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Figure V.14: A drawing of Alexander T. Wilson's apparatus.

1955 in the Journal of the American Chemical Society (JACS), gave more details
on the actual technique.126 Among other things, the paper contained a detailed
illustration of the highly complex apparatus that Wilson had constructed � perhaps
one of the most complicated drawings ever published in the journal. Fuller recalled
that several members of the laboratory had unsuccessfully tried to talk Calvin out
of having this �unintelligible masterpiece� published in its entirety without being
simpli�ed.127 The drawing was prepared by Alice Holtham (later Alice Lauber),
one of the secretaries, whose o�ce was next door to Wilson's apparatus; thus,
she knew the set-up very well and had even been involved, at times, in taking
measurements.128 She remembered that completing this drawing exhausted her,
and she was devastated when she learned that the journal's editors found it too
big and wanted to compress it to the width of a text column.

Encouraged by some members of sta�, including Wilson, Holtham sponta-
neously drew a tiny �sherman perched with his rod on a tube leading into the
algal steady-state reservoir, and converted one of the bubbles in the reservoir into
a �sh. Her colleagues found this �add-on� hilarious, and urged Holtham to keep

126See Wilson & Calvin (1955).
127Fuller (1999), p. 8.
128See Moses & Moses (2000); interview with Holtham, p. 23/8.
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Figure V.15: Detail of Wilson's apparatus: the �sherman perched on a
tube leading into the steady-state reservoir.

the drawing as it was when the paper was submitted to the journal, which she
did. In its reduced form the illustration came out so small that the �sherman was
hardly discernible, yet it was infallibly there. As none of the reviewers complained
about it the drawing was published in its entirety by the JACS (perhaps the only
humorous item ever to be published therein!), and it can still be found in most
university libraries.129

The Path XXI Paper

The central paper in which the �de�nitive� model hypothesis, based on the data
gathered in the saturation experiments and in the degradation studies, was pre-
sented, was published in 1954 and according to its number in the �path of carbon�
series, it became known, within the Berkeley group, as the paper �Path XXI�
paper.130 A rough schema of the regenerative cycle, as formulated in this paper,
is depicted in �gure V.16. Ribulose diphosphate, the �ve-carbon sugar, was the
acceptor of carbon dioxide, while the resulting six-carbon compound was highly
unstable and immediately split into two molecules of PGA, or, alternatively, one
molecule of PGA and one of phosphoglyceraldehyde. The further processing of the

129The story is well remembered by many members of the laboratory. See Moses & Moses (2000),
e.g., the interviews with Calvin, Holtham, Kay, Moses, Wilson etc. See also Fuller (1999), pp.
8�9.
130See Bassham, Benson, Kay, Harris, Wilson & Calvin (1954). Bassham mentioned in his

interview with Moses that, although the group had had a �pretty good handle on the cycle�
before 1954, he always regarded �Path XXI� as being the de�nitive publication. See Moses &
Moses (2000), interview with Bassham, p. 7/10.
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Figure V.16: Rough schema of the photosynthetic cycle. After Bassham
et al. (1954), p. 1766.

PGA required an energy input from the photochemical reactions (in the form of
reducing equivalents) and resulted in the formation of triose phosphate. The latter
then became the starting point both of the formation of hexose phosphates and of
the cyclic regeneration of ribulose diphosphate.

They then needed to match this schema with the labelling patterns that had
emerged from the degradation studies. These data precluded the possibility that
the ribulose diphosphate was entirely derived from a [C6] → [C1] + [C5] split
or a [C7] → [C2] + [C5] split. �No �ve-carbon fragment of the hexose or the
heptose molecules contains the same distribution of radiocarbon as ribulose� was
the summarising statement, which in e�ect brought to an end this part of the
1952 model.131 The third obvious option � a three-carbon compound combined
with a labelled two-carbon fragment � was discarded as well: the only way to
obtain an appropriately labelled two-carbon fragment was through the breakdown
of the labelled hexoses � the actual occurrence of such a breakdown, however, was
considered highly unlikely. The solution that was �nally arrived at was a very
counterintuitive one; and it was only when all the more promising alternatives
had been ruled out that the Berkeley group came up with it. This is how it was
introduced in the paper, which was authored by Bassham, Benson, Kay, Harris
(later: Tolbert), Wilson and Calvin:

Another way of accounting for the observed distribution of radioactivity,
which seems quite plausible in view of the rapidly accumulating enzymatic ev-
idence for the reverse reaction, is the formation of ribulose from sedoheptulose
and triose. This reaction could result in the observed labeling. If the ribose-
5-phosphate and ribulose-5-phosphate are then converted to RDP [ribulose
diphosphate] the resulting distribution of labels would be that observed.132

Thus, the explanation for the confusing labelling patterns was that there were
two di�erent pathways that led to the formation of ribulose diphosphate: the �rst
was when the two-carbon fragment from the top of the sedoheptulose was combined
with triose phosphate; the second was the rearrangement of the remaining �ve-
carbon fragment of the former sedoheptulose (see �g. V.17). At this point, the
Berkeley team only had evidence for the occurrence of the reverse reaction (see
quotation above), but it was known that most enzymatic reactions are reversible,
which, to some extent, justi�ed their postulate.

131Bassham et al. (1954), p. 1767.
132Bassham et al. (1954), p. 1767.
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Figure V.17: The proposed mechanism for the formation of ribulose
diphosphate: sedoheptulose monophosphate combines with triose phos-
phate to form two pentoses that can easily be converted into ribulose
diphosphate. After Bassham et al. (1954), p. 1767.

The next question to be solved was the point of origin of the sedoheptulose. The
degradation studies had ruled out the two obvious options � that it was formed by
a [C6] + [C1] or a [C5] + [C2] reaction. There was still the possibility that a [C4]
+ [C3] pathway was constructed; however, it was clear from the labelling patterns
that the reaction assumed in 1952 (the formation of a [C4] via the carboxylation of
triose phosphate) was incompatible with the data as Kay and Tolbert eventually
persuaded Calvin and Benson. Therefore, by 1954 the Berkeley group favoured a
di�erent pathway:

The most likely source of the [C4] fragment seems to be a [C6]→ [C2] + [C4]
split. Trioses [C3] could then react with [C4] and [C2] to give sedoheptulose
and ribulose, respectively.133

One possible formulation of these reactions would be the transfer of the top
two carbon atoms of a hexose to one molecule of phosphoglyceraldehyde, which
would yield one molecule of ribulose monophosphate and a [C4] fragment. The
latter could then, in a second step, react with dihydroxyacetone phosphate to
yield sedoheptulose monophosphate. This was a mechanism that very nicely �tted
the labelling patterns (see �g. V.18). Phosphoglyceraldehyde and dihydroxyacetone
phosphate, both of which are usually grouped together as �triose phosphates�, were
known to be in equilibrium with one another. The resulting sequence of biochemical
steps is outlined in �gure V.19. Three pentoses combined with three molecules of
carbon dioxide would react to give six molecules of PGA, which then, supplied
with 12 reducing equivalents, yielded six trioses. From two of these trioses a hexose
would be formed, which, when combined with another two trioses, would react to

133Bassham et al. (1954), p. 1767.
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Figure V.18: A possible pathway for the formation of a C4 fragment,
which in a subsequent reaction would yield, in combination with triose
phosphate, sedoheptulose monophosphate. After Bassham et al. (1954),
p. 1768.

regenerate two pentoses. In the net reaction, three molecules of carbon dioxide
would be reduced to one triose molecule.

The biochemical steps are spelled out in more detail in �gure V.20. The primary
carbon dioxide acceptor in the cycle was a ribulose molecule [C5], presumably
ribulose diphosphate. Upon its reaction with carbon dioxide, two molecules of
PGA[C3] should almost immediately be formed, which were transformed into triose
or triose phosphate molecules [C3], that is, phosphoglyceraldehyde in equilibrium
with dihydroxyacetone phosphate. These were the central compounds of the cy-
cle. This step required the input of reducing equivalents from the photochemical
reactions. The triose phosphates would be the starting point for the formation of
the hexose phosphates [C6], the primary end products of photosynthesis. At the
same time, they were also the starting point for the regeneration of the ribulose
diphosphate as the acceptor of the next carbon dioxide. This occurred, Bassham et
al. suggested, on two parallel paths. Triose phosphate, presumably phosphoglycer-
aldehyde, might react with glucose, upon which (through an unstable intermediate)
two molecules would be released: an unknown [C4] fragment and one molecule of
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Figure V.19: The sequence of biochemical steps in the cycle in relation
to the sugars. After Bassham et al. (1954), p. 1768.

ribulose monophosphate [C5]. The [C4] fragment would, in turn, react with another
triose phosphate, presumably dihydroxyacetone phosphate, to form sedoheptulose
monophosphate [C7]. The latter would, in turn, also react with one molecule of
triose phosphate, presumably phosphoglyceraldehyde, and (through an unstable
intermediate) give rise to one molecule of ribulose monophosphate [C5] and another
of ribose monophosphate [C5], both of which were readily converted into ribulose
diphosphate. Upon which the cycle could start again. The cycle was repeated in the
paper by Wilson and Calvin in 1955, and complemented by yet another simpli�ed
schema (see �g. V.21). As in the schema of 1954, only the central components
were mentioned. This contrasts starkly to the actual development of the knowledge
concerning this cycle, which greatly increased through the addition of one newly
identi�ed intermediate after the other. Once the sequence had been more or less
de�nitively established to a su�cient degree of certainty, it became possible to
deliberately simplify the cycle in order to make it as comprehensible as possible.

