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Abstract Abstract

Prelude
Motivation: The field of bioinformatics has experienced an explosive RIELCRCEE
growth in the last decade, yet this ‘new’ field has a long history. Som cREERCEEU.
historical perspectives have been previously provided by the founders QRIERCHUES
this field. Here, we take the opportunity to review the early stages an(REIbACEEEIIIUEE
follow developments of this discipline from a personal perspective. Today and the future
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Results:We review the early days of algorithmic questions and answers i S —_—.
biology, the theoretical foundations of bioinformatics, the development o
algorithms and database resources and finally provide a realistic picture o
what the field looked like from a resources and finally provide a realistic
picture of what the field looked like from a practitioner’'s viewpoint 10
years ago, with a perspective for future developments.
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P re I u d e Abstract

Prelude

Therecentrevolutionin genomics and bioinformatics has caught the wor| g ore-70's:

by storm. From company boardrooms to political summits, the issue J——_—_.
surrounding the human genome, including the analysis of genetic varicj .
tion, access to genetic information and the privacy of the individual have eIy
fueled public debate and extended way beyond the scientific and techniClE Y E iR T
literature. During the past few years, bioinformatics, defined as the com i
putational handling and processing of genetic information, has becomEEAERES
one of the most highly visible fields of modern science. Yet, this ‘new’ field
has a long, even humble, history, along with the triumphs of molecula
genetics and cell biology of the last century.
Taking a historical perspective, we will examine the birth of this disci-
pline, and some of the factors that shaped it into one of the hottest ares
of frantic scientific research and technical development. First, we will
attempt to describe briefly some key developments for computational biol
ogy, from the very early days to the close of the century. Second, we wil
compare some ‘early’ bioinformatics activities of just ten years ago with
today'’s field, hoping that we provide a perspective for the future. Clearly,
our account is a personal perspective and by no means an objective tre
tise on the history of bioinformatics. Yet, we hope that this will provide a
basis for further discussion and debate, enriched by personal interview
a detailed citation analysis and a more wide coverage of the differen
areas within a field. For instance, we have not covered sufficiently entirg



areas of biological computation, such as structural bioinformatics (X-rayjEEiest
crystallography, electron microscopy and nuclear magnetic resonanceg:lEE
modelling and dynamics, including image and signal analysis (regulatorjialts
and gene networks, physiological simulations, metabolic control theoryREEERIS
tissue visualization viatomography and nuclear magneticimaging) or neUjAEERlEAEE
robiology and neuroinformatics (neural networks, control theory). Thes JiRaERr s
fields are outside the scope of our review and at the borders of biologic ittt

computing with other important areas of research. We would like to make
clear that we focus on our own area of expertise and discuss the mileston
of the field of protein sequence and structure analysis while attempting t
provide a general overview of the major achievements in bioinformatics
We list a number of institutions and key papé€Falfles 1land2) that were
influential in our own intellectual development and thus should not be
considered as an objectively derived ‘hall of fame’ in this field. We hope
that this treatise will inspire other scientists to take an opportunity ang
provide their own perspectives for the history of computational biology.
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The pre-70’s: pioneering computational studies Abstract

Prelude
The pre-70’s: ...
The 70's: the ...

It could be argued that some of the most fundamental problems in th
early days of molecular biology presented some formidable algorithmig
problems. In that sense, the structure of DN#atson and Crick1953, The 80's: more .
the encoding of genetic information for protei&mowet al., 1956, the Ten years ago, with ..
factors governing protein structur@rffinsen 1973 Paulinget al., 1951), Today and the future
the structural properties of protein moleculésifinsen and Scheraga |[PY i
1975 Crick, 1953 Pauling and Coreyl953 Szent-Gyorgyi and Cohen References
1957), the evolution of biochemical pathwayddrowitz, 1945 and gene
regulation Britten and Davidsoj1969, and the chemical basis for devel-
opment {uring, 1952 all contain seeds of some of the problems that were
possible to address by computation in the following decades. In paralle
much of fundamental computer science, including the theory of computa
tion (Chaitin, 1966 and information theory§hannon and Weavelr962),
the definition of grammargdhomsky 1959 and random stringdMartin-
L6f, 1966, the theory of gamesNeumann and Morgenster953 and
cellular automataeumann1966 emerged during the 1950s and 1960s.
These early approaches had already been combining computational a
experimental information to better understand biological macromoleculeg
and insights were gained on the evolution of genes and proteigisa(m
1961, Margoliash 1963 Zuckerkand! and Paulind.965h, the issues of
molecular homologyKlorkin, 1962 Zuckerkandl and Paulind 9653,
the analysis of molecules to unveil evolutionary pattethsckerkandl



