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At the end of the 20th cen tury mo lec u lar ge
neticshasbeenthecentralthemeinbiological
thought. No body ques tions the im por tance of
ge netics, nor ar gues that DNA plays the role
of the blueprint of life for all components of
the living cell. How ever, we still do not un der
stand the gen eral mech a nism of the cell func
tion and de vel op ment. The se quence of the hu
man ge nome as well as other genomes is gen
er ally be lieved to be the start ing point of bi o
logical and biomedical investigations in the
followingcenturyandofthedebateontheort
gin of life. Life depends on the interactionof
thousands of genes and their protein prod-
ucts, orchestrated by the regulatory logic of
each genome. If we are to comprehend this
logic, we must hope that it can be dissected
into a series of interlinked modules or net-
works, each of which can be stud ied inrel a tive
isolation. But even then, the complexity of a
single module can be daunting. There is a
hope that de tailed an no tation of the database
of genes and in-depth ex plo ra tion of the physi

co-chemical principles of living systems will
bring us closer to the understanding of the
cell.

The basis of our insight into cell supramo-
lecu lar struc ture is the doc trine of self as sem
bly and self or gani sation whichisadirect ex
tensionof the centraldogmaofmolecularbiol
ogy from the real se quence of lin ear in for ma
tion to the third dimension of pro tein and as
semblies. The mechanism of self-assembly is
very powerful and it operates far beyond
atomic dimensions to form very complex
structure like ribosomes or spliceosomes. At
each level, novel laws can be found whose nec
essary, separate study hasdefined par ticular
discipline. As Phil Anderson once said psy-
chologyisnotappliedbiology, itisnotapplied
chemistry or it is not applied physics. The
features of the very same system depend on
the scale of ob servation. This pre cludes the ex
trap o lation of knowl edge at one level to higher
levels, where the “complexity” increases. Un-
derstanding why this is so and determining
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how to for mal ize the prob lem of emer gent fea
tures and multiscale description is one of the
goals of the science of complex systems.

One can ask when we will be able to un cover
universal principles working in living organ-
isms and de velop a set of de sign rules for bi o
logicalactivities, likethosewhichthe physical
sciences already used to describe the mecha-
nisms of the non-biological world. We should
keep in mind that the or ganismisalsoaphys i
cal entity with geometric dimensions, sub-
jected to the laws of macroscopic mechanics.
Perhaps the most fundamental is to explain
the im mense di ver sity of life de spite its deep
and pervasively similar molecular architec-
ture. The an swer lies in conforming the pres
ence of new genes, and then introducing them
toacon stantly changing eco log i cal and phys i
calenvironment. Thiscanbe possible through
understandingtheconnectionbetweenpheno
type and genotype. The implications of the
revolution in molecular biology and develop-
mental processes of the evolution are univer
sally appreciated.

During the second half of the 20th century,
biology was dominated by reductionist ap-
proachesthatsuccessfullygeneratedinforma
tionaboutindividualcellularcomponentsand
their functions. Understanding gene func-
tions has to in clude knowl edge about the hard
ware aspect. Cells are compartmentalized,
and lo calization of pro teins af fects their func
tion. Information transfer takes place not
only through the specificity of protein bind-
ing. Thecell respondstotopological cluesand
me chan i cal forces that play acen tral role dur-
ing morphogenesis and yet do not en code ge
netic information. Over the past de cade, this
process has been greatly accelerated by the
emergence of genomics.

In the very near future, we will be over-
whelmed by the exponential increase of bio-
log i cal data in terms of both vol ume and com
plexity. More and more powerful computers
and computational tools for the understand-
ing of the ever increasing number of data-
bases will help to elucidate the lowest level

com pounds such as the struc ture and func tion
of a molecule in biological networks. How-
ever, these tools may ap pear inad e quate toun
cover the com plex sys tem of con trol that char-
acterize all living organisms. Evolution has
producedfamiliesof proteinswhose members
share the same three-dimensional architec-
tureandfre quently have de tectably similarse
quences.

A time is coming when people will request
more details and greater precision of the in-
fer ences drawn from com plete genomes: how
an enzyme performs its catalysis; why dif fer-
ences occur; what determines transcription
differences, how cell induces changes in its
neighbour and what shape will the organism
be.

Struc tural genomics ef forts have emerged in
response to the fact that genome sequences
encoding many proteins are often undetect-
able in the course of sequence comparison,
andproteinsecondaryandtertiarystructures
are highly coupled and difficult to predict ac-
curately. The essence of structural genomics
is to start from the gene se quence, produce a
protein and determine its three-dimensional
structure. The challenge, once the structure
has been determined, is to extractuse ful bio
logicalinformationaboutthebiochemicaland
biologicalroleoftheproteinintheorganism.
This is a complete reversal of the classical
structural biology paradigm,whereaprotein
structure has been de ter mined to un der stand
how it per formsits known biological function
at the molecular level. The purpose of
genomicsistounder standbiol ogy: notsimply
toidentify com ponentand de velop the ex per ¢
mental and computational methods, but also
to take ad van tage of as much se quence in for-
mation as possible and to catalogue all the
genes together with the information on their
functions; tounder stand how the com po nents
come and work to gether to com prise func tion
ing cells and to make up the phys i ol ogy of an
organism.

