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The Emergence of Biochemistry 
Joseph S. Fruton 

George Sarton was a tireless advocate 
of professionalism in the history of sci- 
ence, and took a dim view of the scientist 
"who has become sufficiently interested 
in the genesis of his knowledge to wish to 
investigate it, but has no idea what- 
soever how such investigations should 
be conducted and is not even aware of 
his shortcomings. . .. He generally 
lacks the humility of the beginner, and 
publishes his results with blind and 
fatuous assurance" (1). This stern stlic- 
ture was not unjust, and its recollection 
is well calculated to dismay a biochemist 
who proposes to discuss the history of 
his subject. So in thanking the History of 
Science Society for having chosen me to 
deliver this George Sarton Memorial 
Lecture, I must confess that the sense of 
honor is tinged with a mneasure of dis- 
quiet. 

In part, this uneasiness arises from the 
knowledge that all too often a scientist 
who tries to tell the history of his special- 
ty is tempted to celebrate its successes, 
and that his uncertain and self-serving 
recollections (should I say anecdotage?) 
have frequently muddied the historical 
record. Nevertheless, I venture to sug- 
gest that, although Sarton's hopes for a 
professional history of science have been 
realized to a considerable degree, scien- 
tists can still make a useful contr-ibution 
to its advancement, especially through 
critical study of the historical record of 
theories, observations, experiments, and 
methods within their field. Such so- 
called internal history, no matter how 
accurate or complete, does not of course 
constitute the history of science and 
must be seen in relation to the lives of 
scientists and to the societies in which 
they worked. Also, the relative impor- 
tance of the internal factors in a scientific 
development and those arising from so- 

cial circumstances is not the same in 
different branches of science. The fact 
remains, however, that, when we study 
the history of modern science, our inter- 
est in the lives and social environments 
of particular people is usually related to 
the significance we attach to the work 
they did as scientists. The intensive ex- 
amination of the scientific development 
in which that work played a role is 
clearly an important part of a profes- 
sional history of science. I submit there- 
fore that, although internal histolry does 
not suffice to illuminate the scientific en- 
terprise as a human and social activity, 
without it the illumination is likely to be 
superficial and uncertain. 

My subject is the historical devel- 
opment of efforts to explain biological 
phenomena in terms of the specific pr^op- 
erties of chemical substances present in 
living organisms. Today, few informed 
people doubt that such explanation is 
possible, and indeed useful. Recent 
achievements in the study of the chem- 
ical structure and biological function of 
such things as nucleic acids or hormones 
have been in the public eye, and chem- 
ical concepts and methods have per- 
meated the fabric of biology, medicine, 
and agriculture (2-6). As a consequence, 
much favor has been shown to the area 
of science now known as biochemistry, 
which I take to include much of what 
some prefer to call molecular biology. 

A century ago, there was less con- 
fidence in the power of chemistry to 
explain the phenomena of life and, in 
contrast to the situation today, there 
were few outward marks of an indepen- 
dent discipline devoted to this pursuit, in 
the form of academic departments, pro- 
fessional societies, or resear-ch journals 
(7). It is not my aim, however, to de- 
scribe the institutional rise of biochemis- 

try or to trace the adoption of its present 
name (8). Rather, I wish to examine 
some of the various attitudes and ap- 
proaches since about 1800 to the study of 
what we now call biochemical problems. 
I hope to indicate that there has been 
continuity in the effort to solve these 
problems, not as a succession of con- 
jectures and refutations within a defined 
scientific discipline, but as a complex 
and often tortuous interplay of chemistry 
and biology in which many kinds of sci- 
entists took part (9). In particular, I sug- 
gest that a prominent feature of this inter- 
play has been a competition between two 
styles of molecular explanation of biolog- 
ical phenomena, one in which molecules 
were considered to be units of physi- 
cal motion while in the other they were 
viewed as units of chemical reaction. 

Immediate Principles of Biological 

Organisms 

If we begin around 1800, it is with the 
riecognition that historians of science 
have found the roots of biochemistry in 
ancient Greece and China (6), and that 
they have identified as the fathers of 
modern biochemistry Paracelsus (6, p. 
80) in the 16th century or van Helmont 
(10) or Sylvius (11) in the 17th century. 
Whatever merits such attributions of pa- 
ternity may have, all accounts agree that, 
by the first decade of the 19th century, 
many scientists, largely trained as physi- 
cians or pharmacists, were engaged in the 
study of the chemistry of living things. 
One of their objectives was to character- 
ize chemical substances isolated from 
biological fluids or from extracts of solid 
plant and animal tissues. Methods were 
sought to obtain such substances in a 
state that had not been changed by the 
process of isolation, so that they could 
be considered to represent natural chem- 
ical constituents- "immediate prin- 
ciples"-of the plants and animals from 
which they had been derived (12). This' 
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kind of separation chemistry continued a 
tradition established by 18th-century 
phar-macists (13) whom we would per- 
haps call chemical craftsmen (14). Aside 
from the obvious commercial atdvantage 
to be gained in preparing drugs in as pure 
a state as possible, with enhanced and 
reproducible potency, there was also the 
conviction that the identification of the 
immediate principles of plants and ani- 
mals would throw light on biological or- 
ganization and physiological function. 