With this paper, the explanation of the dark reactions of photosynthesis had
been reached. All the core problems were solved: integrating the mysterious �ve-
carbon and seven-carbon sugars; �nding the carbon dioxide acceptor; and estab-
lishing a full sequence of reaction steps that was in agreement with all the relevant
empirical evidence. This model, with minor modi�cations and expansions, is still
part of the commonly accepted knowledge in biochemistry today.

3.6 The Thioctic Acid Theory

By 1954, when the big question seemed to have been answered, Calvin had already
turned to something new � the quantum conversion process in photosynthesis.
Calvin's pet theory at the time, on which he worked intensely for more than two
years (and with him most of the other people in the laboratory), was the role of
thioctic acid in this process. In 2002, Benson recalled how this theory felt like an
exciting intellectual adventure, �a superb concatenation of information, ideas, and
experimental evidence [that] appeared to �t with all we knew of photochemical
energy conversion in the chloroplast�.134

134Benson (2002a), p. 44. See also Benson (1995).
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Figure V.20: The cyclic model of 1954. Reconstructed from Bassham et al. (1954).
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Figure V.21: A much simpli�ed version of the 1955 cyclic model in which
only the �central� compounds have been noted After Wilson and Calvin
(1955), p. 5954.

Thioctic acid, a �ve-atom ring disulphide, had caught Calvin's attention when
it was discovered to be a co-factor in biological redox reactions (today it is also
known as alpha-lipoic acid or vitamin N). Calvin suspected that this was the key
compound that initiated the separation of oxidising and reducing power in the �rst
photochemical steps of photosynthesis.135 He was able to obtain a small sample of
this substance and found that the absorption spectrum, which stretched into the
visible range, diverged largely from the spectrum of ordinary disulphides, which
was mainly in the ultraviolet range. Calvin thought that:

. . . the excited state of the thioctic acid would react with water in a hydrolytic
cleavage, giving an SH group on one sulfur atom and an SOH (sulfenic
group) on the other. Thus, one of the sulfur atoms would become a reducing
agent and the other an oxidant, achieving the principal result of the primary
quantum conversion in photosynthesis.136

Calvin presented this idea so enthusiastically at one of the meetings of the
American Association for the Advancement of Science that Cornelis B. van Niel
�jumped up from his seat in [the] front row and, with tears in his eyes, congratulated
Melvin for making the ultimate discovery of the mechanism of photosynthesis�.137

Yet, however ingenious the idea may have looked and however meticulously the
evidence had been put together in a series of publications, in the end the whole
model was silently dropped and never revived again. Its fate very much resembled
that of the formaldehyde model of photosynthesis: even the most sensitive bioassays
were unable to demonstrate the compound's presence in photosynthetic tissue; and
while it was also impossible in this case to demonstrate the irrelevance of thioctic
acid, the model fell into oblivion when more promising new alternatives arose
(see Chapter VI). After several years of study, Calvin gave up his thioctic acid
project. Remarkably, however, he did not seem to have been too despondent about
the outcome. �One can survive a failed e�ort; even one which had involved many

135Cf. Calvin (1992), p. 70.
136Calvin (1992), p. 71.
137Seaborg & Benson (1997), p. 71.
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man-years of work and excitement� was the lesson that Benson and others in the
laboratory learned from this episode.138

3.7 The Fraction 1 Protein

Although Benson was also involved in the thioctic acid studies, from 1953 his main
work centred round his search for the carboxylation enzyme that catalyses the �rst
major step of the photosynthetic carbon cycle. After a series of attempts, Benson
�nally succeeded in preparing su�cient amounts of the enzyme's substrate, ribulose
diphosphate: as he later recalled, this was �the world's supply of the pure compound
with which we could assay enzymatic carboxylation using 14CO2 and measuring
�xed radioactivity which would be in the phosphoglycerate produced�.139 Benson
worked on this problem with the laboratory's two microbiologists, Clinton Fuller
and Rodney Quayle, and together they managed to set up a cell-free system in
which the carboxylation was demonstrated to work. They wrote the following
conclusion in their �rst publication on the theme:

It is clear that the [cell-free] extracts contain an enzyme (or enzymes) capable
of catalyzing the carboxylation of ribulose diphosphate, speci�cally, to form
phosphoglyceric acid. No intermediates between these compounds have been
detected by this method which would have detected as little as an amount
corresponding to 5% of the phosphoglyceric acid formed.�140

The next obvious step was to identify and possibly isolate the enzyme at
work. With perfect timing, a young Belgian biochemist, Jacques Mayaudon, joined
the Berkeley laboratory early in 1954. Endowed with a stipend for six months,
he eventually stayed for a full year. Although he was originally involved in a
project on bacterial photosynthesis, which had been assigned to him by Calvin,
Mayaudon preferred collaborating with Benson in the latter's search for the key
enzyme in the cyclic path of carbon. Both Mayaudon and Benson remembered this
time as a period of feverish work; indeed, Mayaudon had no memories of doing
anything other than work. He was still required to work in the bacterial project,
which he carried out during the day, but at night Mayaudon worked with Benson
on extracts of New Zealand spinach (which, taxonomically speaking, was not
spinach at all), in the hope of identifying the enzyme of enzymes.141 (Mayaudon,
incidentally, left a rather unfavourable impression on Calvin: in addition to his
peculiar preference for working with higher plants instead of algae � which was
incomprehensible from a chemist's point of view � Mayaudon somehow managed
to insert a rotor into the centrifuge without centering it, which completely ruined
the highly valuable instrument. Thereafter, Mayaudon no longer had to work on
the bacterial project.)142 Eventually, Benson and Mayaudon succeeded in their

138Benson (2002a), p. 45.
139Benson (2002a), p. 45.
140Quayle, Fuller, Benson & Calvin (1954), p. 3611. On Quayle, see Kornberg (2006); see also

the autobiographical account of Fuller (1999).
141See Moses & Moses (2000), interviews with Mayaudon and Benson. See also Benson (2002a).
142See Moses & Moses (2000), interview with Ning Pon, another member of the laboratory, to

whom Calvin handed over the young charges.
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task, and had crystals of the enzyme in their hands: ribulose carboxydismutase, as
they had agreed to call it.143

This was exciting enough. However, things became even more unsettling when
it began to dawn on Benson that the enzyme's activity was prevalent in an am-
monium sulphate precipitate of the extract, which at the time was already well-
known in the literature as the �fraction 1 protein�. Isolating this protein was the
achievement of the plant physiologist Samuel Wildman, who had started working
on it while employed in the laboratory of James Bonner at Caltech. Since Benson
frequently visited Caltech, he was familiar with Wildman and his work.

Wildman had been Bonner's postdoctoral student in the years 1944 to 1950.144

After the Second World War, Wildman and Bonner had set out to work on plant
enzymes, the activity of which they believed might be a�ected by the in�uence
of plant growth hormones (which had been Bonner's focus of interest earlier in
his career). From the work done by the British biochemist Albert C. Chibnall in
the 1930s, it was known that the proteins of the leaves of green plants could be
separated into two large classes: green insoluble proteins and non-green soluble
proteins. Following this division, Bonner and Wildman decided to focus on the
soluble ones. The techniques for studying proteins, however, were rather primitive;
and the best thing one could do was prepare a precipitate and try to obtain
the protein in question by this means. Wildman thus started to add a saturated
solution of ammonium sulphate to the extracts, until a precipitate that could be
collected appeared. Then more ammonium sulphate was added to the supernate,
until the next portion of precipitate salted out. At about 35 per cent saturation,
Wildman and Bonner found a voluminous precipitate that they called �fraction 1�,
in order to di�erentiate it from what remained in the supernate (which was called
�fraction 2� and could be collected by making a concentrate of the extract through
evaporation).

Wildman was able to investigate this protein on one of the �rst moving-
boundary electrophoresis instruments, the so-called Tiselius apparatus, which had
just been constructed at Caltech in the neighbouring laboratory of Linus Pauling
(who was always keen on having the most up-to-date equipment available for pro-
tein characterisation).145 In this instrument (which, among other things, comprised
an optical bench of thirty feet [9.1 m] in length), proteins contained in a bu�er
solution were placed in a U-tube; then an electrical current was applied, which
caused the charged protein molecules to migrate. According to the di�erences in
electric charge, the di�erent proteins would thus separate from each other. The
boundaries of the sites of protein could then be made visible by passing a special
beam of light through the solution.146 Wildman remembered his �ndings as follows:

143Ning Pon recalled that there were endless discussions about what to call the enzyme.
See Moses & Moses (2000), p. 9/3. In the same vein, Benson wrote on a Christmas card to
Warburg: �An enthusiastic belgian [sic], Mayaudon, and I have �nally succeeded in purifying the
carboxylation enzyme. Should we call it `Photosynthase' or `ribulose diphosphate carboxylase'?
It seems to be a major leaf protein.� Archive of the BBAW, NL Warburg 114. Card undated.
144See Wildman (1992) and Wildman (2002) for autobiographical accounts of this story.
145Arne Tiselius, the inventor of this apparatus, received the 1948 Nobel Prize in Chemistry for

analytical work done with the help of this instrument.
146See Wildman (2002), p. 245.
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The result was very intriguing. Without ammonium sulfate fractionation,
the cytoplasmic proteins migrated as if 70% of their content consisted of
a single protein. When the ammonium sulfate cut labeled Fraction 1 was
tested, it migrated as a single, electrophoretically homogeneous component.
Furthermore, the minimal spreading of the boundary during electrophoresis
suggested the protein to be of high molecular weight.147

Four years later, the protein was studied yet further with the help of the
ultracentrifuge, which, in the meantime, had also appeared in Pauling's laboratory.
Jon Singer, who helped Wildman analyse the fraction 1 precipitate, was determined
to demonstrate the lack of reliability of electrophoresis; however, he was astonished
to see that according to the centrifuge pattern a minimum of 50 per cent of the
soluble spinach leaf proteins was made up of a large molecular weight component,
with a weight of about 600 000 (based on a sedimentation coe�cient of 18 Svedberg
units). Furthermore, this very protein could be demonstrated to be present in a
host of other plants. Being thus homogenous according to the most rigorous tests
available at the time, the fraction 1 precipitate henceforth became known as the
�fraction 1 protein�.

