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Introduction 

The following paper is intended to provide a broad context for many of the subsequent papers 

of the workshop.  I will do this by reflecting on a century of development in one area of the 

discipline of chemistry, with a particular focus on what I am calling “Emil Fischer’s dream.”  

In 1915 Fischer envisioned a central aspect of the transformation of chemistry in the twentieth 

century, the development of an interdisciplinary approach to the chemistry of life that would 

not only result in greater insight into the nature of life, but ultimately allow human beings to 

change the nature of life itself. 

A century later, I believe we can agree that Fischer’s dream is being fulfilled, and as I will 

argue, the critical developments that have made this possible occurred precisely during the 

period of the workshop’s primary focus, the 1920s-1960s.  I will assess developments in this 

period, including the loss of German leadership to other nations and the increasingly 

significant role of Japanese chemists, within the broader context of the development of 

synthetic-chemical and biochemical technologies applied to the study of living nature during 

the 20
th

 century as a whole.  I would like to divide the era from 1915 to 2005 into three 

principal generations, the first of which was a generation of crisis bracketed by world wars.  

Key transitions to new generations occurred around 1945 at the end of the Second World 

War, and in the mid-1970s, with the advent of modern biotechnology and genetic engineering.  

It is surely not a coincidence that each of these transition periods was followed by a flood of 

crucial innovations in the chemistry of biology and natural products, as well as physical 

methods and instrumentation.  Space will not permit more than some selected references to 

developments since the 1970s, including the most recent wave of innovation in the current 

generation beginning around 2005, which is characterized by the emergence of the new 

discipline of synthetic biology.  I will conclude by mentioning some interesting developments 

related to this new discipline in our host institution, the Tokyo Institute of Technology. 

 

Emil Fischer’s dream 

Emil Fischer (1852-1919) was of course the second Nobel Prizewinner in Chemistry (1902), 

leading organic chemist of his day and a pioneer of the synthetic chemistry of natural 

products, director of the largest chemical institute in Germany, and by 1915 Vice President 

and most influential scientist in the leadership of the young Kaiser Wilhelm Society for the 

Advancement of the Sciences, today’s Max Planck Society.  The Society was creating a series 

of research institutes, with emphasis on the physical and biological borders of chemistry – 
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which reflected Fischer’s own goals of promoting interdisciplinary collaboration outside the 

increasingly conservative German universities and academies.
1
   

What was Fischer’s dream?  It was a vision he expressed both publicly and privately, 

especially in a lecture presented about one hundred years ago at the beginning of the second 

year of the Great War, which had devastated scientific life in Europe.  Looking beyond the 

war and indeed beyond his own lifetime, he envisioned the fruits of collaboration between 

organic chemistry and biology in creating a discipline he called “synthetic-chemical 

biology.”
2

  What did Fischer envision by the phrase “synthetic-chemical biology”?  

Essentially it was the chemical understanding and control of living matter.  Fischer’s lecture 

and his other correspondence at the time effectively present a research program for the new 

discipline, which I would like to briefly summarize here. 

- First:  to understand the individual cell “not only as a machine that constructs and 

repairs itself, but also as a chemical laboratory of the most amazing kind,” and its 

chemical interactions with other cells in an organism through the metabolic processes 

of life.
3
 

- Second:  to understand the origins, composition, function, and changes undergone by 

various chemical substances in these processes, in order to duplicate and where 

possible to improve upon the already highly efficient processes of intra-cellular 

synthesis.
4
  Thus while a plant could produce carbohydrates from carbon dioxide in a 

matter of minutes and with almost 100% yield using the energy from sunlight, a 

chemist could only achieve “minute yields” by synthesizing those same carbohydrates 

in a chemical laboratory – which Fischer knew all too well, as his work in this field 

had led to his Nobel Prize. 

