


GenBan k by Walter B. Goad 

o understand the significance of the information stored in 
GenBank, you need to know a little about molecular 
genetics. What that field deals with is self-replication-the 
process unique to life-and mutation and 

recombination-the processes responsible for evolution-at the 
fundamental level of the genes in DNA. This approach of working 
from the blueprint, so to speak, of a living system is very powerful, 
and studies of many other aspects of life-the process of learning, for 
example-are now utilizing molecular genetics. 

Molecular genetics began in the early '40s and was at first 
controversial because many of the people involved had been trained 
in the physical sciences rather than the biological sciences, and yet 
they were answering questions that biologists had been asking for 
years. Max Delbruck, for instance, a very prominent early figure, 
was trained as a theoretical physicist. He and his group worked with 
bacteriophage as the simplest systems in which to study replication 
on a molecular level. Bacteriophage are just at the boundary of life 
and can replicate themselves only in host bacteria, but what 
Delbruck and his group learned about the mechanics of replication 
and the structure of the genes in these viruses turned out to be 
relevant to all living things. 

It's amazing that so much of what today's biology major knows of 
genetics was discovered so recently. For example, it wasn't 
recognized until 1944 that DNA, which had been known since 1869, 
is the carrier of the genes. And not until 1953 was a structure 
suggested for DNA that explained its ability to transmit hereditary 
information. That year Watson and Crick proposed that DNA 
consists of two long nucleotide chains bound together as a double 
helix by the attractive forces between pairs of complementary bases. 
This binding of complementary bases is the key physical process in 
replication. It is physically a very weak association-in fact, two 
complementary bases bind to each other only a little more 
strongly than each binds to water when free in solution. Why this 
association should be such a very strong ordering factor in living 
systems is a puzzling question, but that it is so is an overwhelming 
fact. 

Another important event in molecular genetics was the cracking of 
the genetic code, which you might say relates the stuff of 

Walter Goad, leader of the group responsible/or the Labora- 
tory's role in GenBank, at work on one of the entries in this 
national repositoflor nucleic acid sequence data. 

memory-DNA-to the stuff of activity-proteins. The idea that 
somehow the bases in DNA determine the amino acids in proteins 
had been around for some time. In fact, George Gamow suggested in 
1954, after learning about the structure proposed for DNA, that a 
triplet of bases corresponded to an amino acid. That suggestion was 
shown to be true, and by 1965 most of the genetic code had been 
deciphered. Also worked out in the '60s were many details of what 
Crick called the central dogma of molecular genetics-the now 
firmly established fact that DNA is not translated directly to proteins 
but is first transcribed to messenger RNA. This molecule, a nucleic 
acid like DNA, then serves as the template for protein synthesis. 

These great advances prompted a very distinguished molecular 
geneticist to predict, in 1969, that biology was just about to end since 
everything essential was now known. It's ironic that within a year of 
that prediction, restriction enzymes were first isolated. These 
enzymes are the key to using recombinant DNA techniques to make 
billions or trillions of copies of a DNA segment. With that many 
copies and well-known chemical and physical techniques one can 
then sequence the segment, that is, determine the exact order of the 
bases it contains. 

Before sequencing was possible, almost all the advances in 
molecular genetics were based on making a single change, with 
radiation or chemicals, in the DNA of an organism and seeing what 
happens. For example, you alter the DNA of a phage, allow the 
phage to multiply in its host bacterium, and examine the 
consequences of the change in the large population of identical 
descendants. Incidentally, phage are particularly convenient 
subjects because they multiply so rapidly. In these experiments you 
are essentially asking yes or no questions the way you do in the game 
of twenty questions. With twenty well-chosen questions you can 
narrow a million possibilities to just one very rapidly. But sequence 
data is a tool for analysis that is finer than asking yes or no 
questions. 

