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Summary

The Los Alamos Scientific Laboratory (LASL) has established 

a pilot center for computer storage and analysis of nucleic acid sequence 

data. It proposes to make this a full-scale, national center for research 

and service to the scientific community. The responsibilities of the 

center would be (1) to collect and store, in a form accessible to LASL 

computers, all nucleic acid sequences meeting certain standards of reliability, 

together with associated biolgical data and references. (2) To develop, 

document, and apply mathematically sound algorithms for the analysis of 

the sequence data, including searches for sequence homologies and secondary 

structure. (3) To make available on the LASL computing system, and over 

commercial telephone or the equivalent, the sequence data and algorithms 

for use by scientists throughout the world (but primarily in the USA).

Magnetic tape, microfiche, and hard copy editions would also be offered.

Computers most cost-effective for the purpose would be applied to 

the several tasks. Straightforward data retrieval operations can be 

accomplished economically in minutes (real, elapsed time) on any machine 

at least as productive as the midi-computer VAX, while homology algorithms 

applied to the most demanding problems require the class VI computer 

CRAY 1 for tolerable cost and elapsed time to a result.

Priorities for center activities would be defined by an Advisory 

Board of scientists prominent in nucleic acid sequence research. The 

center would provide limited funds for the resolution of conflicting 

data and would support several topical meetings per year on particular 

aspects of sequence research including the intensive examination of 

sequence data for a limited class of organisms or functions.
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I. INTRODUCTION AND BACKGROUND

Data on nucleotide base sequences of DNA segments are increasing at 

a large and accelerating rate owing to techniques developed in the past 

few years. These new methods enable any DNA segment to be sequenced once 

it has been experimentally defined and isolated. Recombinant DNA techniques 

are used to amplify the quantity of a given segment and restriction 

endonucleases are applied to reduce it to a collection of individually 

manageable fragments. Then by either the chemical methods of Maxam and 

Gilbert (1), or the enzymatic procedures of Sanger, et al., (2), the 

fragments are sequenced. These techniques have been used to sequence 

DNA's from a variety of organisms, prokaryotic and eukaryotic, as well 

as from viruses and other subcellular agents that propagate on them.

Sequence determination has become a tool not only for problems in which 

genetic analysis is an end in itself but in the many areas of biological 

science in which genetic information helps to resolve important issues.

Many issues involve the control of gene expression, where it is expected 

that analysis of sequences flanking those that code for protein will yield 

important information. However a totally unexpected level of complexity has 

appeared in eukaryotic genes: Coding sequences are interrupted by long 

intervening (non-coding) sequences whose transcripts appear to be absent 

in the mature messenger RNA. The unraveling of the significance of inter

vening sequences, as well as of the many other kinds of non-coding sequences, 

will greatly enrich our knowledge of biological mechanisms.

A brief survey of the literature, based on citations of references

(1) and (2) suggest that several hundred groups throughout the world are
5actively engaged in DNA sequencing, and that of the order of 10 base-pairs 

have been sequenced to date. It seems likely that this activity will 

continue to expand, and that even without further technological innovation,
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several hundred groups will each sequence of the order of thousands of 

base-pairs per year, so that total sequence information will grow at a 

rate of the order of 106 bases/year.

Most, but not all, of these data will be published in individual 

scientific papers distributed among many journals. A typical paper will 

report a sequence of bases from a few hundred to a few thousand in length 

that solves, or at least bears on, a particular biological problem. Where 

a sequence is determined but the data do not appear to illustrate the 

question at hand, the sequence may well not be published--there are already 

examples of this. Clearly the potential utility of this invaluable but 

dispersed body of data would be immensly enhanced by collecting it in a 

generally accessible central research library.

In such a library a computer-accessible medium should be employed

for primary information storage. Since the sequence data consists of

very long strings of characters drawn from a four-letter alphabet, data

transfer at a tolerable error rate can hardly be accomplished otherwise.

Furthermore, the discovery of patterns inherent in base sequences can be

aided by computer manipulation to an even greater extent than for either

numerical relationships (where there is a natural ordering) or natural

language text (where we are habituated to certain patterns). Indeed many,

perhaps most, groups active in the field already use computers in some way.
(3)For example, the program developed by Korn, Queen and Wegman(3) is widely 

used. The library would be invaluable for relating sequences across many 

biological systems, testing hypotheses, and designing experiments for 

elucidating both general and particular biological questions. If made 

generally accessible from dial-up terminals, the library would serve as 

a highly desirable means of publication of the sequence data itself, and 

would maximize effective accessibility to the user. At the same time,
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appropriate recognition of the contributors of the data could be provided 

by maintaining a kind of automatic citation index (a tally of accesses).

The criteria that define significant sequence patterns are of course 

matters of intense scientific interest, constituting fundamental genetic 

knowledge. To test criteria for potential interest, computer methods 

are needed that efficiently search large quantities of sequence information 

and scrupulously locate the patterns satisfying them. Here the mathematical 

idea of a metric— a quantitative measure of the disparity between patterns—  

can be applied to locate imperfect realizations of a pattern, greatly 

increasing the power of such searches. The development of methods capable 

of answering the most penetrating questions will result from dedicated, 

ongoing research combining mathematics, computer science and molecular 

biology at a high level of expertise and sophistication.

Certainly the utility of a sequence library will be the greater 

the more powerful the collection of methods available for search and 

analysis, and the more so if both data and methods are available within 

the same computer operating system so that data can be retrieved and 

immediately analyzed under direct, keyboard terminal command. In order 

to realize its full potential, a central data library should combine the 

collection, organization and provision of user access to the data with a 

strong research activity in computer analysis that will both advance the 

art in itself and put the center in a position to maintain the soundest and 

most useful collection of computer programs for manipulation and analysis 

of sequence data.

The National Science Foundation and National Institutes of Health 

recognizing the probable need for such a center, sponsored a meeting of

interested scientists at the Rockefeller University in March 1979. However
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the meeting did not produce a concensus concerning the desired character

istics of a center. A committee was formed in order to develop guidelines 

but has been inactive.

Noting this slow rate of progress, several LASL scientists 

and consultants began to formulate their own views of the proper role 

and organization of a center. To test these ideas in a concrete way, LASL, 

has begun to build a database (described below) that now contains about 

100,000 nucleotide bases and associated information and to explore the 

kinds of analysis needed. For criticism and advice, LASL held a small 

meeting of experts*, able to meet on short notice, in August, 1979.

A possible LASL proposal for establishment of a national data center was 

discussed at that meeting and the present proposal reflects those 

discussions.

*Advisors at the August meeting were:

Roy Britten, California Institute of Technology 

Richard Dickerson, California Institute of Technology 

Walter Fitch, University of Wisconsin 

Jacob Maizel, National Institutes of Health 

Jack Sadler, University of Colorado Medical Center 

Winston Salser, University of California Los Angeles 

Robert Wells, University of Wisconsin 

In addition, detailed discussions were held with

Theodore Puck, Eleanor Roosevelt Cancer Research Center 

Charles Thomas, Scripps Clinic and Research Foundation 

Frank Ruddle, Yale University 

Sherman Weisman, Yale University
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II. PRESENT LASL CAPABILITIES

The Los Alamos Scientific Laboratory is an interdisciplinary laboratory 

with a technical staff of about 5000 people. Of these about 1300 are PhD-level 

scientists. The Laboratory's capabilities relevant to the proposed Center 

are sketched below.

They include (1) a pilot project to establish a database of DNA sequences 

and algorithms for sequence analysis, (2) an extremely powerful computing 

facility with dial-up access (3) a very active group of theoreticians in 

biomedical research with experience in applying both numerical and analytical 

techniques to the solution of problems in physics and biology, and an 

experimental group involved in determination of selected DNA sequences,

(4) a staff of applied mathematicians with experience and continuing interest 

in the mathematics of pattern recognition in linear arrays, and (5) 

considerable experience in providing user access to facilities operated 

as national and international scientific resources.

(1) DNA Database and Algorithms

The principal problems in designing a sequence database stem from 

the difficulty, in a field evolving so rapidly, of predicting the range 

of data relationships that will in the future be found to be important 

and on which data retrieval will be based. After a good deal of investi

gation a pilot has been developed that offers the flexibility to accomodate 

new genetic and functional relationships as they are recognized, within a 

high degree of stability of form and arrangement as seen by the user. It 

is cast in the form called relational by experts_in the database subfield 

of computer science.

