' The Tricarboxylic Acid Cycle

Hans Kl'ebs’ nobel prize-winning discovery of a central metabolic process
!

Steven Benner
i

Aa ls the case with all fhistory, tha
foal of history of science isfto slucidate
facts that aid in the undeistanding of
sclence. Phlloscphers Hhave relisd
heavily on these facts and have devel-
oped several more or less formal
theories about how sclentific theorjes
are formulated and come to be ac-
cepted. A theory about thhories (or a
scisnce of scionce) of codrse creatss
numerous paradoxes. For jxampla, itis
not clear how such a theory would ever
be conflrmed, We will hantile this and
other paradoxes of similar nature by
simply ignoring them. RatHer, we shall
devote our attention to examining the
individual theories of science and data
that might be used to support or con-
tradict tham.

Several of the better known or more
extensively used modols of Bolence are:
“March of Sclence,” ""Revolutionary
sclence,” “Soclalogical Yiew,” and
“Bumbling scisntists” {spe Intro).

In this essay, we have’ chosen to
study a particular sciedtist, Hans
Krebs, dolng a particular pigcs of waork,
daveloping thie “Citric Acid” or **Trj-
carboxylic Acid” or “Krebs” cycls,
Ideally, what.we can learn from this
study can help to determirie which, if
any, of these models Is satisfactory as
an ald for understanding gclence,

In order 10 make this examination,
we must decida where to gp to obtain
reliable data regarding sclentific dis-
coveries, Revisw of the work, or
materials written by the sclentist
involved in the discovery re always
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suspect, since they are usually written
well after the fact when the author's
memory has faded, hig conceptlen of
his own work madified by Intervening

events and discoveries, and his 8go .

expanded. Nor are the actual papers
nacessatily roliable for although their
content may give a reasonably accu-
rate version of the author's “best’
theughts at the time they were written,
scientific papers usually deliberately
construe the development of a sclan-
tific idea, often asgribing telsology
that was in fact not formulated untli
after an expsriment was run, and,
almost ag a ruls, ascribing sclentific
development a hypothetico-deductive
type structurs,

The original research notebooks are
perhaps the most reliable source of his-
torical data, yet they are also the least
aveilable, In this paper, only the first
two sources ware available, and as a
result a certain amount of spaculation
that is more or igsg unsubstantial had
to be includad. However, published
sources provided a wealth of Informa-
tion which, upon interpretation, has
revealad much ahout how Krebs for-
mulated and defended his theories on
the oxidative pathway for pyruvate
degradation,

Tha citric acid cycle, or tricarboxylic
acid {TCA) or Krebs cycle, is the big-
logicel pathway that is respansibla for
the oxidation of Pyruvate, the final pro-
duct from the glycolysis of gugars,
and is shown in Figure 1, It was pro-
posed by Hans Krebs and Wiillam
Johnson in a 1937 paper in Enzymolo-
gig" on the basis of their experimenis
performed on pigeon breast muscle
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tissue and work done by €. Martius
and F. Knoop in 1938 (braskdown of
citrate),*>™7 by Albert Szent-Gyorgyl
between 1924 and 1938 (reéqltggtton of
oxsloacetats to succinate),”” Bat.
tolli and Stern' and Hens Einback
between 1911 apd 1913 (conversion of
succinate to malate via fumarate}, and
Torsten Thunberg between 1317 and
1920 {the first sequence for the oxi-
dation of acetate via the fusion of two
molecules of acatate to form succinate
followed by conversion via fumarate
and malate to oxajoacetate and
Pyruvate to adetata).*® Krebs' and
Johnson's Enzymologia paper con-
tained new axperimental evidence
demonstrating that cltrate was gener-
ated in muscle tissus slices (as o result
of malonate blotking of the succinate
to fumarate step and that citrate cata-
lyzed the absorbtion of 0, by the tis-
sue). This paper was supported by a
Paper. published later in the vyear
demonstrating g similar cltrate forming
process in vivo,”* and finally In a third
paper pubtished in Fabruary of 1940,
which showed that fumarata catalyzed
the oxidation of: pyruvate and that t 18
catalysis was inhibited by malonata.

Sir Hans Adolf Krebs was born at
Hildesheim, Germany in 1800, the son
of an ear, nose and throst surgeon, In
the usual European fashion, he re-
celved his university training ot a
number of institutions Including Gort-
tingen, Fraiburg, Munich, and Berlin.
In 1825 he recqived his M.D, degree
at Hamburg, angl then spent one yesr
studying chomistry in Berlin, In 1926 he
became an Assistant to Otto Warburg
at the Kaiser Wilhelm institute for Biol-
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agy at Berlin Dahlam; where he
worked for five years. Krabs said that
he isarned more from Whrburg “"than
from any other single teacher.””*”

In 1832, Krebs becameg Private
Dozent of Internal Medicine in Profes-
sor Thannhauser's Clinia at Freiburg
whare ha worked out the biochemical
pathway for the asynthesis of wrea.
Whan the Nazi governmient came 1o
power and dismissad Krebs In June
1934, Krebs was invited by Sir Frede-
rick Gowland Hopkins to Cambridgs,
where ha was supported as a Rockefel-
ler Research Fellow and latar ag 3 Uni-
versity Demonstrator. Krebs continued
to ba supportad by the Rockefaller
Foundation for much of his scientific
career. At Cambridge, Krabs continued
work in amino acid mbtabolism. In

1936, Krobs became a lsaturer in Phar-

macology at the University of Shaffield
and in 1938 a Lacturer-in-Charge of the
Dapartmant of Biochamisiry. It was at
Sheffisld that Krebs formulatad the
citric acid cycle in 1937, was married
in 1938, and appointad Professor in
1245, In 1947, he was slected a Fellow
of the Royal Society and in 1853 won
the Nohel prize in physiology or
medicine. In 1954 Krebs became the
‘Whitley Professor of Blochemistry at
Oxford,

in addition to omithine and citric
acid cyecles, Krabs mads numerous
contributions to the understanding of
biological pathways, remaining active
sven after hiz official - retiramant in
1867,

Howevaer, if we are to understand
nhow the citric acid eycle was caon-
aoived, it is necessary to convert tha
siography from merely a collection of
~ztes and places into something that
will provide more information about
the inputs Into the theory, Presumably
a variety of axperiences that Krebs was
axposed to Influenced him in both his
choice of scientific problsm and his
msthod of appreach, and thase specif-
ic experences naed to ba examinad as
walk,