People working on problems throughout biology-problems like 
hereditary diseases, cancer, evolutionary relationships-immediately 
saw that they could make very good use of this tool, and as soon as it 
became clear that sequencing could be done with facility, it also 
became clear that sequence data would accumulate at a very great 
rate. To discuss how these data could be managed and exploited, a 
meeting was organized at Rockefeller University in the summer of 
1979. No one questioned but that computers and sequence data were 
made for each other. Transmitting a long, seemingly random 
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sequence of four letters from one person to another without errors is 
hardly possible except by putting the information on a computer- 
readable medium. The need for a data bank was in the air. 

How We Got Involved 

Mike Waterman and Temple Smith from Los Alamos went to that 
meeting because for a number of years they had been working with 
Bill Beyer and Stan Ulam on recognition of patterns in the sequences 
of amino acids in proteins. Nucleic acid sequencing was just breaking 
on the scene, but some hundreds of protein sequences were already 
known, at least partially. Mike and Temple came back from the 
meeting and talked to people here who were interested in sequence 
data and their analysis with computers. 

I was one of those people, although my training had not been in 
biology. My early work at the Laboratory was in physics-neutron 
transport and hydrodynamics-and in molecular physics in the sense 
of computing equations of state for various materials. I first ventured 
into biology in 1960 or thereabout. Jim Tuck had met Leonard 
Lerrnan, one of the small pioneering group studying bacteriophage, 
at a cocktail party in Boulder and invited him to Los Alamos. 
Lerrnan had discovered that the simplest electronic excitation of 
DNA-by ultraviolet light-affected its genetic behavior in some 
more complicated way than would be expected if the ultraviolet light 
simply altered a single base. To explain this he suggested that 
perhaps the excitation energy migrated as excitons, which were 
somewhat the rage in solid-state physics at the time. I talked to 
Lerman and became quite fascinated by the opportunities for 
studying a living system on the molecular level. Itwas so unlike 
anything known in physics that a single molecular change in DNA 
could be duplicated faithfully and its consequences examined. You 
might say that biology offers to physics a molecular amplifier. I 
hadn't any idea that such a thing existed. 

So Lerman and I did some work on the migration of excitons in 
DNA and its genetic interpretation. As a consequence, I became 
involved with Ted Puck's group at the University of Colorado 
Medical Center in Denver. They were looking at genetics at a higher 
level-at chromosomal abnormalities in newborns. There seemed to 
be epidemics of them, and I tried to determine how likely it was that 
we were seeing purely chance behavior instead of epidemics. Then in 
1970 1 spent a year with Crick at the Laboratory of Molecular 
Biology in Cambridge, where Max Perutz was working out the 
structural and functional details of hemoglobin. As a result I did 
some work on conformational changes in proteins. These changes in 
shape allow proteins to act as adapters to bring about interactions 
between molecules that have no specific chemical relation to each 
other. A classic example is the interaction that hemoglobin induces 
among four oxygen molecules. I also worked with several molecular 

A small segment of a DNA molecule. For clarity the two 
strands of nucleotides are shown uncoiled from the usual 
double helical coufiguration. Each nucleotide is made up o f  a 
phosphate group, deoxymbose, and one of four nitrogenous 
bases. The two nucleotide strands are bound to each other by 
hydrogen bonds (red) between two possible pairs of struc- 
tural@ complementary bases: guanidine (G) and cytosine (C), 
or thymine (T) and adenine (A). This pairing of bases is the 
mechanism directing both replication and transcription of 
DNA. The DNA of one organism differs from that of another 
by the sequence o f  bases along the strands. DNAs of viruses 
contain tens of thousands of nucleotide pairs, those of bacteria 
a few million, and those of higher plants and animals billions. 
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Dictionary of the genetic code, listing the codons, or triplets of 
bases, in DNA that code for amino adds in proteins. The code 
is degenerate in the sense that, with the exception of tryp- 
tophan and methionhe, each amino acid is specified by more 
than one codon. Synthesis of a protein involves transcr@tion of 
a DNA segment to a single-stranded chain of nucleotides 
known as messenger RNA (mRNA) and translation of the 

geneticists on the details of how bacterial DNA is replicated and how 
its expression is turned on and off. These experiences led rather 
naturally to my being interested in DNA sequence data. 