A number of published DNA sequences, altogether about 15,000 base 

pairs and associated biological and sequence information, has been entered 

and resides in the LASL Common File System. The pilot database is described
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in Appendix I; it has been used to gain experience in managing the data, and 

in retrieving and analyzing it.

Over many years applied mathematicians at LASL in collaboration with 

Temple Smith, a biophysicist and LASL consultant, have been developing 

algorithms for sequence analysis (Smith has recently been awarded NIH 

Grant R01GM27056 to continue this work jointly at LASL and Northern 

Michigan University). Algorithms from this previous work have been 

available to the pilot project, and in the course of it we have also 

developed a new algorithm specifically to identify homolgous subsequences 

within very long nucleotide sequences. The algorithms available and that 

we plan to make available and directions for future work are discussed in 

Appendix II.

(2) The Central Computing Facility (CCF)

The LASL CCF is one of the most powerful computing centers in the world.

As of 1 January 1980, there will be eight major worker computers, namely,

two CRAY-1 supercomputers made by Cray Research, Inc., four 7600 class

machines manufactured by Control Data Corp. (CDC) and two 6600 class

computers made by CDC. The machines operate 24 hours a day, seven days

a week. These are all linked in an integrated computer network and share

a common storage system for all the files of data that need to be saved.

This is called the Common File System (CFS) and consists of an IBM 370/148

computer attached to an IBM 3850 Mass Storage System. Storage capacity
12will be more than 1.5 trillion (1.5x10 ) bits of information and the CFS

will be able to complete more than 1500 transmissions per hour.

The CCF rate for services are set so as to recover all costs of 

operation and machine rental. However because of the large scale of the 

operation, the low overhead and the fact that not all the CCF equipment 

is rented, charges are typically a factor of three to ten below commercial 

rates for corresponding services. Therefore the LASL CCF is a highly
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cost-effective computing resource. Charging rates for CCF services in 

FY80 are listed in the Table below.

LASL CCF Charging Rates for FY80

CRAY 1 (weeknight1)

CDC 7600 (weeknight1)

CDC Cyber 73 (weeknight1)

Low speed network access port 

Low speed dial-up connection 

CFS storage 

CFS file transmission 

1Prime shift (0800-1730) machine use is charged at twice the week night 

rate. Weekend and holiday use is charged at one-half the weeknight rate.

$600/hr

$275/hr

$150/hr

$159/mo

$2/hr

$76 per million 60 bit words/yr 

$ 3 per million words

Some of the CCF worker computers are in the "secure partition” and 

can be used only by persons with a security clearance at Los Alamos. 

Others, in the "open partition," can be used by any authorized persons 

from more than 1000 terminals in Los Alamos. In addition, dial-up 

access over telephone lines is available from anywhere in the United 

States and much of the world. In early 1980 it is expected that 

one CDC 7600 and one CDC 6600 will be in the open partition. While the 

number and type of computers available will change with time to reflect 

progress in computer technology, LASL has a long-range committment to 

provide adequate computing power in the open partition since about half of 

the local computer users are constrained by security restrictions to work 

in this partition. A further development, to proceed through the early 

1980's, will be a steady increase in distributed computing facilities at 

LASL (that is, computers distributed outside the CCF but connected
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through a data trasmission network with it.) This will include a number 

of "midi" class machines, the Digital Equipment Corporation's VAX.

Altogether, LASL computing facilities compose a highly flexible 

system for implementing the proposed Center. The library itself can be 

developed, managed and made accessible for most users on any computer of 

at least the capability of the VAX. The same is true of a good portion 

of the data-processing tasks required for sequence analysis. However 

the considerably more powerful CDC 7600 that we are now using carries 

out these tasks with comparable cost-effectiveness. Furthermore such 

analytical tasks as searching for imperfectly homologous subsequences or 

expected secondary structure over sequences many thousands of bases long 

can be most cost-effectively done on the CRAY, and indeed there is a 

class of such tasks for which, unless a machine like CRAY is applied, 

the delay between initiation of the calcula-tion and the delivery of its 

result would be a serious impediment to the scientist's progress.

(3) Current Biomedical Research at LASL

Within LASL at least fifty doctorate-level scientists are engaged 

in biomedical research in areas that include biochemistry, molecular and 

cell biology, radiobiology, and immunology. This proposal is being made 

by the Theoretical Biology and Biophysics Group, T-10, a part of the 

Laboratory's Theoretical Division. Its members have been active in the 

theoretical analysis of biological problems for over a decade, always in 

close association, often in direct collaboration, with experimental 

scientists.

Our collaboration with scientists of LASL's Life Sciences Division 

has included analyses to infer individual cell history from observed 

evaluation of population distributions, work on the radiation chemistry



13

of nucleotides and polynucleotides, and studies of the effects of various 

kinds of molecular change in the stability of polynucleotide secondary 

structure.

A long association with the University of Colorado Medical Center 

has included collaboration on molecular mechanisms of lac operator- 

repressor interaction, transport in systems of interacting macromolecules, 

and problems in somatic cell and human genetics.

The Group has pioneered in developing mathematical models and other 

theoretical approaches to problems of immunology, making LASL e-principal 

center for theoretical immunology. This work includes a number of areas 

important to immunology but also of general biological interest— for 

example, cell adhesion, and the statistical mechanics of molecular 

aggregation in the cell surface. Collaboration has been particularly 

intense with scientists at Johns Hopkins, and has also included work 

with people at Rockefeller University, Harvard Medical School, University 

of California, Berkeley, and the Basel Institute of Immunology.

We consider theoretical work in biology primarily as another tool 

of experimental analysis, offering logically and physically cogent, 

quantitative, exploration of the consequences of hypotheses and ideas 

that grow out of experiment, for further experimental testing and analysis. 

We carry this tradition into the present work.

The Life Sciences Division itself has long been involved in the 

synthesis of model oligonucleotides and studies of their structure. It 

has also recently initiated a program for the determination of selected 

DNA sequences. A mutant Chinese Hamster (CHO) cell has been isolated 

that produces very large quantities of the metal-binding protein 

metallothionein[5]. Hildebrand et al. are proceeding to isolate the 

message and using its c-DNA as a probe, to isolate the gene for this
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protein. The scientists involved will be a local source of advice on 

technical sequencing problems.

(4) Applied Mathematics

LASL has a large staff of mathematicians, applied mathematicians, 

computer scientists and programmers who are available to work on the Center's 

data management and analysis problems, either on an internal contract basis 

or as collaborating research scientists. Among them are several mathema

ticians who have had a longstanding and continuing interest in the problems 

of sequence analysis. For example, the concept of a metric, or distance, 

between sequences that meets minimal requirements of mathematical consistency—  

a key element of general and powerful homology algorithms— was originally 

developed by S.M. Ulam[6], now retired but an active LASL consultant. In 

addition members of the present staff have been involved in devising 

algorithms for constructing phylogenetic trees from sequence data,[7]

and in identifying possible secondary structures in nucleic acid 
[8]sequences[8].

(5) Facilities Operated as National and Internation Resources.

The Los Alamos Meson Physics Facility whose primary instrument is

the LAMPF high-current, 800 Mev proton linear accelerator, has from its 

inception ten years ago been operated as an international facility.

Currently its user's group includes over 900 members, 300 from outside 

the United States. The National Stable Isotope Resource was instituted 

in 1975 and has several dozen users from throughout the U.S. and Canada.

The SESAME Library of equation-of-state data developed at LASL is becoming 

a national data center with, again, several dozen users in this country 

and abroad, and with hundreds of users anticipated. Collectively these 

provide a great reservoir of experience in managing facilities to furnish 

very effective access by the general scientific community.
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III. PROPOSED NATIONAL CENTER FOR NUCLEIC ACID SEQUENCE 

DATA

(1) Advisory Board

Inasmuch as the proposed Center is intended to serve as the national 

(or international) facility for computer storage and analysis of nucleic 

acid sequence data, it is important that its policies and priorities be 

determined by a broad spectrum of research scientists active in the field.

We therefore propose the appointment of an Advisory Board of 

research scientists prominent in the fields of nucleic acid sequence 

determination and/or analysis. The Board’s responsibilities would 

include the following; (a) determine policy regarding the acceptance 

and categorization of sequence and associated biological data; (b) 

determine policy regarding the resolution of apparently conflicting data;

(c) define priorities for technical activities of the center, to be 

implemented by the Center Director and staff; (d) determine policy for 

user access to the Center and utilization of computing resources. (e) 

determine policy for citation of Center data; and (f) suggest or approve 

sponsorship of meetings on topics of special importance to the center.

