleotides and amino acids;

° Specialized computer hardware for economical and rapid
comparisons of large volumes of biological data; and

. Establishment of expert system techniques for automatic
generation of annotation information and creation of
linkages among related databases via explicit pointers or
a common vocabulary.

Applications in response to these announcements will be reviewed in
accordance with the usual NIH peer review procedures. Publication will
include contacts representing each BID. Although no central pool of funds
has been set aside to support these initiatives, individual institutes have
established similar program plans and their funding decisions will be made
accordingly.

The final budget category contains projected costs for those activities that
would be undertaken if new funds became available. These activities include
both expansions of existing programs and new initiatives, examples of which
are described in Attachment I.



Attachment I.

Selected Examples

Current Activities

The following are examples of research under way that involves either
chromosome mapping or DNA sequencing:

Past research on Huntington's disease (HD) concentrated on the
search for the causative gene in order to predict whether an
individual was affected, prior to bearing children who might also
be at risk for this lethal neurodegenerative disease. Recently,
the HD gene was localized to chromosome 4, and markers were h
determined that make it possible to identify disease carriers and
affected individuals.

The NIH supports the National Flow Cytometry and Sorting Resource
at Los Alamos National Laboratory. In order to £ill the large
number of requests for individual chromosomes from investigators
all over the country, DNA libraries of flow sorted chromosomes were
constructed to increase the supply of the genetic material. Many
of these scientists are searching for genetic probes from specific
chromosomes, while others have requested chromosomes from a
particular cell strain that they are studying to determine sites of
viral integration or genetic rearrangement.

Planned New or Expanded Initiatives

Plans for Fiscal Year 1987 indicate modest expansion of these programs
and initiation of new projects including the following:

The NIH is developing an experimental online computer system for
simultaneous access to several databases containing information on
published DNA sequences, the availability of cDNA-probes and
markérs that can be used to locate genes, and other resources.

The system is being tested on molecular biologists in the NIH
intramural program to make it efficient and easy to use.

Since the development of the "super mouse" in 1983, the transgenic
mouse model has been applied to a wide variety of studies including
normal gene expression, correction of genetic defects through the
introduction of normal genes, and genetic control of immune
response. The applications of this .animal model system to -
different disease problems are expected to increase rapidly as more
laboratories become expert in this new technology.



Future Opportunities

If additional new funds become available, several important areas of
opportunity will be explored. These include:

Recombinant DNA linkage studies of retinoblastoma and inherited
retinal degenerative disorders, such as retinitis pigmentosa, have
resulted in great progress in defining the genetic loci indicating
a predisposition to these conditions. Additional funding would
assist in isolation of the genes involved and the determination of
the DNA sequences within these genes that may lead to a more
defined understanding of the mechanism of the disease process.

The NIH currently supports efforts to identify, map, and sequence
genes responsible for the etiology of Alzheimer's disease. This
activity, which is proceeding at a modest level, could be
stimulated with additional funds.

The gld gene causes the autoimmune disorder, systemic lupus
erythematosus (SLE), in mice. This gene is on a part of the mouse
chromosome 1 which corresponds to the long arm of the human
chromosome 1. With additional support, the mouse gld gene will be
compared with the homologous human gene in normal people and
patients with SLE.



National Institutes of Health

Agency Support for Research Related to the Human Genome
(Dollars in thousands)

Fiscal Year 1986
I. Focused Research
NA
II. Basic Research
Fiscal Year 1986
A. Human  $91,123 B. Non-Human  $202,761

ITII. Research Infrastructure

A. Biological Methods Development $ 29,388
B. Instrumentation Development 200
C. Informatics 511
D. Biological Databases 1,500

E. Biomaterials Resources 9,500



National Institutes of Health

Agency Support for Research Related to the Human Genome
(Dollars in thousands)

Fiscal Year 1987 (est.)
I. Focused Research
NA
II. Basic Research
A. Human $97,000 B. Non-Human $215,800

ITII. Research Infrastructure

A. Biological Methods Development $31,280
B. Instrumentation Development 240
C. Informatics 600
D. Biological Databases 1,500

E. Biomaterials Resources 9,500



National Institutes of Health
Agency Support for Basic Research Related to the Human Genome*

Current and Future Funding Levels
(Dollars in thousands)

I. Current Funding Levels by Mechanism
Fiscal Year 1986

A. Direct Laboratory Support (Intramural) $ 43,716

B. Grants 180,852
C. Contracts 22,041
D. Training 47,275
Total 293,884

Fiscal Year 1987 (est.)

A. Direct Laboratory Support (Intramural) $ 46,607

B. Grants 194,120
C. Contracts 24,711
D. Training 47,362
Total 312,800

II. Future Funding Level Estimates
A. Budgeted Activities
Fiscal Year 1988 $336,000
Fiscal Year 1989
B. Activities that may be undertaken if new funds become available
Fiscal Year 1988 $ 45,000

Fiscal Year 1989

*Research Infrastructure not included



Organizations to be contacted regarding activities related to mapping and
sequencing:

Howard Hughes Medical Institute
Dr. George Cahill

American Cancer Society
March of Dimes
AIRI Association of Independent Research Institutes?