- Third:  to focus especially on the role of enzymes in achieving amazingly high yields 

in biosynthesis and fermentation processes, “with a view toward their artificial 

preparation or replacement.”
5
  In other words, synthetic enzymes and chemically 

modified microorganisms would be the key to controlled biosynthesis on an industrial 

scale of carbohydrates and proteins for food and other purposes, as well as products 

such as ammonia (by duplicating bacterial nitrogen fixation).
6
   

- Finally:  the total synthesis of the nucleic acids, and the introduction of artificial 

nucleic acids into cell nuclei, in order to “gain a radical chemical influence on the 

development of the organism” by altering “the chemical building material of the cell,” 

so as “in a sense to trick (betrügen) it.”
7
 On the assumption that the mutations 

postulated by Hugo de Vries’ theory of discontinuous evolution were related to 
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chemical changes in the cell nucleus, Fischer intended to begin with experiments on 

“lower life forms,” and he only half-jokingly called this “my lusting for creation.”
8
  

“And thus I see,” he concluded, “half in a dream, the emergence of a synthetic-chemical 

biology that will transform the living world as fundamentally as chemistry, physics, and 

industry have done for so long with non-living nature.”
9
  Here then was Fischer’s dream – to 

transform life itself, using chemical means to “trick” the cell into developing in an artificially-

controlled way, or producing something other than it would “naturally” produce.  It is a vision 

of a future whose realization we are currently witnessing, through what began as molecular 

biology and genetic engineering, but today encompasses much more diverse and precise 

methods in fields known as protein engineering, metabolic engineering, and synthetic biology.  

Note that none of these fields contains the word “chemical” in its name, yet I further submit 

that Fischer would have recognized them as the “synthetic-chemical biology” whose 

emergence he predicted in 1915. 

In regard to this I would like to mention one other project Fischer had at that time:  to 

synthesize a “giant” organic molecule and make it visible under an ultramicroscope (then the 

most powerful imaging device) by incorporating a “strongly fluorescent” compound.  

Fischer’s target would have a molecular weight of 8,000.
10

  That might hardly seem “giant” 

by today’s standards, but it was twice the size of the largest “record molecule” he (let alone 

anyone else) had yet attained by total synthesis.
11

  And that might have been enough to satisfy 

Fischer’s doubts about the even larger molecular weights, up to 16,000 or more, that others 

had published for proteins.  Sadly, his research was interrupted by the Great War that killed 

millions across Europe, including two of Fischer’s three sons.  Never in robust health, Fischer 

exhausted himself as a scientific and technical advisor in the service of his country’s war 

effort.  His death in 1919 left to future generations the dream of synthesizing giant fluorescent 

molecules, creating synthetic enzymes for artificial biosynthesis, and inducing mutations 

through artificial nucleic acids. 

 

Fulfilling Fischer’s dream – or not:  the work of later generations 

1)  The crisis generation, 1915-1945 

The era of the first generation following Fischer’s 1915 speech, the three decades until the 

end of the Second World War in 1945, can best be described as an era of crisis.  A crisis is by 

definition a period of transition, but also a period of danger in which “normal” development 

becomes difficult if not impossible.  This was certainly the case for Germany, but also even 

for countries like the United States, which was spared the worst impact of the world wars.  

The recognition gained by chemists as a result of the First World War, the “chemists’ war,” 

was at best a mixed blessing, because the association of chemistry with poison gas cast a 

stigma on the discipline, from which arguably its reputation has never fully recovered.  In the 

1920s the German economy itself never fully recovered from a hyperinflation followed by a 
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drastic stabilization of the currency in the aftermath of the First World War, which reinforced 

an attitude of austerity in the minds of German financial experts that has continued to the 

present day.  The resulting limits on funding for science including chemistry became worse in 

the wake of the Great Depression beginning in 1929, and the renewed expansion of the 

discipline in the late 1930s came in the context of a National Socialist regime with a policy of 

rearmament and economic autarky. This ideological attitude also fostered an autarkic 

intellectual tendency among scholars and scientists, which seriously hampered the free 

exchange of ideas particularly with scholars of the “wrong” ethnicity, religion, or political 

outlook.
12

  Similar tendencies occurred in other nations, including the Soviet Union and 

arguably also to some extent Japan during the wartime period 1937-1945.  But the outcome 

was most detrimental to chemistry in Germany; as the discipline’s ostensible world leaders, 

the Germans had the most to lose. 