No wonder that Benson was thrilled when he realised that his carboxydismutase
precipitated along the same lines as the mysterious protein �fraction 1�; he was to
remember this moment of realisation as one of the most exciting times of his life.
And forty years later, Wildman could clearly remember Benson's telephone call to
him, in which the latter broke the good news to him. Together with Mayaudon,
Benson typed out a manuscript, in the format of a �Letter to the Editor� of the
JACS, in which they described their �nding and mentioned that their enzyme
closely resembled Wildman's fraction 1 protein. Thereupon, to the best of Benson's
recollection, the following happened:

Being a government laboratory, it was required that publications pass through
an �inhouse-review�: I submitted the manuscript to Melvin Calvin. The re-
sults of our tremendous e�orts could have been published in 1954, but �rst
appeared in print late in 1957 with no mention of the fraction 1 protein.
Possibly Melvin did not recognize its importance � since he was unfamiliar
with and disinterested in the work of Sam Wildman at Caltech. I left the
laboratory at the end of 1954 and was unable to follow the work. Jacques
continued in 1955 masterfully documenting our discovery. Identi�cation of
the fraction 1 protein with the carboxydismutase protein appeared in print
in 1957.148

While the paper written up by Benson and Mayaudon was lying somewhere
on Calvin's desk, another group, the research team led by the biochemist Bernard
L. Horecker at the National Institutes of Health (NIH), a US Government medical
research agency, succeeded in preparing puri�ed ribulose diphosphate carboxylase,
although they did not yet identify the enzyme as being the fraction 1 protein.149

This is an impressive testimony to the ingenuity of Benson's conclusion, which was

147Wildman (2002), p. 245. The results were published in Wildman & Bonner (1947).
148Benson (2002a), p. 46. The paper referred to is Mayaudon, Benson & Calvin (1957); see also

Mayaudon (1957).
149See Horecker, Hurwitz & Weissbach (1954) and Weissbach, Horecker & Hurwitz (1956).
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by no means self-evident. However, when Wildman's associates Robert Dorner and
Albert Kahn learned that the enzyme in question had a sedimentation constant
of 18 Svedborg units, they quickly came to the conclusion that the carboxylation
enzyme and the fraction 1 protein had to be one and the same.150 After a sequence
of ever more complicated, jaw-breaking names for the enzyme had been tried out, a
name that was �rst coined by David Eisenburg at a symposium to celebrate Wild-
man's seventieth birthday in 1979 caught on, which is still used today: �RuBisCo�
� a kind of acronym for �Ribulose-1,5-bisphosphate carboxylase�.

It is not entirely clear why Benson and Mayaudon's paper on the identity
of what was then called carboxydismutase and the fraction 1 protein seemingly
disappeared; neither is it clear whether (and if so, how) this was related to the
fact that very soon thereafter Calvin asked Benson to leave the laboratory by the
end of 1954. Benson himself has repeatedly refused to comment on this episode
and Calvin likewise gave no plausible explanation, one can only speculate on the
possible reasons for Benson's dismissal, which might include, on Calvin's side,
extreme competitiveness leading to the resentment of colleagues' achievements,
combined with high unscrupulousness when dealing with sta�. Benson found a
position at Penn State University (Pennsylvania), and later moved on to the
Scripps Institution of Oceanography in La Jolla (California). He continued to
make important contributions to science; but it must have been hard for him
to come to terms with the resulting situation: only had he been dismissed from
the laboratory that he had to a great extent set up himself and in which he
had guided so many projects to important discoveries; also the greatest reward
for having discovered the path of carbon in photosynthesis, the Nobel Prize in
Chemistry of the year 1961, was awarded to Calvin alone. Not only Benson, but
also Kamen should, by rights, have shared the honour with Calvin. (As the Nobel
Prize is not awarded posthumously, Ruben was no longer eligible for this honour.)
The most extraordinary indication of the complete disregard in which Calvin held
Benson, however, must be the former's autobiography, published in 1989, in which
Benson received not a single mention. Fuller has very pointedly summarised the
disconcerting feeling with which one is left after having read Calvin's book:

I would like at this point to express a personal note that represents my
own feelings and the recollections of many of the scientists who with me
experienced the research years at the ORL in Berkeley on photosynthesis.
Calvin's autobiography, Following the Trail of Light, represents an extremely
singular view of the research carried on in the laboratory particularly in the
area of the path of carbon for which he received the Nobel Prize. In all the
175 pages of his autobiography there is not one sign of Andy Benson or a
mention of him. There is not one picture of Andy in a book that contains 51
photographs ranging from graduate students to the King of Sweden. There
is not the citation of a single paper with Benson as an author or co-author
in an extensive bibliography of over 150 references. Benson's name appears
nowhere in the text and consequently is absent in the 12-page index.

This appears to be an undeserved slight to a great scientist both person-
ally and professionally who had contributed in a major way to all of Calvin's
research and technology in the �eld of photosynthesis. Andy was a real leader

150See Dorner, Kahn & Wildman (1957).
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in the laboratory both intellectually and experimentally. He should have been
a partner in the Nobel Prize. Al Bassham's contributions are also understated,
although he is pictured and cited through the text. I know that all of us who
were colleagues at Berkeley agree that it was Andy and Al who contributed
greatly to our own success in future endeavors. I have no idea what may
have caused this unfortunate event, but I think that history should record
that the contribution of Andy Benson is not properly recognized in Calvin's
autobiography.151

4 Concluding Remarks

Methods, Means and Goals

On the whole, though, Calvin's Bio-Organic Chemistry Group at Berkeley and the
photosynthesis division headed by Benson in particular, were hugely successful.
The question one should then pose is why this was the case. One of the answers
most frequently given is that the methods used by the team were �rst rate. First,
the Berkeley team had the advantage of being one of the very few research groups
at the time, in terms of the team's body of knowledge and its infrastructure,
that could work with carbon-14. And, second, the group was extremely lucky to
come across the technique of paper chromatography for identifying the carbon
compounds.

This is undoubtedly true, yet if one stopped at this point and did not look into
the question any further, one would be ignoring the fact that methods neither have
a self-sustained existence, mysteriously coming to people without their knowledge,
nor are they usually tailor-made for any one concrete research project. Although
having carbon-14 at one's disposal was a coup in itself, it still had to be admin-
istered to the plants. Knowing about the technique of paper chromatography was
advantageous, but one still had to have the far-sighted intelligence to recognise its
potential, as well as the skills to adapt it to the compounds under study. This was
not a case of a research group deliberately picking the best-equipped tool-kit out
of a range of options on o�er. The Berkeley research group was highly receptive
to new techniques and new instruments, highly imaginative in recognising what
might be useful, and highly skilled in developing, elaborating on and adapting the
available prototypes to the purposes at hand. There was also a productive division
of skills and labour between the department heads: if Calvin was the person who
was eager to try out the latest methods and gadgets, Benson was the one who
creatively adapted them to the requirements of the laboratory.

Thus, the importance of the role of new methods, which is frequently stressed
in analyses of the path-of-carbon discovery, is only one half of the story. Methods
are important, and they can open up completely new ways of tackling a problem.
Yet every method is only as valuable as the way it is used. Methods are the means
of reaching a goal; and while a goal might not be reached if the means are lacking,

151Fuller (1999), pp. 9�10. See Calvin (1992) for the autobiography referred to above. The fact
that autobiographical accounts can create a new reality, at least for the person who wrote it,
is well demonstrated by Moses's interview with Calvin: in line with his book, but surely not in
line with the facts, Calvin was unable to remember any crucial role that Benson played in the
photosynthesis project: �I guess he was there [when the project was being set up], but he wasn't
crucial to the action. He was there, but I don't remember him doing something that made a
di�erence.� Moses & Moses (2000), interview with Calvin, p. 1/30.
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the means become meaningless if there is no goal and no actor to make them work.
Take as an example Ernest Lawrence and his radioactively labelled isotopes. He
had the means but was unable to put them to work to reach a non-physical goal.
Ernest Lawrence thus turned �rst to his brother John, whom he invited to use
the isotopes for medical purposes, and then to Kamen, who had the knowledge
to produce and handle the isotopes. Kamen, in this case, was purely a �means� of
reaching the goal.

However, Kamen and Ruben then sat down to think about what else they might
be able to discover � besides a cancer therapy � using these methods. Because of
their methodical competencies they came up with the metabolism experiments
and then with the goal of elucidating the biochemical steps of photosynthesis; but
neither goal was selected on account of the method itself. Both goals had still
not been reached by the time these two chemists stopped working on the project,
and Lawrence appointed Calvin to replace them. To some extent, Calvin was (from
Lawrence's perspective) part of the �means� of reaching the goal. Benson was hired
by Calvin following a similar rationale, with the additional advantage that Benson
was a skilful experimenter and was already knowledgeable about the subject, so
that he ideally complemented Calvin's own qualities. The other members of the
group were not always as purposefully selected, yet it was entirely clear that once
they were �on board�, all their activities somehow had to contribute to the common
goal. This brings me to consider in slightly more depth the kind of collaborative
work that operated within the Calvin�Benson group.