It is relatively sasy ito identify the
source of Krebs’' expermental tech-
niguss, The manometiic tachnique
used to determine oxygen uptake {ons
tachnique in the 183F7 Enzymologia
naper??) came diractly frorn Warburg's
laboratory, as did the tschnique of
using tissue slices. Krebis eredits Szent.
Gyorgyl for the idea gf using pigeon
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breast muscle for the study of respira-
tion>! Most of Krabs' analytical tach-
nigues were ¢btalned directly from the
litarature, aithough he daveiopad soms
new ones as wall.

in Freiburg, Krebs collaboratad with
Kurt Hensleit to put many of thase
techniques to use.2? Krebs suggested
that the successful formulafion
of the ornithine cycle In 1932 as a resuit
of this work was a major influence in
his formuiation of the citric acid cycle.
Certainly the “paradigms’’ astabilshed
by this work were fundamental parts
of the citic acld cycle, particuiarly
that an appropriate way to establish
Ehe Intermediacy of 8 compound In a

{Wide World),

Flg. 1. Haens Krebs.

pathway Is to demonstrate that It
reacts in the same manner at least as
fast as its pracursor, and also the role
of cyeles in blological (and particularlv
catalyticl processes, Krebs in 1947
undarscored this fast point”’ polnting
out that based on the experience with
the cltric acld and ornithine cycles, a
search for cycles is an appropriate
“warking hypothesls,” (Whether in
fact this hypothesis was opsrant In
1937 Wil be discussed mare exten-
sivaly later.)

It is more difficult to establish when
Krebs first became Interested In ths
problem of the oxidative breakdown of
carbohydrates, In 1927 at the Kaiser
Wilheim Institute, Krabs published a
paper on the ‘‘Role of Heavy Metals
on the: Auto-oxidation of sugsr solu-
tions,”’*’ but this paper was cast in tha
more traditional style of arguing the
existence of biochemical pathways
based on anslogies with organic chem-

¥

{cal reactions, and it coertainly was not
the beginning of an effort that evan-
tually led to the citrc acid sevele,
Krebs himssif suggested In 1970 that
he first carried out experiments in 1932
In Freiburg "on the oxidizabiilty of
substances which might be expectsed
to be intarmadiates in the gugar braak-
dowh pathway. Aithough'he conceded
that betwesn 1933 and 1836 his *'main
research was on othar topics— the oxi-
dation of amino acids, the properties of
D-amina acld oxidase, and the biosyn-
thesis of glutamine,” ha suggested
that the “problem of the Intermediary
stagas of respiratlon remained in the
forefront” of his mind as "ons of the
big unsolved problems of blochemls-
tty.”! Navertheloss Krebs claimed that
the 1932 work had left & ''striking
impression In my mind...that citrats,
succinate, fumarate, malate and
acetats wera all readily oxidizable in
various tissues.”” He also mantioned
that his own sfforts “In solving this
problem {nover published} were based
on the Idea that acetone dlcarboxylate
and acetoacetate might be Intarmed-
lates,” vet in 1935 when Szent-Gyorgyi
began to publish papars on respiration
in plgeon breast muscle, Krebs noted
that Szant-Gyorgyi “'failed to offer an
adequate explanation of the offect of
malonate which wag known to Inhibit
cell reepirstion and to be a specific
inhibltor of succinic dehydrogsnase.
This meant that suecclnic dehydrogen-
sga must play a key role In respira-
tion...” Finally, Krabs claimad to have
observed the cetalytic stimulation of
respiration hy citrate “just before”
he read the paper by Martius and
Knoop which outlinad the formation of
a -ketogiutarate from citrate.

Although it is true that Krebs
devoted much of his reaegrch time to
amino acld metabollem, %! itis likely
that his conception of the carbohy-
drate oxidation problem was not as
Kuhnian as his 1970 remarks would
seam to Indicate, nor were his idsas
on the intermadiacy of acetoacetate
“‘never published.” In fact, they
appeared in a serjes of five papers
submitted betwean July 9, 1936 and
July 24, 1937,°™' the first of which
was {itled "'Intermedlate Metabolism of
Carbohydrates.”*® Krebs clearly was
concerned with the synthesis of auc-
cinate from pyruvate via a-ketogluta-
rata, and proposed the following




scheme as & mechanism for this syn-
thesis: -

1} CH;COOH + Pyruvate + katopic acld
]
o= katoglutarate + hydroxyaoid

2} ketoglutarate + ketonic scld + H,0
—== sucoinate + CO, + liydroxyacld

Krebs proposed that acteoacetats was
the proferrad ketonic acld iniresction 2,
and proposed the followin {eyclical)
scheme to explain the formation of
succinate from pyruvate:

____,_————"'_—4" 02
hydroxybutyrie
gold scatoacatlc acld
+ {e.g.)
kstogiutarie acid
succinlc asld +
carhon dioxida s

In March of 1937,7 Krebs adduced
evidence for a reaction of type 2 in
tizsua siices, suggesting that raactlons
one and two “play a rols it the normai
oxidativs breakdown of carbohy-
drates,” In this paper Krabs mads his
first published distinction betwsen
oxidative {aerobic) and anasrobic path-
ways for disposing of pyruvate, a dis-
tinetlon that was to be of importanca
In the citric gcid cycle,

In a pa;:ar submitted. twenty-six
days later,*® Krebs’' .proposal had
changed. Although he sﬁl!Eargued that
pyruvatoe could ba conberted Into
hydroxybutyrate, he proposed Instead
a6 Intermediate the Clalsen condensa-
tion product of acetate and pyruvate,
acatopyruvie acid, which could then be
convertad Into either acetoacetats or
hydroxybutyrats, The ovidence for this
proposal was simply the ability of tis-
8U8s 1o degrade acetopyruvats, further
evidence of Krebs' faith in Hopkins’
statement of 1211 thet “the body s
In general abie to daal only with what
is customary to it” In sn effort to
aliminate posalbla non-enzymic reac-
tions of acetopyruvato, 8 number of
organic chemical studies ware done
with the compound. In this new pro-
posal, the concept of o “eycle” had
been dispansad with.