Hereditary Disease Foundation
Dr. Nancy Wexler

Cystic Fibrosis Foundation
Committee on Huntington's Disease
National Huntington's Disease Association

Association of Biotechnology Companies
Dr. Bruce Mackler

Industrial Biotechnology Association
" Dr. Alan Goldhammer, Richard Godown

Office of Technology Assessment
Dr. Patricia Hoben

National Neurofibromatosis Foundation

Retinitis Pigmentosa Foundation

National Tay-Sachs and Allied Diseases Association

National Association for Sickle Cell Disease

National Genetics Foundation

vNational Association for Down Syndrome

Myasthenia Gravis Foundation

National Hemophilia Foundation

Muscular Dystrophy Association S e -

Alzheimer's Disease and Related Disorders Association



Dear :

As you know, recent technological advances in molecular biology have
brought about the possibility of embarking on a major effort to map and
sequence the entire human genome. As a result, discussions as to the
wisdom and feasibility of such an initiative are taking place among the
Federal agencies with responsibility for funding and conducting research
related to the analysis of complex genomes. These agencies are awaré.that
representatives of the academic research community and the private sector
are important participants in such activities, as are the non-profit
organizations that support research and educational functions relevant to

genetic diseases.

Recently, the United States Domestic Policy Council Working Group on
Biotechnology established a Subcommittee on the Human Genome. The
Domestic Policy Council is a cabinet-level body charged with advising the
President on such matters as biotechnology and economic competitiveness.
This interagency Subcommittee, chaired by the Director of the National
Institutes of Health, has undertaken a review of current and future
_sgpport for research related to the mapping and DNA sequencing of complex
genomes. Because of the important role of many institutions outside of
the Federal Government, we feel that it is critical that this review
include information on pertinent research supported by these - -
organizations. Therefore, we would appreciate your participation in this

effort by completing the enclosed questionnaire.
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Workshop Report

Repository, Data Management, and Quality Assurance Needs
for the National Gene Library and Genome Ordering Projects

26 - 27 August 1987

Sponsored by:

Office of Health and Environmental Research, U.S. Department of Energy
and the '
National Institutes of Health



SUMMARY

This report is an overview of a meeting on Repository, Data Management, and Quality Assurance Needs
for the National Gene Library and Genome Ordering Projects. The meeting was cosponsored l?’ the U.S.
. Department of Energy and the National Institutes of Health. It was held in Pleasanton, California and hosted by
the Biomedical Sciences Division of Lawrence Livermore National Laboratory. Dr. Anthony V. Carrano was
the organizer. The meeting consisted of four sessions over 1% days on 26 - 27 August 1987. The agenda is
" enclosed as appendix 1. The 27 attendees included representatives from the Department of Energy, National
Institutes of Health, Howard Hughes Medical Institute, Office of Technology Assessment, as well as from
university and government laboratories. A list of participants is given in appendix 2. The attached report
summarizes the discussions and lists the recommendations agreed upon by the majority of those present. In
most cases, the agreement was unanimous, A set of cassette tapes are available that cover the last three sessions
of the meeting. Unfortunately, background noise reduces their quality. The meeting served as a mechanism to
bring the government agencies to date on the status of three DOE-funded efforts on human genome ordering,
the National Gene Library Project and the status of the NIH-funded repository at ATCC. The discussions
highlighted many of the issues unique to the gene library and genome ordering efforts and provided specific
recommendations for future funding,



THE NATIONAL GENE LIBRARY PROJECT

- Drs. Larry Deaven (Los Alamos National Laboratory) and Marv van Dilla (Lawrence Livermore
National Laboratory) described the current status of the National Gene Library Project. The construction of a
complementary set of chromosome-specific small insert libraries in Charon 21A has been completed. Both the
Eco RI and Hind I libraries have been deposited in the repository at the American Type Culture Collection
(ATCC, Rockville, MD). Both laboratories have concentrated their efforts on developing the methodology to
establish large insert libraries for each of the human chromosomes. The glan for this Phase of the project is to
construct both lambda and cosmid partial digest libraries for the sorted chromosomes. Charon 40 has been
proposed as the lambda vector. Livermore is exploring the use of two cosmid vectors, c2RB and the Lorist
series developed by Peter Little (United Kingdom). Los Alamos is exploring the pCos series developed by Hans
Lehrach (United Kingdom) and a new vector developed by Glen Evans (Salk Institute).

Molecular weight of the DNA from sorted chromosome and efficiency of cloning into cosmids are the
main issues to be resolved. High molecular weight DNA seems to be attainable from chromosomes isolated in a
polyamine buffer. The need to do partial digests means that more chromosomes have to be sorted since some
of the extra DNA will be used to optimize the digests. Cosmid vectors with double cos sites seem to be the most
useful since they eliminate the need to size select the DNA prior to ligation and cloning. Initially, each
laboratory (Livermore and Los Alamos) will clone half the human genome, It was estimated that it will take
three years to complete this phase of the project. '

Both laboratories expressed concern about the lack of cooperation from some sources in obtaining
hybrid cell lines for use in the library project. A more serious issue has been the lack of feedback from the user
community of the Phase I libraries. Despite requests that are made either by phone, letter, or both, the
gercentage of users responding has been very low. This might indicate that many of the "users" are collectors.

pecific recommendations that would benefit the National Gene Library Project were discussed.

RECOMMENDATIONS

1. Funding should be made available to establish a set of stable monochromosomal hybrids
for each of the human chromosomes.

2. A repository should be established for such hybrids.

3. A data base should be established for both the libraries in the repository and those still
maintained by the originator.