That 1979 meeting set several of us to thinking about a data bank. 
It was clear that just accumulating the data in a computer was not 
particularly interesting. What was interesting were questions about 
organizing, managing, and analyzing the data. We started collecting 
sequence data and writing software for analysis. We worked up a 
proposal and presented it to NIH and NSF and anyone else who 
would read it. That proposal included, in addition to a data bank, an 
analysis center that would provide access to software running on our 
computers. Thousands of experts around the country have questions 
they would like to ask about sequence data. Many of them will find 
collaborators who are expert in applying computers to answer their 
questions. But the ideal situation is for the person with a question to 
sit down at a terminal and ask it himself. There are many barriers to 

mRNA to the protein. The bases in mRNA are complementary 
to those in one strand of the DNA and are assembled in the 
order given by that strand. The transcribed codons are then 
translated to the sequence of amino acids in the protein. The 
codons TAA, TAG, and TGA act as signals for term-nating 
protein synthesis, and the codon for methionine, A TG, acts as 
a signal for initiating the synthesis of nearly all proteins. 

doing that, but one that can be removed is the necessity of writing 
your own software or of rewriting some existing software to suit your 
own computer. It turns out that very little software is really portable 
despite all the talk about the issue. But given modem 
telecommunications, there is no reason not to use existing software 
on the machine it was developed for. We were excited about an 
analysis center because it would put us in touch with many 
imaginative, talented people. 

We contacted other groups-in the States, in Europe, and in 
Israel-that were also interested in sequence data. We talked, for 
instance, with Margaret DayhofFs group at the National Biomedical 
Research Foundation in Washington. Margaret for many years led 
their data bank for protein sequences; unfortunately she died not too 
long ago. Her group started collecting data on nucleic acid sequences 
about the same time we did. We exchanged ideas with Margaret's 
group about organizing and managing the data, which were 
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particularly important issues in light of the anticipated volume of the 
data. And we were in touch with people at Stanford who had feet in 
both the computer science department and the biochemistry and 
molecular genetics departments, some of whom were especially 
interested in the question of interfaces between people with questions 
and the computers and software that could answer them. 

Many people we talked with agreed that a data bank would be 
most useful if combined with an analysis center. But partly because 
of the ever-present shortage of funds, partly because of the difficulty 
of specifying what an analysis center should be like, and partly 
because of politics, NIH decided to put off an analysis center and to 
invite proposals only for a data bank to be cosponsored by a number 
of organizations, including NSF, DOE, and DOD. 

Oddly enough, we submitted two proposals, each a joint proposal 
with one of two firms we were already involved with. One of the firms 
was IntelliGenetics, which was formed by the Stanford group to offer 
analytical services to the biotechnology industry; the other was Bolt 
Beranek and Newman Inc. BBN had distributed our collection of 
nucleic acid sequence data through their PROPHET system, which 

restriction enzyme and equipped, one way or the other, with 
complementary sticky ends. Some of the opened plasmid 
circles associate with and are closed by the added DNA 
fragments, whereas others simply close again. Treatment with 
still another enzyme, a ligase, re-establishes the covalently 
linked circles o f  DNA, which can now infect their bacterial 
hosts and be replicated rapidly. Finally the added DNA 
fragments are removed from the multiplied plasmids, again by 
action of an appropriate restriction enzyme and separation by 
length. A great many ingenious ref-mements have been devised 
to enhance the efficiency and ease of these procedures. For 
example, some of the bacteria will lack an utfecting plasmid, 
and some of the plasmids will lack an added DNA fragment. 
Those bacteria infected by a "recombinant" plasmid can be 
made to replicate to a greater degree by arranging that the 
recombinant plasmids carry some property advantageous to 
the bacteria. 

provides dial-up software to bench biochemists and biologists. 
Both BBN and IntelliGenetics approached us independently and 

pointed out that a joint proposal would make sense. We would collect 
and manage and organize the data, and the company would handle 
the distribution. That sounded good to us. For one thing, a joint 
proposal with a commercial firm solved the practical problem of 
collecting user fees, which are probably necessary if for no other 
reason than to discourage abuse of the system. 