Table 1. Ten institutions that pioneered and fostered computation in biology Abstract

Prelude
Institutions Country —
Birkbeck College, University of London UK The pre-70's: ..
Boston University USA The 70's: the ...
European Molecular Biology Laboratory (EMBL) DE and EMBL states .
Institute of Protein Research, Academy of Sciences, Puschino  Former USSR The 80's: more ...
Laboratory of Molecular Biology (LMB), MRC Cambridge UK Ten years ago, with ...
Los Alamos National Laboratory (LANL) USA
National Biomedical Research Foundation (NBRF), Georgetowr USA Today and the future
Stanford University USA Acknowledgements
University of California San Francisco (UCSF) USA
University College, University of London (UCL) UK References

and Pauling 19650, the structural constraints of polypeptide chains
(Ramachandraet al.,, 1963, the informational properties of DNAFatlin,
1966 and protein sequencelli@lan and Margoliash1968, the origins
of the genetic codedrick, 1968 Woese 1970, its coding capacityAlff-
Steinberger1969 and the accuracy of the translation proceSsidk,
1966, the construction of phylogenetic treeitth and Margoliash
1967, the use of molecular graphickdtz and Levinthgl1966, prop-
erties of protein sequence alignme@bfitor 1968 and the processes of
molecular evolutionimura, 1968 Nei, 1969.

This era can be considered as the birth of computational biology, wit
a number of key developments appearing: the first sequence alignme




algorithms Gibbs and Mcintyre197Q Needleman and Wunsch970), Abstract

models for selection-free molecular evolutidiir{g and Jukes1969), Prelude

the preferential substitution of amino acid residues in protein sequencqsiiicates
(Clarke 197Q Epstein 1967, formal studies of protein primary structure [JRIAEOEEES
(Krzywickiand Slonimski1967), derivation of preferences foramino acid [HAEEARIEAES
residues in secondary structur@ain and Robsqri97Q Ptitsyn 1969, Ten years ago, with ...
the invention of the helical wheel representation for protein sequence |iitdaiekiak
(Dunnill, 1968 Schiffer and Edmundsori967), the widespread use of [N
molecular data in evolutionary studiégtch and MargoliasiL97Q Jukes References

1969, the origins of life Mest and Ponnamperuni70 and the theory
of evolution by gene duplicatio®hng 1970. In 1970, the central dogma
had also been conceive@rick, 1970, after the seminal discoveries of
the processes of RNA transcription and translation.




Table 2. Twenty Publications that influenced our view of bioinformatics

Publication

Zuckerkandl and Paulind.965b

Fitch and Margoliashl1967

Needleman and Wunsch970

Lee and Richards971
Chou and Fasmai974
Tanaka and Scheragk975
Dayhoff, 1978

Hagler and Honig1978
Doolittle, 1981
Felsenstein1981
Richardson198la
Kabsch and Sandet984

Novotnyet al., 1984
Chothia and Lesk1986
Doolittle, 1986

Feng and Doolittle1987
Lathropet al., 1987

Ponder and Richard4987
Altschul et al., 1990

Bowieet al., 1991

Abstract

Prelude

The pre-70’s: ...
The 70’s: the ...
The 80's: more ...

Comments

First use of molecular sequences for evolutionary studies

Use of molecular sequences to build trees

First implementation of dynamic programming for protein sequence comparison

Calculation of accessibility on protein structures

First secondary structure prediction method

Simulation of protein folding

First collection of protein sequences

One of the first explicit attempts to simulate protein folding

Seminal paper examining divergence and convergence in protein evolution

One of the first statistical treatments of evolutionary tree construction

The most comprehensive description of protein structure to that date

Discovery with profound implications for model building by homology and structure
prediction

The inability of distinguishing correct from incorrect structures threw back structure
prediction approaches for a long while

Examination of divergence between sequence and structure

Influential book on sequence analysis

The first approach for an efficient multiple sequence alignment procedure, later
implemented in CLUSTAL