PHYSICAL MAPPING

The status of the Office of Health and Environmental Research/U.S. Department of Energy
(OHER/DOE) physical mapping efforts funded at Columbia University, Los Alamos and Lawrence Livermore
National Laboratories were described by Drs. Cassandra Smith, Ed Hildebrand, and Tony Carrano,
respectivetlg. The goal of the Columbia effort was to make restriction m:]ps of several genomes using restriction
enzymes that cut DNA infrequently (e.g. Not I, Sfi I). Pulsed-field electrophoresis is used to separate the
fragments and each fragment 1s visualized by Southern blotting using unique or repeat sequence probes. The
group has' essentially com]:l;:ed the restriction map of E. coli and S. pombe. Work has begun on human
chromosome 21. A major limitation for the human chromosome mapping is the lack of or inability to obtain
useful chromosome-specific probes to link the large fragments. :

The Los Alamos effort focuses on human chromosome 16, Ed Hildebrand discussed the ability to obtain
high molecular weight DNA from sorted chromosome 16 and the discrimination of repetitive DNA elements
from this chromosome on a transverse-field electrophoresis system. The group plans to pursue the
clectrophoretic separation of large fragments and to model, and perhaps test, the hy%ndization approach for
cosmid overlap detection suggested by Hans Lehrach, Tony Carrano presented the Livermore effort which
focuses on human chromosome 19. Their program has four major research components: computations and
modeling, vector construction and cloning, cosmid ordering, and large fr:gment mapFing. The modeling efforts
have pointed out the inefficiencies of the lambda or cosmid ordering schemes employed by Maynard Olson’s
group for yeast and Sidney Brenner’s group for the nematode. This might be accomphished more efficiently by
generating a large ‘gapprox. 70 - 150) number of restriction fragments for each insert, The group has developed
a high-resolution fluorescence-based restriction fragment analysis system to discriminate fragments from a
four-cutter digest. The apTroach uses a new chemistry and the Applied Biosystems DNA Sequencer. The
computations team is developing new software to facilitate both fragment identification and overlap analysis.
New vectors have been constructed to optimize cosmid cloning and to create Not I linking probes for large
fragment analysis. Approximately 25 unique sequence probes have been collected for chromosome 19,

There was considerable discussion both during and after the presentations both on points of clarification
and to express support for the programs presented. .

RECOMMENDATIONS

1. Establish a repositoi'y of chromosome-specific DNA pfobes for mapping the large
fragments by transverse-field electrophoresis.

2 Establish sets of chromosome-specific linking probes (e.g. Not I or Sfi I-based) for
linking the large fragments together.



PHYSICAL REPOSITORY

The status of the library and probe repository at ATCC was presented by Dr, Bill Nierman, The
repository is in its second contract year of a five year contract. The repository receives material, verifies its
authenticity, and sends material out to qualified investigators. Lﬁlﬁme from receipt of material to distribution
is about 70 days and most of this time 1s spent in verification, All Phase I libraries are now in the repository.
More than 630 library aliquots have been mailed to users. Probes have been solicited from the originators. The
response has beenagz)w and inadequate. Of 422 probes solicited, only 118 have been sent to the repository
(approx. a 30% response). The presumed reasons for the lack of response include fear of competition and the
prfgrietary nature of industry originated probes. Of the probes received, about 20% were found not to verify
with the author’s description. The ATCC cosls_i&)er clone is about $1500 for the five-year period of the contract.
The majority of the cost is associated with verification procedures. :

The user community for both the libraries and the probes include universities (most users), government
laboratories, and industrK fewest users). The only other repository that exists worldwide is a small one
operated in Japan by the Ministry of Health. Two Eroblcms have arisen with the user community. Laboratories
have reported inconsistent titers with the Phase I libraries. It appears that this is due to the lack of a standard

rotocol to determine titers. Also many recipients have stored their libraries at -20°C which is known to cause
lg)ss in the titer. To minimize titer problems, the ATCC has been mailing a storage and titer protocol with each
rary.

RECOMMENDATIONS

1. Examine ways to automate the verification procedures for received material to minimize
the associated costs.

2, Expand the repository to include the physical output (i.e. contigs, clones, and probes)
that will be derived from the chromosome ordering efforts.



RESEARCH NEEDS GENERATED BY THE LIBRARY AND ORDERING PROJECTS

Following the above presentations, an open discussion session was chaired by Dr. Cantor, The discussion
was lively and constructive. It focused on sources of DNA and repository requirements. The discussion is best
summarized with a list of recommendations.

RECOMMENDATION;

1 A mechanism should be established to insure that current recipients of government
:ungii:g make any hybrid cell lines and probes available that are derived from that
unding,

2, Journals should take a stronger position in accepting publications on probes and
libraries. Acceptance should be contingent upon deposition of the reported materials in a
repository.

3. Any new hybrid cell lines established should have the human donor material available in
another form, e.g. as fibroblast or lymphoblast cultures, If at all possible, do not use
hybrids for which normal cells or DNA from the donor is not available.

4, Monochromosomal hybrid cell lines should be established from family kindreds, even if
only two generations (i.e. parents and children) are available. Perhaps the "Utah"
kindreds would be an appropriate source of material. ‘

5. Avoid the use of lymphoblast cell lines for Phase II libraries, if‘possible. Rearrangements
in these lines are thought to occur at high frequency. , :

6. Establish a repository and data base for all hybrid cell lines.

7 Only contigs above a minimum size should be stored in the ordering fepository. No-
' consensus was reached on minimum size requirements but suggestions ranged from 100 to
300 kb. Only a 1X contig coverage should be stored..

8. Any ordered DNA segments to be placed in the repository should be coupled to the
genetic map, i.e. have either an RFLP or a gene assigned to it. :

9. Southern blots. of large fragments from transverse field electrophoresis separations
- should be mass produced and stored in a repository for other users. This could be a
commercial venture.

10. Dot blots of each contig could also be mass produced and stored in a repository. This
should decrease the demand on the repository to store and supply the original clones.

11,  Establish a set of normalized human ¢cDNA libraries. These would be especially useful for
map closure, Consensus was not reached on tissue of origin of the cDNAs.

12. A confract should be considered to support a pilot project for the repository and data
base for the ordering efforts. The ordered library of E. coli established by Kohara might
serve as test material. The goals would be to develop costs and clone management
expertise as a prelude to the creation of a larger repository.