Collaboration

The great advantages that the Berkeley group had, in addition to its methods,
were its excellent infrastructure (thanks to almost unlimited �nancial resources),
the highly interdisciplinary composition of the sta� and the unique spirit of col-
laboration that prevailed in the laboratory. Calvin was certainly an exceptional
thinker, but perhaps his greatest achievement at Berkeley, together with the other
senior scientists in the group, lay in his ability to create an atmosphere that was
characterised by a keen determination on the part of all the team members to
reach a common goal through working collaboratively. �They were tied together by
a desire to solve this problem, this big, hot problem, in just one little group,� the
biochemist Nathan E. Tolbert recalled.152 The laboratory's inspiring and congenial
working atmosphere was easily able to compensate for the fact that the Berkeley
group members, for the most part, had to work with highly unpleasant and dan-
gerous substances, notably radioactively contaminated material and highly toxic
organic solvents, such as phenol. Tolbert and many others are recorded as having
said that they never again experienced such a strong sense of group identity and
such collective resolve.

While Calvin was, to some extent, the overarching spirit of the group, who
set the general agenda, a surprising amount of the collaborative work carried out
within the large group was organised by the team members themselves. As group
members discussed the latest results and hypotheses, new sub-projects emerged,
and although these new projects were presumably submitted to Benson or Calvin

152Moses & Moses (2000), interview with N. Tolbert, p. 29/20.
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for approval, they were still initiatives that came about through a bottom-up
approach. According to all reports, these initiatives were strongly encouraged, even
if new equipment had to be installed in order to realise the ideas and new methods
needed to be learned. Cost was never a limiting factor, and neither was lack of
experience. In addition to these sub-projects, other types of collaborative work, on
very di�erent levels, were undertaken, ranging from the direct practical support
that members gave to each other's work (for example, experiments often required
more than one pair of hands) to an indirect form of collaboration (for example,
the results of individual research projects were often highly signi�cant to other
members' projects). Most of the time, every person working in the laboratory was
involved in more than one major project; some projects were carried out alone,
others involved working cooperatively.

Of course, this way of working did cause friction at times. One of the most
obvious areas of di�culty in such highly collaborative arrangements is the question
of whom gets credited for which particular part of the work, which often comes
down to whom is named as the �rst author of a publication. In the early years
of the laboratory's operations, everybody involved in the work was listed as an
author in alphabetical order, irrespective of their input. This, of course, favoured
Bassham, Benson and Calvin, while others were always placed last, so that the
custom was changed over the course of time. According to reports, authorship was
later determined by Calvin on a case-by-case basis, and it was mostly felt that
Calvin was usually generous in attributing credit to those who had done most
of the work. Calvin co-authored most of the central papers, and there were few
instances in which this was remembered by others as being inappropriate. In this
respect, too, the Berkeley group seems to have tried to minimise jealousy and
malevolence.

Having said this, it is also clear that Calvin's style as director of the whole
project did not please everyone. Rodney Park, for example, felt that there was a
distinct lack of individual freedom in the laboratory, which he believed explained
why the really excellent minds did not stay there for very long; most of the donkey
work was done by postdoctoral students, who spent two or three years in the
Berkeley group before moving on to other places.153 Benson thought that Calvin
tended to exploit visitors and other sta� for his own purposes: �Melvin was so
darn clearly oriented in which way he wanted to go and he refused to let anybody
distract him with their own ideas; he only wanted to push them for what he could
glean that would help his ideas, which is sort of disgusting, but in other ways it
was very successful.�154 A more charitable interpretation of the situation would
be that this was a perfectly natural way of co-ordinating a large collective: there
were a few central �gures � in this case Calvin, Benson and Bassham � plus a large
circle of temporary or even occasional contributors, who made a contribution and
then moved on to other shores.

Less inevitable was the clear hierarchy that prevailed between the leading
actors. Calvin left no one in any doubt that he was the director, although, at the
same time, it was obvious that Benson also played a central part in the project;

153Moses & Moses (2000), interview with Park, p. 25/11.
154Moses & Moses (2000), interview with Benson, pp. 12/29�30.
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the ensuing con�ict that arose between Calvin and Benson was eventually resolved
most unpleasantly. Quayle remembered the complementary roles of Calvin and
Benson as follows:

He [Calvin] would come tearing into the lab with this new idea, which
you'd have to stop and listen to and he'd pull those �nger joints [. . . ] clickery
click. If he felt you weren't quite, you know, keeping up with him he would sort
of look at you and click, click, click. It was most o�-putting. And then he'd
bubble forth: it was this compound, that compound, and �You understand,
Rod, do you, you're following me?� And then he would go away and, Andy,
who would have listened to all this, said �Oh, that's his latest theory, is it?
Well it's nonsense, it won't work because of this or that.�

So there was, between Andy and Calvin, there was a sort of tension,
in a way. It probably was a creative tension, I think, but Andy could see
reasons why something wouldn't work and he would know very well that
in two days' time there would be another rush of ideas that would come in.
Andy was a very good practical person, you know. He knew how the whole lab
worked, what you could do with radioactivity and how to cope with it. [. . . ] It
was something that I felt was the working arrangement between the brilliant
chap at the top and somebody who had seen it all happen before, perhaps
sometimes a bit frustrated that perhaps not enough credit was coming his
way, I don't know. There was a tension there.155

Calvin clearly needed Benson, not only as the co-ordinating head of the pho-
tosynthesis division but also as the central sparring partner in the laboratory.
Moses recalled that the group, and in particular Benson, acted as a corrective to
Calvin's over-abundant creativity: �He had plenty of critics because everybody was
so intimately involved that if Calvin came up with an idea, which was somehow
related to photosynthesis, there were half a dozen other people who were also very
clued in on it, who could immediately respond and criticise.�156 However, after
the publication of the important twenty-�rst paper, this arrangement no longer
seemed to work and was abruptly brought to an end.

It was not only the speci�c relationship between Calvin and Benson that
broke down. After 1956, although the project continued, the unique atmosphere
had gone. When Moses asked the group members about this shift, most of them
attributed it to the move from the ORL building (which was pulled down in 1959)
to the new, fancy, circular building designed by Calvin. The structure was intended
to encourage communication across the laboratory benches, as it had developed
spontaneously in the ORL; however, most people agreed that it was not the same.
This is how Bassham put it: �It wasn't ever as exciting a time as [it] was during
the mapping of the path of carbon in photosynthesis. That kind of excitement
left. That's not to say, though, that some of Melvin's ideas didn't stimulate other
excitements in the laboratory, but it wasn't the same thing as it had been in
[the] ORL.�157 What may have been the reason was that the group was no longer
focused on one common goal � �nding the solution to a major problem with which

155Moses & Moses (2000), interview with Quayle p. 3/4.
156Moses & Moses (2000), Moses in the interview with N. Tolbert, p. 29/23.
157Moses & Moses (2000), interview with Bassham, p. 7/17.
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Figure V.22: Synopsis of the Berkeley group's sequence of models.

mankind had struggled for the past one hundred years, at the very least. As soon
as this goal disappeared, so too did the group's identity and personal coherence.158

Models and Heuristics

In this section, I shall analyse the sequence of the four cyclic models that were
proposed in the years 1948 to 1954 in more detail. If one reduces the models to their
essential assumptions, a number of constant parameters emerge that had been as-
sumed from the start (see �g. V.22). Among these were the assumptions that PGA
was the �rst product of photosynthesis, that glucose formation is glycolysis run in
reverse and that a cyclic regeneration of the primary carbon dioxide acceptor takes
place. In terms of methods, the greatest change came around 1948, that is, when
the group abandoned ion exchange columns in favour of paper chromatography
and radioautography. The actual reconstruction of the cycle, of course, changed
dramatically: at the beginning was the standard hypothesis that the �xation of
carbon dioxide took the same path in photosynthetic and heterotrophic tissues;
it followed the assumption that it was a modi�ed version of the standard path
that involved oxaloacetic acid; and in the end, there was the unexpected solution
that included the newly identi�ed substances, sedoheptulose monophosphate and
ribulose diphosphate.

These were, of course, only the pathway's most important steps. Besides the
major proposals for the photosynthesis model, there were many other suggestions
that appeared in a number of publications and contributions; indeed, some contem-
porary scientists felt that far more papers were published than were justi�ed. Not
everybody was impressed by the way that science was practised in the Berkeley
laboratory. In a letter of 26 December 1955, Robert Emerson told Robin Hill about
the second Gatlinburg conference on photosynthesis; and although he mentioned

158An additional (if speculative) reason, brought forward by Govindjee, may be that the new
place lacked Benson's personality. (personal communication, Govindjee, 27 April 2009).
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that everyone had told him that Calvin had changed a good deal �and is earning
more respect than formerly�, Emerson was still rather displeased by the conduct
of the representatives of the Calvin group, Bassham and Kazuo Shibata, at the
conference: �They seemed to re�ect the hastiness and over-con�dence in very small
numbers of experiments, which some of us have come to associate with Calvin's
group.�159 However, Emerson had to admit that the group had made enormous
advances. The biochemist Arthur Schade mentioned in a letter to Warburg that
there was generally some doubt as to how many more ��rst products of photo-
synthesis� could be expected to emerge from Calvin's laboratory;160 other actors
of the time also remembered that they had observed, with some amusement,
how a new intermediate of the carbon pathway would appear in the Berkeley
group's publications, �rst with a question mark added, then without a question
mark, and soon afterwards the compound would be silently dropped from any
further published accounts.161 Calvin was never afraid of making errors, not even
in publications; and while there was a lesson to be learned from this attitude,
as Benson mentioned (that one is able to survive even the most painful public
failures), some of Calvin's colleagues felt that this characteristic tended to discredit
the group's papers, or, at the very least, made their audience extremely alert to
the content.