In July of 1937% Krehs deait spe-
cifically with the Szent- Yorgyl pro-

posal that fumarate, oxalpacotate and
pyruvate act as catalysts in cellular
respiration, and worked With bacterla
Instead of animal tissuas, oming only

five days before the title| date of the
Enzymulogia volume that containsd

|
|
|
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the citric acid cycle Paper, and in view
of the fact that Krabs always had
referrad to Szent-Gyorgyl's ideas as
important to his development of the
citric acid cyels, thls s gn important
paper 1o examine 10 determine pre-

* clsely what Krebs wag thinking in 1937.

Krebs sats gut to shicidate the fol-
lawing points:

1. Which substances act as hydrogen
cartiers {n the coll? .

2. The rate of hydrogen transport by a
given carrler,

3. The nature of the chemieal grouping
donating hydrogen to the carrier,
4, The nature of the chemical grouping

accepting hydrogen from tha carrier,
b. The significanca of a givan carrier
in cellular resplration,

The techniques used were no differan;
from those used In previous ahd Subsg.
quant papers by Krebs, Eightesn gop,.
clusions were prasented In sUMmMmary,
including the following:

"1. Fumarate, pyruvat, oxalogcstatg,

and probably carbopedioxide gg "

as respiratory catalysts (hydrogen
carrlars),”

“8. Fumarate oxidizas anaerobically
glitease, malate, lactata, 8oatate,
glycerol, glyceraldehyds, pyru-
vate, butyrats, acotoacetats, glu.
tamate and molecular hydragen,*

14, Fumarate promotes catalytically
the fermentation of pyruvata,”’%

Krabs echoad these concluslons in a
paper published in 1937 In a book dedl-
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cated to F.G, Hopking, [where he

wrota:

"The work which is repérted davel-
oped along lines similgr to those
which Szent-Gyorgyi disclssed in
his stimulating papers..]. Oxaloacs-
tic acid was tha metgholite con-
slderad asthe most impartant hydro-
gen carrier in the regplration of
muscele Yasue..We find it also
acting in Bacterium COfi"

There are several things notable
about thesa papers. Firat;&hev contain

a weaith of data that could be used
to establish a citric acid aycls, lacking
only the compounds citfate and a-
ketoglutarate. Alse, from|an overview
of thess and the papers preceading
them, it seems that Kre% had Initiaily
attempted to impose a cyclic structure
for ths mechanism of (ﬁarbohydrate
oxidation by eithes nscious  or
unconscious analogy with the orni-
thina cycle, but had falled. More impor-
tant from a philosophical Eoim of viaw,
the papers were merely extensions of
work by Szent-Gyorgyi,jand not very
significant ones elther. There is no sign
in elther paper that Krgbs found the
proposal of Szent-Gyordyi in any way
problematical, nor Is there any sign
1hat Krebs falt the machanism for tha
oxidation of pyruvate to be “one of the
big unsolved- problerns |of biochemis-
try.”” Also contrary to Krgbs' 1970 con-
caption of the steps leading to his dis-
covery of the citric acid cycle, there is
no avidence that his 1982 sxperiences
nad feft In his mind a "*striking impres-
sion that citrate...lwag] very readily
axidized in various tissyes,'”" From a
Kuhnian point of view,! Krebs in 1937
wvag as “normal’ as a s¢ientist can get,
and 1 also sesms clear that Krebs'
{970 recollestions are not of high his-
totical fidellty.

Betwaen the July 2# paper end the
July 29 issue of Enzymologia there is
a hiatus of at least five days, and the
only primary sourcel of Information
available for this petibd comes from
the laboratory notebaoks of Krebs and
Johnson, During this|gep, Krabs had
an opportunity to read a March 1937
vaper by Martius and| Knoop® which
dascribed the metabglic fate of clirate
in biological materlald and specifically
e fact that o-ketoglutareto was an
axidation product of citrate. Martius
and Knoop were aldo “normal” sci-
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antists; they were studying a normal
science problam with normal sclence
techniques, and Krebs had never had
occasion to raferance any of their pre-
vious work. Yet it is easy to see how
this paper tied in with all of Krebs'
work of the previous five years, and. it
is possible to speculate on what
thoughts the Martius and Knoop paper
stimulated In Krebs’ mind,

Eirst, '’ a-katoglutarate” was 8
maglc word, having been proposed by
Krebs as a cruclal intermediate In the
1938 cycle published In Aetura on the

Thrae-point bindingof citric acid

This bond This bond can
can??t bad ? ba posi]Lionacc!l
positioned ~— correctly an
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and s not X 1 Z
attacked _i v i

v H

Active
site

with

complementary
binding points

- clnate {which Szent-Gyargyl had elab-

orated on barely eix months befors)
and the oxidative conversion of suc-
cinate to fumatate, a distinction
that Krebs had mads twice In the pre-
vious year, befora the complete cycle
could be established and the catalytic
affact explainad, Finally, jt was probab-
ly &t this time that the’ significanca of
maionate inhibition was realized, after
the initial experimants Krebs ran
showed fumarate converted almost
quantitatlvaly to suceinate in the pres-
ence of malonate,
CH,CCOH

Suscaptible

/\C/H bond
HO l ,COOH
COOH

Cilric acid

Z
!
x” l\z
Y

Schomatic reprasentation
of cliric acid

Fig. 3. The nsymmaotric setion of eoonitase on cltrle acld, as sxplained by A.G. Qgeton In
1848, Hia explenation iad direotiy to the {inal acesptance of Krebs’ orlginat formulation of

the TCA cycln,

“Intermediate meiabolism of Carbo-
hydrates,”?® “'Cycla” was slso a maglc
word, ever since the ornithine cycis,
and Krebs had abandonsd hls {dea of
a cycle for sugar oxidation only five
months eariier, At that time {in the
March 1st and 27th papers) Krebs had
been looking for an approprigte sub-
stance to condense with pyruvic acid
to end up at a-ketoglutarste, Of
course, the substance that pyruvate
had 1o condense with to form citrate
was nona othar than oxaloacatate, the
very compound that just a few weeks
earlier Krebs had concluded was “the
most important hydrogen carrier in the
respiration of muscle tiesues.” !
“Catalyst” too was a magic word,
since the ornithine cycle had been
established by the ability of citrulline