It is a truism that all empirical research 
is laden with theory, and the seemingly 
dull plant and animal chemistry of the 
early 19th century is no exception. The 
lack of time prevents me from devel- 
oping this theme, but I must note the 
concern of the chemical craftsmen with 
the problem of purity, a central philo- 
sophical concept of chemistry (15). Also, 
I think it is important to emphasize that 
throughout the development of what we 
now call biochemistry, to this day, the 
craftsmanship of separation chemistry 
has played a decisive role in the discov- 
ery and isolation of new immediate prin- 
ciples whose existence was not predicted 
(16), but whose biological function could 
then be studied. Obviously the separa- 
tion chemistry of today is based on a 
vastly greater fund of theoretical and 
empirical knowledge and is aided by 
valuable instruments; but it is still a part 
of science in which the skill, industry, 
and ingenuity that we associate with indi- 
vidual craftsmanship are hunman qualities 
essential for success. 

By the first decade of the 19th century, 
a sizable number of immediate principles 
had been identified in plants and animals. 
Some of them, like cane sugar and urea, 
were called organic substances because 
they were believed to be made under the 
influence of the vital force of organized 
living things. Within a few years it be- 
came clear, however, that, as with in- 
organic compounds, the molecules of or- 
ganic materials are composed of ele- 
ments present in fixed and multiple pro- 
portions (17). Improved methods of 
analysis provided an increasing volume 
of knowledge about the elementary com- 
position of the many new organic sub- 
stances that were being discovered and 
of the products derived from them by 
chemical modification. The manpower 
for the elaboration of this new organic 
chemistry came largely from pharmacy. 
It was a time of professional opportu- 
nity, when a pharmacist' s apprentice 
could aspire to a university profes- 
sorship in chemistry after working in a 
laboratory such as that of Liebig (18). 

By about 1860 the unification of in- 

organic and organic chemistry had been 
completed (19), largely as a consequence 
of the chemical insight of a group of 
young organic chemists led by Laurent. I 
do injustice to a complex and important 
intellectual synthesis in merely saying 
that these men set the stage for the devel- 
opment of concepts of chemical struc- 
ture based on valence and stereo- 
chemistry. Nor is it possible in this ar- 
ticle to indicate the magnitude of the 
subsequent theoretical and exper-imental 
achievements that led not only to the 
determination of the structural arrange- 
ment of atoms in the molecules of many 
plant and animal substances, but also to 
the rational synthesis of known organic 
compounds and of substances not pre- 
viously found in nature (20). Among 
these new substances were artificial dyes 
and drugs, and during the latter half of 
the 19th century this service to industry 
brought to organic chemistry public pres- 
tige and generous financial support. 

This emergence of organic chemistry 
as an independent branch of science 
weakened the tie that had linked it to 
physiology at the beginning of the cen- 
tury. To indicate the intimacy of this 
early connection, we need only recall 
that in 1806 Berzelius defined organic 
chemistry as "the part of physiology that 
describes the composition of living bod- 
ies, together with the chemical processes 
that occur in them" (21). Indeed, by the 
1820's there had been several notable 
achievements in the study of the chem- 
ical dynamics of physiological function, 
among them the experiments of Prevost 
and Dumas on the formation of urea in 
the animal body (22). The new chemical 
knowledge about immediate principles 
was also applied to studies on digestion 
(23) and to the problem of the substances 
oxidized during animal respiration (24). 
In the experimental physiology advo- 
cated by Magendie in France and by 
Muller in Germany, chemical concepts 
and methods played a central role, and 
by 1850 this emphasis had promoted the 
emergence of a physiological chemistry 
more closely linked to medical physi- 
ology than to pure chemistry (25). 