However, as part of a national laboratory we could not offer our 
collaboration to one firm and not the other. So we ended up with two 
joint proposals to write. They were quite different, though, because 
BBN is a spin-off from MIT and IntelliGenetics is a spin-off from 
Stanford. Anyone familiar with the artificial intelligence community 
knows that MIT and Stanford differ a great deal in style. 

After having the proposals reviewed-there were three major 
ones, our two and a third by Margaret Dayhoff s group-and asking 
a great many questions, NIH selected our joint proposal with BBN. 
We heard the news in September of last year and felt nicely rewarded 
for all the effort on the proposals. But then the work began in earnest. 
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How the Data Bank Operates 

The first job we face is collecting the sequence data. This is 
straightforward although physically very demanding. We've been 
working very hard just to get caught up with the data that was in 
existence when we started. Our estimate of that was based on 
scanning some journals and looking through lists of titles. 
Unfortunately, the estimate was low because the titles of many 
articles with sequences in them don't reveal that. Recently, more and 
more sequences are being sent directly to us by the authors, and we 
are trying to get support from the journals to encourage or enforce 
that practice. 

Our contract calls for us to collect all nucleic acid sequences 
containing more than fifty bases. The data bank now contains about 
two million bases, and that number is increasing at the rate of about 

a million bases per year, roughly what we expected. Most of the 
sequences are on the order of a thousand bases long, but the 
longest-the entire genome of the lambda bacteriophage-contains 
about 50,000 bases. About 200 species are represented, although the 
usual laboratory species, drawn from viruses, bacteria, fruit flies, and 
small rodents, predominate. We do have a few unusual 
species-some plants, apes, and an East Indian deer that happens to 
have a very small number of chromosomes. However, for only a 
very, very few of these species is the entire genome known. In fact, 
even for that most studied of all bacteria, E. coli, only about 3.5 
percent of its genome has been sequenced, and for Homo sapiens the 
fraction is less by a factor of about a thousand. 

The data bank entry for a sequence includes, in addition to the 
sequence itself, a name up to ten characters long that tries to speedily 
identify the sequence by at least suggesting species and function, the 

The weekly meeting of the group is a time for discussing problems about the GenBank entries. 
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The GenBank entry for a gene specifying the alpha-2 polypep- 
tide chain of human hemoglobin. This aberrant gene is 
responsible for a particular form of thalassemia, that is, for 
one of a group of hereditary anemias. We have added to the 
entry a schematic representation of the gene and its environs, 
which is color-keyed to the sites of interest and their descrip- 
tions given in the entry. The sequence specifying the leader 
region of the mRNA begins at base 98 with a site to which is 
added a "cap" (containing a methylated guanine bound to the 
mRNA by phosphate groups) that may promote translation of 
the mRNA. The polypeptide coding, which begins at base 135 
with the initiation codon ATG, is interrupted by two interven- 
ing sequences beginning at bases 231 and 552. These se- 
quences are transcribed but are spliced out before translation. 
The sequence specifying the trailer region of the mRNA ends 
with a site to which is added a "poly-A tail" (of many adenyl- 
ate residues) that may protect the mRNA from degradation. 

source of the sequence data, and a succinct description of the 
biological function and setting of the sequence. The sequences are 
catalogued according to these three items, which are roughly 
equivalent to title, author, and subject of a book. We also note 
features that have been determined to be of biological interest-but 
not those that are only speculated to be so. We update the entries, of 
course, as new information comes our way. For example, many of 
the sequences determined early in the game have since been redone. 
We make no judgment about the accuracy or reliability of the data; 
that is a matter for investigators, referees, and users to thrash out. 
We are, however, very concerned about handling the entries 
consistently because the data are to be used primarily as input for 
computer programs, which are not at all tolerant of inconsistency. At 
our weekly meetings problems of consistency take a great fraction of 
our time. 