Similarities be tween un known polypeptides
and known pro teins re vealed only at the level
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ofhighresolutionmolecularstructuresmight
suggest a biological function.

Until now, more than 30 prokaryotic and
several eukaryotic genomes, including yeast,
worm, fly, human, have been solved. The se-
quence data will have the greatest impact on
molecular medicine, as they will allow to
better formulate the diagnosis of a disease.
Func tional genomics is the next step in this bt
ologicalrevolution. Ithasevolved fromasur
realistic or at least futuristic concept in the
1980s to an ac cepted part of sci ence at the be
ginning of the new mil len nium. It is not sim
ply the as so ci ation of a func tion to the iden ti
fied genesbut the or ganizationand control of
ge netic path ways that come to gether to make
up the physiology of an organism.Therefore,
we need to find the roles and principles gov-
erning the mechanisms of biological activity.
However, the genome industry is already in
full swing. As a commercial activity, it will
stimu late prof its from the ge nome well be fore
any drugs, diagnostics or technical advances
ofany kind have as cended fromthe nucle o tide
sequence.

Unfortunately, the billions of bases of DNA
sequence do not tell us what all the genes do,
how the cells work, how the cells form organ-
isms, what goes wrong in the course of a dis-
ease, how we age or how to develop a drug.
This is where func tional genomics co mes into
play.

Expression array and proteomic technolo-
gieswill give us the a bil ity to de ter mine when
a cell uses par tic u lar genes and when it does
not. Classical metabolism told us how a cell
lives whereas proteomics is necessary to tell
how a cell dies. Proteomics can be used to cor-
relategeneexpressiondatatocellmetabolism
and the organismphenotype. These potential
applications make proteomics useful for
studyingplantphysiologicalmechanisms,and
also for providing clues on proteins of un-
known function. However, this approach
alone may not pro vide in sight into the mech a
nisms that establish protein expression pat-

terns. Since the important regulatory pro-
teins such as tran scrip tion fac tors and sig nal
ling proteins are usually not visualized on
two-dimensional gels due to their low abun-
dance. Parallel studies of proteomes and
transcriptomes should not only allow for the
to understanding the relationship between
MRNA and protein levels. It should also re-
spond to the questions posed by large scale
proteomic studies about the genes/proteins
involved in the regulation of genome expres-
sion, from transcription to post-transcriptio-
nal processes.

As inother fields be fore, bi ol ogy will ex pe ri
ence an increased use of systems mathemat-
ics and computer simulations. A new mathe-
matical biology is emerging. Building on ex-
perimental data on organism development it
uses the powerful computational methods to
explore the prop er ties of real gene net works.
Will it ever reach a level of sophistication in
mathematical modellingandsimulationsimt
lar to other fields? The complexity of living
sys tems and their continuous change through
evo lu tion makes many sceptical about the suc
cess of such endeavours.

The main method ofanalysisinmolecular bt
ology has been the cartoon representation in
dif fer ent path ways. How ever, for their full un
der stand ing, num bers need to be at tached to
the ar rows, and equa tions should be re lated to
the numbers. What about the entropic fac-
tors, which are of paramount importance for
their un der stand ing? How do we deal with wa
ter in these calculations. Can we even calcu-
late the enthalpy barriers to individual reac-
tion steps with useful ac cu racy? Can we fore
see the effects of amino acid substitutions at
the active site?

Over the past 20 years, it has become clear
that a variety of RNA molecules have impor-
tant or essential biologicalfunctions in cells,
beyond the well-established roles of ribo-
somal, transfer and messenger RNAS in pro-
tein biosynthesis. InRNA, se quence con ser va
tion among functional homologs is usually
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limited to short segments, making homology
search more difficult than the search for pro-
teins. Ourunder stand ing of RNA s cur rently
limited by the lack of structural data.

Itis not yet clear how many struc tural RNAs
are ex pressed in dif fer ent cell types, what bic
chemical pathways they participate in and
what pro teins they bind. Struc tural genomics
of RNA (ribonomics) will be most interesting
when integrated with experimental and com-
putational methodsforidentifyingnovel RNA
genes and determining their biological rele-
vance.

For the futuredevelopment of biology,inte
grative analysis of the function of multiple
gene products has become a critical issue.
Such ap proach will rely on bioinformatics and
methods for system analysis. In the future,
thebiological scienceswill be in creas ingly fo
cused an the systems properties of cellular
and tissue functions.

Where are we now in understanding evo lu
tion?

Now it is not the end. It is not even the be gin
ning of the end. But it is, per haps, the end of
thebeginning.