The underlying charge, methodically speaking, was that causal relationships
were being postulated, although the inferences were not based on su�ciently con-
clusive evidence. From the collective's perspective it is not entirely clear whether
this is a good or bad thing. On the one hand, this type of behaviour increases
the possibilities of red herrings, on which other groups might lose their time and
energy. On the other hand, it does bring themes into the public domain: the latest
hypotheses were shared with others, which could be very productive and which
was, at least by some of Calvin's colleagues, greatly appreciated. The biochemist
Osmund Holm-Hansen, for example, underlined that, even in those cases where he
was wrong, Calvin did not usually make stupid errors: �They were errors which
were based on the best thinking of the time on the data available. And there's no
harm in that. In fact, it's a good way of science progressing.�162 Being on top of
the thinking of the time and of the available data, and not only in chemistry but
in a broad range of disciplines, was, after all, one of Calvin's most extraordinary
qualities. And he also encouraged this way of thinking among the members of
the group, if only through their daily contact with one another. The transfer of
causal knowledge from other areas of science to photosynthesis studies was crucial
for successfully modelling the path of carbon in photosynthesis. In order to get to
terms with this complex question, one simply could not a�ord to ignore potentially
useful leads � even if this meant that sometimes one missed the target.

The obvious thing to do was to start with the standard hypothesis; in the
�rst amendment, then, succinic, fumaric and malic acids were dropped as possible
intermediates, since their role in the cycle had become dubious. They were replaced

159Cambridge University Library, Ms. Add. 9267/J.54. Emerson to Hill, 26 Dec., 1955.
160Archive of the BBAW, NL Warburg 819. Schade to Warburg, Nov. 1, 1957.
161See Morton (2007), p. 37.
162Moses & Moses (2000), interview with Holm-Hansen, p. 11/20.
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by oxaloacetic acid: a four-carbon compound, which in a well-known reaction series
was connected to all the acids that had to be eliminated via reactions known
from the tricarboxylic acid cycle. This was the smallest possible change to be
introduced, which at the same time explained why succinic, fumaric and malic
acids were possibly present in the solution, namely as derivatives of the oxaloacetic
acid. Thus, even the model variant of 1950 did not completely discard the close
analogy between respiration and photosynthesis. The data still seemed to support
the dominance of three-carbon and four-carbon compounds, as well as the existence
of two di�erent carboxylation reactions.

Drastic changes were required when two completely new compounds had to
be incorporated: ribulose diphosphate and sedoheptulose monophosphate. Crucial
data came from the degradation studies, but even before these became de�nitely
available (in 1952) a �rst hypothesis was formulated that included the compounds
in a way that seemed reconcilable with what was known about the reactions that
similar compounds were able to undergo. It was only when the data of two di�erent
sources were accumulated that the �nal solution emerged. First came the fact
that the straightforward hypothesis was unable to explain the curious labelling
patterns of the compounds. However, this was not in itself fatal. Calvin surely
would have been able to �nd a number of ways out of this complication. Second,
however, there were the data from the saturation experiments, which indicated that
ribulose diphosphate operated as the primary acceptor. This demonstration of a
direct causal relevance � for the fact that the combination of carbon dioxide and
ribulose diphosphate yielded PGA, while PGA, in turn, seemed directly relevant
to the formation of ribulose diphosphate � resulted in the hypothesis that two
carboxylation events were involved being abandoned

The decisive turning point was the recognition that ribulose diphosphate was
formed on two di�erent pathways. And although this might appear as simply
piecing together a jigsaw puzzle, it is signi�cant that the group only came up
with the idea of combining sedoheptulose monophosphate with triose phosphate
after evidence for the reverse reaction had been found by other research groups,
for example, the team working around the biochemist Bernard L. Horecker at
the NIH.163 This recognition, combined with the knowledge that many enzymatic
reactions were capable of running in both directions, fully justi�ed, in the eyes of
the Berkeley team, this unusual formation path. Note that, by contrast, the possi-
bility of forming ribulose diphosphate by combining a three-carbon compound with
a two-carbon compound although mentioned was not yet considered particularly
promising.164 The problem here was not that no potential source of the two-carbon
compound was available � a path was explicitly o�ered, namely the splitting of a
hexose into three, which would yield two-carbon compounds with the necessary
labelling. However, the authors immediately objected to this alternative: �To our
knowledge there exists no precedent as yet for this type of reaction.�165 In contrast
to the aforementioned path (the temporary formation of a ten-carbon compound),

163The following references were cited in Bassham et al. (1954): Axelrod, Bandurski, Greiner
& Jang (1953), Horecker & Smyrniotis (1952), Horecker & Smyrniotis (1953) and Racker, de la
Haba & Leder (1953).
164See Bassham et al. (1954), p. 1767.
165See Bassham et al. (1954), p. 1767.
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no causal knowledge was available that would have justi�ed favouring this second
option over the alternative.

Many red herrings were, of course, also followed up in the laboratory. In fact,
the composition and cooperative nature of the group allowed Calvin and Benson
to follow up almost every lead, many of which turned out to be blind alleys. A
great many intermediate model hypotheses were formulated, most of which never
made their way onto paper. As Kay con�rmed in her interview: �Yeah, schemes
always came up and were abandoned.�166 At any one time, a whole set of model
alternatives were being circulated and heatedly debated, and the papers that
were published represented only the tip of the iceberg. This discussion within the
group was all the more necessary and useful as the Berkeley group had very soon
outmatched all other laboratories in the attempt to elucidate the photosynthetic
path of carbon.167 This situation is very much in contrast with how the light
reactions of photosynthesis were elucidated to which numerous actors from very
di�erent places contributed. This is the focus of the last chapter of this story,
which deals with, among other themes, the discovery and elucidation of ATP
production and the participation of two light reactions and two pigment systems
in photosynthesis.

166Moses & Moses (2000), interview with Kay, p. 20/6.
167For some time, the University of Chicago group, which included Ga�ron, Edmund Fager,

Jerome Rosenberg and Allan Brown, had been competing with Berkeley, although the former
team made much slower progress than their Berkeley colleagues.





Chapter VI

ELUCIDATING THE LIGHT REACTIONS (1950�61)

The 1950s are sometimes referred to as the Golden Age of photosynthesis.1 The
decade saw a dramatic increase in advances, concerning all aspects of the process,
so that by the end of the period, that is, in 1961, researchers were able to propose
an outline for the �light reactions" stage of photosynthesis, which is still current
today: that two photoreactions involving two di�erent pigment systems operate
in series; Melvin Calvin, meanwhile, was awarded the Nobel Prize in Chemistry
for having elucidated the �dark reactions" stage of photosynthesis via the Calvin�
Benson�Bassham cycle.

One symptom of the dramatic changes in approach and method that occurred
during this period was the fact that the technique of manometry, which had
been introduced to photosynthesis research by Otto Warburg, lost its dominant
position in physiological and biochemical laboratories and was superseded by the
technique of spectrophotometry; it did not take long before every well-equipped
laboratory was able to monitor changes in the absorption spectra of biologically
signi�cant molecules by means of a range of spectroscopic instruments.2 These
minute absorption changes � shifts in the wavelengths of the absorption maxima
� frequently re�ected electric �elds arising from charge separations, that is, oxida-
tions and reductions; and interestingly many of these changes were light-induced.
Thus, photochemically driven redox reactions involving chlorophyll a, cytochromes
and other compounds could be �directly� observed; and these observations became
even more informative when �uorescence data were also taken into account, given
the fact that �uorescence or photosynthetic utilisation are the alternative fates
of excitation energy in the chlorophyll. The e�ects caused by the illumination
of photosynthesising cells suddenly became observable at the molecular level. This
provided a far more detailed basis from which to draw inferences on the biochemical
and biophysical foundations of the process than all other previous techniques.
Eugene Rabinowitch once said that the replacement of manometry by spectroscopy
�was comparable to looking under the hood of a car in order to �nd out about its
mechanism, as compared to studying its gas exchanges�. 3 (Warburg, incidentally,
never acknowledged the usefulness of spectroscopic methods.)

While investigational samples became smaller (they were reduced to the molec-
ular or even atomic level), the laboratories in which these samples were studied were
enlarged and broadened. One after another interdisciplinary centres were founded.
And while most physicists working around 1950 still thought that photosynthesis
was a questionable �eld of inquiry � too �green� a topic to be taken seriously,

1See, e.g., Krogmann (2000).
2See Clayton (2002); see also Reinhardt (2006) for a study of the advancement of spectroscopy

in the chemical disciplines.
3Quoted in Duysens (1989), p. 68.
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too strange and too complicated4 � this attitude was soon to change. Biophysics
became a respectable �eld of study, and although its development has usually
been ascribed to the advancement of molecular genetics, some believe that this
interpretation is not fully accurate.5 Nevertheless, despite the rising popularity
of photosynthesis studies, none of the research centres even remotely approached
what could be described as �big science�. Even in 1955, no more than about one
hundred people were involved in photosynthesis research.6

This chapter looks at how the studies in the light reactions stage of photosyn-
thesis undertaken in the 1950s �nally culminated in the two photoreactions, two
pigment systems model. This model was reached by way of a number of research
paths, the results of which were surprisingly convergent. The 1960 paper by Robin
Hill and Fay Bendall is best known to the public; however, its thermodynamic
argument was only one aspect of the eventual model and crucially required com-
plementary studies by others, including the two biophysicists Louis N. M. Duysens
from the Netherlands and Horst T. Witt from Germany. Also noteworthy are the
early contributions made by Bessel Kok, and one should not forget that Robert
Emerson's �nding of the Enhancement E�ect in 1957 (described in Chapter IV)
provided not only the incentive for many of these studies but also a convincing
argument for the accuracy of the model.