to catalyze the formation of wrea, and

in July Krebs probably reallzed for the
first time that neither Szent-Gyorgyl
nor Stare and Baumann could sxplain
the catalytle effect of fumarate on res-
plration, With the cycle thus estab-
lished from fumarate to succinate, it
onjy required a distinction between the
raductivae conversion of fumarate to suc-

tt should be noted that the citric
acid cycle thus formulated was merely
a list of compounds, sach of which has
a history of its own. Some of the inter-
mediates, Including fumarate, malate,
suqoinate, and ciwrate had long been
known to organic chemiste. Others,
including cis-aconitate, lsocitrate, and
oxalosuccinate wore much more
racant additions to the organic
chemist's ropertoire, yet none of these
compounds was important to Krebs in
1937, This is readily gpparent from the
fact that in his Dacember 1837 sum-
mary of the citric scld cycle,®* Krebs
mentions only succinate, {umarate,
malate, oxaloacetste, cltrate, and a-
ketoglutarata. The only compound that
was relatively new In this scheme
was algo quite likely the compound
that triggered the cltric acid cycle idea,
a -ketoglutarate, and for thesa reasons
itis interesting to digress a moment to
trmca its history.

Thoe systematic knowledge of a-
ketogiutarate {AKG) goes back only
until 1908, when its synthesis was

reported by two Frenchmen, F.E.

Blsise and H. Gauit® Their motiva-




tlons for synthesis were simple and
mundana,

The Ketoaclds, although khown for
the malonate snd succinafe series,
are not known for diacidsicontain-
ing more carbon atoms, oxcept for
the pimelic acid series. We have
tharefore shown that thd a, a -
diketo pimelic can be obtgined by
saponification of alcoylidens-bi-
soxalacetlc asters in minbral acid
madlum, We decided to tiy to gen-
gralize this wark to also prepare the
a.monoketo and a, & -diketo disc-
ids thet have untii - naw been
unknown,3 .

The authors thought thelr work pub-
lishable bscause it embodied a new
synthetic tachnique, They have found
that the mathod of Wislicenus®®%? for
synthesizing alpha keto acids by
saponification, 8 procedure published
twenty years earller, did not work for

the compaunds they wished to pre-
pare. Blaise and Gault achleved fhe
hydrolysis with cold acld instead of
basa.

The Interest in alpha ketoglutario
acid n subssquent years was primarily

ofashemicalnature, Beflstwin iists some
twenty references batwesn 1910 and

1830, including papers by Haworth and
Gabrie! ™% “In which AKG was
used as a starting material for several
organic syntheses. In 1915, Carl
Neubarg and M. Ringer at the Kaiser
Wilhelm Institute determined that
yeast coukd ferment AKG:*® thls was
the first of a number of papers that
examined the role of AKG in biclagical

systerns. Howevar, like citrulline and

gls-aconitate,** AKG was a chemical
studied by chemists hefore it bacams
a biochemical examined for ite role
in biological systems.

Despite its formal similarity to the
ornithine cycle, It should be noted that
the citric acid contribution was quite

|
CO, + NH,* + 3JATP + aspartate + 2H,0 —
urea + 2ADP + 2P + AMP + PP, 4 fumarate

b
Carbamoyl
phosphate \_7/’

Ornithine

"&

Arginine

Citrufline

Arginino-
succinate

S\

a-Keto
acid
Aspartate '§ #-Amino
acid
Oxaloacetats

Malato

Fumarate

Fig. 4. The matabolic pathway(for the synthesis of urea. The eyelic natute of urea produc.

tion may hava Influencaed Kre
oflsm of carbohydrate ox[dation.
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when he postulated a eycle for the intermadlary metab.

distinctive in nature. In the case of ure,
synthasis, Krabs’ series of experimants
carofully elucidated a pathway that
wasg hitherto unknown. The cltric asid
cycle was motre of a conceptual bregk.
through in which Krebs organized a3
varlaty of previously known but inco.
herent facts, providing expdrimentally -
only tha gvidence for'the formation of
citrate from pyruvate and oxsloage-
tate. Thus, aithough many, Including
Krebs himsolf, have since noted the
similartty batween the two cycles, from
the point of view of thsir davelopment
{and, as we shall see in the next sac-
tlon, their accaptance by the sclentifle
community}, they ware very different,

e0 o0 LX)

Tha orginal Krebs and Johnson -
paper, as discussed above, agsigned a
cruclal role to citric acid as an Inter-
mediate in carbon metabolism, both In
the titls and In the body of the paper.
Krebs named his cycle the *citric acld
cycle,” provided the readsr with no
fewer than four diagrams showing
citric acid as an intermediate, con-
ciudead that “the quantitative data sug-
gest that the ‘citric acid oycle’ Is the
preferential pathway through which
carbohydrate is oxidized In animal tls-
sues,” and pleadsd Ignorance about
whether cis-aconitata ig Involved In the
pathway, There was only a single
schemo for carbohydrate metabolism
considered or suggested.

Immediatsly following the publica-
tion of his Enzymologia paper, Krebs
published a series of papers with var-
ious co-workers in which he adduced
further avidenge in faver of his
oycln,?*"% The first such follow-up,
recaived hy the publisher in December
of 1937, contained a dlagram showing
the citric acid cycle to contaln only
citrate, a -ketoglutarate, succinate,
fumarate, malate, and oxaloacetate
The purpose of the paper was to “sup-
plament tha previous evidencs”
derived from isolated tigsuss with evk
danca from ““expsriments on the intact
organisr.” As such, the work was
straightforward and Krebs’ comments
were not unusual, except for a brief
postscript added January 8, 1838, In
this nostscript, Krebs noted that;

Breusch has racently questionsd
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the existence of the 4’citric acid
eycle’” In muscle tissup, We are,
howaver, unable to accapt his argu-
ments and shall discuss them In
full In a following paper>*

F.L. Breusch was at thd Unlversity
of Szegad in Hungary (aisjo the home
of Szent-Gyorgyi) whan his fitst papsr
attacking the cycla s.'.raslpub!ishacl.4
Like Krehs, Brousch was flaeing
National Socialism and thé impending
war: in 1938 he moved frbm Hungary

Both axperimentors had added prs-
cursers of citric aeld to various tlssue
and attempted to detect an incraase in
the amount of clirats In the tissue,
Neither had found tha viald of citrata
evarto exceed 2%. Thomas had noted
thet tha catalytic effect of citrate on
oxidation cccured oniy after an hour
walt, whereas that exartad by fumarate
was Instantansous, Finally, Breusch
had argued that citric acid could not be
&n Intermediate in any cycle, since
muscie could not degrade citrate suf-