Consider the factors in this period that affected German chemists in Fischer’s area, the 

structure and synthesis of biological molecules: 

First, the problem of leadership:  Fischer’s death in 1919 robbed the University of Berlin and 

the Kaiser Wilhelm Society of his scientific leadership in the postwar crisis period.  One 

possible successor, Richard Willstätter, was widely recognized as the leader of the next 

generation of German organic chemists.  But Willstätter, who had left the Kaiser Wilhelm 

Society to succeed Adolf Baeyer in Munich in 1915, refused to come back to Berlin.  The 

best-known of the Society’s chemists, Willstätter’s friend Fritz Haber, famous or infamous as 

the scientific leader of German chemical warfare, encountered highly influential opposition 

within the dye industry because he was a physical chemist and not deemed capable of 

contributing effectively to organic chemistry.
13

  Little did his opponents realize that in the 

new era, organic and biological chemistry would increasingly depend upon physical methods 

and instruments, beginning with x-ray crystallography. 

Willstätter in the early 1920s continued to be the most respected German organic chemist.  

But he developed a theory of enzymes as “small reactive molecules adsorbed on colloidal 

carriers” rather than proteins.  Clearly uneasy with his results (which may have been due to 

impure samples), and at the same time depressed by the rising tide of anti-Semitism affecting 

his university (Munich was then the major center of Nazism), in 1924 he resigned his 

professorship with an open protest against his faculty’s inability to ignore ethnic 

considerations in making appointments.  He never again took a position or set foot in a 

laboratory (until late in 1938, when he realized that he would have to leave Munich to escape 

a concentration camp or worse, he remained in his home in the city and worked through an 

assistant, communicating by telephone).
14

  By the late 1920s, however, the research of the 

American biochemists James B. Sumner at Cornell and John H. Northrop at the Rockefeller 
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Institute demonstrated that enzymes were proteins.
15

  This won them shares of the Nobel Prize 

in 1946, while undermining the authority both of Willstätter and, by extension, German 

structural biochemistry. 

Fischer’s closest associate in his final synthetic projects, Max Bergmann, had been unable to 

get a university position and in 1921 became director of the newly established Kaiser 

Wilhelm Institute for Leather Research in Dresden, where he investigated the chemistry of 

skin and continued the synthetic peptide and protein research begun in Berlin.  This led to a 

major achievement in 1932 with the carbobenzoxy method developed by Bergmann and his 

associate Leonidas Zervas.  This was the first effective means of synthesizing longer chains of 

peptides and integrating amino acids that were not susceptible to Fischer’s earlier methods.
16

  

Bergmann also mentored a young American postdoc, Vincent du Vigneaud, who would later 

make a name for himself in protein synthesis.
17

  But in 1933, the advent of the National 

Socialist regime forced Bergmann as a “non-Aryan” out of his position, so that he and Zervas 

(who was Greek) emigrated to the United States, where they continued their research in the 

Rockefeller Institute, enhancing its status as one of the major American biochemical research 

centers. 

Second, funding limitations:  As the postwar inflation had initially worsened in 1920, several 

institutions had been established to develop alternative sources of funding. Among these  

were the Notgemeinschaft (Emergency Association for German Science, later known as the 

Deutsche Forschungsgemeinschaft or German Research Foundation) co-founded by Fritz 

Haber with mainly federal government support, as well as the chemical industry’s funding 

groups organized by Carl Duisberg of the Bayer Corporation.  For the support of chemistry by 

the Notgemeinschaft in particular, an unexpected supplementary source came from Japan 

through the philanthropy of Hajime Hoshi, founder and president of the Hoshi Pharmaceutical 

Company (specializing in vaccines, alkaloids, and other natural products) and also founder of 

a pharmaceutical school that eventually became Hoshi University.  Along with a larger 

endowment for German science in general, after meeting Haber in Berlin in the fall of 1922 

Hoshi offered supplementary support for the physical sciences in 1922-25 in the amount of 

2,000 yen or $1,000 per month, for which Haber organized the Japan Committee chaired by 

himself with Richard Willstätter as the vice chair, and several other top chemists and 

physicists along with government officials as members.  This committee directed around a 

hundred grants to critical projects in a non-bureaucratic manner over two years, including 

Carl Neuberg’s biochemical studies of sugar fermentation at the Kaiser Wilhelm Institute for 

Experimental Therapy.
18

  Unfortunately the devastating Tokyo earthquake of Sept. 1, 1923, 

severely affected Hoshi’s company and reduced his ability to extend his support, so that from 

1924 the Japan Committee’s more modest grants had to be matched by German government 

or industry funds.  After 1925 the committee became inactive. 