The main challenge at the time was to explain how the �dark� thermochemical
reactions, which had been so successfully investigated by the Calvin�Benson team
at the University of California, Berkeley, in the United States (US), were related to
the photochemical part of photosynthesis. More precisely, scientists need to �nd out
how the light reactions of photosynthesis provided the necessary driving force for
the dark reactions of the process (if they did so at all). It transpired, for example,
that many compounds involved in the dark reactions were phosphorylated. This
indicated that energy-rich phosphate bonds, which were known to be frequently
provided by small molecules of adenosine triphosphate (ATP), were involved in
driving these reactions. It was known that ATP was formed in the mitochondria
and was the �nal, energy-rich product of respiration; but how this was related
to the mechanism of photosynthesis, and whether or not there were alternative
ways of forming ATP speci�c to plants, was still unknown. The second open
question concerned the reducing agents required for carbon dioxide reduction. In
view of the processes in respiration, photosynthesis researchers suspected that at
least one of the two coenzymes di-phospho-nucleotide (DPN) and tri-phospho-
nucleotide (TPN) was involved, as they were known to play a crucial role in other
hydrogen-transfer reactions of metabolism.7 But up to 1950, no one had observed
any connection between these molecules and photosynthesis. How these and other

4Witt (1991), p. 58. citeasnounduysens89, p.65, likewise recalled that he was the �rst physicist
working in Utrecht to take on a biophysical theme for his PhD thesis, which he completed in
1952.

5See Zallen (1993b) for a discussion of the other possible roots of �molecular" biology, among
those also photosynthesis studies.

6This �gure was taken from an estimation that can be found in Witt (1991), p. 59.
7The involvement of ATP and TPN or DPN was made highly probable after phosphoglyceric

acid (PGA) and triose phosphate had been assumed to be the central intermediates in glucose
formation: PGA can be reduced to triose phosphate with the help of pyridine nucleotides, such
as TPN and DPN, only if it is �rst phosphorylated by ATP.
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mysteries were solved, how the di�erent parts of the jigsaw puzzle built up and
were pieced together almost simultaneously in several di�erent laboratories: these
are the main threads of the narrative of this chapter.

1 The Synthesis of Reducing Power

By the 1920s, it had become clear that the reduction of an organic compound could
be regarded as the acceptance of either hydrogen or electrons, while a compound's
oxidation was, vice versa, the loss of one or the other. This was the basis for
Albert J. Kluyver's theory, which cast all metabolic reactions as hydrogen transfers
(see Chapter III, Section 4.1). The tendency of a compound to accept electrons
from other reactants became measured in terms of �oxidation reduction potentials�
or �redox potentials� for short: if a system A/A+ had a more positive potential
than a system B/B+, this meant that, usually, A would have a strong a�nity to
electrons, and, hence, be in the reduced state (A), while B would preferentially
donate electrons and hence become oxidised (B+). In combinations of the two,
A+ would act as the oxidising agent, since it tends to withdraw electrons from
B, while B would act as the reducing agent, since it tends to transfer electrons to
A+. The transfer of electrons between these two chemical systems would determine
the redox potential, which was measured in �volts� (V) or, more aptly, �millivolts�
(mV).

Carbon dioxide was known to be a very stable compound: the carbon is in its
maximally oxidised state, so that a strong reducing agent (with a negative redox
potential) was required in order to induce any changes. It had long been suspected
that the role of reducing agent might be played by one of two �coenzymes� that were
found to act in many organisms as cofactors of hydrogenases (enzymes that transfer
hydrogen atoms from one compound to another). Originally, these compounds
were called, rather unimaginatively, coenzyme I and II; in the course of time they
were identi�ed as being DPN and TPN. (Today they are known as nicotinamide
adenine dinucleotide (NAD/NADH) or nicotinamide adenine dinucleotide phos-
phate (NADP/NADPH);8 However, in order to keep the text consistent with the
historical quotations, the former, outdated nomenclature has been used throughout
this chapter.)

These two cofactors, DPN and TPN, also collectively termed �pyridine nu-
cleotides�, were soon found to be important agents in many of the reactions of
metabolism; and it was suspected, long before it could be demonstrated, that
at least one of the reactions in which they were involved played a decisive role
in reducing carbon dioxide in the course of photosynthesis. The next obvious
assumption was that these pyridine nucleotides were reduced in the photochemical
reactions, utilising the incident light energy, and that afterwards the resultant
reducing equivalents were used in the thermochemical part of the process, in
which carbohydrates were formed. It was only in 1951, however, that evidence
was presented that lent more support to this assumption than mere plausibility. It
was also in this year that no less than three research groups (led by Wolf Vishniac
and Severo Ochoa; Leonard J. Tolmach; and Daniel I. Arnon) independently and

8The precise abbreviation of the two coenzymes is, in actual fact, NAD+/NADH and
NADP+/NADPH.
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simultaneously discovered that DPN and TPN were reduced by illuminated chloro-
plasts: that is, the two coenzymes could be used as �Hill reagents�, which are the
oxidising agents in the Hill reaction (see Chapter III, Section 8.1). (The results of
all three groups were published as so-called �Notes� in the journal Nature.)9 This
observation was surprising, since up to then only electron acceptors with redox
potentials more positive than about +40mV were known to be reduced by isolated
chloroplasts, while the standard redox potential of TPN/TPNH was -320mV. Thus,
it transpired that chloroplasts were able to generate a much more electronegative
redox potential than had previously been thought, which implied that they were
able to drive many energy-requiring reactions in plants.

The �rst note in the series, published on 12 May 1951, was a paper jointly
authored by the microbiologist Wolf Vishniac, then still a postdoctoral student at
Stanford, and the biochemist Severo Ochoa of the New York University School of
Medicine, who would later win the 1959 Nobel Prize in Physiology or Medicine.
Vishniac and Ochoa reported that they had observed the reduction of DPN and
TPN by illuminated chloroplasts. At the same time, the authors wrote, molecular
oxygen was released. The experimental trick that Vishniac and Ochoa applied was
to �trap� the photoreduced pyridine nucleotides (which were very unstable), by
coupling the photoreduction process to the formation of a stable reaction product.
This prevented any energetically favoured back reactions from occurring, since
the reduced pyridine nucleotides, with their negative redox potential, tended to
donate their electrons to other compounds. Vishniac and Ochoa suspected that
the prevalence of these back reactions explained the failure of earlier researchers to
�nd compounds with a relatively negative redox potential reduced by chloroplasts.
Vishniac and Ochoa added a �malic� enzyme to the solution: an enzyme of the
cell's cytoplasm, which catalysed the carboxylation of pyruvic acid to malic acid
- a reaction that was known to be dependent on the presence of reduced DPN or
TPN. The fact that this reaction ran smoothly in the illuminated chloroplasts of
the experiment was taken as evidence for the light-driven reduction of at least one
of the two coenzymes (see �g. VI.1).10

Similar results were reported four weeks later, on 9 June 1951, in a second
�Note� to Nature written by Leonard J. Tolmach of the University of Chicago
(US). Tolmach believed that not only was TPN reduced in the chloroplasts; it also
catalytically promoted oxygen production under these circumstances: �Addition of
small amounts resulted in yields of oxygen thirty to forty times the equivalent of
the added triphosphopyridine nucleotide,� he wrote. The same was observed when
DPN was added, and, as Vishniac and Ochoa did, Tolmach agreed �that pyridine
nucleotides might be reduced photochemically by illuminated chloroplasts and
that these reduced co-enzymes could be utilized by enzyme systems for reductive
�xation of carbon dioxide�.11 This was again con�rmed in a third �Note� to Nature
on this topic submitted by Daniel I. Arnon of the University of California, Berkeley

9Vishniac & Ochoa (1951), Tolmach (1951a) and Arnon (1951).
10Vishniac & Ochoa (1951).
11Both quotes: Tolmach (1951a), p. 947. For the idea that TPN or DPN might be used in

carbon dioxide reduction, Tolmach referred to Ochoa, Veiga Salles & Ortiz (1950) and Ochoa
(1950).
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Figure VI.1: The process underlying the experiment undertaken by
Vishniac & Ochoa (1951): the production of malic acid by the �malic
enzyme reaction� is dependent on the presence of reduced DPN or
TPN, from which it was inferred that they were produced in illuminated
chloroplasts.

(US), and published on 23 June 1951; in addition, Arnon had found that TPN was
more easily reduced by isolated chloroplasts than DPN.12

After this series of mutually reinforcing papers, there could no longer be much
doubt that chloroplasts were capable of photoreducing pyridine nucleotides and
thereby of developing a negative redox potential of more than -320mV. Contro-
versial opinions prevailed, however, as to the implications of this observation for
the mechanism of natural photosynthesis in living cells. The hope was, of course,
that chloroplasts were also able to use pyridine nucleotides as oxidants for the
splitting of water in plants; and that green plants would thus be able, through
appropriate (although still unknown) enzyme systems, to use the reduced pyridine
nucleotides for the reduction of carbon dioxide to carbohydrates. This seemed all
the more plausible as DPNH and TPNH could clearly be used to reduce carbon
dioxide while malate was being formed (in the course of the�malic enzyme� reaction
described above; see also �g. VI.1). However, one of the obvious points of criticism
was the fact that, in all three laboratories, the reduction of the pyridine nucleotides
was observed at rates that were about �fty times smaller than would be required
for the process of photosynthesis in plants to take place.

