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At first, I would like to thank Dr. V.T. Ivanov, the 
Editor of this journal, for the excellent idea to compare 
the predictions of 1970 about the development of 
molecular biology and the real events, and then to make 
an attempt of a new forecast. 

This topic can be considered at several angles. One 
can repeat E Crick's endeavor and predict "Molecular 
Biology-2030," or compare the rights and wrongs of 
the great foreteller, or discuss the aspects that he had 
not touched. Since E Crick is among those few scien- 
tists of the XX century whose genius is doubted by 
nobody, the forecast of such an exceptional person pro- 
vokes special interest and attracts particular attention. 

Any forecasts in the fundamental science are rather 
speculative, because the real achievements prove as a 
rule to be more significant than the expected ones. Here 
is only one example from the history of our science. At 
the Mendeleev Congress in Moscow in 1959, W.A. En- 
gelhardt, one of the founders of the Russian molecular 
biology, while talking in his excellent plenary lecture 
about the outstanding achievements of the young sci- 
ence, mentioned the genetic code and suggested that 
this extremely difficult problem would most probably 
be solved in 50 years. By the irony of fate, only two 
years (!) later in the same Conference Hall of the Mos- 
cow State University where the Mendeleev Congress 
had been held, E Crick at the World Biochemical Con- 
gress invited on the podium, hors agenda, M. Niren- 
berg, who told about the formation of polyphenylala- 
nine when poly(U) was added to ribosomes. It was the 
beginning of breaking the code, which was completed 
within only two-three years. At that time, I, a young 
researcher of the Institute of Radiational and Physico- 
chemical Biology of the USSR Academy of Sciences, 
was synchronously translating Nirenberg's report into 
Russian. The epoch-making discovery was made much 
faster than expected. 

There were some rather trivial statements in the 
Crick's forecast, which must have been shared by many 
scientists, for example, that biological experiments 
would be performed by many people on a large scale. It 
was evident as well that new methods and tools would 
arise in molecular biology. Some predictions were not 
confirmed, for instance, about the saturation of the 
funding of the biological research (in fact, in the devel- 
oped countries a continuous growth has been taking 

1 E-mail: kissel@imb.ac.ru. 

place) or about a high contribution of China to the 
future research. 

Remarkably, in 1970 Crick noted an impact of the 
USSR and Japan on molecular biology. Within next 
30 years Japan has become one of the world leaders in 
molecular biology, standing side by side with Germany, 
England, and France. On the contrary, during the same 
period, the USSR and Russia have dramatically rolled 
back, continuously losing, year by year, the high repu- 
tation and evident achievements of the past. Although 
the number of Russian surnames appearing in interna- 
tional journals has not decreased, these studies were 
largely performed outside Russia. 

It may be especially interesting to discuss the events 
that were not predicted by Crick. From my point of 
view, the most amazing is that nothing had been said 
about outstanding achievements of the 1970--2000 that 
involved DNA and, therefore, must have been espe- 
cially close to Crick. Among them there were the 
mosaic structure of genes, splicing, one of the main 
processes studied in molecular biology in the 1970- 
1990s (P. Sharp and R.Roberts, Nobel Prize 1993), the 
reverse transcription (RNA - DNA), discovered in 
the same year when E Crick published his forecast 
(D. Baltimore and H. Temin, Nobel Prize 1975); the 
protein inheritance, discovered in the 1990s (two pro- 
tein conformations epigenetically transmitted from cell 
to cell bypassing DNA and RNA upon the prion repro- 
duction (S. Prusiner, Nobel Prize 1997)). Finally, and 
this is the most important, nothing was said about the 
elucidation of the chemical structure (nucleotide 
sequence) of the hereditary apparatus of bacteria, ani- 
mals, plants, and humans. Meanwhile, 2000 is the peak 
of achievements in genomics: genomes of hundreds (!) 
of bacteria, nematode, arabidopsis, fruit fly are known; 
the major part of human genome has already been 
sequenced, and the completion of this program is 
months rather than years away. Nothing had been said 
about all this in Crick's publication. 