The Albuminoid Substances 

The immediate principles identified by 
the middle of the 19th century included 
substances such as uric acid or lactic 
acid, whose chemical structure was soon 
elucidated by the new organic chemistry. 
There were more complex materials 
known to be important in animal nutri- 
tion. notablv the fats and starch. and 

their constitution also yielded relatively 
easily to chemical analysis (26). Later in 
the century, new kinds of complex imme- 
diate principles such as lecithin and nu- 
clein were discovered, and, although 
their physiological role was unclear, by 
1900 important advances had been made 
in the study of their chemical nature. 
There was one class of immediate prin- 
ciples, however, that occupied the cen- 
ter of biological attention throughout the 
19th century, but which posed awkward 
problems to the new organic chemistry. 
They were the so-called albuminoid sub- 
stances-albumin, casein, fibrin-later 
to be known as proteins. These materials 
were considered to be uncrystallizable, 
their elementary composition suggested 
chemical complexity, and they appeared 
to be labile structures susceptible to al- 
teration by heat or mild chemical treat- 
ment. Indeed, by mid-century, some 
chemists had excluded them from organ- 
ic chemistry, and had denoted them "or- 
ganized" substances rather than organic 
compounds (27). Nevertheless, largely 
because of the importance biologists at- 
tached to proteins, efforts were made 
throughout the rest of the century to 
determine their chemical constitution. 
The methods that had been effective in 
the study of more respectable organic 
compounds gave results that were usual- 
ly inconclusive and often bewildering. 
The prospects changed somewhat at the 
turn of the century when Emil Fischer, 
fresh from his success in the elucidation 
of the structure of sugars, partially dis- 
pelled some of the uncertainty about the 
constitution of the proteins. I emphasize 
this uncertainty, because it made itself 
evident in research on many physi- 
ological problems. 

Among these problems, few were 
more important to 19th-century medical 
physiologists than those arising from the 
conversion of food materials to the con- 
stituents of animal tissues. They had in- 
herited from the previous century the 
view that this conversion is a sequential 
process in which food materials are dis- 
solved in the digestive organs to form a 
chyme that is converted into soluble 
blood substances which are then assimi- 
lated into the solid matter of the tissues. 
The total chemical change was termed 
nutrition, which included what later 
came to be called metabolism (28). For 
example, during the 1830's, it was shown 
that the gastric dissolution of insoluble 
proteins is effected by an agent with the 
properties of an albuminoid substance. 
Schwann named it pepsin and consid- 
ered it to be a catalyst. The identification 
of pepsin thus solved a part of the physi- 
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ological problem of nutrition, but it 
raised many questions that were pursued 
indecisively for a century thereafter (29). 
What was the chemical nature of this 
pepsin, how did it work, and what rela- 
tion did it have to other catalytic agents 
derived from biological sources, such as 
those known to cause alcoholic fermenta- 
tion or the conversion of starch to sugar? 
Such problems could not be fitted into 
the fabric of the new organic chemistry, 
and were largely pursued in medical labo- 
ratories rather than in chemical insti- 
tutes, thus accentuating the separation of 
organic chemistry from physiology (30). 

The uncertainty about the chemical 
constitution of the albuminoid sub- 
stances is also evident in the devel- 
opment of the protoplasmic theory of 
life. During the 1830's, Schwann had 
proposed that all living organisms are 
composed of and derived from indepen- 
dent cellular units in which an organized 
layer of matter surrounds a nucleus and 
is bounded by a membrane. He consid- 
ered cells to grow by virtue of their 
" plastic" power to attract nutrient mate- 
rial that is deposited around the nucleus, 
and of their "metabolic" power to effect 
chemical change both in the nutrient ma- 
terial and in their own constituents (31). 
He likened the plastic phenomena to the 
crystallization of chemical substances 
(32), and, in his idea of metabolic power, 
the cell was thought to be a dynamic unit 
whose components were endowed with 
chemical force. Although Schwann's the- 
ory of cell formation was replaced during 
the 1850's by the view that cells arise 
solely by the division of preexisting 
ones, the concept that the cell represents 
an organized unit of metabolic activity 
was widely adopted. In the subsequent 
development of the cell theory, the dy- 
namic portion of the cell became proto- 
plasm (33), whose most characteristic 
chemical property was its resemblance 
to albumin (34). This albuminous charac- 
ter of protoplasm was elevated, in Hux- 
ley's famous phrase, to the physical 
basis of life (35); and according to Haeck- 
el, the discovery that it "is the original 
substratum of all vital phenomena is one 
of the greatest achievements of modern 
biology, and one of the richest in re- 
sults" (36). 

Protoplasmic Molecules 

The impact of the protoplasmic theory 
of life on physiological thought was far- 
reaching, and by the 1870's, processes 
such as animal respiration, muscular con- 
traction electrical conduction in nerve 

or the fertilization of egg by sperm were 
considered expressions of the properties 
of protoplasmic molecules. But what did 
physiologists mean by the term "proto- 
plasmic molecule"? 