We suggest that the Board have approximately ten members and meet 

at least twice per year.

(2) Collection and Organization of Data

Sequence data would be obtained from published sources, and sequencers 

would also be requested to submit their data directly to the Center in 

addition to or prior to publication. Transmission via one of the common 

data processing media (punched cards or tape, magnetic tape or disc) would be 

encouraged in order to minimize clerical errors. An optical character reader 

might be employed when only typed or printed character strings are available. 

Other biological information related to sequence data as outlined in (3) 

below, would also be requested from the submitting scientist.
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There will be cases in which it will be most efficient, as well as of 

distinct scientific value, to have the data within some delineated area -- 

delineated taxonomically, or perhaps functionally -- collected, reviewed, and 

organized by one or more scientists active in the area. Where this is an 

ongoing activity to occupy from one to several years, an Associate Laboratory 

arrangement would be appropriate (see (8), following); otherwise contractural 

arrangements would be made with individual investigators.

Each permanent entry in the library will be assigned a "validation" 

level. This designation will be based on the following criteria: a)

the prior publication of the sequence or reviewed in connection with a 

publication; b) the submission by the originator of gel autoradiogram 

photocopies; c) the submission of complete information on DNA origin and 

cloning vehicle; and finally, d) the presence in the library or elsewhere of 

independently sequenced regions of the same sequence. Thus unless conferred 

by publication (via the accepted review procedure) validation will be a 

function of objective data. In addition to this designation system, there 

will be two other categories: "Restricted access" for new sequences during

the editing process of placement into the library and the cataloging of 

all related cross reference information; "Provisional" if initial data is 

supplied as such.

Data files will also be maintained outside the computer including a 

microfilm record of primary data, the initial journal articles referencing a 

given sequence, and copies of sequencing gel autoradiograms. (While such 

data will generally not be reanalysed, encouraging its submission for 

potential future reference should encourage careful initial analysis and 

aid in the identification of multialellic variants or errors as related to 

later overlapping sequence analysis.)
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(3) The Database and Its Management

Sequence and other data would be arranged in a number of tables 

for access and manipulation, probably by the FRAMIS relational database 

management software described in Appendix I.

The main table contains the sequences themselves; a sequenced 

region here is called a locus, in keeping with classical genetic terminology. 

A name is assigned to it which, for example, will include the name of 

the protein if the locus includes coding sequences for a particular 

protein. Ten or so other tables contain:

b) taxonomic information as to the biosource;

c) genetic map information showing the relations of each sequence 

to the rest of the genome (where known);

d) internal maps of the sequences showing identified sites such as 

initiation and termination signals for transcription and translation, 

coding sequence intervening sequence boundaries, protein binding sites, etc. 

It may also prove necessary to include the designation of sites known to 

vary in sequence;

e) functional information, which for a coding sequence, identifies the 

transcription translate and its function— where it is an enzyme, the

EC number is included, and where a regulatory function is known, that 

will be described; and finally,

f) bibliographic information.

An implementation of this scheme is described in Appendix I. The 

arrangement is designed to permit ready retrieval in response to a great 

range of possible queries. If, for example, one sought all sequences 

on mouse chromosome #17, he could consult the "genetic map" table where, 

under mouse 17 might be found a listing of loci represented in the 

database. Further information on the mouse strain and sequence function 

might be found in the taxonomic and function tables for each locus.



18

The FRAMIS database management system is designed to aid the 

addition, deletion or alteration of information in any of the above 

tables, and in addition provides a complete algebra on the various 

sets of data so that one can seek out sequences on the basis of biological 

information in any of the other tables or combinations of tables. Retrieval 

of data, once the criteria for its selection have been determined, is 

accomplished in a matter of minutes (elapsed, real time).

(A) Algorithms

In addition to the database and software for its management and data 

retrieval, the Center will maintain a library of documented and efficient 

computer programs for analyzing the data. Most of these will be available 

for execution on LASL computers under direct (keyboard terminal) control 

of the user, but some will probably require conversation with and inter

vention of a Center staff member. Programs will be contributed both by the 

center staff and by other investigators; for example, some version of 

the Korn-Queen program would be among them, and the work and advice 

of contributors and users of the data would strongly influence program 

development. Again, the Advisory Board will be asked to set policy as 

to the standards of documentation, the extent of testing required, and 

perhaps the efficiency and level of demand required of programs to be 

placed in public computer files.

Many of these library programs perform such routine data processing 

as calculation of sequence composition, location of restriction endonuclease 

recognition and cleavage sites, translation into an amino acid sequence 

for specified reading frame, etc. Others are far from routine, and we propose 

that the development and testing of powerful algorithms form the principal 

research of the Center. This area includes such operations as finding 

imperfect homologies between or within sequences, detection of imperfectly
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symmetric subsequences, prediction of the most stable secondary structures, 

and various kinds of statistical characterization of these and other 

patterns. LASL work to date on these problems is summarized in Appendix II.

(5) Access to Users

It is proposed that users have access to the data base on the LASL 

mass storage facility (CFS), to the sequence algorithms, and to LASL 

computers in the “open partition." Access would be via commercial 

telephone lines and acoustically coupled terminals. These normally permit 

data transfer rates of 300 to 1200 bits per second. Each user must be 

given a code number for identification and billing purposes which will 

allow them to input/request data and/or computation from the Center.

The Center would subscribe for at least one access port to the CCF, 

dedicated to users at LASL. Telephone access would be provided through the 

existing, large capability, dial-up multiplexor. It would seem appropriate 

for the Center to obtain one or more incoming WATS lines or the equivalent. 

Use of the Federal Telecommuncations System (FTS) for data transmission is 

also an option which will be investigated.

We shall also investigate the possibility of user access via the 

NIH PROPHET system which already provides dial-up access by the biological 

community to a software-rich operating system. There are a number of 

ways in which, it seems to us, this could be accomplished and detailed 

studies will be undertaken if, per se, this seems a desirable option.

Some limitations on the incoming user activity will likely be 

required. The limits could be fiscal in that substantial users would 

be charged for their use of the facility, or they could be administrative 

to prevent monopolization of the facility by a few users. An important 

function of the Advisory Board would be to establish policy regarding user 

access, consistent with budgetary limitations of the Center.
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In addition to direct dial-up access, we propose to offer copies 

of the database on magnetic tape, microfiche, and hard copy. If the 

demand for up-to-date magnetic tape copy exceeds a nominal level (set 

by the Advisory Board), requesting users would be asked to bear the cost. 

Microfiche and hard copy editions would be prepared annually and, in 

addition to a standard distribution for Federally sponsored work, 

offered for sale through the National Technical Information Science; 

alternatively, if the demand is sufficient, university press publication 

could be arranged.

A CRAY computer would not, at least initially, be in the open 

partition. Nevertheless, we propose that algorithms be developed for 

homology and symmetry searches on CRAY. The CRAY 1 is particularly 

efficient for vector operations; up to 64 words (each of 64 bits) 

comprising a "vector" can be streamed at very high speed through its 

central processor, the same operation being executed on each. This 

capability will make the CRAY-1 particularly efficient for analysing 

sequence data. Algorithms developed for the CRAY could be utilized by 

outside users by having the computing jobs submitted by Center staff after 

consultation with a user, or alternatively, arrangements could probably 

be made to purchase time on a CRAY-1 that operates in an open environment 

and to have jobs executed on it under the direction of the user.

(6) Visitors and Collaborators

It is believed that research scientists will often want to spend 

some time at the Center, in order to do a particularly lengthy analysis, 

to assist in developing new algorithms, or to collaborate with Center staff. 

Office space will be made available for such visitors and their participation 

in Center activities will be encouraged.
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It should be noted that LASL in general and the Theoretical Division 

in particular has a very active visitor program. For example, during FY79, 

there were more than 250 official scientific visitors to the Theoretical 

Division. Visit durations ranged from a day to a year with a week or 

two being common.

In addition LASL has an active postdoctoral research program and we 

can anticipate that postdoctoral fellows might be recruited for partici

pation in many of the Center's research activities.

(7) Meetings

An important function of the Center would be to organize meetings 

regarding particular topics in nucleic acid sequence research, as 

recommended or approved by the Advisory Board.