COO0-
i cOO- coo- coo-
CH, P ! [
—2H CH, —2H CH +H,0 CHOH
+ - — —_— t
CH, CH CH,
CH, | ! !
| CFO- COQ- CCOo-
con-
2 acatate suocinata furnarate malate
COCE coo- . _ co,
! |
—92H co ' co +H,0~2H +
CH,) CH, . €00.
| |
co?- +CO, CH,
oxaloacetate pyruvate acotats

Fig. 5. An early canception of the intermaed|ary stagas of carbohydrate oxldation postu-

tated by Thunbarg and supported by Knoop and Wialand In the sarly 1830,

to the Dapartment of Physiology at the
University of istanbul. There he pub-
lished a gscond paper, on the citric
acid cycle, Joined in |his attack by
Jacques Thomas,®® who was then
working In the laboratdry of £.J. Big-
wood at the University of Brussels,
Tha basis for their dispute was simple;
both workers feit that the citrate that
Krabs had detectsd had been “ertific-
lally produced under the conditions of
their experiments.” Thomas wrote:

Muscle has, in com’irmation of my
previous work and contrary to the
chtric acid cycls of Hrebs, no ability
to form citric acid. It Is futher
shown, in confirmgtion of muscle
perfusion experiments of Martens-
son, that muscle hag only slight abil-
ity 10 break down ¢itric acid, again
contrary to the cycle theory,
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ficisntly quickly, finding that less than
16% of the cltrate added to muscls dis-
appearad, and that only “dus to 2 bal-
ance betwesn citric and Isocitric
acids.”®

Krebs' “subsaquent paper” took
over two yaars to appear, but It was
a concise and conclusive refutation of
his critles.?™®  Accusing “both auth-
ors' of disregarding "one of the most
important experimental observatlons in
the field, vlz. the oxidative formation
of succinate from oxaloacetats in the
prasence of malonate,” Krebs for the
first time challenged seriously the
theory that underlay Breusch's and
Thomas’s -conception of biochemical
events, that of Szent-Gyorgyi. As for
tha fact that high vyields of citrate
could not be Isolated from muscle to
which oxaloacetats had bheen added,
Krebs causfically pointed out the dif-

" ference betwsen the rata of accurnula-

tion of citrate and tha rato of forms-
tion of citrata, With respect to
Breuach’a finding that muscle cannot
break down cltrlc acid, Kreba wrote:

To refute Breusch's recent view, it
will suffice to quota-Bteusch’s own,
previous observation, He found that
20 m! of muscle suspension re
nioved 20 mg of citrate...This rate
of citrate disappesrance can oasily
account for the total raspiration of
the muscie,®

Krebs polished off his criticism of
Brausch and Thomas by noting that
“gavaral of the ciriticlsms arise solely
from misinterpretation of the theary,”
and that their experimants were "car-
ried out on tlesue which had already
lost the greater part of its metabolic
activity; thus It is not surprising that
the resuits were unsstisfactory.”?®

in the background of all of thess
discussions was the principal concept
that Krehs had to refute, that of Szent-
Gyorgyi. As discussed earlier, Szent-
Gyorgyi had postulated a hydrogen
transfor system that includad the
saquence oxaloacstate, malate, fum-
arate, to succinate, a postulate that
had in part won him a Nobel prize
in 1937, Af that time, the Nobsl pre-
sentation spesch dslivered by E. Ham.
marstein, had notad that in Szent-
Gyorgyi system “the flaws are num-
grous...but not of a charactar to
breach the highway of the oxidation
chain,’*

As aiready mentloned, Krebs had
for several yeara done work in support
of the Szent-Gyorgyl pathway and was
very slow in making the braak com-
plate, In both 1837 papers#%* Krebs
offered no criticism of the pathway,
fn February of 1540, he accepted
Szent-Gyorgyi's theory only for "‘the
conversion of triose Into pyruvate,”
but nevertheless argued that the
rasuits of the experiment with malo-
nate inhibition ““calls unequivocally for
a rovision of this theory.,” Yet, In
Aprll of 1940 he incorporated the
“Szent-Gyorgyi cycle” Into & dlagram
of the citric acld eycle ae part of the
process that oxidizes cltrate, It was
onlyby 1843 that Krebs could write that
the Szent-Gyorgyl theory “cannot be
ragarded as satisfactory’’ as a “theory

of carbohydrate oxidation.”
Krebs thus successfully refuted his




critics arguments by 1) relying on con.
firmable exparimental data, 2) incor-
porating minor details into higjpathway
(for example, note how the addition of
isocitrate clears up Breusch’d conten-

fion that tha citrate-isocitrate ‘aquilib--

brium s catalytically not important)
and 3} distinguishing betweeri the oxi-
datlve citrlc acid cycis and any reduc-
tive pathways that might empjoy com-

ponants of the cyele, By the end of -

1940, at least with respect talthe prin-
cipal aspects of the citric adid cycle,
Krebs had triumphed,

Thatwas notto be for long. [n 1841,
two groups of American sciantists
Independently reported experiments
with carbon Isotopas in which a label
was [ncorporated Into the carboxyl
carbon of oxaloacetate. By rnaasuring
tha amount of labai in tha CO» released
whan a-ketoglutarate was decarboxy-
lated, they determined that all of the
label Incorporated was releassd, This
was contrary to the expectation that,
because citrata was a symmetric mole-
cule, only half of the label should
become CO;, and led directly to the
conclusion that neither citric: acid nor
any other symmetric compound could
be an intermediate in the formation of
a-ketoglutarate from  oxaloace-
tato,10°12-68 |

There Is no doubt that ‘removing
the cltric acid from the eltric acid cycle
was traumatic for Krebs, but it was the
least extansiva of a number of modifi-
cations proposed by the Americans.
Wood et. al. suggsested that the objec-
tion to @ symmatric Intermediate could
be removed If oxaloacetate and pyru-
vate were condensed directly to yield
cis-aconitats, with citrate being an
unimpertant side reaction.$® Howavar,
Evans and Slotkin did not think even
this probable in visw of tha equilibrium
between citrate, aconitate, and Iso-
clttate that overwhsimingly (809%])
favors citrate.!! Thus, they presumab-
ly were In favor of an indefinite
slthough undoubtably moreiextensiva
revision of the original thedry.