I simplify the complex development of 
19th-century scientific thought in sug- 
gesting that, after about 1860, the mo- 
lecular explanations that biologists of- 
fered for physiological phenomena 
tended to distinguish between molecules 
as physical or chemical entities. One 
style of speculation was based on the 
definition of a molecule as the smallest 
unit of a substance that moves as a 
whole, and specific biological function 
was seen as the expression of differences 
in a continuously variable motion within 
a specific arrangement of molecular units 
(37, 38). The other defined a molecule as 
the smallest portion of a substance that 
retains its properties in chemical reac- 
tions, and biological phenomena were 
considered to be a consequence of the 
specific properties of different kinds of 
discrete interacting molecules. This ap- 
proach required, however, some knowl- 
edge of the chemical structure of these 
molecules. The two definitions of mole- 
cules as physical or chemical entities 
were not mutually exclusive, and occa- 
sionally attempts were made to combine 
them. Nonetheless, the dichotomy be- 
tween the two styles of speculation is a 
striking feature of biological thought dur- 
ing the latter half of the 19th century and 
carried forward into the 20th century. 
This dichotomy has a more ancient lin- 
eage, as in the relation of iatrochemistry 
to iatrophysics in the 17th and 18th cen- 
turies (39). 

After about 1860, the undoubted suc- 
cess of men like Helmholtz and duBois- 
Reymond in demonstrating the ex- 
planatory power of the new biophysics 
(40), and the apparent inability of organic 
chemistry to elucidate the constitution of 
albuminoid protoplasm, clearly made the 
physicalist mode of biological thought 
the more attractive one. Even for physi- 
ological processes that did not appear to 
lend themselves experimentally to the 
biophysical approach, the molecular ex- 
planations of protoplasmic activity that 
were offered during the latter half of the 
19th century reflected a predilection for 
this style of speculation. For example, 
the embryologist His considered that in 
the fertilization of the egg by sperm there 
was a transmitted motion rather than a 
transfer of specific material, and the cy- 
tologist Strasburger used similar lan- 
guage in describing the influence of the 
cell nucleus on the cytoplasm (41). 

At the turn of the century, this prefer- 

ence for the physicalist mode of molecu- 
lar explanation found expression in the 
welcome extended by biologists to the 
new physical chemistry based on ther- 
modynamics and kinetics (42). Aside 
from its great importance in the devel- 
opment of chemical theory, this new 
branch of chemistry gave a quantitative 
character to the colloid chemistry found- 
ed during the 1860's by Graham. Among 
the noncrystalline materials of large mo- 
lecular size that he called colloids were 
the albuminoid substances (43), and he 
defined the colloidal state as "a dynami- 
cal state of matter, the crystalloidal 
being the static condition. The colloid 
possesses ENERGIA. It may be looked up- 
on as the probable primary source of the 
force appearing in the phenomena of vi- 
tality" (44). Not only were colloids re- 
tained by membranes that allowed the 
passage of water and salts, but like proto- 
plasm they also imbibed water and ad- 
sorbed substances on their surface. Such 
adsorption phenomena had been studied 
qualitatively at mid-century, but the new 
physical chemistry provided a consistent 
theory to explain them. It is not surpris- 
ing therefore, that, at a time when albu- 
minoid protoplasm was considered to be 
the dynamic component of living cells 
(45) but when there was only confusion 
and uncertainty about the chemical struc- 
ture of cellular proteins, the colloid 
chemistry of protoplasm offered to biolo- 
gists a more satisfying guide to the mo- 
lecular explanation of physiological phe- 
nomena than did the organic chemistry 
of Emil Fischer. 

Having traced, all too sketchily, what 
I have called the physicalist style of spec- 
ulation about protoplasmic molecules, I 
turn to the 19th-century attempts to ex- 
plain their intracellular activity in more 
chemical terms. The hypothesis that ap- 
pears to have received the most respect- 
ful attention was offered by the physi- 
ologist Pfluger in 1875 (46). He suggested 
that intracellular oxidation is effected by 
a labile energy-rich protoplasmic protein 
that contains cyano groups, which com- 
bine explosively with molecular oxygen 
to liberate CO2. In Pfluiger's hypothesis 
there was an admixture of physicalist 
speculation, since he-proposed that these 
explosions create intramolecular vibra- 
tions. The popularity of his idea encour- 
aged others to produce variants, as in the 
case of Loew's proposal that the chem- 
ical group responsible for the dynamic 
properties of protoplasmic protein is not 
the cyano group but the aldehyde group 
(47, 48). Thus, to explain the energy-rich 
character of protoplasm, Pfluiger and 
Loew had drawn analogies from the 
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available knowledge about the high reac- 
tivity of particular chemical groups in 
small organic molecules of known struc- 
ture. In the same chemical tradition is 
the hypothesis advanced by Ehrlich that 
living protoplasm attracts to itself "side 
chains" that represent the agents of intra- 
cellular processes (49). The ideas of 
Pfluger and Ehrlich were then put togeth- 
er by the physiologist Verworn, who 
coined the term "biogen" to denote the 
labile energy-rich protein material of liv- 
ing protoplasm (50). 