I mentioned only those fields of molecular biology 
that are close to Crick both professionally and by the 
scope of his scientific interests. It would be nice to 
understand why these predictions had not been made, at 
least partially. I presume two causes: first, Crick did not 
want to give specific formulations to avoid mistakes, 
and, second, being absorbed at that time with two prob- 
lems, the Origin of life and functioning of the nervous 
system, he did not concentrate, did not focus in his 
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prognostic publication so as to predict the outstanding 
discoveries that very soon followed his prognosis. That 
he had not predicted the mosaic structure of genes, I 
believe, can be accounted for by his love to prokary- 
otes, which lack these structures, and by his confidence 
that "what is right for E. coli, is right for elephant" (the 
aphorism ascribed to J. Monod). The nonprediction of 
reverse transcription, which was discovered no more 
than several months after Crick's publication, is reveal- 
ing, since there had been enough experimental facts 
implying such a possibility. I believe that this can be 
ascribed to a psychological aspect: postulating the cen- 
tral dogma (DNA , RNA - protein), the basis for 
the entire molecular biology of that time, Crick did not 
want to cloud the classical simplicity of this scheme 
with a reverse arrow (DNA , RNA). When reverse 
transcription was discovered, Crick was quick in 
explaining that the new discovery did not derogate the 
central dogma, but expanded it. It is certainly true, 
although it would have been much more interesting if 
the reverse arrow had been introduced by Crick prior to 
rather than after the discovery of reverse transcriptase. 

The nonprediction of reverse transcriptase is also 
surprising because it is Crick who is the only author of 
the adaptor and wobble hypotheses of protein synthe- 
ses, according to which between amino acids assem- 
bling into a polypeptide chain and the template ribonu- 
cleic acid encoding this chain there must be an adaptor 
molecule capable of reading more than one codon. 
From my viewpoint, these hypotheses (confirmed by 
the discovery of tRNA) were considerably more unex- 
pected and more revolutionary than might have been 
the prediction of transcription of the linear information 
from RNA to DNA when the syntheses of both DNA on 
DNA and RNA on RNA had been well known. 

Thus, in one case--the adaptor/wobble hypothesis, 
a not trivial, not ordinary, not logical prophecy, whereas 
in the other--a missed opportunity of a logical predic- 
tion. It is very hard to analyze the logic and intuition in 
science; it is particularly difficult when we speak about 
geniuses of science. 

Crick noted that molecular biology constantly bor- 
rowed methods of chemistry and physics and these ten- 
dencies may remain. In fact, the last three decades have 
been marked with new technologies and methods that 
determined the advances of not only the years passed, 
but also of the next decade. Let us recall most striking 
methodical achievements. 

However strange, no genetic engineering existed in 
1970, although all prerequisites for its emergence had 
already been developed. Crick did not say a word about 
this methodical revolution, which started in the 1970s, 
widely extended in the 1980s, and reached perfection 
and practically unlimited use in the 1990s. I am sure 
that for such personality as Crick it must have been the 
first and major prediction. Probably, Crick's being daz- 
zled by physical methods (X-ray analysis, electron 

microscopy, etc.) as well as his physical past prevented 
him from setting forth this straightforward forecast. 

As the next stage of the methodical revolution in 
molecular biology, I could indicate the development of 
the method of DNA amplification in the test tube using 
the chain polymerization reaction (PCR). It is not by 
chance that Nobel Prizes were conferred upon both 
genetic engineering and PCR soon after their emer- 
gence---of course, not upon the technologies them- 
selves but upon their originators. 

The 1970s (again only 5-7 years after Crick's prog- 
nosis) became the epoch of still another methodical 
revolution: two methods of DNA sequencing were 
devised (Maxam-Gilbert and Sanger; and, of course, 
one more Nobel Prize), which transformed DNA and 
RNA from biological objects into those having a defi- 
nite chemical structure, in other words, the nucleotide 
sequence. 

Interestingly, the aforementioned methodical break- 
throughs were ensured either with purely enzymologi- 
cal means (genetic engineering, gene synthesis through 
reverse transcription, PCR) or by a combination of 
enzymology and chemistry (DNA sequencing). I think 
that the major defect of Crick's forecast was the under- 
estimation of chemicobiological methods as ultimate 
tools of molecular biology in the decades to come. 