Not surprsingly, Krabs those the
first option. 1n 19414 he plblished a
» +brisf note titled “Modified Cltric Acid
Cycie” inwhich he accepted the hypo-
thesis that “the formationiof citrate
is due to a side reaction,” Hi} response
to the equilibrium objection as decid-
edly ad hoc. “IEvans and{ Slotkin's)
argument only holds if the Tquilibrium
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Flg. & Inhlbltion by malonate results in
the accumulation of succinate, Thia sug-
geated to Krebs that oxeloacetate rescts
with pyruuate, producing citrate, a
pracursor of succinata,

Is ‘actually estabiished.”” Krebs then
arguad that it is in fact not established
because of tha relative slowness of the
conversion between citrate and cia-
aconitate. It is interesting to note that
by arguing that this reaction is siow,
ha is essentielly agreeing with Breusch
and Thomas and disagreaing with the
Krobs of 1840 who argued that the
convarsion of citrate to sconitate was
raptd. Of course, the entire argument
of Breusch and Thomas was that
citrate was the product of an unimpor-
tant “side reaction.” Although Thomas
was not publishing at the time {Worid
Woar Il wes in progress), this fact was
not lost to Brausch in Turkey. in 1843
he wrota:

According to Krebs' first opinion, all
catbohydrate metabolism passas
aver the citric acid cycla, Latar on
ha gave the cycle as an accounting
of only 50 par cent of the metabo-.
{lam, saying that for every cycle
passed, the oxalacetic acid is
reduced two times to t-malic acld.
Krebs is now of the opinion that no
citic acid {5 produced, but ofs-
aconitata formed by condensation
of oxalacetic acld togsther with a
sugar breakdown product,

Krebs was not willing to give Wood
and co-workers full credit for the mod-
ified eycla; however, in 1943 he realized

[

K

that- he could claim priority for the
modification as well. In hls paper [y
Advances In Enzymology, ha wrotg
that the Wood modification was In fagt
one of several options that he consld.
-ared from the start:

It was mads claar [in 1937] that the
{condensation product] chosen.,,
was somewhat arbitrary. The arbi.
trary formulation was prefered
because it was thought for reasons
already atated, that a place for the
reaction citrates=a cls-aconitata
" should be found in normal muscle
tissue (elthough this..,does not
imply that ths reactlon iz part of
carbohydrate oxidation)44

Not surprisingly, Krebs uses the titis
"“eilric acid cycle’” In quotations, and
calls the modified hypothssis the *Tri-
carboxyiic acld cycla.”

It is disputable whathar in 1937
Krabs considered citrate as a slde pro-

duct a8 “one of several possibllifles,”’

In his paper in Enzymologia®? Krebs
only questions “‘whather [sconitate] ls
an intermediate in tha breakdown or
aynthesis of citric acid,’ In his paper
In Lancet®® of the same year, the con-
varsion of oxaloacetate to citrate lg
shown 1o proceed via ‘‘oxsicmesacon-
ic acid” and “cis-aconitio acid,” based
on chemical modsls for the biological
reaction. However, because of the
name Krebs gives hls cycls, the
absence of any published writings 1o
the contrary, and the extent to which
Krebs defends tha rols of citrate in the
oyele batween 1937 and 1840, sithough
it Is clear that some conslderation was
given to tha order in which cltrate,
aconitate, and isocitrate arise, it seome
aiso claar that the Wood et. al, hypoth-
@sis is not a “minor modificatlon” of
the cycle “‘already contemplated from
the state as ona of several possibili-

tles,”” contrary to Krebs' 1843 paper.

It might be sald facetiously that for
the five years following 1843, Krabs'
Nobel prize hung in the balance. Krebs
wrned to studying other biosynthstic
problems, primarily the flxatlon of car-
bon dioxide In heterotrophs and the
metabolism of acetoacatate?¥* In
papers on both topics, he heavily and
respectfully referenced papers by

continusd on p. 34
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Krobs continued from p. 10

Wood, Evans, and Brousch. But if was
also during these years that other basic
work was done on the cycie, work that
would partlcipate In its re-emargence
in its original form. Following the war,
Fritz Lipmann ldentified cosernzyme
. AS? {inally establishing its structUre in
1962,5% the year before he won a
Nobel prize for the work. Much work
with Isotopes was aiso done to clarify
Intermediate steps in the reaction.
Also, more traditional biochemical evi-
dence continued to accumuiate to
supplement the 1840 paper by Krebs
and Eggleston. Even Breusch contrib-
uted evidence of this typa when, in
1846, he conducted & series of axper-
imants and noted that "in all tissues
investigated, the capacity for meta-
bolizing ¢ltric acld Is nearly paraliel to
the capacity for reducing oxaloacetic
acld to malic acid.”” 7 Krebs himsslf
published a paper on the “Microdstec-
tion of Isocitric and Cls-Aconitic Acids
in Biological Materials,” “¢ He listed
under “Applications’ for this new
technigus the detection of isocitrate in
plants; there was no mention' of the
ngitric acld cycle,” now tha “TCA”
cycle. All of the textbooks that this
writer has seen that wers ‘written
during this period listed cltric acid as a
minor side reaction.!¢
This stata of affalrs endad in 1948,
In that year, A.G. Dgston of Oxford
published a brief note in which he
pointed out that through a "thres
attachment” schems, an asymmstric
snzyme could in fact distinguish
vetween "dentical’’ residugs in a
“symmetric” molecule. He c¢ncluded
that “asymmetrle occurance of isotope
in a product cannot be teken as con-
clusive evidenca agaminst Its arlsin
from a symmetdc precursor.’
Although Ogston's paper fliled fewer
than eight inches of column space in
Nature (including dlagrams), it instan-
aneously and effectively ended the
criticism of the cltric acid cycdle. 1t was
as if the collective scientific community
_had gone "oopsl"” >-and wall it might
fave, for Ogston's paper could have
been written by snyons in almost any
field. It requirad no experimehtal work,
and the concepts were merbly exten-
sions of the concepts of chirality first
introducad by van't Hoff afd Fischer
and of the “'polyaffinity” thdory devei-
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oped by Bergmann and co-workers. All
it required was an author who could
extond these concapts, draw together
what were then diverse facts to bear
on a single problem, and then formu-
late & neyv idea in what must hava been
an ldeal exemple of scientitic genius.
Qpston did all of these things for the
citric acld cycle, as he had done for
many oiher sclentific problems that he