It is anticipated that such meetings would typically involve a 

coming together of experts in a limited area of sequence research for 

the purpose of presenting and comparing latest findings, identifying 

and/or resolving discrepancies, and standardizing notation. For 

example, animal virus genomes, or sequences coding for and regulating 

immunoglobulins might be suitable topics for a conference.

LASL is accustomed to organizing and hosting a variety of scientific 

meetings. The Physics Division Auditorium accommodates unclassified 

meetings with up to 180 participants, while the Study Center has a large 

meeting room holding 150 persons adjacent to several small conference rooms 

and working areas. A number of smaller lecture rooms and meeting places 

are available throughout the LASL. During FY 1979, LASL organized approx

imately 50 official meetings.

Travel to Los Alamos is usually via airline connection at Albuquerque, 

served by six national airlines offering frequent direct service from all 

of the major U.S. cities/trunk line connecting points: Chicago, Dallas,
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Atlanta, Washington, New York, Los Angeles and San Francisco. Commuter 

airline service using 18 passenger turbo-prop aircraft connects Los Alamos 

and Albuquerque eight times daily on weekdays, travel time 30 minutes. 

Alternatively, a rental automobile can be self-driven; the distance is 

100 miles one way, the bulk of it over divided highway; driving time is 

about two hours.

(8) Associate Laboratories and Contractural Arrangements with 

Individual Scientists

Where, as described in (2) above, another laboratory would engage over

an extended period, perhaps up to several years, to be responsible for the

collection and organization of the data within some specified biological area,

arrangements would be made for its support between the Associate Laboratory

and LASL. If available, the funds--including overhead— designated for 

maintenance of a short-term staff position, or if appropriate, a postdoctoral 

position, could be utilized for this; otherwise a separate grant application 

covering the specific work would be made.

Where an individual investigator can be persuaded to undertake 

collection and organization of a limited body of data, the Center should 

be able to provide direct support; this might be particularly called for 

where there are extensive, significant data conflicts or perhaps problems 

in the taxonomy of, for example, tissue culture lines, and these cannot be 

expeditiously resolved in either individual consultation with experts or 

meetings at the Center.
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IV. PLAN FOR STARTING THE CENTER

As indicated earlier, work is proceeding at LASL toward the formation 

of a nucleic acid sequence data base, the development of algorithms and the 

gaining of experience in manipulating the data. This work will proceed 

during FY80 at a level probably between 1 and 2 FTEs, depending on resources 

available. During this period a collaboration will be developed with Charles 

A. Thomas' laboratory at Scripps Clinic and Research Foundation which we 

expect to lead to an initial Associate Laboratory relationship.

First Year Organization of Advisory Board

During the first year of its operation, the Center's principal tasks 

will be (a) expansion of the data base, (b) determining the adequacy of the 

data base management system, modifying it as required and (c) further 

development and documentation of analysis algorithms. During this year 

as now "friendly users" and collaborators will be welcomed at the Center.

Such users will be a great asset in developing the Center's capabilities; 

they may of course, have to work with incomplete documentation and accept 

the possibility of bugs in the system. The Center should in time become a 

valuable resource for such friendly users and rapidly expand its availability 

to the larger community. Toward the end of the first year a manual for the 

use of the center would be published and distributed.

Organization of the Advisory Board will be started as soon as funding 

is assured. Participation by the funding agency in the selection of Board 

members would be acceptable to LASL. It is expected that the Center's initial 

organization will require one or more meetings during its first year of 

operation in order both to inform scientists of its existence and capabilities 

and to make adjustments as suggested by their experience.
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Initially, George I. Bell will assume scientific and administrative 

responsibility as deputy to the LASL director for organization of the Center. 

Temple F. Smith will assume responsibility for day-to-day operations and 

in addition assist Bell in all organizational functions. A permanent 

Director and Deputy Director will be named during the first year, and as 

soon as possible, one of the staff scientists will be hired.

Second Year

During its second year of operation, it is proposed that the Center 

would become available to all interested users. At that time and for 

several years thereafter, the following staff is proposed. (The assignment 

of particular responsibilities is somewhat flexible and contingent on 

interests and experience of the individuals).
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Table of Organization

Director: Responsible to the LASL Director for the scientific

program, operation and administration of the Center. Responsible, 

with the advice and guidance of the Advisory Board, for the 

development and implementation of all policy for the operation 

of the Center. Responsible for communication of the Center's 

capabilities to the research community, for the organization of 

meetings, and for disbursement of funds to outside scientists and 

Associate Laboratories. Insures that all incoming sequence data is 

reviewed for its validation designation, and for the completeness 

and consistency of the associated biological information.

Deputy Director: Responsible for the user service operations of the

Center, for data management, and for insuring adequate documentation 

and performance of all software.

Between them, the Director and Deputy Director will encompass 

mathematical, computer science, and biological expertise. Their research 

will interests lie in sequence analysis as applicable to a wide range of 

biological problems.

Staff Scientists (2): Programmer/Biological Sequence Specialist.

Between them the two Staff Scientists provide programming in the 

development of algorithms and database management software and review of 

the biological consistency and adequacy of the sequence and associated 

data. Initially we expect that the biological sequence specialist would 

be either a visiting scientist, a molecular biologist on leave from his 

home institution, or a staff member of an associate laboratory, in either 

case appointed for a period of from a few months to two years.

All members of the scientific staff will actively engage in research 

related to the Center's responsibilities.
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Data Analyst/Secretary (2): Will provide assistance in entering

data into the database, running computer jobs, advising users, 

and organizing meetings and budgets, as well as providing 

essential secretarial services.

Postdoctoral Fellows (2): Will work in collaboration with the Center

staff and visitors on scientific problems ranging from the 

invention of algorithms for finding secondary structures to 

analysis of particular sequences which may have homologies, 

based on functional or evolutionary relationships.
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PROPOSED BUDGET FOR FIRST YEAR*

(in FY81 dollars)

Salaries and fringes (25.2% of salary)

Acting Director $47K

Computer Programmer-Scientist 36

Data Analyst/Secretary 20

103

Computing:

Computing time (1.5 7600 hours per week 30

plus 15 CRAY minutes per week)

File charges 1

Ports (1 low speed) 3

Dial-up connection charges 1

Telephone lines (1 incoming WATS line, 8

30 hrs/mo)

Advisory Board

Costs of two meetings (8 attendees, $500 

travel + $250/day fee, 2 days each meeting) 16

Visitors

(10 at $1000 each) 10

Meetings

Travel for invited participants (20 at 

$500 each) 10

Travel for Center Staff 5

*It should be understood that the expenditure of funds during the first 
year will depend largely on how rapidly staff can be recruited and the 
Center's functions expanded.
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Work by Others 10

Miscellaneous:

Page charges, graphics services, 

printing, contingency 15

Total direct costs $212

Indirect charges at 60% of salary and fringes $62K

TOTAL $274K
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PROPOSED BUDGET FOR SECOND 

AND SUCCEEDING YEARS 

(in constant FY82 dollars)

Salaries and fringes (26.1% of salary) Year 2 3 4 5

Director $56K

Deputy Director 48

Staff Scientists (2) 76

Data Analyst/Secretary (2) 44

Postdoctoral Fellows (2) 52

276

Computing

Computing time 40 50 60 70

File charges 2 2 2 2

Ports (1 low speed) 3 3 3 3

Dial-up connection charges 2 2 2 2

Telephone lines (2 WATS, 16 16 16 16

each 30 hr/mo)

Advisory Board 16

Visitors 25

Meetings 20

Travel 10

Work by Others 20

Miscellaneous and Contingency 30

Total direct costs $460K

Indirect charges at 60% of salary and fringes = $166K. 

TOTAL $626K.
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LEVEL OF USE

Although it seems clear that scientific and perhaps educational use 

of the Center will steadily grow, quantitative projections of the probable 

demand for Center services is hardly possible until some experience is 

gained. The level of service proposed, as reflected in the budget, is 

very substantial and should make a very substantial contribution to the 

needs of the biological research community for data retrieval and analysis 

in the support of ongoing research. If at the ends of the range of 

potential uses demands should develop that go beyond this, we would 

propose to meet them by charges to the user for services beyond some 

fixed, nominal level. At one end of the range, one or more laboratories 

or investigators might well undertake work that makes such intensive use 

of the Center as to occupy a substantial fraction of its normal capacity; 

such users could be required to purchase computer and communications 

time from their own research funds. At the other end intermittent users 

in sufficiently large numbers could easily saturate the Center's communications 

facilities, as might happen if the Center became widely used by scientists 

not directly involved in sequence research, and perhaps widely used as a 

teaching resource as well. In that case additional facilities would 

have to be brought into service, which might also be financed, at least 

in part, by user charges for services beyond a fixed level.