Haber and Willstätter sought to revive the Japan Committee in 1928, making an appeal to the 

German federal government by using a classic declinist argument:  that German leadership in 

chemistry was threatened from abroad, particularly in the interdisciplinary fields on the 

borders with physics and biology.  Funding was particularly vital in these fields, because on 

both sides of the discipline the growing significance of instrumentation and physical 

approaches – ultracentrifuges, x-ray apparatus, etc. – meant that cutting-edge research was 

increasingly expensive.  By that time the declinist argument was becoming highly popular 
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among German chemists, so that it was beginning to seem more than a rhetorical device.  

Despite promising beginnings before the war, and the establishment of some Kaiser Wilhelm 

Institutes related to biochemistry, the field was encountering institutional difficulties in the 

universities.
19

  Even in the relatively prosperous years of the mid-1920s, academic institutes 

appeared to be underfunded, and the major German chemical associations had submitted 

memoranda to the government in the hopes of obtaining greater support.  In regard to 

biochemistry, Haber and Willstätter asserted that Gemany had already lost its leadership to 

the “Anglo-Saxon lands,” and that due to inadequate funds and a lack of qualified students, 

German laboratories saw themselves “mostly excluded from significant areas of 

biochemistry.”
20

  

Support for this view even came from abroad; in 1926 the British biochemist F. Gowland 

Hopkins had pointed out that “modern Germany provides but little institutional freedom” for 

biochemistry, warning that it would be “difficult to see how she can continue to lead along the 

path she has trod almost alone.”
21

  Haber and Willstätter therefore requested an additional 

200,000 to 250,000 marks per year over the next five years to support strategic grants for 

physical and biochemistry.  But such funds would not be forthcoming in the face of an 

imminent economic collapse that led to drastic austerity policies in Germany.  By 1931 the 

new Kaiser Wilhelm Institute for Cell Physiology, under Emil Fischer’s former associate Otto 

H. Warburg, had to receive its major support not from within Germany at all, but rather from 

the American Rockefeller Foundation.
22

 

Impact of National Socialism:  It is well-known that large numbers of Jewish or “non-Aryan” 

scientists (including both Willstätter and Haber as well as Bergmann) could no longer work in 

Germany after 1933.  Chemistry and especially biochemistry were among the disciplines 

worst-hit by National Socialism, with more than one hundred dismissals, nearly one-quarter 

of those in academic positions in German institutions (or Austrian and Czech institutions in 

1938).
23

  One of the rare exceptions to this ban was Otto H. Warburg, who was allowed to 

continue to direct his Kaiser Wilhelm Institute and was able to keep up a high level of 

biochemical research (seeking a cure for cancer).  But as Deichmann has shown, National 

Socialism tended to quash scientific debate and mute criticism of senior researchers, so that 

some of the leading “Aryan” researchers, including Emil Abderhalden and Adolf Butenandt 

(who avoided contact with Warburg), continued to advocate incorrect views with little 

opposition during this period.  This further undermined the prestige and quality of 

biochemistry in Germany by 1945, with negative effects extending into the postwar era.
24
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The innovative role of x-ray crystallography, and its limits:  It is of course true that a great 

deal of effort in German research centers during the 1920s went into the development of x-ray 

crystallography for structural analysis.  This is a crucial innovation and one whose potential 

value for elucidating complex organic structures Emil Fischer was apparently unaware of in 

1915.  It is also remarkable that the first scientists to subject organic materials (natural fibers 

such as silk and wool) to x-ray crystallographic analysis, as early as 1913, were two young 

Japanese researchers at the University of Tokyo, the physics graduate students Shoji 

Nishikawa and S. Ono. The war prevented this from being followed up in Europe until the 

1920s, though Nishikawa did influence American researchers during a visit to Cornell in 

1916-19.
25

  

X-ray crystallography showed that in the new generation, crucial advances would come not 

merely from the interaction of organic chemistry with biology (as Fischer had expected), but 

also and even more decisively from the collaboration of physical chemistry and physical 

instrumentation with biology.  One can cite, for example, the work of the Kaiser Wilhelm 

Institute for Fibers Research in Berlin-Dahlem led by Rudolf Herzog, with several brilliant 

young scientists including Max Bergmann (before he moved to Dresden), Michael Polanyi, 