" tackied,

if Ogston was the hero of the bresk-
through in 1948, Krebs was Its chief
beneficiary. No one coniinued the
attack on the cittic acid cycle, or the
TCA cycle, both now becoming better
known as the “Krabs' cycle.” The
International  acclaim came quickly,
with Krebs giving a Harvay Lecture in
1850%and a Herter Lacture at ths
Johns Hopking University in 195634%
Even Brousch in 1982 dalivered a paper
at the 2nd International Conference of
Biochemistry in Paris, (titled the “Sym-
posium sur e Cycle TCA"}, in which
he discussed his work on fat meta-
bolism and his reaction to "racent con-
copts from the findings of the ticer-
boxyllc acid oycle.,'® The principal
award was the Nobel prize in Physiol-
ogy or Medicine, awarded to Krebs In
1853 with Lipmann, The Presentation
spsech mades by E, Hammarsten at
Stockholm notad that “in the begin-
ning Krebs was quite glone with his
idea,” yet also was historically simplis-
tie by saving that Krebs' "‘penstrating
intuition was so clear and his grasp of
the problem so keen from the start that
none of his original ideas had to be
revised.” '8

The 1950 Harvey Lecturs 48 was of
particular interest bacause in spite of
the fact that Ogston’s thres point
attachment proposal had been avail-
able for over a year, it is not apparant
that Krebs fully understood it. He
began his discussion of tha TCA cycle
by argulng that “‘evidence bearing on
the {order in which the tricarboxylic
aclds arise} became available in 1841
from isotope experimants by Wood..."
aven though the issus Wwas not the
sequence of aclds but whether oitrate
was one intermediate in the pathway
and desplte the fact that Ogston had
shown Wood's isotope experiments
irrelevant to this subject anyway. Krabs
then discussed at langth Wood's analy-
sls, concluding that he suggested “that
a minor modification, aiready contem-

plated from the start as ona of ssveral
possibilities, would mest the facts,”
despite the fact that 1) the modifice-
tion that Wood suggested had not
hoon considerad from the start {the
hypothesis that citrate was a side-
product), and 2F that Ogston had
shown that the modification was not
needed to meet the facts, Krabs then
procaeded 1o nota that “the main
premise upon which this modiflcation
rests is the relative slowness of the for-
mation of citrate from cls-sconitate,
This pramisa has a sound expsrimental
basis.’* Krabs then proceded to estab-
lish Wood's modification as If he had
either not read or not understood
Ogston's proposal.*®

It Ie only after establishing citrate as
a side product that Krebs, in sontradic-
tion with the prevous two pages of his
gssay, mentioned that Ogston had
shown that “cittic acld does not necas-
sarily behave as an asymmstric {sic}
moleculs when combined with &n
anzyme."” Krebs then quotes verbatim
some passages from Ogston before
finally explaining in his own words
what “theee point sttachment’ meant
to him, concluding finally that *the
conclugion that citric acid cannotbe an
intarmediate cennot be accepted as
binding.”48

Nevertheless, by 1950 Krebs was
sufficiently confident of the validity of
the TCA cycle to assort that “the orig-
inal scheme received some elabora-
tions, but in all essential aspects the
original scheme still stands.” By 1963,
in his Nobel address, Krehs thought
the controversy of ten yeers before
unimportant anough ta lgnore it alto-
gether4® By 1970, Krebs summed up
the struggle for the acceptance of the
citric acid oycle by saying that
niike almost any new concept, the idea
of a TCA cycle was severely critlcized
by some biochemists, but the majority
soon acceptod it a8 8 working hypath-

aslg.”’ %!
oe 00 ©e

The most striking fact about the
history of the Krebs cycle s the unre-
liabllity of sources written atter the fact
to tell accurately how a sclentlfic ldea
was formed and accepted. Exampies of
this unrealiability range from the trivial,
that Krebs ariginal ideas concerning
the metabolism of carbohydrates were
not published when in fact five articias
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ware published on the sukjject, to the
much more complex, whan pracizaly
Krebs psrformad experimdnts testing
the catalytic activity of citrate in pigeon
liver. The second point reeds soma
slaboration, since | have implicity ques-
tlonsd Krebs 1870 contention that he
had psrformed the orucialjexpariment
“just beforé" reading the paper of
Martius and Knoop. The lquestioning
was mplicit only baceuse|the labora-
tory notsbooks which would bs the
only rellabla gource of anisnswer are
unavailable. It seems reesonable to say
that Krebs triad the cltrata pxperiments
&6 8 result of Martius ahd Knoops'
paper, but if this wara not{the gass, it
Is difficult to explain why Krebs did test
citric acid for catalytic capabilities, He
¢ould not have tested it inf an attempt
to find a condensation praduct of pyru-
vate and “something else’ (the reason
he tested acetopyruvic adid in March

of 1937}, bacause he walld have had

10 realize that the “something else”
was oxaloacetate, and would have
¢come acress the cycls without the
help of Martius. In fact, it ssems that
any but the moat “lot’s try it and see”
attitude by Krabs towards cltrate
would hava crystailized the citric acid
cycle concept lmmacﬂateP

The retrospective view lof Krebs and
others concerning the atceptance of
the cltric acid cycle contaih even great-
ar historical blind spots that wouid mis-
tead ona who did not refer to primary
sources, in all of his publighed writings,
Krabs in 1943 was pers!srgent in insigt-
ing that the modificatioff that Wood
had proposed for tha cycle had been
an alternative he had cpnaidered ail
along!® He managed tp do this by
confusing an alternativejorder of the
tricarboxylic acids which he In fact
might hava congidered, with Wood's
proposal that cltrate wasi not an inter-
mediate in the pathway, somathing he
clearly did not considet even when
Breusch and Thomas arguad so force-
fully for that proposal, Whethar Krebs'
abfuscation in 1943 was deliberate can
not he said for cortain, byt it continued
evan until the 1960 Harvey Lecture,
when he discussed the isptopa iabeling
experiments under the heading “"Se-
quence in which thel tricarboxylic
acids arise.”’ !