ACCURACY AND QUALITY ASSURANCE

A gcncral discussion on quality control was chaired by Dr. Keith McKenney. Quality control on the
National Gene Library project is restricted both l:{ available funding and by the decision of the Advisory Boards
to this project. At present %uality control is performed in a number of ways. Cell lines used for sorting are
karyotyped by banging to determine whether the banding Battcrns are normal. A flow karyotype is also
performed to determine whether their are any major shifts in DNA content. Both of these methods only insure.
a%ainst large (megabasz rearrangements or deletions. Sorting purity is determined by a mathematical analysis
of the histograms from the sorted regions. Further analysis is performed on the constructed libraries by the user
community. Probes are picked from the libraries and verified as to chromosome of origin by Southern
hybridization against DNA from appropriate reduced hybrids or by in situ hybridization.

For the physical repository at ATCC, quality assurance is ger,formcd in several steps. Transformation of
DNA into host cells is completed, if necessary. A one liter plasmi a/Iphage preparation is established to dispense
the DNA for storage and distribution. A restriction fragment analysis is then completed and the depositor is
allowed 60 days to verify the analysis. After this time, the material is available for distribution. A sample
product sheet distributed to users is enclosed as appendix 3.

Quality assurance for ordered material is a new concept. One suggestion for quality assurance was to
develop independently a cosmid as well as a large fragment restriction map. If the ordering were done correctli/,
the two maps should be consistent. This could be done by placing the ordered cosmid contigs on a previously
ma;:Ecd set of large fragments. It was strongly felt that there should be no formalized quality control program
for the ordering efforts. Each laboratory should be responsible for their own quality control.

) RECOMMENDATIONS

1. Additional funding should be provided for increased quality control of the Phase II effort of the
National Gene Library Project. Most of this effort would be required in characterization of the
libraries to insure purity.

2, Journals should play a major role in assuring quality control by increasing the stringency of
their acceptance criteria for probes and libraries. Proper and sufficient characterization
information should be provided.

3. An ovei‘sight committee to oversee the global issues related to the national ordering effort
should meet frequently to minimize redundancies and insure cooperation.



DATA MANAGEMENT

Dr. Donna Maglott presented the data management methods for the ATCC probe and library
repository. Data are maintained in a relational data base program called "RDB" on a Micro-VAX 2 with the
VMS operating system. The data base is accessible to the public via modem and is currently the only public
access re[i]ository data base. The various fields (relations) in the data base are included as appendix 4. The data
base has had minimal usage from the user community as yet but it is anticipated that usage will dramatically
increase as more information is stored.

Dr. Ken Kidd described the Yale-New Haven human gene mapping data base funded by the Howard
Hughes Medical Institute. The data base uses the "SPIRES" data base management system and currently
includes the ability to interrelate five independent data bases. They include a data base for literature references,
for map information given as chromosome and band location, for mapped probes, for mapped RFLPs, and for
names of people to contact for probes. A?cndix 5 contains a samﬂllt]a uery. Recently, it has been possible to

uery the Mendelian Inheritance in Man data base in Baltimore while logged into the New Haven data base.
ver 3755 individual clones are listed in the probe data base and the rate of acquisition is more than 100 per
month. The data base is considering expanding to include information on contigs. ’

Dr. Jim Leighton described the computer networking facility emanating from Lawrence Livermore
National Laboratory termed the Energy Sciences Network (F‘éNE’I‘). is network was established by DOE to
support applications in several areas including health and the environment and is anticipated to be operational
in 1-2 years. It has connectivity with other agencies (e.g. NSF, NASA, and DOD) and is international in scope
with nodes in West Germany, Japan , and Switzerland. Each node would be sx:Kportcd by a Micro-VAX. °
Approximately 100 such nodes are being established in the United States. Dr. Walter Goad is the biological
sciences representative to the advisory committee for this network. It would be feasible to link laboratories
performing ordering and mapping work through this network to provide a rapid means for data sharing.

In the concluding remarks to the meeting, Dr. Cassandra Smith emphasized the data management
problems associated with handling the probes, cell lines, restriction fragment data and experiment status
reports. She emphasized a need for coordination to establish a uniform data base of information on
experimental data and a mechanism to communicate these data to collaborators. The group felt that personal
cox;xEutcrs and existing software could manage these problems. Dr, Walter Goad indicated that a separate
smaller meeting should be held to identify the problems of individual laboratories and to define possible
solutions. A szgarate written document on automated sample management was submitted by the Robotics
Group at Los Alamos National Laboratory for inclusion in this report (Appendix 6).

RECOMMENDATIONS

1, Additional funding should be provided for increased quality control of the Phase II effort of the
National Gene Library Pngect. The increased funding would support an additional FTE in each

laboratory (Los Alamos and Livermore) for characterization of the libraries.

2, A data base for restriction fragment data on cosmid clones and large fragments should be
established.

3. A standard nomenclature should be developed for the informatics aspects of the genome
ordering efTort.

4, A smaller workshop should be conducted in the near future to deal specifically with the
problems of intra-laboratory data management and inter-laboratory data exchange,



Agenda

DOE-NIH Meeting on Repository, Data Management, and Quality Assurance Needs
for the National Gene Library and Genome Ordering Projects

26 - 27 August 1987

Host : Lawrence Livermore National Laboratory

Location: Courtyard Hotel by Marriott, Pleasanton, CA.

26 August, Wednesday

8:00 a.m.
8:15

8:30
9:00
9:30
10:00
10:15
10:45
11:15
11:30

1:00 p.m.
1:05
1:35

3:00

Convene/Continental Breakfast

Introduction. and Presentations

National Geng Library Project Status - LANL
National Gene Library Project Status - LLNL
Status of Physical Mapping Effort at Columbia
Coffee Break

Status of Physical Mapping Effort at LANL
Status of Physical Mapping Effort at LLNL
General Discussion |

Group Lunch Buffet

Physical Repository Status and Needs
Status of ATCC Library and Probe Repository

Open Discussion

"Needs generated by Phase Il libraries

Needs generated by genome ordering efforts

Costs
Coffee Break

Conference Room A
B. Gledhill, Chair

B. Barnhart

J. Willett

A. Carrano

L. Deaven

M. van Dilla

C. Smith

E. Hildebrand

A. Carrano

Lounge Area

C. Cantor,Chair

- W. Nierman
- All

(over)



3:30 Accuracy and Quality Assurance

Proposed quality control for
Phase I libraries.