The Enzyme Theory of Life 

During the last quarter of the 19th cen- 
tury, chemically inclined biologists held 
such speculations in higher regard than a 
competing view which assigned a central 
role in the dynamics of biological pro- 
cesses to intracellular catalysts not very 
different from pepsin. After the term "en- 
zyme" had been introduced in 1876 to de- 
note such catalysts (51), this hypothesis 
was often termed the enzyme theory of 
life. The chemical nature of the catalysts 
was unclear, but it was widely believed 
that they are breakdown products of 
protoplasmic proteins, and thus outside 
the orbit of respectable organic chem- 
istry. Whatever the nature of enzymes 
might be, most biologists agreed with 
Pfluger that the assumption of intra- 
cellular enzymes "is not only unneces- 
sary, but indeed highly implausible" 
(52). Even the leading cluster of physi- 
ological chemists, associated with 
Hoppe-Seyler, took a cautious view of 
the enzyme theory of life, although they 
roundly condemned the speculations 
about living proteins endowed with cy- 
ano or aldehyde groups (53). 

Much of the 19th-century debate about 
the enzyme theory of life revolved about 
the process whereby yeast ferments glu- 
cose to alcohol and carbon dioxide. Dur- 
ing the 1830's microscopic observations 
had identified the agent of alcoholic fer- 
mentation as a living microorganism that 
nourishes itself at the expense of the sug- 
ar it ferments. This view had been ad- 
vanced earlier in the century, but had 
been discounted in favor of Liebig's idea 
that fermentation arises from the decom- 
position of albuminoid matter by oxy- 
gen, whereby molecular vibrations are 
communicated to sugar molecules and 
thus cause their cleavage to alcohol and 
carbon dioxide. Liebig's theory of fer- 
mentation had no place for soluble cata- 
lytic agents analogous to Schwann's pep- 
sin. The role of such agents in fermenta- 
tion was advocated around 1860 by some 
chemists, notably Traube (54 ) and 

Berthelot, but throughout the rest of the 
century this idea met the objection that 
despite repeated efforts no one had pre- 
pared from yeast a cell-free extract that 
could ferment sugar. 

The decisive blow to Liebig's idea that 
fermentation is caused by the oxidation 
of albuminoid substances was delivered 
by Pasteur when he showed that yeast 
grows in the absence of such substances 
and that it ferments best in the absence 
of oxygen. Pasteur did much more, of 
course. By studying carefully the effects 
of changes in the composition of the me- 
dium on the growth and fermentative ac- 
tivity of various microorganisms, and by 
applying criteria of purity to the cultiva- 
tion of microbial forms of life, he brought 
chemistry into microbiology. As a con- 
sequence of his work, and that of Koch, 
there was an explosive development of 
medical microbiology, with considerable 
impact on 19th-century physiological 
chemistry. By 1890 it was generally ac- 
cepted that infectious microorganisms 
produce toxins which, like the enzymes, 
appeared to be degradation products of 
protoplasmic proteins. Clusters of physi- 
ological chemists began work on the 
chemical activities of bacteria and on the 
toxins and enzymes they produce (55, 
56). After the discovery of antitoxins and 
the rise of serum therapy during the last 
decade of the century, a new discipline, 
immunology, emerged as part of a bacte- 
riology allied to physiological chemistry. 

These close ties are an important part 
of the story of 19th-century work on the 
nature of alcoholic fermentation. They 
form the background of Eduard Buch- 
ner's success in preparing a cell-free ex- 
tract of yeast that converted sugar to al- 
cohol and carbon dioxide (57), thus bring- 
ing the controversy about the enzyme 
theory of life to a sharp focus. In his just- 
ly famous paper of 1897, Buchner wrote: 
4'. . . the initiation of the fermentation 
process does not require so complicated 
an apparatus as is represented by the 
yeast cell. The agent responsible . . . is 
rather to be regarded as a dissolved sub- 
stance, doubtless as protein; this will be 
denoted zymase" (58). 

Buchner's discovery has historical in- 
terest for many reasons. It was made by 
an organic chemist of modest talent who 
stumbled into it while helping his brother 
Hans, a bacteriologist, to prepare micro- 
bial extracts that Hans thought might 
contain antitoxins. Although it was 
hailed by Eduard's fellow organic chem- 
ists as proof that alcoholic fermentation 
is a "chemical" and not a "vital" pro- 
cess, the validity of his claim was ques- 
tioned by many biologists (59). Among 
those who accepted it were groups of 

physiological chemists who proceeded to 
study the chemical changes effected by 
zymase. Thirty years later, their efforts 
had led to the recognition that zymase is 
not a unitary chemical principle but a 
mixture of 12 separate catalytic proteins, 
and that alcoholic fermentation requires 
inorganic phosphate and several organic 
compounds that turned out to be related 
to vitamins. Also, it had been known 
since the middle of the 19th century that 
the chemical changes during muscular 
contraction resembled those observed in 
the microbial fermentation in which glu- 
cose is converted into lactic acid (60). Af- 
ter 1910 several groups, notably those as- 
sociated with Embden and Meyerhof, be- 
gan to apply the results from yeast to 
muscle, and to explain the chemical 
changes in both biological systems in 
terms of a unified sequence of enzyme- 
catalyzed reactions. 