In some cases we have to decide whether two sequences thought to 
be from different genetic regions are actually from the same region 
and vice versa. These situations can arise from sequencing errors, 
from working with different strains of the same organism or with 
different alleles of the same gene, or from the fact that DNA is not 
always copied exactly and some of the inexact copies are still being 
replicated. We try to resolve conflicts of this nature with the authors, 
and if it is determined that two sequences are indeed the same, we 
combine them in a single entry and note the differences. 

The work involved in collecting and annotating the sequences will 
soon be somewhat reduced because of an arrangement we have 
worked out with the data bank for nucleic acid sequences at the 
European Molecular Biology Laboratory in Heidelberg. That data 
bank and ours have been communicating since the beginning but 

until now have been randomly duplicating rather than sharing each 
other's efforts. But the sharing must be done in a way that preserves 
the integrity of each data bank, since each has a different 
constituency and different support. The Japanese are also moving 
toward creating a data bank, and we believe they will be a third 
collaborating entity. We hope this collaboration will permit us to 
spend less time just hurrying to keep up and more on improving our 
operation and getting on with our research. 

One improvement we have been able to implement recently is the 
transfer of data entry and management activities to a 
microcomputer. Previously we had been using the Laboratory's 
mainframe computers, which certainly have their virtues but offer 
only line-editing capability. With screen editing we should all be more 
productive. Using a microcomputer has another advantage-it puts 
us more in touch with the people who are doing the sequencing, who 
seldom use big computers but are turning increasingly to 
microcomputers. We can easily make the software developed for our 
microcomputer compatible with other commonly used ones. The 
authors will, we think, find this software useful and will be more 
likely to send their sequence data to us already in our format. 

~ u t w e  love big computers, too. For detailed comparisons of 
sequences, a Cray is the machine to use because it's twenty times 
faster and, more important for us, ten times cheaper. We feel that 
each new entry should be routinely compared with existing entries 
and think we can develop a much cheaper way to do that. But 
unfortunately, our preoccupation with the primary job delays work 
on many such improvements. 

The sequence data are available to users primarily through BBN. 
Once a month we send the data base to them, and they issue it on 
tape. A few people subscribe to the data base on a regular basis, but 
most receive it only now and again. The data base is also available 
over the telephone through a computer at BBN. National Biomedical 
and IntelliGenetics distribute the data base to their customers, and 
several computer centers at universities maintain it for a large 
number of users. We also offer our software to users on a dial-up 
basis. About seventy people around the country take advantage of 
this service now and then. We regard this as a way of encouraging 
people to submit data to us directly, to find errors in the entries, and 
to criticize and make suggestions about our operation. We would like 
to have more funds to support this aspect of GenBank, but it smacks 
of an analysis center, which is still hanging fire. 

I'd like to mention our splendid crew, which includes people from 
mathematics and from biology and certainly represents one of the 
few instances where these two fields really coalesce. The staff 
members are Jim Fickett, Christian Burks, and Minoru Kanehisa. 
Minoru helped create the data bank; he is now physically at NIH 
and works only half-time for us. Temple Smith and Ruth Nussinov 
have been involved as visiting staff members. And Gerry Myers, 
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a molecular biologist and tutor at St. John's College, is a consultant 
and major contributor. We rely for help on Graduate Research 
Assistants-young people between college and graduate 
school-with majors in biology or computer science. Since they 
write the first drafts of the sequence annotations, they learn quite a 
bit about molecular genetics, not to mention about computers. They 
generally stay for about a year, and all have gone on to either 
graduate or medical school. Right now we have with us Bryan 
Bingham, Ute Elbe, Leslie Kay, Randy Linder, and Debra Nelson. 
Carol England is both secretary and coordinator of data entry, and 
Mia McLeod has just joined us as a data analyst. 