Hermann Mark and others.
26

  It is worth noting that both Polanyi and Mark, as well as many 

of their young KWI colleagues, had come to Dahlem to escape from the chaos of the 

disintegrating Austro-Hungarian Empire and its successor states.  In the revolutionary spirit of 

the immediate postwar era, these rebellious outsiders brought fresh ideas, creativity, and a 

willingness to defy established authorities, which led to dramatic improvements in the 

apparatus and methodologies, which were now being applied systematically to organic 

structures for the first time.
27

  Organic chemists themselves, however, tended not to use this 

method, in part because it required sophisticated mathematical analysis; as one German 

physical chemist put it as late as 1938, “with a mixture of fear and repugnance, most chemists 

seek to avoid everything mathematical.”
28

  

But the main orientation of x-ray crystallography in the German and other European contexts 

at this time was related to the textile industry, especially cellulose fibers, and also inorganic 

crystals or metals rather than biologically significant molecules such as proteins or nucleic 

acids.  The lack of attention to biologically active molecules applied not only to Hermann 

Staudinger and his macromolecular theory, whose origins have been well described by our 

colleague Yasu Furukawa, but also to Staudinger’s main rivals after 1926, K. H. Meyer and 

Hermann Mark, whose theory of “polymers” (chiefly applying to cellulose, rubber and 

plastics) arose from collaborative research at the I.G. Farben works in Ludwigshafen (the 

once and future BASF corporation).  During the 1920s, however, most organic chemists, even 
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those dealing with organic products such as vitamins, continued to emphasize relatively small 

molecules; in Germany, many physical chemists such as Wolfgang Ostwald also advocated a 

colloidal aggregate theory.
29

  Interestingly enough, it has been argued that the Staudinger vs. 

Meyer-Mark vs. colloidal aggregate controversies were largely irrelevant to protein chemists 

at the time, because most were already persuaded in effect that proteins were macromolecules, 

even before The Svedberg’s ultracentrifuge provided more conclusive evidence against 

colloidal aggregates from 1926.  The main issue was the details of protein structure.
30

  

The structural question for proteins came to be a central focus of the work of the British 

physical scientist William T. Astbury, who from 1926 began to examine natural fibers 

including hair and wool. Like many of the Germans, he too benefited from a productive 

relationship with the local textile industry in Leeds.  During this period, Leeds was a 

particularly fertile location for physical organic chemistry, as C. K. Ingold was also there 

(1924-30) before returning to University College London.  Astbury’s studies of natural fiber 

proteins in the 1930s, with a focus on keratin as a component of wool, led to proposals for 

two distinct structures, an α-form (coiled) and a β-form (stretched).  These later inspired Linus 

Pauling and Robert Corey’s protein structures after 1945.  Nevertheless Astbury did not 

initially check his crystallography-based model against an organic-chemical, space-filling 

molecular model, so that in the late 1930s other scientists pointed out various weaknesses in 

the structural details of his model.  Astbury was primarily a physicist and crystallographer, 

not an organic or biochemist, so that here again, despite his interest in the newly emerging 

interdisciplinary field of “molecular biology,” his results were limited by a lack of full 

interdisciplinary collaboration.  Similarly, with his pioneering examination of nucleic acids he 

did not seek to combine the crystallographic analysis with molecular model-building.
31

 

2) The Cold War generation, 1945-1975:  unlocking the secrets of life 

The post-1945 generation began under the sign of global reconstruction following the most 

destructive war in history, but the process of postwar recovery was further complicated by the 

political division of the world with the advent of the Cold War between the contending 

superpowers, the USA and the Soviet Union.  Historians are still investigating the details of 

how the aftermath of the Second World War may have affected the recovery of scientific 

activity, and of work in chemistry in particular, but it does appear that the victorious 