An interesting story lies behind the publication of these three papers. At the
time Tolmach was working with Hans Ga�ron's group at the University of Chicago
(Ga�ron became Director of the Photosynthesis Laboratory after James Franck
had retired in 1947); and on 2 February 1951, Ga�ron sent a draft of Tolmach's
note (which had just been submitted to Nature) to Robin Hill, requesting the
latter's opinion. 13 Hill replied on 12 February: �You can imagine how delighted I
am to hear that a bridge head is now established between the chloroplasts and the
coenzymes� � Hill had longed to see evidence for the fact that the �Hill reaction�

12Arnon (1951). That TPN was reduced in preference to DPN was later con�rmed, e.g. in
Jagendorf (1956).

13Cambridge University Library, Ms. Add. 9267/J.61. Ga�ron to Hill on 2 February, 1951.
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was, in fact, related to photosynthesis not only in terms of oxygen release but
also carbon dioxide reduction. However, despite his general delight, Hill seriously
advised Ga�ron to withdraw the note in its current form, and write instead a
more extended paper which included the precise experimental protocol and the
actual data. Without these details, Hill argued, the information given in the note
was almost meaningless. This blunt but well-meant comment was welcomed by
Ga�ron, who in his next letter admitted that he had not been entirely happy
with the paper either.14 Tolmach quickly wrote an extended version of the paper,
submitted it to the Archives of Biochemistry � and Hill promptly gave it a positive
review.15

Yet, only a few days after Hill had sent o� his referee's report to the editor
of the Archives of Biochemistry, he hastened to inform Ga�ron about the latest
developments: Hill had been appalled to see that Vishniac and Ochoa had, in
the meantime, submitted a �Note� to Nature that was almost identical in scope
and content to the one submitted earlier by Tolmach. Clearly feeling guilty about
having deprived Tolmach of being the �rst to publish a paper on the topic, Hill
informed Ga�ron that he would ensure that Tolmach's note was published as soon
as possible and supplemented by at least one table of data.16 This was much
appreciated by Ga�ron, who had noticed how much attention Vishniac and Ochoa's
results had been receiving in the US prior to publication. Furthermore, Ga�ron
mentioned that �Arnon also seems to have rushed into the �eld�.17 The Chicago
group was naturally interested in getting its share of the credit, although Ga�ron
still considered that Hill's original criticism was fully justi�ed. Hill did as he had
promised, and Tolmach's note appeared in Nature in an only slightly altered form.
And despite Hills's reservations about the genre of �Notes� to Nature, a letter
written by him at the end of April to Robert Emerson again demonstrates how
enthusiastic Hill was about the general �nding that DPN and TPN were reduced
in chloroplast suspensions; Hill considered that this discovery �nally put an end to
the idea that carbon dioxide might be directly reduced through the action of light
on chloroplasts:

The new achievements of Ochoa, Tolmach & Arnon one now feels very
cheerful about � the biochemical part does look encouraging. Not that it yet
indicates the whole solution about CO2 but it really is good to see this new
escape from the bold �hν + CO2� picture, even if it is to be only temporary.
I think Tolmach's work gives the most interesting clues � though it needs
the other two to support it, in fact each of the three has its own speci�c
contribution.18

14Cambridge University Library, Ms. Add. 9267/J.61. Ga�ron to Hill on 6 March, 1951.
15Cambridge University Library, Ms. Add. 9267/J.61. Hill's referee's report to the journal,

dated 11 April, 1951. See Tolmach (1951b) for the published paper.
16Cambridge University Library, Ms. Add. 9267/J.61. Ga�ron to Hill on 16 April, 1951.
17Cambridge University Library, Ms. Add. 9267/J.61. Ga�ron to Hill on 21 April, 1951.
18Hill to Emerson, 28 April 1951, Robert Emerson Papers, 1923-61, Record Series 15/4/28,

Box 1, Folder: Hill, Robin, University of Illinois Archives. By the end of April, Hill had seen all
three notes (and assumed that Emerson had, too), so clearly, the notes or at least their results
had been circulated in advance to being published.
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Emerson, however, was far less enthusiastic in his response. He was not at all
convinced that these �ndings helped to explain photosynthesis in plants � after all,
no one had demonstrated that reduced TPN was causally relevant to the reduction
of carbon dioxide. He wrote to Hill, on 8 May 1951:

You speak optimistically about the work of Ochoa, Tolmach, etc., and I
agree that it's interesting to learn more about the chemical reactions which
can be brought about by illuminated chloroplasts. However, I heard yesterday
that the pyruvic acid reduction previously reported by Vishniak [sic] to be
carried out by reduced TPN can be just as well accomplished by illuminated
chloroplasts without TPN. People here were jumping to the conclusion that
the pathway of photosynthesis must be via the production of reduced TPN
by illuminated chloroplasts. This may still be the case, but the experiments
up to date seem to indicate only that we must add TPN (and DPN) to the
growing list of substances which can be reduced by chloroplasts. I suppose it
is understandable that each person �nding a new reduction process hopes it
will prove to be the key to the mechanism of photosynthesis. But until there
is real evidence of carbon dioxide reduction, and of changes in reduction level
large enough to require the energy of several quanta of red light, it seems to
me that only moderate claims of progress are justi�able.19

This rather sober evaluation of the results was in stark contrast not only to
Hill's views but also to the occasionally overly optimistic tone that the publications
coming from, in particular, Arnon's laboratory at Berkeley were about to receive.
In the next section, I shall examine more carefully the work done by the Berkeley
group in the context of the discovery of the light-driven production of ATP,
independent of respiration.

2 Photophosphorylation

2.1 Energy-Rich Phosphate Bonds and Photosynthesis

In 1929, the German chemist Karl Lohmann found that fermentation was linked
to the formation of molecules of ATP, which could be stored in the cells for several
hours.20 Then, in the 1930s, the Russian physiologist Vladimir A. Engelhart and
his collaborators discovered that muscle contraction required ATP, the Danish
biochemist Herman Kalckar established (in 1937) that the formation of ATP was
linked to cell respiration, and Otto Warburg elucidated how adenosine diphosphate
(ADP) was phosphorylated to ATP during glycolysis.21 Thus, by the end of the
1930s, the central role of ATP in the organism and its intricate linkage to energy-
producing processes such as fermentation and cell oxidation were beyond any
doubt. In fact, more and more metabolic redox reactions were demonstrated to
be linked to the cleavage and formation of ATP. It seemed that most, if not all,
higher organisms were able to store the energy yielded from exergonic processes
as ATP, the splitting of which could, in turn, release this energy again in order to
promote the occurrence of endergonic processes.

19Emerson to Hill on 8 May 1951, Robert Emerson Papers, 1923-61, Record Series 15/4/28,
Box 1, Folder: Hill, Robin, University of Illinois Archives.

20Lohmann (1929).
21See, e.g., Engelhardt (1930) and Engelhardt (1939); Kalckar (1937) and Warburg & Christian

(1939). See Maruyama (1991) for a historical account of the discovery of ATP and its structure.
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The most in�uential contributions to this emerging �eld of phosphate metabolism
studies were provided in 1941 in the form of two simultaneously and independently
written reviews of the phenomenon and its bioenergetic implications, authored by
the aforementioned Kalckar and his German colleague, friend and mentor Fritz
Lipmann (both of whom would eventually �nd themselves working in the US, due
to political circumstances).22 Lipmann, who left Nazi Germany in 1932 (and would
win the 1953 Nobel Prize in Physiology and Medicine), had met Kalckar 1934 in
Copenhagen, in the laboratory of the Danish physiologist Ejnar Lundsgaard, where
Kalckar had just started his PhD studies; this encounter was the start of a life-long
friendship. When Lipmann went to Copenhagen, he was already deeply interested
in the biological functions of phosphorylation reactions, and not only pursued these
questions in his own research but also closely followed the work done by Kalckar
on the mechanism of oxidative phosphorylation. It is one of the striking but not
inexplicable coincidences in the history of science that Kalckar and Lipmann both
embarked on a seminal review of the �phosphate problem� at the same time, that
is, around 1940.

It was in Lipmann's 1941 paper that the notion of �energy-rich phosphate
bonds� was explicitly introduced, symbolised by the famous �squiggle� that is
usually attached to the phosphorus atom of a phosphate group (∼­). This symbol
became the accepted notation of linkages, such as the pyrophosphate bonds in ATP,
the hydrolysis of which causes a relatively large energy release. The two papers by
Kalckar and Lipmann were widely received, and at least among biochemists the
concept quickly met with consent, if not enthusiasm (although Lipmann recalled
that organic chemists sensu stricto and physical chemists were outraged by the
proposal).23 It eventually transpired that ATPmight be the solution to the problem
of how the energy gained from the decomposition of carbohydrates could be chem-
ically preserved and transferred in a stabilised form to other, endergonic reactions
of metabolism (that is, �unfavourable� reactions that did not run spontaneously).24

In view of these developments, it was soon speculated that ATP was also the source
of energy for carbon dioxide reduction in photosynthesis. In 1943 Samuel Ruben
was the �rst to develop a general model of carbon dioxide �xation in this vein:
he assumed that the carboxylation of an organic residue, which acted as primary
acceptor, was coupled to the splitting of an energy-rich phosphate bond of the
ATP type (see the discussion in Chapter V, section 1.3, p. 264).25

It has already been mentioned that even his close friend and collaborator Martin
Kamen was sceptical about the value of Ruben's suggestion; however, although this
attitude was held by most of their colleagues, the idea was enthusiastically picked
up by a handful of other scientists, including Emerson. Together with the plant
physiologist J. F. Stau�er and the microbiologist Wayne W. Umbreit, Emerson

22See Kalckar (1941) and Lipmann (1941). Information on Kalckar can be found, e.g., in
Kennedy (1996), and on Lipmann in, e.g., Jencks & Wolfenden (2000), Kleinkauf, von Döhren &
Jaenicke (1988) and Kennedy (2001). Autobiographical accounts are provided in, e.g., Lipmann
(1971), Kalckar (1974) and Kalckar (1991).