3:45 Discussion of Library Quality Control
4:15 Quality Control for Physicél Repository
Wﬁat Is currently done at the ATCC.
4:30 Discussion of Repository Quality Control
5:15 Discussion of Physical Mapping Quality Control

What should be done?
Who should do it?
Associated costs?

5:45 Adjourn for day/ Dinner at local restaurants

27 August, Thursday

'8:00 aam Convene/Continental Breakfast

8:30 Data Management Status and Needs

8:35 ATCC Library and Probe Data Management
9:05 The New Haven Data Base

9:35 Networking at the LLNL MFE Computer Center
10:05 Open Discussion |

Data handling within each laboratory

K. McKenney, éhair

L. Deaven
M. van Dilia

All

w. Nierrria_n

All
All

Conference Room A
W. Goad, Chair

D. Maglott

K. Kidd

J. Leighton

All

Data communication among laboratories - networking

Data base coupling
11:30 Open Discussion/New or Additional Issues

12:00 Adjourn Meseting

All
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REPOSITORY OF HUMAN DNA PROBES AND LIBRARIES
AMERICAN TYPE CULTURE COLLECTION
12301 Parklawn Drive, Rockville, Maryland 20852

PRODUCT SHEET FOR

57592 - Freeze-dried E. coli contalnlng plasmid. Rehydrate with LB medium.
57593 - Purified plasmid DNA distributed as 5 ug in 50 ul TE.

NAME OF CLONE: pcD-hIL-4
LOCUS OR ANONYMOUS PROBE DESIGNATION iL4
NAME OF GENE PRODUCT: INTERLEUKIN 4
HGM8 MAP POSITION:
DEPOSITOR: TAKASHI YOKOTA
DEPARTMENT OF MOLECULAR BIOLOGY
DNAX RESEARCH INST OF MOLEC & CELL BIOL
901 CALIFORNIA AVENUE . v :
PALO ALTO, CA USA 94304-1104
'DEPOSITOR VERIFICATION RECEIVED: Y DETECTS RFLP:

de Jk de e e Aok k ke

NAME OF VECTOR: pcD 3123b INSERT SIZE IN KB: - .72
SOURCE OF INSERT DNA: cDNA COPY NUMBER: UNIQUE
FLANKING ENZYME SITES: MARKERS: ampR

REFERENCES :
PROC NATL ACAD SCI USA 1986;83:5894-98
NOTES:

Jul/23/87 Same as ATCC #67029

Jul/23/87 RESTRICTION DIGESTS ANALYZED IN 1% AGAROSE SHOW: BamHI--2.9
kb, 0.8 kb; HindIII--3.8 kb; PstI--2.3 kb, 1.6 kb; ClaI--3.8
kb; XhoI--2.8 kb, 0.9 kb

Aug/11/87 Exact restriction sizes are as follows: BamHI--2.98 kb, 0.86
kb; HindIII--3.84 kb; PstI--2.27 kb, 1.57 kb; ClalI--3.84 kb;
XholI--2.92 kb, 0.92 kb

SEQUENCE INFORMATION ' REFERENCE
Insert includes about 100 bp of poly A.
Contains complete coding sequence, GC tail PROC NATL ACAD SCI USA
between SV40 promoter and 5’ end of insert; 1986;83:5894-98

AT tail between 3’ end of insert and poly A.
Contains internal Nhel, EcoRV, PstI, Pwvull,
BglI, and EcoRI sites.

Additional information is available from the Repository Data Base (301-231-5586)



Record Name

CHARACTERIZATION_LIB
CHARACTERIZATION_PROBE

- CLASSES

CLONE
COUNTRIES
CROSS_REF
INVESTIGATOR
LIBRARY
NO_POLYMORPHISM
POLYMORPHISM
POPULATION
PROBE_REQUEST
RDBSFTIELDS
RDBSINDICES
RDBSRELATIONS

RDBSRELATION_FIELDS

RECIPIENT
REF
REFERENCE
SEQNOTE
TYPES

REPOSITORY DATABASE:

CURRENT SIZE

Occurrences
. 58
442

5
433
38
265
1199
72
91
832
24
804
154
37
27
262
1486
910
573
239
11

8437

Avg
Rec in
Bytes Used Bytes

9194 159
68761 156
75 15
62622 145
892 23
13475 51

175626 158

13921 193
11014 121
98345 . 118

595 25
46984 58
62062 403

3515 95
2376 88"
118162 451
43869 30
26998 30

120062 219
34008 142
263 24

948259

3 3
% Total Used
‘Frag Space Space

g 39 73
) 73 91
@ 1 2
/) 69 90
g 15 21
g 57 72
g 76 93
) 47 80
g 42 75
) 63 91
0 10 16
") 72 83
' 78 93
g 40 52
g 49 43
) 89 96
o 71 74
g 65 72
g 50 94
) 68 87
g 4 8