What to Look for in the Data 

Analysis of the sequences is, of course, the ultimate objective of 
their being determined and our collecting them. But those of you who 
may have seen sequences in journals will agree that picking out 
features of interest or making comparisons requires a specialist-or 
a computer fed very clever software. Since sequence data have 
neither the internal order of numerical data-the order of the 
numbers themselves-nor that of textual data-the grammar and 
syntax of the language-their analysis calls for a different approach. 
We have developed some interesting programs for analysis. For 
example, Jim Fickett discovered that the portions of a sequence that 
code for proteins have a regularity, a periodicity in the statistical 
sense, that is absent in noncoding portions. This fact can be used to 
find the protein-coding segments, and then it is relatively trivial to 
translate the bases in the segments to the amino acids in the proteins. 
Incidentally, more and more protein sequences are being predicted 
from nucleic acid sequences because it's much easier determining 
them that way than from the proteins themselves. People are 
particularly interested in the predicted amino acid sequences of 
membrane proteins because these proteins are of special importance 
in cellular activities. 

As I mentioned before, comparison of sequences is a significant 
aspect of sequence analysis. [See the sidebar "Quantitative 
Comparison of DNA Sequences" for more detail about this subject.] 
What one wants to know is in what way and by how much two 
sequences differ, as a whole or over certain portions. Generally 
sequences differ a great deal, but the lowest level of difference 
between sequences from closely related DNAs is the replacement of 
one base by another here and there along the sequences. Such base 
replacements may in some instances be inconsequential because of 
the degeneracy of the genetic code. A higher level of difference arises 
from additions or deletions of bases, and we and other people have 
developed very efficient algorithms for spotting such differences. 

Another type of analysis involves searching for strings of 
complementary bases along an RNA molecule that would permit it 

to fold and bind to itself-to form hairpin-like structures. A good 
deal of experimental evidence indicates that in many circumstances it 
is such a structure, rather than the sequence itself, that is recognized 
by an enzyme or a protein as a signal for some activity. Similarly, 
one can look for sequences of bases in a DNA molecule that would 
cause irregularities in its structure. Even today the structures of 
various DNAs are not precisely known because of the difficulty of 
obtaining large crystals. One idealizes the structure as perfectly 
regular, but considering that the sugar-phosphate backbone encloses 
four different bases, two of which are twice as large as the other two, 
certain sequences of bases are bound to cause irregularities in shape 
or mechanical properties. These irregularities may serve as signals 
for initiating certain processes or may play a role in the packaging of 
DNA. In higher organisms DNA does not exist simply as a random 
coil. Instead it is superwound around some proteins, and this 
superwound structure is itself superwound into a very complex 
structure. 

In terms of analysis, one thing is clear: as more and more sequence 
data become available, more and more ideas about what to look for 
will be proposed. And there's no question but that this aspect of 
GenBank is the most challenging and the most rewarding. 

What the Sequence Data Offer 

There's also no question but that sequence data will answer-and 
raise-more and more questions about the mechanisms of life and its 
evolution. I don't mean, however, to imply that sequence data 
displaces everything else. Biochemistry, cell biology, organismic 
biology-these fields are as important as ever, but they are 
increasingly being propelled and unified by insights and techniques 
from molecular genetics. And much has been and can be learned 
about DNA without actually determining sequences. It is relatively 
simple experimentally to determine, for example, how many times a 
certain segment of DNA is repeated or the degree to which different 
organisms share a given gene. But sequence data provide the finest 
detail. 