At the budgeted levels, the Center's demand for computing and 

dial-up connection time represents a very small fraction of the overall 

demand for LASL CCF services, and can be satisfied with good response 

and turn-around time. It would take very large increases--larger than 

we foresee--to change the situation, but of course there is a level of 

demand at which, owing to the needs of other CCF users, delays in response 

of the system would be significant. If that point were reached, ways of 

securing additional computer and communications resources would be considered.
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V. LASL PERSONNEL CONCERNED WITH ORGANIZATION OF THE CENTER

Brief resumes are attached for scientists concerned with sequence 

research at the Center at LASL.

1. George Bell (responsible for initial organization of the Center).

2. Temple Smith (would assist in organization and assume initial 

responsibility for day-to-day operation.)

3. Walter Goad (principally responsible for existing data base, 

management scheme, and some algorithms.)

4. William Beyer (Scientists interested in mathematical problems

5. Michael Waterman of homology identification and quantitation,

construction of phylogenetic trees and secondary 

structures.)

6. Ronald Walters (In charge of DNA sequencing laboratory at LASL.)

7. Stanislaus Ulam (mathematician, consultant, and adviser).
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Appendix I

Database Design, Management, and Use

When the sequence library has grown to include upwards of, say, many 

hundreds of sequences, its utility will depend critically on organization 

of the data and on provisions for its management and access. We first 

sketch the rationale for design of a database and associated software to 

serve the sequence library, then describe our specific design and finally, 

its use.

Rationale

The sequences may be stored in computer memory at locations indexed 

under a name unique to each sequence, a name that at least suggests 

the way in which the genomic segment sequenced has been experimentally 

defined. Beyond this minimal provision for retrieval the information in 

a large library should be arranged so that sequences can be efficiently 

located on the basis of biological and/or functional criteria since interest 

in a particular sequence usually depends on biological setting and function. 

Furthermore, the arrangement must allow introducing new relationships of 

biological setting and function as they are perceived, or indeed old ones 

as they are seen to be helpful to the user, without disturbing the basic 

structure of the library.

Whatever the extent of the library's elaboration of ancillary 

information, citation of the original contributors of the data must remain 

the definitive reference; bibliographic information forms an important 

part of the library. To serve contributors' interests the software should 

talley retrievals of each sequence and the result— an analogy of the ISI 

Citation Index--should itself be made a part of the library.
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Access to the library would be via a "database manager," a computer 

code that furnishes the repertoire of data-processing functions needed for 

convenient addition, manipulation, and retrieval of the data. It is 

important to design the "manager" so that the form and syntax of user 

communication with it can be held very stable as the library and the 

kinds of relationships it holds evolve.

A Database Design

Studies of the management of large quantities of data comprise an 

active subfield of computer science, and a great many schemes have been 

investigated. For the problem at hand, we have been drawn to the class

called relational, and particularly to a system formulated by Stephen Jones
  (9)and his collaborators at Lawrence Livermore Laboratory and embodied in

FRAM1S is the basis of the design presented 

here, which we put forward as serving the needs sketched above. A computer 

print-out of a portion of the pilot library is attached as an annex and 

illustrates the following description.

The database consists of a number of tables— ultimately, we expect 

between ten and twenty; seven have been at least partially implemented, 

not all represented in the annex. Each has a fixed number of columns and 

as many rows as necessary to encompass the data in the library.

The sequences themselves are contained in TABLE SEQUENCES (see Annex) 

having four columns and as many rows as are needed to break up the sequence 

into successive rows of 60 or fewer bases. This arrangement allows 

convenient manual entry, printing and checking. (In retrieval, the entries 

can readily be concatenated into longer strings as needed.) All sequences 

ordered in the 5'->3' direction running from left to right. For each row, 

the first column labelled "LOCUS" contains the name, unique within the 

library, assigned to the sequence; each name corresponds to a particular

a database manager called 
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segment of a particular genome, and is chosen to suggest, if possible, 

both the organism and the most generally significant of the experimental 

criteria by which this segment was selected--for example OVALCHICK, for 

the segment of the chick genome containing the coding sequence for ovalbumin. 

(As the library grows, and lexigraphic ingenuity falls short, the name can 

easily be expanded beyond the present 10 characters.) Since the name will 

usually suggest a genetic determinant known to be harbored by the segment, 

this column is labelled "LOCUS." In each row, column 2 gives the coordinate 

in kilobases of the first base of the subsequence of that row, relative to a 

specified origin. (This origin as well as the identity of the reported 

strand are listed in the Taxonomic Tables described below.) Since sequenced 

regions may be interrupted by unsequenced segments whose lengths are only 

approximately known (in OVALCHICK for example, such segments are known from 

electron microscopy of the message-gene hybrid), this coordinate relative to 

the origin is labeled COARSE. In column 3 another coordinate, FINE, gives 

the precise position of the first base of each subsequence relative to the 

beginning of each completely sequenced segment. Together, these define 

the relation of the subsequences to each other with as great precision 

as is known. The 60 base subsequences occupy column 4.

Another table, TABLE SITES, contains a map of significant sites within 

each sequence. This information represents much of what is known of its 

biological function. In column 1 the sequence is identified by LOCUS; in 

columns 2 and 3 the location of the site within the sequence is specified 

by its COARSE and FINE coordinates; the number of bases encompassed by the 

site is given in SPAN, column 5. Regions that may themselves contain 

designated sites, such as coding regions, are delineated by their boundaries, 

with a convention that the boundary lies immediately to the right of the
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nucleotide whose coordinates are given. For sites representing inter

nucleotide boundaries, SPAN = 0; otherwise the coordinates are those of 

the first base of the site. Column 4 , SITE identifies the nature of the 

site with a short (10 character) phrase. The dictionary of possible entries 

needs to be designed with some care to expedite searches for sites of 

fundamentally similar natures; the dictionary itself is found in another 

table, TABLE SITEDEF which contains the phrases and their definitions.

As time goes on we anticipate that these internal maps of sequenced regions 

will steadily expand, both in the number of identified sites and in the 

dictionary of entries. For example, at protein binding sites there may be 

evidence, as there is in the lac operator of E. Coli, that particular bases 

contact particular residues of the protein; or it may be that a range of 

sites significant to processing and maturation of the primary transcript 

will become known.

It remains to be seen whether variations in sequence are best represented 

by entries in TABLE SITES, or whether it is better to add one or more 

additional internal map tables for this purpose.

As the positions of sequenced regions relative to each other and to 

other genetic markers within various genomes becomes known, a table 

GENEMAP will be created having at least partial genetic maps.

For those sequences that are associated with a known biochemical or 

other function— control, and chromosome structure come to mind as future 

possibilities--a table FUNCTIONS will contain the information, keyed to 

LOCUS and site coordinates. In defining the dictionary of possible function 

definitions a consensus among interested experts would be highly desirable 

since all sequences relating to a given function, or even clas6 of functions 

would be located by first searching this table. For example, where a sequence 

codes for an enzyme, its E(enzyme) C(commission) number would be entered, 

keyed to the codon corresponding to the initiation of its translation.
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Ten or so additional tables will contain other essential information, 

cross-referenced to TABLE SEQUENCES through the keyword and site definition 

entries. There is a set of tables for general and taxonomic information, with 

a row in one or the other of them for each genome segment represented in 

SEQUENCES. In column 1 of these tables is the cross-referencing entry LOCUS. 

Columns 2 and 3 specify the strand whose sequence is reported and the origin 

for the COARSE coordinates within it. Columns 4 and 5 give the sequence 

length and its G-C content. Subsequent columns give a complete taxonomic 

description of the organism. Several tables seem called for— EUKAROTES, 

BACTERIA, etc.--since the taxonomy of bacterial strains calls for a rather 

different description than that of mammalian cell cultures, and bacteriophage 

calls for still another, and so on. Other than genus and species, other 

columns and the dictionary of possible entries in them should, again, be 

defined by a consensus of interested experts in each of the taxonomic 

categories. We contemplate a table called FOOTNOTES, keyed in the same 

way as FUNCTIONS. Among other things it might contain such information as 

the probe used to select a particular segment from the genome and the 

basis of coarse distance measurements. As time goes on, other tables can 

be added according to demand and usefulness; among these, for example, 

might be the results of homology analyses.