RELATIONS IN DATABASE

CHARACTERIZATION_LIB
CHARACTERIZATION_PROBE
CLASSES

CLONE

COUNTRIES

CROSS_REF
INVESTIGATOR

LIBRARY
NO_POLYMORPHISM
POLYMORPHISM
POPULATION
PROBE_REQUEST
RECIPTENT

REF

REFERENCE

SEQNOTE

TYPES

Fields for relation CHARACTERIZATION LIB

LIB_NO
CAT_NO
PURITY
LCOMMENTER
COMMENT_DATE
LIB_COMMENT
REF_NO

text size is 10

signed longword scale @
varying string size is 255
signed longword scale #
Date

varying string size is 240
signed word scale @

Fields for relation CHARACTERIZATION PROBE

COMMENT_DATE
PROBE_COMMENT
ID

REF_NO

B_CAT

Fields for relation CLASSES

CLASS
CLASS_CODE

Date

varying string size is 240
signed longword scale @
signed word scale @

signed longword scale @

signed word scale @
text size is 4



Fields for relation CLONE

PROBE
LOCUS
GENE_NAME
CHROMOSOME
CHROM_ARM
REGION_UPPER
REGION_LOWER
MAP_IN SITU
MAP_LINKAGE
MAP HYB_CELL
MAP_DOSAGE
DISEASE
VECTOR
INSERT_SIZE
INSERT_SITEL
INSERT_SITE2
TYPE_CODE
TISSUE
PROMOTER
ENHANCER
POLY_A
SEQUENCED
STATUS

ID

HOST

ID2

STAR

MARKER
VERIFIED
MAP_DELETION
ENDS
TOTAL_SIZE
IsoL_F LIB
B_CAT

D_CAT

Fields for relation COUNTRIES

COUNTRY_CODE
COUNTRY

Fields for relation CROSS_REF

GENBANK
MCKUSICK
EC_NO
YALE_PROBE
YALE_RFLP
OTHER_SYMBOLS
PROTEIN_GROUP
B_CAT

text size is 18
text size is 10
text size is 45
text size is 2
text size is 1
text size is 6
text size is 6
text size is 1
text size is 1
text size is 1
text size is 1
text size is 45
text size is 15
F_floating

text size is 10
text size is 10
signed word scale 0
text size is 20
text size is 1
text size is 1
text size is 1
text size is 1
text size is 1

- signed longword scale @

text size is 20

signed worxd scale @
text size is 1

text size is 16

text size is 1

text size is 1

text size is 16

signed word scale -2
text size is 10

signed longword scale @
signed longword scale @

text size is 3
text size is 20

text size is 6

signed longword scale 0
text size is 10

text size is 14

text size is 14

varying string size is 80
text size is 490

signed longword scale @



Fields for relation INVESTIGATOR

ID signed longword scale @
NAME_LAST text size is 25
NAME_FIRST text size is 15
NAME_INIT text size is 1
DEPARTMENT text size is 40
INSTITUTION text size is 40

ADDRESS text size is 490

CITY text size is 20
STATE_PROV text size is 4
COUNTRY_CODE- text size is 3
POSTAL_CODE text size is 10

PHONE text size is 20
USE_APPROVAL text size is 1
DEPOSITOR text size is 1
ATCC_CUST_NO signed longword scale @
CLASS signed word scale 0
RECORDED ‘ Date

DOCUMENTATION text size is 1

ADVISOR text size is 1

INFO_REQ text size is 1

Fields for relation LIBRARY

CAT NO . . signed longword scale @

LIB_NO text size is 10
CHROM_SOURCE © text size is 24

CHROMA » text size is 2

CHROMB text size is 2

ISOL_MTHD varying string size is 30
VECTOR . text size is 15

REST_ENZ text size is 10

DIGEST ' text size is 1
INSERT_SIZE F_floating

DATE_CLONED Date

NON_RECOMB : signed word scale -2
DATE_AMPL Date

GENOME_EQ F_floating

DIST_VOL signed word scale =2

ID signed longword scale @
TISSUE_SOURCE : text size is 45

TYPE_CODE : signed word scale #
COVER signed ‘longword scale @
INSI2 F_floating

TITER F floatlng

RECOMB_NO F floatlng

SORTING_QUAL varylng str1ng size is 240
HUMAN_CHROM_CELL : varying string size is 50
INPUT | CHROM _NO F_floating

STATUS ) text size is 1



Fields for relation NO_POLYMORPHISM

PROBE : text size is 18
ENZ_NO_POLYMORPH varying string size is 256
COMMENT varying string size is 2490
B_CAT signed longword scale @

Fields for relation POLYMORPHISM

text

PROBE size is 18

LOCUS text size is 10
REST_ENZ text size is 10
CONSTANT_BANDS text size is 25

ALLELE text size is 6
ALLELE_LEN1 F_floating

ALLELE_LEN2 F_floating

ALLELE_LEN3 F _floating

ALLELE_FREQ signed word scale -2
PIC_F signed word scale =2
STD_DEV F_floating

POP_CODE signed word scale @
DATE_UPDATE Date

COMMENT varying string size is 240
POP_SIZE signed longword scale @
REF_NO signed word scale @

Fields for relation POPULATION

POP_CODE signed word scale . 0
RACE text size is 1
COUNTRY_CODE text size is 3
'STATE_PROV text size is 4

AGE F_floating

DISEASE text size is 45

SEX text size is 1

Fields for relation

PROBE

1D

DATE_REQ
DATE_REC
LOCUS

SENT
RELEASED
DATE_APPR
REF_NO

REPLY
DATE_REPL
PARTIAL .
DATE_PARTIAL
B_CAT )
DATA_VERIF

PROBE_REQUEST

text size is 18

signed longword scale

Date
Date
text
Date
Date
Date

size is 140

signed word'scale g

text size is 1
Date
text size is 1
Date

signed longwotd scale

Date



Fields for relation

ATCC_CUST_NO
ID

DATE_SENT
ITEM

EXCHANGE

Fields for relation

PROBE
REF_NO
LOCUS
B_CAT

Fields for relation

AUTHOR
TITLE
JOURNAL
REF_NO

Fields for relation
SEQ_NOTES
REF_NO
B_CAT

Fields for relation

TYPE_CODE
DNA
COPY_NO

RECIPIENT

REF

REFERENCE

SEQNOTE

TYPES

signed longword scale

signed longword scale
Date

signed longword scale
text size is 1

text size is 18
signed word scale 0
text size is 10
signed longword scale

varying string size is
varying string size is

text size is 45
signed word scale 0

varying string size is

signed word scale @
signed longword scale

signed word scale @
text size is 7 '
text size is 6

(SRS

g



APPENDIX 5
SAMPLE OUTPUT FROM HHMI HUMAN GENE MAPPING DATA BASE.