In the light of these later successes, it 
is tempting to see in Buchner's zymase 
the breakthrough that tilted the scale in 
favor of the enzyme theory of life. Such 
hindsight oversimplifies, I believe, a 
more complex and more interesting inter- 
play of biology and chemistry during the 
first three decades of this century. There 
can be no doubt that for many scientists 
Buchner's achievement had erased the 
19th-century division between the living 
agents of fermentation and soluble en- 
zymes such as pepsin, and thus had 
brought fermentation processes into the 
stream of enzyme research. During the 
three decades that followed, however, 
there was uncertainty about the chemical 
nature of enzymes, and their study was 
dominated by the molecular-physical ap- 
proach of colloid chemistry. The view 
that enzymes are proteins was ques- 
tioned, and enzymes, along with vita- 
mins and hormones, were widely 
thought to be small bioactive molecules 
adsorbed on nonspecific colloidal car- 
riers. For example, during the 1890's, 
Fischer explained his results on the spec- 
ificity of enzymes by speaking of the 
combination of a protein enzyme with a 
substrate as a lock accepting a key. 
Twenty years later, this analogy was de- 
nied by the colloid chemist Bayliss (61), 
who reflected the prevailing idea that en- 
zymic catalysis is a phenomenon arising 
from physical adsorption on surfaces, 
rather than from specific chemical com- 
bination. The dominance of such views 
during the 1920' s suggests an ex- 
planation for the dismissal of Sumner's 
claim to have isolated the enzyme urease 
in the form of a crystalline protein. In- 
deed, many leading biochemists ques- 
tioned the biological significance of dis- 
crete isolated enzymes and, in keeping 
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with current opinions about the colloidal 
nature of protoplasm, considered them 
to be artifacts arising from "the transfor- 
mation and decomposition of a single ho- 
mogeneous substance present in life" 
(62). The situation changed after 1930 
with Northrop's crystallization of pep- 
sin, and the acceptance of his massive 
evidence for its identity as a protein (63). 
There soon followed the isolation of 
many enzymes in the form of crystalline 
proteins, and after 1945 enzyme chem- 
istry became a branch of protein chem- 
istry. Today, the limits to the understand- 
ing of enzymic catalysis are largely im- 
posed by the limitations of the available 
methods for the study of the intimate mo- 
lecular structure of proteins. 

Aside from the uncertainty about the 
chemical nature of enzymes, and of their 
relation to the protoplasm of living cells, 
the enzyme theory of life encountered 
other objections that were not removed 
by Buchner' s discovery. Foremost 
among them was the argument that near- 
ly all the processes catalyzed by discrete 
enzymes, including zymase, involved 
chemical breakdown and that no enzyme 
had been shown to effect the synthesis of 
a cell constituent (64). According to this 
view, only the part of metabolism that in- 
volves the degradation of such sub- 
stances as proteins is catalyzed by en- 
zymes like pepsin, and probably occurs 
outside living cells, but the constructive 
part of metabolism, whereby proteins 
and other complex cell constituents are 
formed, is a biological property of living 
protoplasm and is not an enzyme-cata- 
lyzed process. The example most often 
cited in support of this position came 
from the work of Claude Bernard. In 
1855, he discovered that the liver can 
convert blood constituents derived from 
food proteins into a starchlike substance 
he named glycogen, because it was the 
source of blood sugar. Bernard consid- 
ered the formation of glycogen in the liv- 
er, like the formation of starch in plants, 
to be linked to the activity of living cells. 
On the other hand, starch had long been 
known to be cleaved by an enzyme ex- 
tractable from plants, and Bernard be- 
lieved that he had obtained from liver a 
similar soluble agent that converts glyco- 
gen into sugar. He therefore drew the 
generalization that, whereas the metabol- 
ic breakdown of complex immediate prin- 
ciples such as starch, glycogen, or albu- 
min are purely chemical reactions inde- 
pendent of life, the synthesis of such 
principles requires physiological process- 
es linked to life. 

By 1900, several other biosyntheses, 
such as the formation of urea in the liver, 
were also thou.ght to be linked to life be- 

cause they could only be effected by liv- 
ing or surviving liver tissue in the pres- 
ence of oxygen, but not by disintegrated 
tissue or by liver extracts. These synthet- 
ic processes were considered to occur 
within tissue cells, and intracellular oxi- 
dations were understood to provide the 
requisite chemical energy (65). Biochemi- 
cal syntheses thus appeared to have dis- 
tinctive requirements not evident for 
Buchner's zymase, and this was taken 
by some biochemists to indicate that the 
enzyme theory of life was irrelevant to 
the study of protoplasmic activity (66). 