Classical evolutionary studies, for instance, rely on comparing 
characteristics such as anatomy or geographical distribution to find 
out how organisms are related. At the level of molecular genetics, 
you compare the sequences of bases in the genes of the organisms 
and the proteins dictated by those sequences. One of the things you 
find is that there is a tremendous range in how exactly the sequences 
of bases are conserved even between organisms that had a common 
ancestor not so long ago. What apparently is true is that if a small 
change in a gene causes a big disturbance in the organism, then the 
sequences differ by very little. But if a small change disturbs the 
organism very little or not at all-perhaps makes only a trivial 
change of an amino acid in a protein or no change whatever-then 
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the sequences will drift a lot. One of the exciting lines of inquiry is to 
try to understand, in terms of these big or small changes in the 
sequences, what evolutionary pressures were involved. 

Comparison of sequences can give the history of evolution over 
various time scales. Over the whole of evolution, one looks at widely 
different organisms, say yeast and man, for genes that are common 
and genes that are entirely different. Over shorter evolutionary 
periods one compares, say, mice and rats. And over even shorter 
times one can examine the differences among the sequences of 
human ethnic and racial groups. In terms of the evolutionary tree, 
one can compare branches that are close together or one can 
compare the root with the top of the tree. Finding out what the 
similarities and differences are is very interesting for the light it sheds 
not only on how organisms evolve but also on how they had to 
evolve, that is, on what functions are essential. 

Another intriguing aspect of DNA that sequence data has revealed 
with great clarity is how little of it codes for proteins-only about 20 
percent in most organisms. In human DNA, for example, one short 
sequence of about 300 noncoding bases is repeated about 300,000 
times, and at least four or five others are repeated a comparable 
number of times. Some noncodiig sequences are repeated tens of 
thousands of times, some thousands of times, and some hundreds of 
times. The sequences are repeated not exactly but with a very high 
degree of fidelity. What is all that DNA doing? Some of it may be 

reproducing itself because it canÃ parasitically so to speak. And 
clearly some of it must be involved in controlling gene explosion 
and, thereby, morphogenesis-the transformation of a single 
fertilized egg cell to a complex threae-dimensional organism 
containing an enormous number of specialized cells. 

I should point out that bacteria seem to be much more 
economical-only about 10 percent of their DNA does not code for 
proteins. Perhaps their high rate of reproduction precludes wasting 
energy by replicating nonessentials. But most of the DNA in all 
higher organisms does not code for protein. An extreme example is a 
certain crab, 95 percent of whose DNA consists solely of repetitions 
of the sequence AT. 

Questions remain even about the DNA that does code for 
proteins: human DNA probably contains codes for about 100,000 
different proteins and yet less than 1000 proteins have actually been 
identified. Many of the coded proteins are probably produced in very 
small numbers, a few molecules per cell. It Is Kfcely that different 
kinds of cells produce quite different arrays of these minor proteins, 
as is true for many proteins that are abundant enough that one can 
tell. We would like to know under what circumstances the minor 
proteins are synthesized and what their functions are. Undoubtedly, 
in a general sense they serve as control devices, 

A most unexpected faet learned from sequence data is that DNA 
undergoes much more change in the course of development of an 
organism and in short-term evolution than anyone had anticipated. 
Classical genetics had established that genetic traits are very stable, 
changing only occasionally from one generation to another. One 
would expect this stability to be reflected on the molecular level. But 
that seems not always to be the ease. It is dear that pieces of DNA 
move about from one part of the genome to another. Viruses may be 
responsible for some of this dynamism. It is certainly true that 
bacteria pass DNA around from one to another and indeed from one 
species to another. Another example of the fluidity of DNA is the 
difference between the DNA in those white blood cells that produce 
antibodies and the DNA in other cells of the same organism. to the 
course of becoming antibody-producing cells, they snip and splice 
portions of their DNA to form the code for the particular antibodies 
they produce. 