HHMI

‘Human Gene Mapping Library

~ Sample Output from Databases



HGML Sample Entries

The following 4 pages present samples of entries that may be found
in three of the Human Gene Mapping Library databases -- in this

instance for PAH, or phenylalanine hydroxylase. The pages consist
of, in order: )

1. An entry in the MAP database.

2, An entry in MAP similar to 1 but
including the citations for
the cross-references to the LIT
database.

3. An excerpt (one probe-enzyme
system) from the PAH entry in
the RFLP database. System C is
described here.

4, Three entries in PROBE for the
probes references in 3.



Symbol: PAH
Entry from HGM Workshop, last updated 08/13/85

Marker name: phenylalanine hydroxylase
E.C. number: 1.14.16.1

Status: c

Map location: 12q22-q24.2

Assignment mode: RE, S

MIM number: 26160

References relevant to mapping: G0125, H0481, HO0655
Entry by local review committee, last updated 08/19/87:

Background references, possibly relevant to mapping: H2496,
H2973, H3884



Symbol: PAH
Entry from HGM Workshop, last updated 08/13/85:

Marker name: phenylalanine hydroxylase
E.C. number: 1.14.16.1

Status: Cc

Map location: 12g22-q24.2

Assignment mode: RE, S

MIM number: 26160

References relevant to mapping: G0125, H0481, H0655

Entry by local review committee, last updated 08/19/87:
Background references, possibly relevant to mapping: H2496,
H2973, H3884 '

REFERENCES IN LITerature DATABASE.

G0125 Lidsky, A.; Robson, K. J. H.; Chandra, T.; Barker, P.;
Ruddle, F. H.; Woo, S. L. C.
The PKU locus in man is on chromosome 12.
Am. J. Hum. Genet. 35:201A,1983. (abs. 599)

HO481 Lidsky, A. S.; Robson, K. J. H.; Thirumalachary; C.;
Barker, P. E.; Ruddle, F. H.; Woo, S. L. C.
The PKU locus in man is on chromosome 12.
~ Am. J. Hum. Genet. 36:527-533,1984.

HO0655 Woo, S. L. C.; Lidsky, A.; Law, M.; Kao, F. T.
Regional mapping of the human phenylalanine hydroxylase
gene and PKU locus to 12q2l->qgter. )
Am. J. Hum. Genet. 36:210S,1984. (abs. 622)

H2496 DiLella, A. G.; Kwok, S. C. M.; Ledley, F. D.; Marvit, J.;
Woo, S. L. C.
Molecular structure and polymorphic map of the human
phenylalanine hydroxylase gene.
Biochem. 25:743-749,1985.

H2973 DiLella, A. G.; Marvit, J.; Lidsky, A. S.; Guttler, F.;
Woo, S. L. C.
Tight linkage between a splicing mutation and a specific
DNA haplotype in phenylketonuria.
Nature 322:799-803,1986.

H3884 Chakraborty, R.; Lidsky, A. S.; Daiger, S. P.; Guttler,
F.; Sullivan, S.; Dilella, A. G.; Woo, S. L. C.
Polymorphic DNA haplotypes at the human phenylalanine
hydroxylase locus and their relationship with
phenylketonuria.

Hum. Genet. 76:40-46,1987.



LOCUS SYMBOL, MAP LOCATION, AND BRIEF DESCRIPTION.

RFLP ID number
Locus name :
Locus symbol :
Map location
Highest PIC
Comments

Date

Probe
Enzyme
Polymorph. type :
Number of bands
Allele bands

LIT Citation
XRef. to PROBE
System comments

Date updated

Population

Frequency PIC

Allele frequency:

LIT Citation
Date updated

Population
Number of chroms:
Frequency PIC :
Allele frequency:

LIT Citation.
Date updated :

d0209

phenylalanine hydroxylase
PAH

12g22-g24.2

0.37

: Ledley et al., 1986 (H2627) report that RFLP's

at this locus were used to distinguish
haplotypes and alleles in families with PKU and
mild hyperphenylalaninemia.

: 03/13/87

DEFINITION OF ALLELE SYSTEM Ca

: phPAH247, pPH72, hPH7

+ HindIII
insertion/deletion
6 -
* 5.6 5.2 2.7 4.2 4.0 4.4
c1 + + + + - -
c2 + + + - + -
c3 + + + - - +
: HO154, H2496, H3884, H1648, H2857

: p02252, p01946, p02614
: The HindIII polymorphism apparently results from

an insertion/deletion of 0.2 kb unit
(Chakraborty et al., 1987 (H3884)). The HindIII
polymorphic site is located in the 3' flanking
region of the gene (DilLella et al.,

1986 (H2496)). )

07/30/87

ALLELE FREQUENCY DATA FOR SYSTEM Ca

: Caucasian
Number of chroms:

40
.37
Cl 0.71 +/- 0.07
c2 0.24 +/- 0.07
C3 0.06 +/- 0.04

: HO154

01/14/86

ALLELE FREQUENCY DATA FOR SYSTEM Ca

: Caucasian (Danish)

132

.37

Cl 0.636 +/- 0.04
C2 0.363 +/- 0.04
c3 0.001 +/- 0.003

: H3884

07/21/87



[p01946]