One of the first applications of Atrtificial Intelligence in protein structure analysis and
prediction

The very first threading approach, using sequence enumeration

The implementation of a sequence matching algorithm based on Karlin’s statistical
work

The first implementation of protein structure prediction using threading

Ten years ago, with

Today and the future
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The 70’s: the theoretical foundations Abstract

. Prelude
As a consequence of the above, an agenda for computational problergss —
in molecular biology had already been formulated. Studies of SubStitu {SESSESES..
tion mutation ratesioch, 1971), the calculation of solvent accessibility | E_———
on protein structured_€e and Richardsl971), the parsimonial determi- Ten years ago, with ..
nation of tree topologyHitch, 1971), RNA structure predictionTinoco Today and the future
etal., 1971 and more methods for sequence alignmBetferet al., 1974 Acknowledgements

Gibbsetal,, 1971, Grantham1974 Sackin 1971, Sellers 1974a Wagner References
and Fischerl974 have appeared. One of the most prominent theoretica
advancements of this time was the merging of classical population genetiq
with molecular evolutionimura, 1969 Ohta and Kimural971), to pro-
duce the theory of neutral evolutiodi(nura, 1983 and the constancy of
the evolutionary rate of proteindkes and Holmquist972), also known
as the molecular clock hypotheski§ifiura and Ohtal974). Another area
of intensifying research was the string comparison problem in compute
science ICevin, 1973 Sankoff and Sellers1973 Wagner and Fischer
1974 (or ‘sequence alignment’ in biology), developed hand-in-hand with
applications to biological macromoleculddefyeret al., 1974 Gordon
1973 Kimura and Ohtal972 Sankoff 1972 Sankoff and Cedergren
1973 Sellers 1974h. At the same time, the first phylogenetic analyses
of macromolecular familiesWu et al., 1974, including immunoglobu-
lins (Novotny, 1973 and transfer RNA Klolmquistet al, 1973, were
emerging. Moreover, refined attempts to define sequence patterns th




influence protein structure continued to propag#&tzb@t and Wul1973 Abstract
Liljas and Rossmarl974 Richards 1974 Robson 1974 Schulzet al., Prelude
1974 Wetlaufer 1973. The pre-70's: .

By the mid-1970s, a pretty clear picture has been devised for the theoritesutay
and practice of sequence alignment, the process of molecular evolutio SRS
the quantification of nucleotide and aminoacid substitution rates, the corjliRikerAtIES
struction of evolutionary trees, and secondary/tertiary protein structurqiasdaleiiets
analysis. In certain ways, a lot of the problems that would occupy thg
computational biologists of the future had been defined during those earl
years. What was missing is central reference data and software resourg
and the means to access them, a significant trend that would emerge ve
prominently during the next decade.

In the last years of that decade, a flurry of activity occurred in the
development of string and sequence alignment thedhy et al., 1976
Chvatal and Sankaffl975 Delcoigne and Hanserd975 Hirschberg
1975 Lowrance and Wagnet975 Okudaet al., 1976 Watermaret al.,
1976 and evolutionary tree analysis and constructieel¢ensteinl 978
Klotz et al, 1979 Sattath and Tvertskyl977 Waterman and Smith
1978a Watermaret al., 1977, as well as the description, visualization,
analysis and prediction of protein structure, in an attempt to crack the ‘sed
ond genetic code’, the protein folding proble@hpothig 1975 Chothia
et al, 1977 Chou and Fasmarl978 Crippen 1978 Garnieret al,
1978 Hagler and Honigl1978 Jones1978 Kabsch 1976 Karplus and
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Weaver1976 Kuntz, 1975 Levitt, 1976 1978 Levitt and Chothial976
Levitt and Warshel1975 Lifson and Sanderl979 Matthews 1975
Nagano and Hasegawd975 Richards 1977 Richardsonl1977 Rose
1979 Rossmann and Argp4976 Schulz 1977 Schulz and Schirmer
1979 Sternberg and Thorntpi978 Tanaka and Scheragid75 Ycas

et al, 1978, including the first algorithms for secondary structure pre-
diction (Chou and Fasmari974 Lim, 1974, the invention of distance
geometry for the calculation of structure from distance constra@rig{