Finally, TABLE REFERENCES is an essential part of the database, and 

as remarked earlier, a TABLE CITATIONS will record a continuously 

accumulated tally of retrievals of each sequence.

Consider each table to be a set of data. Since each table contains 

at least one entry in each row --under LOCUS for example--that provides 

correspondence to the rows in other tables bearing the same entry, the 

database contains both data and relationships; hence the term "relational." 

FRAMIS provides a simple and powerful vocabulary of system commands to 

create, modify, and search the database.
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Use

In FRAMIS the basic operation for data retrieval is to copy the 

desired information into a new table containing only it. First the manager 

is loaded into the computer and executed by typing "FRAMIS”; immediately an 

instruction is requested, which when typed is carried out; then another is 

requested and so on. To get that portion of SEQUENCES dealing with the chick 

ovalbumin gene, for example, one would respond to a FRAMIS prompt (that is, 

a request for its next instruction) by the command OVALTABLE = SEQUENCES 

WHERE LOCUS = "OVALCHICK"; the table OVALTABLE now contains the desired 

information, and we might type PRINT OVALTABLE to see it.

More complicated references are dealt with in a language drawn from 

set theory (whose relevance is seen by noting that the tables represent 

sets of data values plus relations on these sets). For example, the 

command TABLE1 = SEQUENCES JOIN REFERENCES ON LOCUS uses the operator 

JOIN to produce a compound table with the columns of both tables, all 

rows that share the same LOCUS keyword being aligned; thus TABLE1 would 

show sequences and their authors and the publication references. A dozen 

or so other operators complete a set algebra that makes it possible to 

execute any logically defined search. To illustrate the power of this 

method, consider an example that might apply when the library is fully 

developed: Suppose one wants all those sequences related to enzymatic

ligase activity forming C-N bonds. The column labelled "FUNCTION" of 

TABLE FUNCTIONS Identifies the biological function of the sequence whose 

LOCUS keyword appears in column LOCUS; where the translate is an enzyme, 

the identification includes an EC number. First the table FUNCTIONS is 

searched for all entries in column FUNCTION which contain the substring 

of Hollerith characters "EC6.1," This is accomplished by using a utility 

function INDEX(FUNCTION,"EC6.1") which returns the value zero if the substring
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is not present. Then the LOCUS entry in those rows where the substring is 

present is used to extract the appropriate rows from SEQUENCES. A single 

command to accomplish this is TABLEC-O-LIG = SEQUENCES JOIN (FUNCTIONS WHERE 

INDEX(FUNCTION,EC6.1)>0) ON LOCUS.

It may be that the set-theoretic language is not to everyone's 

taste and a second-level language like that of the NIH-sponsored PROPHET 

system might be added; it would demand less logical precision and conciseness 

of the user, but would also be less powerful and probably could not offer 

users a comparable degree of stability in the way they use the library as 

its contents evolve. This will be investigated.
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Appendix II

Computer Analysis of Sequence Data

By executing a series of FRAMIS commands the user locates sequences 

of interest and copies them into one or more tables. These reside as 

files on a magnetic disk, readily accessible as input to programs for 

further examination and analysis. Generally this means finding whether 

patterns of known or suspected significance are present; the pattern may 

be as explicit as an endonuclease recognition sequence or as implicit as 

a degree of resemblence between subsequences defined only by their resemblence. 

In this Appendix we discuss the programs available and to be made available, 

and directions for future work.

The Korn-Queen Program

A very useful repertore of data processing functions has been provided
(3)by Korn, Queen and Wegman , and we either have or will adopt most of these to 

the LASL computers and operating system. Figure 1 for example shows their 

procedure I elaborated to provide, in addition to a numbering of the bases, 

locations of the significant sites within the sequence as contained in 

TABLE SITES.

Among their procedures are routines for translating in either 

direction between nucleotide and amino acid sequences, and for ascertaining 

within a sequence the occurrence(s) of subsequences specified in either 

language; in this operation the number of mismatched bases to be tolerated 

can be specified. This group of routines serves such key functions as 

locating restriction endonuclease sites and possible initiation and 

termination signals, and finding whether a sequence includes the code 

for a particular peptide. Many other searches can be formulated in these 

terms so long as base mismatch is the only kind of imperfection to be



40

allowed in comparing strings of bases. However, to compare strings 

with bases or groups of bases looped out in aligning then a new class of 

operations is necessary. The Korn-Queen program includes a routine that 

allows for loops up to a specified limit, but more general and powerful 

approaches exist, now to be described.

Imperfect Homology-Symmetry Searches

To search for imperfect homologies or palindrones within a sequence, 

we can put one copy of the sequence above another, or if the two are coded 

on paper tape, align the tapes so that the holes correspond for identical 

bases. Then sliding one sequence relative to the other, we remark regions 

of congruence at each relative alignment. (To look for palindromic regions, 

we replace one copy by the complementary sequence inverted in order.) Now, 

base mismatches within a largely congruent region can simply be counted, 

but to see if looping out one or a few bases from either sequence would 

result in an interesting alignment we have to consider a great number of 

possible arrangements of gaps or foldings of the paper tape in each copy.

Powerful and computationally efficient ways of searching through all 

possibilities do so by constructing, base by base, alignments that minimize 

some measure of disparity between two sequences. A measure widely inves

tigated and applied in this context is the evolutionary, or mutational, 

distance introduced as a mathematical construct by Ulam(6): weights are

assigned to base replacement and to base insertion/deletion, two processes 

that in combination are capable of transforming any sequence into any other; 

then that combination is determined which transforms one sequence into the 

other with minimum total weight. According to Ulam(6) and Sellers(10), 

and as generalized by Beyer et al.(11), the minimum total weight defines 

a distance between the sequences, that is, it possesses at least the minimal 

properties we expect of distance— non-negativity, zero between identical
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sequences, and for any three sequences, the direct distance between any pair 

cannot be larger than the sum of the two distances connecting them via the 

third. A particular set of weights defines a metric in terms of which 

distances are computed by some optimization procedure.

A particular combination of base replacements and insertions/deletions 

that transforms one sequence into another corresponds to an alignment (c.f. 

Figure 3). In this transition from a language in which one sequence is 

considered to be transformed into another by mutation to a language which 

speaks of alignment to display approximate homology, bases either matched 

or mismatched are aligned opposite each other unless they belong to an 

insertion or deletion. Bases considered deleted from the original sequence 

are looped out of it, while those considered inserted into the final sequence 

are looped out of it. (In computer output, it is convenient to represent 

a loop by putting blanks opposite it.) A particular combination of 

replacements and insertions/ deletions can also be considered a path from 

the one sequence to the other, and represented geometrically as a path 

through the matrix. One way of doing this is illustrated in (Figure 2).

The path runs from upper left to lower right; the (n,m) element (column n, 

row m) of the matrix corresponds to aligning the nth base of the horizontal 

sequence opposite the mth base of the vertical sequence and where the 

path contains a diagonal segment ending at (n,m), the two bases are so aligned; 

if a horizontal segment ends at (n,m) the nth base of the horizontal sequence 

is looped out to the right of the base aligned with the mth base of the 

vertical sequence; if a vertical segment ends there, the nth base of the 

vertical sequence is correspondingly looped out. This is, of course, only 

one among many conventions which can represent alignment by a geometrical 

path. This one, representing the path in terms of segments ending at points
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(n,m), necessitates an additional row at the top and an additional column

at the left of the matrix. Corresponding to these additions is an extra

symbol, 1 (neutral) at the beginning of each sequence.