I've mentioned only a few specific examples of what the sequence 
data offer to biology and, more broadly, to human thought. Hardly 
anything affects the way people think about their mrld more than 
detailed understanding of how living systems work according to the 
ordinary laws of physics and chemistry. My outlook is that 
mysticism about life is being crowded out by the greater joy of 
knowledge-thanks to molecular genetics and molecular biology in 
general. There is, after a& an immense difference between speculating 
about the way things mightwork and knowing how they do 
work. 
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elaboration of the distance algorithm for this 
purpose. Selfaomparison of sequences has 
also proved useful in catching the evidence 
kfl behind by a particular kind of exprimen- 
tal error, called loopback, that often occurs 
during the process of biochemically de- 
termining nuckic acid sequences. 

To enable and maourage searches of the 
entire database for similarities to a "query" 
sequence, Smith and Burks have worked on 
&eioping an implementation of the distance 
algorithm that will make such comparhms, 
which have not been practicabie by b d  or 
wen on most computers, possible now and 
as the database wntinues to grow. The 
cment program empbys the followhg 
grategy. For every wmparison of the we- 
ry sequence with mother sequence, the 
similarity scum for the best local alignment 
of the two sequmces is saved; attar a run 
through the database, the statistically signifi- 
cant scores are printed out, together with the 
nmes of the corr~spmding sequences. This 
list m then guide a more focused examina- 
tion ofthe s i ~ ~ t y  ofthe quay sequence to 
others in the databae. The program was 
writtea to take advantage of the vector 
architecture of Cray computers9 and a recent 
run involving abut  44,000 comp~hons 
behwm pairs of vertebrate ~ p ~ ~ ,  each 
w w &  hundred nucleotides long, took 170 
&uta on a Cfay-1 & Los Ahnos. 

Scientists will continua to increase the 
speed of comparisons based on the concept 
of digmce between sequcnws by developing 
more algorithms and computer pro- 
g m s .  For instance, Jim Fickett has de- 
veloped an dgaithm that, in most cases, 
hcreaes the speed of the distance cdcula- 
tion by a factor of ten. Efforts in this 
direction will, of course, become more and 
more essential as the sequence data expand. 
But a more exciting direction now being 
explored is that of mdcing the transition 
from basing the characterization of distance 
on the symboli~, or alphabetic, repmsenta- 
tims of sequences to basing this char- 
acterization on the physici structures of the 

DNA segments. An malogy with human 
language illustrates the need to extend the 
distance concept in this way. 

Consider the words Te&" and "leak"; if 
we were comparing only the letters in this 
pair of homonyms, we would judge them to 
be almost identical. Or consider #e words 
"sangnine" and "chwrfdy'; on the same 
basis of comparisons these synonyms would 
be judged quite dissimilar. Of course, in 
terms of the role of words in allowing 
communication between people, the meaning 
of a ward is a much more appropriate 
criterion for comparison than the symbols 
for that meaning. Now consider the follow- 
ing nucleotide sequences: 

(1) ACACAC, 
(2) ACAAAC, 
(3) GTGTGT. 

The distance algorithm discussed above 
would classify (1) and (2) as quite close (only 
a single mismatch among the six bases) and 
(1) and (3) as quite distant (six mismatches). 
However, extrapolation from recent x-ray 
crystailographic studies of DNA by 
Dickerson and coworker8 at Caltech and by 
Rich and coworkers at MIT indicate that 
&though (2) is found h the right-handed B- 
form double-helical structure suggested by 
Watson and Crick, (1) and (3) are both 
found in radicalIy different left-handed Z- 
form double-helical structures. From the 
point of view of the proteins in living cells 
that have to communicate with DNA by 
making chemical contact with its nuclestide 
strings, (I) and (3) would be almost identical 
sequences, both quite diRerent fmm (2). 
Thus, curreat attempts to extend the distance 
algorithm arc anticipating and incorporating 
a variety of spectrosco&, crystallographic, 
a d  biochemical data that idente, on the 
basis of structure and functim, homonyms 
and synonyms in nucleic acid sequences. 

This work is an example of the evolution 
of bbbgy itself from the qualitative studies 
of the pre-DNA days to the m&matical, 
highly quantitative studies of Way. a 
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