American and British scientific establishments emerged from the war with great prestige and 

public support.  The opposite was true in Germany, not least because of the association of the 

chemical industry with National Socialist mass murder in Auschwitz.  Along with other 

factors including the postwar division of the country and the removal of technical experts by 

both Soviets and Americans, as well as the reluctance of most interwar political emigrants to 

return to postwar Germany, this confirmed the loss of scientific leadership that the Germans 

had feared in the interwar era.  Thus it was perhaps not coincidental that in the first postwar 

decade, the most significant developments in the chemistry of the proteins and nucleic acids 

occurred in the USA and Britain.  In Japan, the situation was somewhat different.  My 

impression is that in response to the American occupation and enforced demilitarization of the 

country, along with the war-related economic devastation and ensuing food shortages, the 

chemistry and industry of natural products appeared as a logical and desirable focus for many 
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talented young Japanese scientists in the postwar era.  Reviving and expanding trends already 

begun before the war, in the 1950s and 1960s a significant and productive academic-industrial 

symbiosis developed in pharmaceuticals and natural products such as vitamins, amino acids, 

and peptides.  As I will mention later, and as some of the papers in our workshop discuss, the 

result would be a series of innovations by Japanese scientists, some of which would ultimately 

lead to Nobel Prizes and other awards. 

First, however, let me discuss some of the best-known innovations by Anglo-American 

scientists in the post-1945 generation.  Linus Pauling’s alpha-helix model of protein structure 

is of course famous, and Mary Jo Nye’s paper discusses Pauling’s influence and his work 

leading up to this, so I need say little here.
32

  I will point out that Pauling benefited from an 

interdisciplinary approach including the use of structural ideas derived from quantum theory 

and x-ray crystallography as well as physical model-building, in this case going far beyond 

the interwar protein scientists such as Astbury.  One of the more advanced versions of the 

alpha-helix model employs space-filling molecular models of a type first developed in the 

1930s by a German (and National Socialist) physicist, H. A. Stuart, who had apparently in 

part been inspired by Pauling’s earlier work employing quantum ideas to elucidate molecular 

structures.  But the use of the models by German organic chemists was quite limited.
33

  

Given a new model of protein structure, an organic chemist would want to confirm it by 

synthesis.  A crucial breakthrough came in 1953, which everyone knows was the year of the 

double-helix model of DNA.  Only specialists are aware of the total synthesis of oxytocin by 

Vincent du Vigneaud, which was nevertheless so significant that he became the sole winner of 

the Chemistry Nobel Prize in near record time – only two years later – in 1955.  What was the 

significance of this achievement?  It was the first synthesis of a polypeptide hormone, 

following the Bergmann-Zervas carbobenzoxy process developed a generation earlier.  But 

although that process was effective and came “universally” into use among peptide chemists 

after this success, it was also “difficult and time consuming,” which inspired young chemists 

to develop newer, faster and more productive methods of peptide and protein synthesis.
34

  

Here I will mention two of these new methods. 

In 1959 Robert Bruce Merrifield at the Rockefeller Institute had the idea for one of these new 

methods, the “solid phase peptide synthesis.”  This he described in a sole-authored paper in 

the Journal of the American Chemical Society in 1963, which became one of the most often 

cited in the journal’s history.
35

  He and a colleague went on to effect the first synthesis of the 

enzyme Ribonuclease A in 1969.  Ultimately Merrifield’s new, highly influential method 

brought him the honor of a sole Nobel Prize in Chemistry in 1984. A crucial feature of 

Merrifield’s process was that, as he put it in his Nobel Lecture, it could be “mechanized and 

automated,” a goal he had already announced in his 1963 paper.  Thus for the first time, it 

would be possible to commercially mass-produce peptides using various types of machines, 
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developed in several different countries.
36

  This foreshadowed many later devices used in 

genetic engineering and modern biotechnology. 

During the same period in Japan, the biochemist Shumpei Sakakibara was just beginning his 

research career at Osaka University in the early 1950s.  His first project was to attempt to 

replicate du Vigneaud’s 1953 synthesis.  Although he was only partially successful, it was a 

starting point for his further research leading to the development of a methodology for the 

solution synthesis of proteins, which may be considered an alternative to the Merrifield solid-

phase process.
37

  As is well-known to Japanese historians of chemistry, Sakakibara became 

head of the Peptide Center of the Osaka Institute for Protein Research, which had been 

founded in 1959 under the later president of Osaka University, Shiro Akabori. The Peptide 

Center synthesized a long series of biologically active peptides, the first to be produced in 

Japan and an important stimulus to the expansion of Japanese peptide and protein research.  