Krehs was ot the only one who for-
got the doetalls of the ¢itrate contro-
versy, as was shown |by the 18953

Summer, 1976

roU S1TKUZLER

Nobal prize Introduction that read that
Krabs "penetrating Intuition wes so
clear and his grasp of the problem so
keen from the start that none of his
original Ideas had to be revised.” It Is
clear that a reflactive “history”” of a
scientific disgovery should be regarded
only as another historlcai documsnt,
and not ae an authortative factual
source,

The historical discussion also pro-
vides us with some data which can be
usad to examine the modals of sclen-
tific discovery that were mentionsd in
the Scientific’s introduction. - First,
deapite the statement of Profassor
Hammarsten to.the contrary, Intuition
se8ms to have had little to do with the
tormulatlon of the citrlc acld cycle nor
was chance particularly important.
Krabs in 1837 certainly had a *pre:
pared mind,” and he Is probably too
modest when In 1970 he explains the
contrast batween his success and
Martius and Knoop's failure at putting
together the cycle as being merely a
rasult of the fact that he was a bio-
chemist while Martius wes a “theore-
tical organle chemist,""Both in terms.
of chemistry and biachemistry, Krebs
clearly was famiiiar with & broad spec-
trum of the then current sciantific litar-
ature,

Tha concapt that Krebs was partici-
pating in a broad “march of sclence”
can only ba Justified as a way of look-
ing at history with the baneflt of hind-
sight, and Krebs' characterization of
the discovery of the citric acid cycle
as a slow evolutionary process
extending over five years” must bs
viewed in this way. The Kuhnian
“ravolutionary sclence” model should
he discussed more extensively, it is not
difficult to argua that the discovery of
the citrfc acld cycla was a scientific
revolution, It Is stili placed at the centar
of tha metaholic pathway chart simply
because ao many of the elements of
the cycle are at tha end or beginning of
other important synthetic pathways. it
provided the Impetus for numerous
other discoverles including that of Co-
enzyme A by Fritz Lipmann. [t providad
the arganization for a new conceptlon
of biocaynthetle pathways, and estab.
lished lacking at blclogical systems
as a way of demonstrating pathways,
not merely locking at analogous organ-
ic reactions.

However, if all that the Kuhnian
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postulated - was that some
research papers are more mportant
than others, It would be trivial; a8 a
theory of sclentiflc advance, it argues
for much more, Kohn first makes a dis-
tinctlon betwean “normal” science
and ‘“revolutionary” sclence. Normal
scisnce operates- undeg,.a paradigm,
while I'GVOIUﬁOl‘IEIZ, sciefice oceurs in a
crisis situation when the paradigm Is
chalienged In the faca of confilcting
data, As has already been discussed,
there was no crisls In paradigm or in
anyihing efse in 1937; the elucidation
of the mechanisr of carbohydrate oxi-
dation was viswed as a problam for
normal sclence. If the papers of Krabe
up unti! July of 1837 are any Indlca-
tlon of his thoughts at that time, Krebs
gaw no evidence that conflicted ser-
fously with the theory of Szant-
Gyorgyl. There was a sclentific prob-
lem, but no more of a problem than
any other that Krebs had examined.
Even more startling by its absance
Is the “Kuhnian’ revolution repre-

" sented by Ogston's paper. Once agaln,

in scope Ogston's papar was clesrly
revolutlonary; It Initiated the first exa-
mination of prochirelity in enzyme
systems, an examination that culmi-
nated in the elagant work of
Westhaimer just & decads later, Con-
ceptually as well it was an abrupt
change with the past, Howsver, there
was absolutely nothing that could be
regarded as a “‘crisis” prior to the rava-
lution. It is true that the Wood and
Evans proposal had creatad a problam
in the TCA cycle, but it was a problem
far normal science and not a very ser-
fous one, The only research work baing.
dene in this particulsr aspect of the
cyecle wara a few isolated attempts to
determine the mechanism by which
“pyruvate’ condensed with oxa-
ioaceate. Thus it geems cleer that
neithar revolution can be called
Kuhnian,

The soclo-economio model of sci-
gntific discovery aiso cannot be dis-
carded easily. Certalnly Krebs was
intarested in establishing himsaif in
England after what must have been a
very upsetling exparisnce with consid-
arable hardship, and It might also he
ralevant to point out that Krebs was
not married at the time of his dlscov-
erlas, both socio-economic factors that
affect commitment In the laboratory.
Howaver, the support of the Rockefel-
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financia! security, and thers is no| evi-
denca that there were any factarsithat
greatly influenced Krebs' performhnce
othar than an intellectual ambitiord and
commitment to diligent work that are
generslly characteristic of any good
soisntist. in 1970 Krebs commentgd on
_this subjact, saying that “the senge of
competitive ‘racing’ was unimportant”
to him and since he was using| new
“homemade’ research tools, he felt
that It was most unfikely that}any-
Jbody eise at that time would make the
sams approach.” Kraba then listsfthras
hasiz motivations—an ““Insatiable curk
osity,” an “ambitlon to justify my
choice of career as a scientist vig-a-vis
those who waera doubtful about my

ler foundation gave Krebs a denga of
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ability to make a success in this fleld,”
including his fathar and Warburg, and
adesire to satisFY those who supported
him flnancially.

The “bumbling sclentist’” model
{from Webster, "bumbling: self-impor-
tant in 8 blundering sort of way'’) is
this author's preferred mode! of scien-
tifio advance. The davaelopment of this
model was aided by a conversation |

" had with Dr. Fruton, during which he

suggested that the proper way to
regard sciantists is not with awe or
disdain, but rether with sympathy,
since jn most cases they are tackling
problems that are too hard with con-
cepts that are too feeble and fools
that are too primitive. In other words,
sclence is too hard for scientists.

Unfortunately, this model & the
most temporally provincial of ell. By
postulating that the sclentists of 1937
did not know what they were doing,
it implies that someons elss knew
better, an implication which Is clearly
false, Futhermore, it is evident that sci-
entiflc advances sre made, 80 a scl-
entist cannot be “bumbling” all of the
timo. In fact, even with the bensfit
of hindsight, the pepars of Kiebs and
Ogston are In virtually every way
excellent examples of quslity experi-
mentation and thinking. Thus, while
solontigis are not infallible, they con-
stantly display a degree of compstence
that faw other professions can match.
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