The computational problem is to find, among all possible paths,

those that minimize the total weight, and in reference (10) Sellers shows

rigorously that a computationally efficient technique devised by Needleman 
(12) (13)and Wunch and Sankoff does this. It proceeds by associating with each

element (n,m) of the path matrix a quantity Dn,m, the minimum weight over

all paths leading to that point. Dn,m is the distance in the optimal alignment

of the subsequences composed of the first n and m bases respectively, 

of the two sequences. Each such value can be computed by considering the 

possible ways in which the paths to all neighboring points lying to the left 

and above (n,m) can reach (n,m) by being extended one more segment. By 

carrying out the computations in an appropriate order, the neighboring 

matrix entries to the left and above (n,m) are computed first, and we 

need only add the increments for extension to (n,m) as specified by the 

metric. The minimum of the incremented values become the (n,m) matrix 

entry. For example, given the simple metric, weight +1 for each base 

mismatch or single base insertion/deletion, we proceed from left to right 

along each row from top to bottom, entering Dnm at each point as the 

smallest of three possibilities

(1) Dn-1,m+1

(2) Dn-1,m-1+Sn,m

(3) Dn,m-1+1
where Sn,m is zero if bases n and m (respectively from the two sequences) 

match and 1 otherwise. The path segments ending at n,m are respectively 

horizontal, diagonal, or vertical according as (1), (2), or (3) yield the 

minimum weights; where more than one is equal to the minimum value, more 

than one path segment ends at (n,m).
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Using this method, construction of the optimal path (or paths, since 

there may be many with equal weight) between two sequences of lengths N and M 

requires of the order of N x M operations. This is of the same order, 

it is interesting to note, as the number of operations required to find 

optimal alignments considering base mismatches alone, sliding two sequences 

along each other and at each alignment counting the mismatches.

This algorithm was first implemented at LASL for application to the 

prediction of RNA secondary structure, but more recently has been used to 

compare protein sequences. A computer program is available in a form that 

allows any metric of interest to be readily introduced. Another program finds 

the alignment of three sequences simultaneously.

If two sequences of unequal length are compared in their entirety, 

the difference in length itself contributes to the distance between them
(14)An alternative is to find that subsequence in the longer sequence 

closest to the shorter; in general this does not lead to the same alignment.

It is accomplished by minor modification of the distance algorithm to a 

version also available at LASL. It is useful where a specific sub-sequence's 

homologoues are sought in a longer sequence.

Where homologous regions of a long sequence or sequences are sought,

there may be no reason to select in advance particular subsequences for

comparision with the remainder; this is usually the case in searches for

repeats and palindromes, for example. We could, of course, take each

possible subsequence and find its closest homologues in the rest of the
(14)sequence using the algorithm described above, but Sellers has introduced 

the notion of locally close subsequences on which a more satisfactory 

approach can be based. He has characterized locality both mathematically 

and algorithmically. Mathematically, subsequences are locally close when 

the match between them grows worse for any extension of the subsequence



boundaries in the strings being compared. Algorithmically, locally close 

subsequences correspond to certain fragments of the optimal paths through 

the alignment matrix. In Figure 2 the paths go from top to bottom and left 

to right but another matrix can be constructed by reversing these directions, 

which corresponds to starting at the other ends of the two sequences and 

working backward in aligning them; locally close subsequences correspond 

to those path fragments that coincide in the two matrices. The algorithm 

applied to any pair of sequences (or to any sequence and its copy) identifies 

all pairs of subsequences whose correspondence satisfies the locally close 

criterion.

Implementing this algorithm with standard metrics we did not find 

that the complete set of locally close subsequences from typical sequences 

contains a very high proportion of subsequences that are close enough to be 

interesting. There are in fact two problems in the definition: 1) sub

sequences do not have to be particularly close to meet the criterion that 

extension makes their match worse, and 2) in the general case the extension 

that counts is that relative to contours of total distance in the path 

matrices; the contour in one matrix depends on vagaries of the sequences 

to the left and above the regions being tested for local closeness, while 

the contour in the other depends on the sequences to the right and below.

Both problems are removed by introducing a metric that measures sequence 

disparity according to the density of imperfections rather than the total 

number per subsequence, whatever its length.

To accomplish this we consider metrics in which the weights are 

-1 for every base match,

+a for every base mismatch,

+βn for every insertion/deletion of n contiguous bases, 

where or, βn are positive numbers. With such metrics algebraic minima
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of the weight sums D accumulate negative values from regions of the pathn,m
matrices with a preponderance of base matches over imperfections. At

each matrix element we set D to zero if it would otherwise be positive,n,m
to isolate regions of preponderant congruence from the effects of the 

remainder of the sequence. The isolation is made symmetric by also applying 

Seller's algorithm for locally close subsequences.

As a separate matter, allowing the weights to depend on n allows 

groups of bases to become the units of insertion/deletion.

Taking care to optimize computational efficiency, this method has 

been implemented and the resulting code is available[15]. As indicated 

earlier, the computing time is proportional to N x M, the product of the 

lengths of the two sequences being compared —  in many cases, a sequence 

and its copy. For KM = 106, the program requires about 30 seconds on a 

CDC 7600, cost at LASL rates, about $2.00. All locally close pairs of 

subsequences are constructed and then ordered according to the total number 

of base matches within each. These are displayed as in Figure 3, in order 

of descending numbers of matched bases; the colons are printed to call 

attention to the matches. Because our interest in such results is 

conditioned by, among other things, the frequency with which comparable 

homologies occur in random sequences, generation of random sequences 

is an option of the present program. However the choice of independent 

variables most appropriate for describing locally close subsequences as 

functions of subsequence characteristics is not a simple matter and is 

under continuing study.

The choice α=2, β1=β2=β3=3  selects pairs of subsequences with, on the 

average, no more than one mismatch or insertion/deletion per triplet, 

and in coding sequences allows a codon to be the unit of insertion/ 

deletion. Applied to the 1736 nucleotide sequence labeled "KAPPAJMOUS"
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in Appendix I, this metric singled out as belonging to those locally 

close subsequences containing the largest numbers of base matches the 

subsequences identified as J-peptide coding segments by Sakano et al.16 

and by Seidman, et al.17, the two groups who sequenced this portion of 

the K-light chain immunoglobulin gene. These results are showin in Figure

3. The algorithm also located a number of palindromes of various degrees 

of imperfection. A quite long one that had not -- to our knowledge —  been 

remarked before is also shown in Figure 3.

It will be seen that the locally close subsequences containing J- 

peptide coding segments extend considerably beyond the coding segments 

themselves. To determine how frequently these homologies would occur 

owing to chance alone it is necessary to decide what parameters decisively 

but minimally characterize them. As remarked earlier we are investigating 

that question, but as judged by number of matched bases alone, all those 

shown in Figure 3 are very improbable in random sequences; the frequency 

with which the present metric applied to pairs of random sequences yields 

locally close subsequences containing L or more matched bases is plotted 

as a function of L in Figure 4.

The character of the homologies that this program identifies is 

controlled by the metric, which is very flexible. The metric might, for 

example, be made to depend on some relationship among the amino acids coded 

for by the bases —  negative for matching amino acids, for chemically 

similar ones, or for amino acids similar in helix-forming ability are 

among the possibilities. If something becomes known or can be speculatively 

formulated characterizing sequences at protein binding sites, a metric can 

be derived expressing that.

Further work will concern the development of metrics to distinguish 

particular kinds of patterns, and methods to classify the resulting
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subsequences singled out for attention. In any case it will be seen that 

a variety of powerful searches through extensive collections of sequence 

data are feasible.

Statistical Recognition of Coding Sequences

If a sequence bears a message encoded in n-letter words, as protein 

coding sequences bear a message of 3-letter words, this fact will influence 

the statistics of base distribution since it is very unlikely that any 

finite message will use all possible codons with equal frequency. This 

consideration has been developed into a statistical test for distinguishing

coding and non-coding sequences by Shulman, Steinberg, and Westmoreland(18). 

As a statistical test, it provides not an absolute judgement but an estimate 

of the likelihood that a given sequence read in a given frame has n-letter 

correlations not due to chance alone. This idea will undoubtedly be 

developed further and we plan to make some version of the test available. 

Prediction of RNA Secondary Structure

In the present context RNA structure is of interest primarily for its 

potential to convey sequence-encoded signals. In prokaryotes, for example, 

structure is apparently involved in processing and maturation of functional 

t-RNAs from a precursor, and there is interest in testing whether this 

extends to recognition signals for intervening sequences in the primary 

transcripts of eukaryotic genes. Although prediction of 3-dimensional 

structure is still no more than a remote possibility, secondary structure 

does seem accessible--that is, it seems feasible to identify the base-paired 

regions of the most probable structures. It will be appreciated immediately 

that candidates for base-paired regions can be nominated by any procedure 

that finds homologous subsequences between the sequence and its inverted 

compliment. Then for each possible combination of these candidates the 

free energy of the overall structure must be estimated. Finally the
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structure of minimum free energy plus all others whose free energy falls 

within expected error of the minimum can be nominated as probable 

structures.