Ultimately Sakakibara became head of the Protein Research Foundation (PRF), which took 

over responsibility for peptide production from the Osaka Institute when the demand became 

too great.
38

  The PRF came to be supported by a dozen or so of the leading Japanese chemical, 

pharmaceutical, and natural-products firms, some of which date to the era before the First 

World War. Hence it may be considered an exemplary model of a successful academic-

industrial symbiosis in the Japanese context.
39

  As a student of the original German version of 

this symbiosis established in the dye industry during the late nineteenth century, I suspect that 

a comparative study of the German and Japanese cases would be of great interest. 

Returning to the Anglo-American context of biological chemistry in the postwar era, I note 

that the history of the double helix model of 1953 is so well-known that a brief mention will 

suffice here.  As with Pauling’s alpha helix, the model produced by James D. Watson and 

Francis Crick is a product of modern structural organic chemistry, and it exemplifies the 

interdisciplinary nature of the new “molecular biology.”  It was, of course, based on the work 

of a physical chemist and x-ray crystallographer, Rosalind Franklin, who produced the 

famous image of the B-form of DNA from which the biologist Watson and the physicist Crick 

deduced (without acknowledgment)  much of the details of the structure, with the help of 

advanced mathematics in the form of Fourier analysis.  Moreover, the organic chemist Jerry 

Donohue provided crucial assistance to them in working out the structural details of the base-

pairings, the idea for which derived from the work of the biochemist Erwin Chargaff.
40
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While Watson and Crick’s double helix continues to be celebrated in the popular press, I 

would prefer to emphasize a far less popularly known pioneering achievement in DNA 

chemistry, yet one that stands more directly in Emil Fischer’s tradition.  This was the Nobel 

Prize-winning work of the American biochemist Arthur Kornberg (1918-2007) who, 

beginning in 1955, isolated the first DNA polymerase enzyme, the enzyme that played a 

central role in the actual construction of DNA.  With it he could test the Watson-Crick model 

of the double helix. This required a difficult process of purification of the enzyme, without 

which the DNA it produced would have serious defects and remain inert.
41

  In 1967 Kornberg 

finally achieved Fischer’s elusive goal of synthesizing biologically active DNA from its 

components, by using the polymerase to build a single strand of Phi X 174 viral DNA.  He 

thereby became the subject of global headlines about “life created in the test tube.”  Although 

Kornberg noted that producing a strand of viral DNA was hardly the same as creating an 

artificial organism, nevertheless he later recalled that he felt like an observer of the first 

nuclear detonation in 1945; both were equally revolutionary events.
42

  He had demonstrated 

the biological activity of the synthetic DNA by infecting the E. coli bacterium, which was 

already well on its way to becoming a favored vehicle for genetic experimentation.  

Kornberg’s thinking and language, as cited in 1969, was remarkably similar to Fischer’s, a 

half-century earlier, when he had spoken about using artificial nucleic acid to “trick” an 

organism:  “If we know how to use this enzyme [polymerase] to copy this particular virus 

then we can copy other viruses, and . . . we can modify their structure by putting in alternative 

or fraudulent building blocks to create new forms of the virus.  We can then use the synthetic 

virus to infect cells and produce altered responses. . . . We can look forward to the correction 

of genetic defects.”  In other words, Kornberg was looking toward gene therapy with the help 

of what was now being called “genetic engineering,” which would spark a biotech boom in 

the next generation.
43

  

3) The millennial generation, 1975-2005:  from molecular biology to synthetic biology 

Space does not permit a full discussion of the emergence of genetic engineering, protein 

engineering, and metabolic engineering as exemplars of the new academic-industrial 

symbiosis in the post-1970s generation, but I would like to mention research on Green 

Fluorescent Protein (GFP) and its analogues.  Osamu Shimomura’s work on GFP is discussed 

in this workshop by my esteemed colleague Masanori Kaji.
44

  Shimomura was of course 

honored by the 2008 Nobel Prize in Chemistry, along with two younger Americans, Martin 

Chalfie and Roger Tsien.  These three men represent the transition from the post-1945 to the 

post-1970s generation.  Chalfie and Tsien in particular reflect how scientific work on the 

chemistry of life became both far more collective and far more interdisciplinary than in the 

pre-1970s generations.
45

  Their work on fluorescent proteins made these into ubiquitous and 

variegated tools of synthetic biology.  Like the 19
th

 century “rainbow makers” of the synthetic 

dye industry who produced thousands of artificial colors, today’s rainbow makers, epitomized 

by Tsien and his colleagues, have created a “fluorescent protein paintbox.”
46

  And recalling 
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Emil Fischer’s effort to create a visible fluorescent molecule by total synthesis, it is worth 

noting that in 1998 Shumpei Sakakibara and his team, using a version of the solution-

synthesis technique they had first described in 1981, reported the total chemical synthesis of 

the precursor molecule of natural green fluorescent protein and its conversion to GFP.
47

  

4) The contemporary generation:  fulfilling Fischer’s dream? 