And what has happened to the physical methods, for 
which Crick cherished his great expectations? Of 
course, fundamental changes have occurred in this 
field, which logically resulted from the growing appli- 
cation of these methods in molecular biology. Here are 
some examples. A combination of an X-ray instrument 
and the first-rate computer software made the elucida- 
tion of the three-dimensional protein and nucleic acid 
structures a routine task for any laboratory funded 
enough to buy the appropriate equipment. Modem 
NMR often allows the elucidation of the structure of 
even a noncrystalline biopolymer in solution. Striking 
results were provided by cryoelectron microscopy 
(unavailable for the Russian scientists because of its 
high price), which enabled a breakthrough in studying 
ribosomes and understanding the protein biosynthesis 
occurring in these particles. 

New mass-spectrometry, which uses only trifling 
amounts of substances and is incredibly precise, opens 
fantastic opportunities. In the coming years, the protein 
identification will be based on this method. 

While giving credit to innovations in physical 
approaches used in molecular biology, I would like to 
come back to biochemical technologies. To my mind, 
the most exciting biological technique of the last 
decade is the yeast and bacterial two- and three-hybrid 
systems, ensuring the elucidation of interactions 
between biopolymers (protein-protein and nucleic 
acid-protein) in vivo. The application of this method 
can be scaled-up so that all interactions between yeast 
proteins can be revealed (in yeast, proteins are encoded 
by approximately 6000 genes). This work has already 
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been carried out to find out at least 1000 interprotein 
interactions [1]. Opportunities for the improvement of 
these systems and their application to various objects 
and tasks are very far from being exhausted. 

It has become evident that the elucidation of a 
gene's primary structure is not a problem, but a prob- 
lem still remains how to reveal its functions. No wonder 
that in the sequenced genomes of nematode and fruit 
fly, functions of more than a half of all genes are 
unknown. 

The last decade was the era of "knockouts," a proce- 
dure putting a given gene out of action followed by the 
study of the consequences of this surgery for the organ- 
ism. Although this method is rather complicated in the 
case of mammals, it has been widely used, and most of 
new functions of genes have been revealed using this 
technique. 

Lately, a new method called RNA interference 
(RNA-I) has been rapidly gaining popularity [2]. The 
crux of the method, whose mechanism is still obscure, 
consists in the in vivo or sometimes in vitro inhibition 
of the gene expression by double-stranded RNA of a 
certain structure (for example, coinciding with the cod- 
ing part of this gene or with the 3'-end of the cognate 
mRNA). This phenomenon, widely occurring in nature 
(apparently, in a range from bacteria to mammals) can 
be effectively used in identifying new genes and eluci- 
dating their functional role. It is noteworthy that this is 
also a purely biological method. 

After the fragmentary review of some methodical 
revolutions in molecular biology within the last three 
decades, I will proceed to the most difficult and danger- 
ous part of this paper: an attempt of a forecast for the 
next one or two decades basing on the current state-of- 
art. If the attempt of such personality as F. Crick to go 
ahead of his time by 30 years had not been particularly 
effective, such an attempt would be even less accurate 
today, when at the turn of the century the very basis of 
biology is being changed. 

Let me remind fashionable words sounding from the 
pages of not only professional journals, but also mass 
media: genomics, proteomics, bioinformatics, biomed- 
icine, pharmacogenomics, etc. The point is that, due to 
the sequencing of a multitude of the bacterial and 
eukaryotic genomes (the human genome is next in 
line), genetics (trait , gene) has been transformed 
into genomics (DNA - protein - trait, reverse 
genetics); this was reviewed in [3, 4]). 

The problem is to understand how the insight into 
the chemical structure of the hereditary information 
will affect biology as a whole. 

First of all, I think that the consolidation of molecu- 
lar and cellular biology observed now will be over in 
2010-2020. Even today it is impossible to classify the 
research and assign it to one or another field of biology. 
A hybrid definition "molecular biology of the cell" is 
widely used. To a lesser and lesser extent will the 
molecular biology be involved in studying separate 

genes and isolated proteins, and will more and more 
characterize cells in a global, integral manner, for 
example, characterize the total set of proteins synthe- 
sized in the cell at a given stage of its development or 
the total RNA set at the same stage. The gene expres- 
sion will be studied as a global phenomenon character- 
izing the cell and its responses to physiological and 
pathological effects. 