pen 1977 and further use of specialized systems for molecular graphicy

and modelling Feldmann1976. An interesting by-product in this area
were the evolutionary ‘stories’ for specific protein families, such as
the selection-dependent evolution of haemoglobi@sgqdmanet al.,
1979, the dehydrogenases and kinasesentoff and Rossmari975,
cytochromec (Fitch, 1976 and the first analyses of metabolism, such as
the loss of metabolic capacitiedukes and Kingl975, the evolution of
catalytic efficiency Albery and Knowles1976, the evolution of energy
metabolism Dickersonet al., 1976 and the simulation of metabolic reg-
ulation Heinrich and Rapopartl977. Other emerging problems were
the exon—intron questiorGjlbert, 1978, the evolution of the bacterial
genome Riley and Anilionis 1978, RNA structure predictionWater-
man and Smith1978h), deep phylogeny§chwartz and Dayhaffl97§

and the complex control of morphogenessifageaul979ab).

Abstract

Prelude

The pre-70's: ...
The 70’s: the ...
The 80's: more ...

Ten years ago, with ...

Today and the future
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One key development towards the end of that decade regarding pul
lic resources was the compilation of computer archives for the storagg
curation and distribution of protein sequen@ayhoff, 1978 and struc-
ture Bernsteiret al., 1977) information, a trend that would be amplified
enormously in the immediate future.

Abstract

Prelude

The pre-70's: ...

The 70’s: the ...

The 80's: more ...

Ten years ago, with ...
Today and the future
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The 80’s: more algorithms and resources Abstract

Prelude

The following decade was in effect the time when the field of compu- [ EEEG—_—_G

tational biology took shape as an independent discipline, with its owrjs .
problems and achievements. For the first time, efficient algorithms wwer s
developed to cope with an increasing volume of information, and theirESSESRNSNE.
computer implementations were made available for the wider scientifiQEiE R T
community. Some commercial activity around software development ha e is
already been observe®évereuxet al, 1984. Due to the vast volume [GEEEES
of literature, we will only cite a limited number of significant papers that
represent key developments in computational biology. We will also brea
down the field into four subfields: (i) sequence analysis, (ii) molecular
databases, (iii) protein structure prediction and (iv) molecular evolution.
By 1980, it had already become clear that computer analysis o
nucleotide sequences was essential for the better understanding of biolo
(Gingeras and Robert$980. Sequence comparison continued to bene-
fit from parallel developments in computer scieneml{ and Dowling
1980. The dot-matrix model of sequence comparison was well devel
oped at that timeNlaizel and Lenk1981). The genome hypothesis for
preferential codon usage was formulated on the basis of computer analy
(Granthanet al,, 1980. Progress in DNATrifonov and Sussmari980
and RNA (Nussinov and Jacobsat980 structure analysis prediction was
also reported. Other theoretical work at the turn of that decade include
key analyses of the evolution of prokaryotes with the identification of the



Archaea as a separate domain of lifeox et al., 1980, the notion of Abstract

selfish DNA Qoolittle and Sapienzd 980 and variable modes of molec- EREILE

ular evolution Dover and Doolittle1980. Other fields with influence on  [REEEGHES
computational biology were neural networksopfield 1982, molecular The 70's: the ..
computing Conrad 1985, nanotechnologyf¥rexler, 1981), complexity LS GUSIUE o
and cellular automata(rks and Farmei984 Reggiaet al., 1993 Wol- Ten years ago, with ...
fram, 1984 and the theory of clusteringShepard1980), all of which Today and the future
had a direct impact on protein structure prediction and design as well oI
seqguence database searching and clustering.

References

() Theoretical developments in sequence analysis, for example the co
putation of evolutionary distanceS«€llers 1980 or approximate string
matching Ukkonen 1985, were followed by the development of key
algorithms, such as the Smith—Waterman dynamic programming sequenq
alignment algorithm$mith and Watermagri981ab) and the FASTA fam-
ily of algorithms for database searchingigman and Pearsori985
Wilbur and Lipman 1983. Similarly, analysis of repeats in theoretical
computer scienceQuibas and Odlyzko198Q Steele 1982 was fol-
lowed by parallel analyses for biological sequendesWachter 1981
Martinez 1983 Nussinoy 1983. Matrix-based models of sequence com-
parison continued to be developédttitensky 1986 Novotny, 1982, as
well as the first integrated sequence analysis systBnusl@get al., 1982
Lyall et al,, 1984 Pustell and Kafatqsl984 Staden1982. Two major
developments were the automation and wide use of multiple sequend