I would like to conclude by briefly touching on the new generation that has begun to emerge 

in the 21
st
 century, particularly in regard to the still forming and developing interdisciplinary 

discipline known as “synthetic biology.”
48

  The practitioners in this discipline whom I have 

recently interviewed look forward to the engineering of living systems in a systematic way, 

going well beyond the older “genetic engineering,” which from their perspective is not 

“engineering” at all because it cannot mas-produce in a standard way with predictable results.  

Going even beyond Fischer’s dream of a “synthetic-chemical biology,” today’s practitioners 

come from an amazing range of professional and disciplinary backgrounds including 

electrical engineering and artificial intelligence, each with a somewhat different goal or even 

definition of the discipline.  Part of it clearly fulfills Fischer’s dream: the total synthesis of 

artificial chromosomes, a difficult project but with a few promising recent achievements such 

as the creation of “synIII,” an artificial but functional yeast chromosome.
49

  Yet at the 

opposite end of the spectrum is a project promoted by some of its advocates such as Drew 

Endy and Tom Knight, which has captured the attention of young people on a global scale 

through the International Genetically Engineered Machine (iGEM) competition.  In this, 

teams of undergraduates are given so-called “BioBricks” – a “set of standard and reliable 

engineering mechanisms” for use in the “assembly of genetic components into larger 

systems” – to carry out synthetic biology projects.
50

 

But I hardly need to describe this here, because Tokyo Tech has been one of the most 

successful institutions in the iGEM competition in recent years.  Its Information Processing 

team can boast of winning the world iGEM competition in its division for the past three years 

in a row, a feat equaled by no other university in the world.
51

  I am pleased to have had the 

opportunity while at the Tokyo Institute of Technology to speak with some of those involved 

in this work, which strikes me as something which the German chemists of the nineteenth 

century would have applauded:  for had not the great Justus Liebig demonstrated that the best 

way to learn chemistry and to promote chemical creativity was through doing chemistry in a 

laboratory?   So I salute my colleagues of Tokyo Tech, and its bright, hardworking, and 

ingenious students.  Perhaps one among them will be a Nobel Prizewinner in future years, and 
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for this reason they deserve to be placed in the company of Emil Fischer, Linus Pauling, and 

Osamu Shimomura. 

 

Postscript 

While the preceding paper has generally taken a positive perspective on the work on chemists, 

biochemists, and synthetic biologists since Emil Fischer, it should not be forgotten that 

Fischer’s idea of gaining “a radical chemical influence on the development of the organism”
52

 

may raise fundamental problems for many observers, including scientists, when the organism 

in question is human.  A recent publication by Chinese scientists has indeed presented serious 

ethical and practical questions about the appropriateness of seeking, for the first time in world 

history, to “edit” the human genome at the zygote stage during the process of in vitro 

fertilization, using currently available techniques. The goal was to produce permanent 

modifications to a single gene (with no unintended changes to others), which would also be 

capable of being transmitted to descendants.  Unfortunately, as the Chinese acknowledged, 

the experiments were essentially failures and produced numerous unintended, damaging 

modifications of the genomes of the 85 embryos used (which would not have been viable in 

any case).
53

  One of the authors claimed that both Nature and Science refused to publish their 

paper; if so, it would not be surprising, as both journals have publicly warned against this type 

of human experimentation.
54

  It is also not surprising that online comments on news reports of 

these experiments used phrases like “mad scientists, “Frankenstein,” and “Brave New 

World,” using these iconic cultural images to express a deep distrust of human genetic 

experimentation.
55

 To these commenters, perhaps Emil Fischer’s dream would seem more a 

nightmare.  Hence the larger project, of which my present paper is a part, will discuss not only 

the scientific and technical developments, but also explore the fundamental cultural issues 

raised by the emergence of technologies of artificial life. 
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