The various computer programs that have been developed for this

differ in the ways they go about both phases of the search through all

possible structures. The programs of Pipas and McMahon(19) and of Levine

and Tinoco(20) appear to be economical of computation but unlike the methods

of Waterman and Smith(8), embodied in a program available at LASL, they do 

not search the entire space of possible secondary structures. The LASL 

program applies the Sellers algorithm with free energy as a metric to the 

first phase of the search and a combinational procedure to the second.

At the moment its implementation on the CDC 7600 limits consideration 

at reasonable cost to sequences of less than about 200 bases, but we 

believe that an adaptation of the program discussed above for locally 

close subsequences will greatly accelerate the computation; this is 

under investigation.

Given a mathematically sufficient and computationally efficient 

computer program for searching the space of possible structures, the 

reliability of secondary structure prediction depends on the accuracy 

with which free energies can be predicted. The metric--the table of 

contributions from base pairing, neighbor interactions, etc.-is taken 

from studies of model oligonucleotides, and we can expect a steady 

refinement by comparison with the increasingly penetrating experimental 

analyses being published (c.f. reference 21). Structure programs 

available at the Center will allow the user either to choose a metric 

from the existing database, or to insert one of his own design. The 

design and maintenance of this database will be considered.
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Other Computer Programs

Insofar as possible given the resources available to adapt them to

the LASL operating system and Center priorities, other programs for which

there is a demand will be made available, provided always that they are

adequately documented and thoroughly tested according to standards set

by the Advisory Board. For example, we should expect a program to

construct the sequence from its overlapping restriction fragments, like

that described by Staden(22), to quickly find its way into the program 

library.
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Figure

10 20

AAGCTTTCGCAGCTACCCAC KAPPAJMOUS

30 40 50 60 73 80

TGCTCTGTTCCTCTTCAGTGAGGAGGGTTTTTGTACAGCCAGACAGTGGAGTACTACCaC KAPPAJMOUS

90 100 110 120 130 140

TGTGGTGGACGTTCGGTGGAGGCACCAAGCTGGAAATCAAACGTAAGTAGAATCCAAAGT KAPPAJMOUS

JI PEP_ORIG

150 160 170 180 190 200

CTCTTTCTTCCGTTGTCTATGTCTGTGGCTTCTATGTCTAAAAATGATGTATAAAATCTT.  KAPPAJMOUS

210 220 230 240 2 50 260

ACTCTGAAACCAAGATTCTGGCACTCTCCAAGGCAAAGATACAGAGTAACTCCGTTAAGC KAPPAJMOUS

270 280 290 300 310 320

AAAGCTGGGAATAGGCTAGACATGTTCTCTGGAGAATGAATGCCAGTGTAATAATTAACA KAPPAJMOUS

330 340 350 360 370 3 80

CAAGTGATAGTTTCAGAAATGCTCAAAGAAGCAGGGTAGCCTGCCCTAGACAAACCTTTA KAPPAJMOUS

390 400 410 420 430 440

CTCGGTGCTCAGACCATGCTCAGTTTTTGTATGGGGGTTGAGTGAAGGGACACCAGTGTG KAPPAJMOUS

460 460 470 480 490 500

tg t ac ac gt t cg g ag g gg g ga cc aa g ct g ga aa t aa aa E g t a a g t a g t c t t c t c a a c t c t  KAPPAJMOUS

J2PEP_0RIG

510 520 530 540 550 560

TGTTCACTAAGTCTAACCTTGTTAAGTTGTTCTTTGTTGTGTGTTTTTCTTAAGGAGATT KAPPAJMOUS

1: A segment of the mouse kappa light-chain immunoglobulin locus with the 

origin of two J-peptide coding sequences identified. The first column 

contains the coarse coordinate, in kilobases, of the first base of 

the subsequence shown on that line.
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1 G T T A A G G C G G G A A A

Figure 2: An alignment matrix; the path corresponds to

the alignment GTTAAGGCG GGAAA
● ● ● • • ● • • • •● ● ● ● ● ● ●  ● •

GTT GAGAGGAAA

where colons call attention to base matches
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<------------------------------------- J5 ------------------------------>
1403 1413 1423 1433 1443 1453 1463
TCACTGTGGCTCACGTTCGGTGCTGGGACCAAGCTGGAGCTGAAACGTAAGTACACTTTT CTCATCT 

t c a c t g t a a a t c a c a t t c a g t s a t g g g a c c a g a c t g s a a a t a a a a c g t a a g t a c a t t t t t s c t c a a c t  
740 750 760 770 780 790 800

<---------------- J 3------------ -

< ----- ----- --- — J 4---------------
105B 106B 107B 108B 109B 110B 111B 112B 113B
a t a t s a a t C a C t g t g a t t c a C gttc  g g c t c g G gG A C a a a G t t G G aaa t aa aa cg t a Ag t a g a c t t t t G c t c a t t t a c t t G t g a c g t t t t G gt

ata  a a T G aC t g t a a a t C a c a t t C agtgat  g G g a c c a ga c t gga aa t aa aa cct a a g t ac a t t t t t g c t c a a c t gc t t g t g a a g t t t t g g t 
735 745 755 765 775 785 795 805 815

< ----- ---------- J 3-------------- -

<---------------  J 4-------------- >

1073 1083 1083 1103 1113 1123 1133
a TTCAC&TTC 3 GCTC3333ACAAAGTTG3AAATAAAACGTAAGTaGaCTTTTGCTCATTTi CTTGT 

TA CAC6TTC33AS3 GGGGACCAAGCTGGAAATaAAACGTAaGTa GTCTT CTCA ACTCTTGT
447 457 467 477 4 87 497

1414 1424 14 3 4 1444 1454 1464
c t c a c g t t c g 3 T 3 :tg&g a ; c a a &c t g g a 3c t3 aaa : 3 T a4Gt a : a c t t t t c t c a  t ctt tt t

TaCACGTTCGSA5GG33GAC:aa3:TG3AA4TAAAAC3TAA3T AGTCTTCTCAACTCTTGTT 
458 458 468 478 488 498

<---------------- J 2--- -------- >

<----------------- J 5------ ----- >

1372 1382 1392 1402 1412 1422 1432 1442 1452
GGTTTTT3T AGAG A55SGCA TGTCAT AGTCCT CACTGTGGGTC ACGTTCGGTGCTGGGACC AAGCTGGAGCTGA AACGTAAGTA 

GGTTTTTGTaCAGCCA G ACaGTGG AGTaCTACCACTGTGG TGGACGTTCGGTGGAGGCACCAAGCTGGAAATCAAACGTAAGTA 
49 5 9 69 79 89 99 109 119 129

<---------------- J1------------ >

63 83 (J1 ORIGIN AT BASE 861
ACAGTGG AGTACTACCACTGT

TGTCACCATCATGA GGTGACA 
•  3 63

Figure 3: Homlogies within the kappa light-chain immunoglobulin locus as detected by

computation of locally close subsequences. The J-pepti de coding regi ons as 

given by Sakano, et al 16, are delineated. At the bottom a pali ndrome pr oceeding 

the J-1 coding segment is  shown, detected in the same way .
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-KAPPA_MOUS Jl—

g»«6U Trnb!aj«i*rc*TsgyrkC7xcreTCTttT«*GCTTa^ssn«cxckwc:TgyiryTt/m ^ rArtTwc»nx>m;

Figure 3': A 100 base x 100 base fragment of the alignment matrix for the mouse kappa light-

chain sequence. Every path running continuously from bottom to top and right to 

left identifies a pair of locally close subsequences (see pp LO-L7); the computer 

orders these according to the number of base matches included. Where connected 

or multiply connected paths indicate alignments equivalent under the metric em

ployed, the computer chooses a representative,and the ordered choices are displayed 

as in the previous figure. That a large quantity of information is processed in 

searching for homologies will be appreciated by noting that the entire matrix is 

made up of over 300 fragment like this.
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10 20  30
Number Of Bose Matches

Figure L :  Homologies in random sequences. Pairs of 1 kbase random sequences are

drawn and locally close subsequences between them are counted having 

L or more base matches; this frequency is plotted versus L.
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Annex: Portions of the pilot nucleic acid sequence 

database.
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SITE LOCUS SPAN DESCRPT