alignment Carrillo and Lipman 1988 Fenget al., 1985 Hogeweg and Abstract
Hesper 1984 Murataet al., 1985 Sankoff and Cedergrei983, espe- Prelude

cially the tree-based alignment methé@ (g and Doolittle1 987 Higgins The pre-70's: ...
and Sharp1988, and sequence profile analys{Sr{bskovet al., 1987, The 70's: the ...
1988. One of the first applications of sequence analysis to the discovigaieet st
ery of important protein motifs was the identification of the ATP-binding [HHRaaikaa AN
motif in various functionally unrelated proteinsvélker et al., 1982, Today and the future
the zinc-finger motif Klug and Rhodes1987), the leucine-zipper motif
(Landschulzt al.,, 1988, the homology of bacterial sigma factofSr{b-
skov and Burgessl986 and the nature of signal sequencétei{ne
1981, 1985. Other studies included optimality in sequence alignment
(Altschul and Erickson1986 Fickett 1984 Fitch and Smith 1983
Waterman 1983, rigorous statistical approaches in sequence analy
sis (Arratia et al., 1986 Arratia and Watermarl985a,b Karlin et al.,
1983 Tavaré 1986 Wilbur and Lipman 1984), pattern recognition in
several sequences and consensus generatibarlfanelet al, 1984
Sellers 1984 Watermanet al, 1984 random sequences§ifch, 1983,
sequence logosS¢hneideeet al.,, 1986, and syntactic analysig€peling
and Jiménez-Montafid 98Q Jiménez-Montafiol984). One issue was
the performance of these computation-intensive programs on small co
puter systemsGotoh 1987 Korn and Queenl1984. Algorithms for the
prediction of antigenic determinantd@pp and Woods1981), the detec-
tion of open reading frame&ickett 1982 Shepherd1981 Staden and
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McLachlan 1982 and translation initiation sitesS{ormoet al., 1982, Abstract
the computation of RNA foldingllumas and Ninip1982 Turneret al., Prelude
1988 and the calculation of evolutionary tredse(sensteinl1982 were The pre-70's: ...
also invented. The first review&0ad 1986 Hodgman 1986 Jungck and The 70s: the ..
Friedman 1984 Kruskal 1983 Kruskal and Sankoff1983 and books LS GUSIUE o
(Doolittle, 1986 Heijne, 1987 Rawlings 1986 on sequence analysis and  [Raar s
comparison also appeared at this time. Today and the future
(i) The initial phase of database development for data quality control
and collection rapidly progresseldlly and Meyer 1983 Orcuttet al.,
1983, with the appearance of at least two major resources for nucleotid
data submissiorRhilipson 1988, GenBank Bilofsky et al.,, 1986 and
the EMBL Data Library Hamm and Camerqii986. Proposals for com-
puter networks that ensured availability and facilitated distributi@sk
1985 Lewin, 1984 were materialized, with initiatives such as EMB-
NET (Lesk 1988 and BIONET Kristofferson 1987 Smithet al., 1986).
Archives of molecular biology software also appeared, for example the
LiMB software catalog Burks et al,, 1988 Lawtonet al, 1989. Vari-
ous reviews summarizing strategies for sequence database searching w
published Cannon 1987 Davison 1985 Henikoff and Wallace1988
Lawrenceet al., 198G Orcutt and Barkerl984 Thornton and Gardner
1989, indicating that distributed computing for the wider community
was coming of ageHeijne 1989. Entire programs in various institutes
such as EMBL formed the very first departments exclusively devoted tg
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computational biologyl{esk 1987. Finally, experimentation with vari- LSS

ous dedicated hardware platforms for more efficient analysis of biologicagElitE
sequences emergeddllins and Coulsoyil984 Coreet al., 1989 Edmis- The pre-70's: ...
tonetal, 1988 Gotoh and Tagashird986 Huang 1989 Loprestj 1987 The 70's: the ...
along with relational database technology that facilitated querystgng UL GER I

and Sternbergl989 Rawlings 1989, as databases continued to grow at [HRAGERCIEE
Today and the future

an exponential rateDeLisi, 1988.