Intermediary Metabolism 

For others, however, Buchner's dis- 
covery provided an impetus to the study 
of the metabolism of relatively simple or- 
ganic compounds whose transformations 
in the animal organism might be ex- 
plained on the basis of the new organic 
chemistry based on valence and stereo- 
chemistry (67). This approach continued 
a tradition established after 1860 by medi- 
cal physiologists and pharmacologists 
(68), who had attempted to study chem- 
ical processes either in intact organisms 
or in isolated perfused animal organs. Al- 
so, during the course of such work, new 
compounds provided by organic chem- 
istry were administered to animals, and 
often were found to have been trans- 
formed to hitherto unknown excretory 
products. The aim of this approach was 
to understand what came to be called 
"intermediary metabolism," and indeed 
by 1900 it had provided clues to the na- 
ture of intermediates in the metabolic 
transformation of sugars, fatty acids, and 
amino acids. These metabolic studies dif- 
fered fundamentally from the kind of 
black-box physiological chemistry in 
which the heat produced by an animal or- 
ganism was related to its oxygen uptake 
and CO2 output, and to the amount and 
chemical composition of its dietary con- 
stituents and excretory products (69). 
For Bernard, and for those influenced by 
his work, such experiments told nothing 
about what happens in the animal body. 
The proper strategy, according to their 
view, was the use of experimental sur- 
gery and chemical methods to unravel 
the sequence of events in the metabolic 
breakdown or synthesis of important cell 
constituents. 

From studies of this kind there began 
to emerge, during the latter half of the 
19th century, hypotheses about metabol- 
ic pathways. In addition, indications of 
possible intermediate steps in metabo- 
lism came from two other sources. An es- 
pecially important one was the observa- 

tion of the appearance of abnormal chem- 
ical products during particular human 
diseases. The lack of time forces me to 
limit my examples to the case of diabe- 
tes, where the finding of the so-called ke- 
tone bodies gave important clues to the 
intermediary metabolism of fatty acids 
and sugars (70). A rather different source 
of hypotheses about metabolic pathways 
was chemical speculation by analogy to 
the structure and behavior of known or- 
ganic compounds. Many of these chem- 
ical hypotheses led physiologists down 
blind alleys, but others turned out to be 
fruitful, and indeed influenced the chem- 
ical dissection of the process of alcoholic 
fermentation (71). 

At a time, therefore, when the physi- 
cal-chemical approach of colloid chem- 
istry was prominent in biological 
thought, the study of metabolic process- 
es such as the one catalyzed by Buch- 
ner's zymase strengthened an alternative 
strategy more closely allied to organic 
chemistry. As Hopkins put it in 1913, it 
was a matter of studying the metabolism 
of "simple substances undergoing com- 
prehensible reactions" (72, 73), rather 
than one of speculation about large proto- 
plasmic molecules (74). Hopkins reflect- 
ed, of course, the uncertainty of his time 
about the nature of enzymes (75), but his 
emphasis on the utility of organic chem- 
istry in the study of intermediary metabo- 
lism represents an attitude that was to 
find increasing favor in biochemistry. 
This became especially evident during 
the 1930's, when Krebs (76) elucidated 
the pathway of urea biosynthesis, and 
Schoenheimer (77) and Hevesy (78) in- 
troduced the isotope technique for the 
study of intermediary metabolism. By 
that time, enzymes were recognized to 
be catalytic proteins, and metabolism, in- 
cluding biosynthesis, was seen as a 
coordinated set of sequences of enzyme- 
catalyzed reactions. Moreover, during 
the 1930's the concepts and techniques 
of organic chemistry were being applied 
with notable success to the elucidation of 
the structure of many important cell con- 
stituents, such as nucleotides and ster- 
oids. Although the impact of colloid 
chemistry was on the wane, the physical 
chemistry on which it had been based 
continued to influence the development 
of research on the structure of proteins 
and other macromolecules, on biological 
oxidations, and on the mechanism of en- 
zyme action (79). Also, the dichotomy 
between the chemical molecule and the 
physical molecule that characterized 
19gth-century thought had been partly 
erased by the application of quantum 
theory and of the electronic theory of 
valence to chemical reactions. 
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Conclusion 