[p02252]

[p02614]

Lab symbol
Alternate symbol
Sequenced
Vector

Insertion site
Size of insert (kb):
Type of DNA :
Contact :
Availability

HGM locus symbol
Refer to LIT
Refer to RFLP
Date record added
Last updated

Lab symbol
Sequenced

Vector

Insertion site
Ends :
Size of insert (kb):
Type of DNA :
Contact
Availability

HGM locus symbol
Refer to LIT

Refer to RFLP
Comments

Date record added :

Last updated

Lab symbol
Sequenced
Vector
Insertion site
Ends

Size of insert (kb):

Type of DNA
Contact
Availability
HGM locus symbol
Refer to LIT

Comments :

Date record added :
Last updated -~ - :

pPH72

pPrPAH72

yes. -

pPBR322

Pstl

1.2

cDNA

wOOo

available

PAH ,
H0154, HO0481, HO0892
d0209

01/14/86

04/16/87

phPAH247

no

pBR322

EcoRI

EcoRI

2.448

cDNA

wOoO

available

PAH

H0892, H1648, H2496, H2627,
H3894

d0209

From a human liver cDNA library.
This probe encompasses the entire
PAH coding region as well as the 3°
and 5' untranslated regions.
09/25/86

10/21/86

H3884,

hPH7

no

pUC9o

EcoRI

EcoRI

2.4

cDNA

cout, dahl

not known

PAH

H2857

This is nearly a full-length cDNA
which is missing approximately 150
nucleotides at the 3' untranslated
end.

02/18/87

02/18/87



AUTOMATED SAMPIE MANAGEMENT: ORGANIZING, MANAGING,
AND ACCESSING THE INA FRAGMENTS GENERATED IN THE PROCESS
OF MAPPING AND SEQUENCING THE HUMAN GENCME

Dan Knobeloch
Tony J. Beugelsdijk

ILos Alamos National Iaboratory
Mechanical and Electronic Engineering Division
Group MEE-9
Robotics Section
Phone (505) 667-3186

- 667-3169
Mail Stop E537

As human map ard sequence data accumilate, many investigators will
‘be able to apply this knowledge to problems of medical and biological
importance. They will need access to large numbers of biological
samples including cloned INA fragments and human cell lines. Methods
for the efficient production amd distribution of these materials needs
to be developed. Automated repository management utilizing current
technologies will facilitate the coordination of research data through
the use of camputer database management activities. In fact, repository
management is similar to computer databases in the sense that
manipulate bits of data while repositories will manipulate bits of INA.
Thus, basic requirements in developing autcmated DNA repositories
emlate same of the basic requirements in construction of canputational
databases. At Ios Alamos National ILaboratory researchers are
investigating the anticipated growth in INA map and sequence data as
progress is made in the Human Gename Project. (C. Burks, et al.) The
following considerations in developing an autcmated e sample
repository were based on this research and development effort.

The samples generated in the process of mapping and sequencing the
human genome will:

* represent several (andbexhapsmany) different kinds of
DNA, ard different types of vectors used to contain the
INA.

* at peak rates, access rates can be expected to exceed the
capacity of current marmal DNA storage and distribution
systems. _

* require careful and timely management, with input expected
fram sources all over the world. .

Tob&stsexvetheexpectedneedsofthescientistsgeneratirgard
analyzing these DNA fragments, the corresponding repository(ies) must
be designed and managed so as to allow:

* uniform organization of samples -



*»

contimous input/output of INA from scientists at many
remote locations (with autamatic error-checking ard as
little mamual intervention from sample management staff

* ephanced accountability for each sample
* timely inventory information

* flexibility to accamodate changes in INA sample size,

storage requirements (i.e., liquid nitrogen, stabs etc),
andstoragedensity

These requirements are not unique to molecular biology and have
been addressed by a variety of material management industries. ‘
Repositories have been designed to include high-speed autamated sample
identification techniques, autamatic database management systems, and
remote material handling technology. Autamated repositories have relied
on bar code technology to provide data input for coordinated and
consistent operation of the subsystems. Bar code technology provides a
unique code that can be generated and applied to each sample with
automatic print and apply systems. Thus, individual items can be
positively identified and manipulated without the need for manual
intexrvention.

Incorporating bar code technology with autamated storage/retrieval
systems could be one approach to the development of a distributive
sanple management system for the human genome mapping effort. Bar code
technology would be used to monitor sample identification to permit
quick access to important information including the socurce of the
sample (which lab or researcher), type of INA insert (i.e., which
chromosame, type of vector, etc.), characterization data, and other
markers that would be used to "fingerprint" the sample. Autamated
sample repositories would also facilitate the on-going distrikution of
samples in the existing human chromosame specific libraries developed
by Los Alamos and lawrence Livermore National Iaboratories. Keyless
data entry would eliminate the tedious operations required to monitor
distributive operations like those anticipated in the human gencme

project.

In order to meet these goals the development of an automated
repository should utilize proven autcomated material handling and
storage concepts. The system will be modified to manipulate DNA
samples, but rely on existing technology to facilitate develomment and
implementation. A typical system consists of Storage/Retrieval (S/R)

machines and a storage system that houses removable racks. The
operators will enter transactions on an accountability system which
will direct the S/R machines to store or retrieve materials. The S/R
machines can be designed to interface with the operator through an
opening in the storage system, or through a wall, or utilizing

tic transfer devices send the item to a remote location. Process

autamation equipment and robotics technology are developed to the point
that such automated warehousing systems are highly reliable and
comonly used throughout industry. Similar automated systems are being
used to store and retrieve rmuclear material at Ios Alamos National
Iaboratory, Rocky Flats Plant, and Westinghouse-Hanford.