(i) The field of protein structure analysis and prediction experienced a
significant growth in that decade. Various approaches to protein structu
representation and visualization were explored, including the deriva
tion of coordinates from stereo diagrant&o&smann and Argp4980),
domain definitionsRRashin 1981, hydrophobicity plotsKyte and Doolit-
tle, 1982 Sweet and Eisenberd983 and momentsHisenberget al.,
1984), automatic structure drawind-¢sk and Hardmanl982, frac-
tal surfaces Brooks and Karplus1983, signed distance map8i@un
1983, solvent accessible surfacesdnnolly, 1983, vector representa-
tions of protein sequenceS\Wanson1984) and structuresfamamoto
and Yoshikural986, substructure dictionariedgnes and Thiryd.989,
amino acid conservation patterngaylor, 1986, differential geometry
(Rackovsky and Goldstein988 sequence motifsRooman and Wodak
1988 and building blocks Jnger et al,, 1989. Interactive computer
graphics were introduced as well, with programs such as FRQDe6
1985 and RIBBON Priestle 1988. Structure comparison was further
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developed, with new analyses and algorithr@®lfen and Sternberg [EEEES
1980a McLachlan 1982 Sippl, 198Q Taylor and Orengo1989. Class Prelude
prediction as a filtering step in protein structure prediction was alSORE U
invented at that timeKlein, 1986 Klein and DeLisj 1986 Nishikawa The 70s: the ..
et al., 1983a,p. Molecular modelling was develope@(eer 1981), fur- LS GUSIUE o
ther validated with dictionaries of peptide§absch and Sandet 984 Ten years ago, with ...
[and ultimately fully automated{olm and Sandef.992 Levitt, 1992 in Today and the future
the 1990s]. The problem of threading sequences to structures was al AN
introduced Ponder and Richard4.987. Descriptive studies deriving
architectural principles of protein structur@hothig 1984 Richardson
19818 from statistical analysis of specific families and folds continued to
increase in quantity and sophisticati@r&ndén198Q Janin and Chothia
1980 Lifson and Sanded 980 Ptitsyn and Finkelsteir198Q Weber and
Salemmel980—examples include analyses of disulfide bridggsain-

ton, 1981, beta-sheet sandwiche€dhenet al, 1981, helix packing
patterns Chothiaet al., 1981) and beta-sheetS€fothia and Janir1987),
beta-hairpins $ibanda and Thorntori985, beta-barrelsl(asterset al.,
1988, loops (eszczynski and Ros&986 and coiled-coils Cohen and
Parry, 1986. The recent discovery of exons led to their mapping on known
protein structuresGraik et al., 1982 1983 G0, 1981, 1983 1985. The
development of NMR allowed the solution of protein structuv@sihrich,
1989, and presented new probleni&é&un 1987, the calculation of 3D
coordinates from distance data: distance geom&oer, 1982 1985

References




and molecular dynamic8(ungeret al., 1986 came to the rescue. These [ELEES
methods were previously used to approach the protein folding problem ogEitE
prediction methods, with the use of distance constra@dsiani and Goel The pre-70's: ...
1985 Cohen and Sternberd 980k Galaktionov and Rodiongwl98]; The 70s: the ..
Goelet al, 1982 Goel and Ycas1979 Kuntz et al., 1976 Wako and UL GER I
Scheragal1981, 1982 and the prediction of residue contadidiyazawa Ten years ago, with ...
and Jernigaj1985 Warme and Morgari978 as well as restrained energy  [iadaiebieiis
minimization and molecular dynamic&dvitt, 1983. Development of
distance geometry continueBraun 1987 Braun and G$1985 Crip-
pen 1987 Easthope and Havel989 Hadwiger and Fox1989 Havel
etal, 1983a,hHavel and Withrich1984 Metzleret al., 1989 Sippl and
Scheragal985.

(iv) Protein evolution had also become a key area of reseddalaj(
and Blundel] 1984 Dayhoff et al,, 1983 Doolittle, 1981), with a num-
ber of interesting discoveries such as the coordinated changes of ke
residues Altschuhet al., 1988, the relationship between the divergence
of sequence and structur€l{othia and Lesk1986, the properties of
similarity matrices Vilbur, 1985, the influence of amino acid compo-
sition (Graur, 1989, the definition of homologyReecket al., 1987,
the detection of protein fold determinanBashfordet al., 1987 and the
identification of sequence similarities due to convergebo®(ittle, 1988
Fitch, 1988. Key analyses of individual protein families with wider impli-
cations for protein sequence/structure relationships included the analys
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of the globinsLesk and Chothigl 980, the blue-copper protein€fiothia Abstract