As one looks back on the interplay oi 
chemistry and biology from 1800 to the 
1930's, perhaps its most striking feature 
is the extent to which the limits of mo- 
lecular explanation of biological phenom- 
ena were set by the state of the contem- 
porary chemical knowledge. I believe 
that this is no less true today, and for the 
future of biochemistry it is important. 
therefore, that chemistry still is an oper 
science, subject to further fundamental 
change. In part, this character of chem- 
istry is a consequence of its power tc 
create, through synthesis, new forms oi 
matter. Here, in my opinion, lies the 
enormous importance of chemistry for bi- 
ology. Biologists study complex assem- 
blies of chemical materials that already 
exist in living organisms. Chemists seek 
not only to elucidate the molecular struc- 
ture of these materials, but also to creat( 
new forms of matter that mimic the be- 
havior of natural biochemical sub- 
stances, and thereby to enlarge and clar- 
ify the scope of biological inquiry. I be- 
lieve that this contribution of chemistry 
to biology is likely to continue in the fu- 
ture, through refinements in the art of 
synthesis and through the developmenl 
of the theory of chemical reactions. 

Having offered this optimistic hope, I 
must also call attention to the oft-repeat- 
ed objection that efforts to explain the 
phenomena of life in terms of the specific 
chemical properties of such things as en- 
zymes or nucleic acids are doomed to fail 
because biochemical analysis cannot dis- 
cern the complex integration necessary 
for specific biological organization and 
for the purposeful behavior of living 
things. This objection has received re- 
newed prominence, though perhaps less 
acceptance, with the successive appear- 
ance of striking new developments in the 
chemical study of life. We have seen il 
most recently in response to the impor- 
tant discoveries that followed the appear- 
ance of the Watson-Crick model of DNA 
(80). It is tempting, in the flush of bio- 
chemical success, to dismiss all such ob- 
jections as vitalist obscurantism, but the 
historical record suggests they oftei 
served as a fruitful goad in the devel- 
opment of modern biochemistry. For ex- 
ample, around 1900 leading physiological 
chemists were skeptical about the 
achievements in cytology during the pre- 
vious quarter-century. They questionec 
the validity of conclusions about cell dy- 
namics drawn from microscopic observa 
tion (8], 82), and were unmoved by th( 
debate among biologists whether the con- 
stitution of protoplasm is homogeneous 

reticular, fibrillar, granular, or foamlike. 
This attitude is evident in a lecture deliv- 
ered in 1901 on the chemical constitution 
of the cell by Hofmeister, who respond- 
ed to the prominence of cytology by ad- 
vocating the study of cellular reactions 
promoted by colloidal catalysts (83). In- 
deed, the aloofness of biochemists toward 
cytological studies continued through 
most of the first half of this century. Af- 
ter World War II, however, the use of 
electron microscopy and differential cen- 
trifugation erased this separation, and 
the mode of assembly of the macromo- 
lecular components of living cells is now 
a subject of intense biochemical study. 
Similarly, before 1940 most biochemists 
were indifferent to the achievements in 
genetics that came from studies on 
Drosophila or maize. Today, the inter- 
face of biochemistry and genetics is one 
of the most flourishing areas of science, 
largely as a consequence of work on 
plant and bacterial viruses, on the trans- 
formation of microbial types on Neuros- 
pora mutants, and on the structure of 
nucleic acids (84). 

Of course, some of the most important 
phenomena of life, such as embryonic de- 
velopment or human thought, have been 
more resistant to chemical investigation 
and still provide an arena of debate be- 
tween adherents of biological reduc- 
tionism and holism. If there is more con- 
fidence today than at the beginning of 
this century in the power of chemistry to 
illuminate such biological problems, it is 
a consequence of the fruitful interaction 
of many kinds of chemists and many 
kinds of biologists. I have tried to discuss 
some of the history of this interaction in 
terms of changes in the relative promi- 
nence of various styles of speculation 
about the molecular basis of biological 
phenomena, and of various modes of ex- 
perimental attack on biochemical prob- 
lems. I have touched on several aspects 
of the interplay of chemistry and biology 
since 1800-the craftsmanship of separa- 
tion chemistry, the physicalist concep- 
tion of protoplasmic molecules, the en- 
zyme theory of life, the concern with 
comprehensible chemical reactions in bi- 
ological processes. All have been histori- 
cally significant in the emergence of what 
we now call biochemistry, as have been 
the various kinds of scientists I have 
mentioned, whether identified as pharma- 
cists or physicians, as organic or physi- 
cal chemists, or as reductionist or holis- 
tic physiologists. There is little evidence 
of a linear historical progression within a 
single scientific discipline toward the so- 
called mature biochemistry of today, and 
the continuity of the biochemical enter- 

prise may be seen rather in the com- 
petition among attitudes and approaches 
derived from different parts of chemistry 
and biology. Inevitably, such com- 
petition is attended by tensions among 
the participants (85). I venture to suggest 
that this competition and these tensions 
are the principal source of the vitality of 
biochemistry and are likely to lead to un- 
expected and exciting novelties in the fu- 
ture, as they have in the past. 
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