In short, to remind the terminology used by 
W.A. Engelhardt, a major shift from reductionism to 
integratism will take place in biology. In the XX cen- 
tury, reductionism undoubtedly dominated, and essen- 
tially all numerous achievements of molecular biology 
of that century were obtained along the lines of ultimate 
reductionism, simplification of complex phenomena 
and systems. 

The biological integratism of the XXI century 
implies that the unraveling of problems unsolved in 
the past will be sought for not by studying individual 
genes or gene products, but by analyzing cell's inte- 
gral responses to this or that effect or state. It is getting 
clearer and clearer that the cellular response to a sig- 
nal (for example, bioregulator-receptor interaction, 
appearance of a low-molecular-weight bioregulator in 
the cellular environment, etc.) is always multiple: many 
genes rather than a single one respond, sometimes 
unexpected ones that seem to have nothing to do with 
the initial effect. A tumor cell differs from its normal 
progenitor by a great number of expressing genes. It 
turned out that attempts to getting insight into cell's 
reaction to a growth factor by analyzing separate genes 
do not result in the complete understanding of the 
mechanism of cellular response. Evidently, numerous 
problems of this kind must be solved through the anal- 
ysis of the total pool of working genes and functioning 
proteins at a given moment or state. No technologies 
existed earlier that could enable the observation of the 
integral cellular response. Such technologies have how- 
ever been developed and are being impetuously 
improved. 

Less spectacular advances in other fields of molecu- 
lar biology, for example, developmental biology, can 
for the most part be accounted for by the very fact that 
only an integral approach (analysis of thousands of 
genes) can indeed lead to the understanding of mecha- 
nisms of embryogenesis, differentiation, and other con- 
stituents of developmental biology. The way from an 
oospore to an adult organism is a ceaseless change of 
programs, where working genes replace each other and 
in parallel the set of proteins continuously varies. 
Thousands of components are in action, so that in this 
case methods of classical biology are powerless. How- 
ever, novel technologies allow the observation of 
simultaneous alterations in the activity of thousands of 
genes and monitoring of the presence or absence of 
thousands of proteins in the cell [5]. 

The transition from unicellular (yeast) to multicellu- 
lar (nematode, fruit fly) eukaryotic organisms is accom- 
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panied by a two-threefold increase in the gene number. 
To a first approximation this implies that in order to 
ensure correct intercellular interactions, many more 
genes are necessary than for a single eukaryotic cell. 
Naturally, this problem cannot be solved within the 
limits of classical molecular biology. However, in the 
near future the molecular basis for intercellular com- 
munications in the development will be studied using 
the integral strategies. 

Many problems of virology, particularly in the case 
of large animal viruses, remain unsolved primarily 
because the viral infection affects so many genes of the 
animal cell that they simply could not be characterized. 
Again, the integral method (analysis of the total of both 
cellular and viral genes) will dramatically change the 
level of understanding of the virus-host interaction. 

In the development of integratism, which is replac- 
ing reductionism, a crucial role is going to be played by 
biological microchips, a new technology enabling the 
analysis of thousands of molecules (for example, func- 
tioning of thousands of genes) at a negligible space of 
several square centimeters [6, 7]. 

The evolution theory will also be changed dramati- 
cally. Whereas in the XIX century it was largely based 
on the anatomical and morphological criteria and in the 
passing century a transition to comparative genetics 
occurred, the coming century will bring a new evolu- 
tion theory, based on the direct comparison of genomes 
and proteomes from different groups of organisms• 
Bioinformatics rapidly accumulates the starting data 
for this theory. 

One of the major branches of natural sciences of the 
next century, when the theory and practice join most 

intimately, will be biomedicine, the integration product 
of new biology and unsolved medicinal problems. Bio- 
medicine will become one of the starting points of the 
future biotechnology, which will replace many 
branches of chemical, food, and pharmaceutical indus- 
tries. 

Concluding these notes, I wish to remind that the 
main attraction and fascination of the genuine science 
is in its unexpectedness, its unpredictability. The really 
outstanding discoveries are always sudden; they can be 
anticipated, but cannot be foreseen. In the 1970s, it 
seemed that molecular biology had become a classical 
science on the determinate foundation. Now, thirty 
years later, we do not think so anymore. On the con- 
trary, the expectation of surprises has become even 
more acute than it was during the passed thirty years. 
Surprises will certainly be coming, and this cannot help 

• • o 

rejoicing us. 
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