and Lesk1982), the immunoglobulinsl(esk and Chothigl982, the pro- Prelude
teasesNeurath 1984), the cytochromesMathews 1985, the bacterial The pre-70's: .
ferredoxins (Georgeet al., 1989, the superoxide dismutaseGSdtzoff The 70's: the ...
etal, 1989 Leeet al, 1985, the phosphorylasesijvang and Fletterick LS GUSIUE o
1986, the ribonucleaseBgintemaet al,, 1988, the crystallins l(ubsen Ten years ago, with ...
et al, 1988 Piatigorsky and Wistow1989 and other various case stud- |[Hadaieiieis
ies Brenner 1988 Doolittle, 1985 Goldfarh 1988. Correspondingly, [N
the analysis of phylogenetic markers such as rRIRAtlischildet al., References

1986 Soginet al, 1986, exons and intronsGilbert, 1989 and vari-
ous genome segmentlr(itlag, 1980 resulted in significant discoveries
for genome evolution, such as the relationships of life for@sdergren
et al, 1988 lwabe et al, 1989 Paceet al, 1986 Woeseg 1987, the
dynamics of DNA Breslauetret al,, 1989 and genome structur®lake
and Earley1986 Loomis and Gilpin 1986 Ohta 1987 Reanney1986
Sankoff and Goldstejnl989, the evolution of splicing $harp 1989,
exons Bulmer, 1987 Naora and Deacqri982, introns Gilbert et al,
1986 Senapathy1986), intron-encoded proteing’érlman and Butow
1989 and non-coding sequenceéssoraet al., 1987), the origins of retro-
viruses Doolittle et al.,, 1986, the salient features of substitution rates
(Britten, 1986 Ochman and Wilsarll987 and the effect of codon usage
on gene expressiofanthanet al.,, 1981). Finally, the theory and prac-
tice of evolutionary tree computation came into maturigeléenstein




1981, 1985 1988h, culminated by the widely used program PHYLIP
(Felsenstein19883.

Abstract

Prelude

The pre-70's: ...
The 70’s: the ...
The 80’s: more ...
Ten years ago, with ...

Today and the future
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Ten years ago, with hindsight Abstract

Prelude

Here is a pretty realistic picture of a computational biologist working [ ESNGEGEEcG—_Gg

back in 1992. In terms of generic computing tools, there had been acce S
to the InterNet, mostly through services like (bitnet) e-mail, gopher/ftp |EE———
and the first web browser, Mosaic (http protocol), allowing access to gEE S P aT i
little more than 100 or so(!) web sites. Computer systems were quite he R T
erogeneous, including VAX/VMS machines and Unix workstations (and e mins
another dozen of less widely known operating systems). In addition, IMEEEEEES
academic environments Apple Macintosh systems were abundant, than
to their groundbreaking icon-based user interface and word-processi
or desktop publishing capabilities. There has been distributed database
such as GenBank and MedLine, but their availability was limited, mostly
through CD-ROMSs. CD drives were just being made available and the firs
version of X-windows was launched (graphical user interfaces were stil
in their infancy). About that time the first interpreted languages appeared
inspired by the Unix utility awk and quickly followed by perl and python.
In terms of scientific toolkits, BLAST was just made availal?dgchul
et al, 1990, including sequence masking procedures, such as XN
(Claverie and State4993. RasMol Gayle and Milner-Whitel995 and
Kinemage Richardson and Richardsgl®92 were making headlines in
terms of protein structure visualization. The Genetics Computer Grouy
(GCG) software was available on VMS and in wide use—along with
many other popular sequence analysis packages for the Macintosh. T



first sophisticated gene prediction programs were also appe&ingdk Abstract

et al.,, 199Q Fickett and Tungl992 Guigoet al.,, 1992 Mural and Uber- Prelude

bacher 1991, States and Botsteid99]). In protein structure prediction, [RESEGHE

the second-generation secondary structure prediction algorithms based [EEEEEEEE
multiple sequence alignmeriR¢st and Sandet993, by then also widely The 80's: more ...
available, indicated significant progress in the field. Excitement was in thakei st
air (Thorntonet al., 1992 because of the first successful results in pro- ekl
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