23See Lipmann (1971), p. 37.
24See Fruton (1972), pp. 363�. for a general account of how the importance of ATP in

intracellular respiration emerged.
25See Ruben (1943) for the paper in question.
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published a paper in 1944 in which they pushed Ruben's principal suggestion a
little further, although the authors admitted that it was impossible at the time
to argue conclusively for the accuracy of their concept, �since undoubtedly other
conceptions could equally well �t the facts observed�.26 Emerson and his co-workers
proposed the following:

The function of light energy in photosynthesis is the formation of �energy-
rich� phosphate bonds. According to this view, the light energy absorbed by
the chlorophyll system is converted more or less immediately, into �energy-
rich� phosphate bonds [. . . ] which furnish the energy for the remainder of
the photosynthetic process. [. . . ] We therefore conceive of the entire process
of photosynthesis (the �xation, reduction, and synthesis of organic molecules
from carbon dioxide and, in green plants, the production of oxygen from
water) as being �dark reactions� which could be accomplished without the
use of light if one were able to substitute into this system the �energy-rich�
phosphate compounds which actually result from the absorption of light by
the chlorophyll system. [. . . ] Therefore, the light per se is not essential for
photosynthesis, but some result of the absorption of light is essential.27

Thus, while oxygen release had been dropped from the list of essential prop-
erties for the phenomenon of photosynthesis in the 1930s, as a direct consequence
of the work done by Cornelis B. van Niel, now the action of light was also being
seen as replaceable if the necessary compounds could be provided in another way.
Again, the relevant clues came from comparing photosynthesis in plants with
the metabolism of bacteria. The authors referred, in particular, to the recent
elucidation of the mechanism of energy transport in Thiobacillus thiooxidans: an
autotrophic, chemosynthetic sulphur bacterium, which gained the energy required
for carbon dioxide reduction from oxidising sulphur to sulphuric acid. It was found
that this bacterium could oxidise sulphur in the absence of carbon dioxide and store
at least a portion of the energy in a form that could later be used for carbon dioxide
�xation under conditions in which sulphur oxidation was impossible. Thus, the two
partial processes - the oxidation of sulphur and the reduction of carbon dioxide �
were coupled but could later be separated, much like the photochemical production
of oxygen and carbon dioxide reduction in green plants. It was demonstrated that
the formation of the unknown �energy storage material� was accompanied by a
substantial uptake of inorganic phosphate, while during carbon dioxide �xation an
inorganic phosphate release was observed. From this and other pieces of evidence,
it was concluded that the energy gained from sulphur oxidation was stored as ATP
molecules.

In view of these �ndings, Emerson, Stau�er and Umbreit asked whether pho-
tosynthetic organisms might also use energy-rich phosphate bonds in the form
of ATP to move the energy gained from the light-induced splitting of water to
the endergonic process of carbon dioxide reduction. In order to learn more about
this possibility, the authors emphasised, they would need to integrate fully the
study of phosphorylation into the study of photosynthesis. First of all they would
have to determine whether or not phosphorylation was an important part of the

26Emerson, Stau�er & Umbreit (1944), p. 107.
27Emerson et al. (1944), p. 107.
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metabolism of photosynthetic cells. However, Emerson et al. admitted that, at the
time, it was impossible to di�erentiate between the products of oxidative phospho-
rylation, which were the result of respiratory processes, and the potential products
of photosynthetic, light-induced phosphorylation. Their own experimental data
suggested that phosphorylation was, indeed, taking place in photosynthesising cells
(which was hardly surprising, since these cells were known to respire), while there
were only a few indications that the underlying mechanism of ATP formation
was not entirely the same as the mechanism that had been found in animal and
bacterial cells.

Emerson, Stau�er and Umbreit's proposal, just like Ruben's earlier attempt,
was not enthusiastically received by their colleagues. In the �rst volume of his
two-volume seminal monograph, published in 1945 , Rabinowitch rather scepti-
cally commented on the possible role of ATP in photosynthesis. The problem of
photosynthesis was a problem of energy accumulation, Rabinowitch underlined,
since so much energy was required to reduce carbon dioxide. Bearing this in mind,
it seemed like a step in the wrong direction to dissipate the energy of red light
quanta (43 kcal per einstein) by storing it in high-energy phosphate bondings of
only 10 kcal per molecule (mole).28 Rabinowitch concluded:

To sum up: we think it unlikely that the bulk of the light energy utilized
in photosynthesis (or of the oxidation energy utilized in chemosynthesis) is
�rst converted into phosphate energy. Furthermore, if phosphorylation does
play an auxiliary role in photosynthesis (e.g., in the way envisaged by Ruben)
� which is by no means certain � we think it much more probable that the
required high-energy phosphates are supplied by nonphotochemical oxidation
processes than that light quanta are diverted for their synthesis.29

These objections based on energetic considerations were strengthened by the
results that Samuel Arono� and Melvin Calvin published in 1948, on their studies
incorporating radioactively labelled phosphorus into ATP in isolated chloroplasts:
�Using radioactive phosphorus, no direct connection between gross formation of
organic phosphorus compounds and photosynthesis or photochemical reductions
has been found to occur� is how they summarised their �nding.30 Thus, in view of
these results, it seemed that searching for a unique mechanism of phosphorylation
during photosynthesis would be a road to nowhere.

Far more promising, however, was an alternative model that was proposed
by Vishniac & Ochoa (1952b). By the early 1950s, it had transpired (mostly
thanks to the studies of the Calvin�Benson group at Berkeley) that phospho-
rylated compounds were prominently present in the photosynthetic reduction of
carbon dioxide; thus, there had to be a way to account for their formation during
photosynthesis. It was a clever (and also parsimonious) move to draw on the
recently published results of Albert L. Lehninger (1951), who had demonstrated
that the site of ATP production during respiration was the mitochondrion. Hence,
Vishniac and Ochoa suggested that photosynthesis was accompanied by oxidative
phosphorylation, which took place in the mitochondria. The necessary ATP would

28One einstein is de�ned as one mole of photons.
29Rabinowitch (1945), pp. 229�230.
30Arono� & Calvin (1948), p. 357.
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be formed in these organelles, and then they would be transported to the sites
of carbon dioxide reduction.31 Vishniac and Ochoa had found that radioactively
labelled ATP could be formed in arti�cially reconstituted systems: illuminated
suspensions that contained spinach chloroplast grana, mitochondria, DPN and
phosphorus-32, all of which seemed to be essential components. The assumption
was that the pyridine nucleotides were reduced by the illuminated chloroplasts
(as earlier observations had indicated) and were subsequently oxidised when they
were coupled to a phosphorylating system to yield energy-rich phosphate bonds,
although Vishniac and Ochoa thought that this latter process did not occur in the
chloroplasts but in the mitochondria. The authors formulated their conclusion as
follows:

[T]he incorporation of P32 into ATP is dependent on light, oxygen, and
DPN. No incorporation of P32 takes place in the absence of particles capa-
ble of carrying out oxidative phosphorylation. It is suggested that in pho-
tosynthesis energy-rich phosphate bonds are generated by the mechanism
outlined above [that is, the light-induced formation of DPN coupled to a
light-independent, oxidative formation of ATP in mitochondria].32

This suggestion also appeared convincing from another angle: if the photochem-
ical reduction of DPN was coupled to oxidative phosphorylation by themitochon-
dria, this could, in addition, explain the limited success of the Hill reaction to �nd
any traces of carbon dioxide reduction in isolated chloroplasts. According to Vish-
niac and Ochoa's model, this was self-evident, since in Hill-type suspensions there
were no mitochondria present to provide the necessary ATP. For the next couple
of years, this became the accepted standard hypothesis: chloroplasts were the sites
of light absorption and water splitting, as well as of TPNH (or DPNH) formation,
while ATP was assumed to be produced in the mitochondria, and the �xation of
carbon dioxide presumably occurred in the cytoplasm. The latter assumption was
endorsed by the �nding that the �malic� enzyme was present in ample amounts in
the cytoplasmic �uid of plant cells (but not in the chloroplasts themselves). Even
when it slowly transpired, through the advances made by the Calvin�Benson group,
that the �malic� enzyme itself had no bearing on photosynthetic carbon dioxide
�xation, the �nding of further carboxylases and other enzymes in the cytoplasm
made the latter the most probable place in which other enzymatic reactions would
occur. A reconstruction of this "compartment" model is given in �gure VI.2.

2.2 The Standard Idea Challenged

This standard picture was soon to be challenged. The �rst decisive �nding was
made by the biochemist Bernard L. Strehler. While still a graduate student at
the Johns Hopkins University Medical School, Baltimore, Strehler had contributed
decisively to �nding out what makes �re�ies glow. In 1949, he had identi�ed an
enzyme, which he named �luciferin�, and established that this substance gave o�
light when it was combined with ATP.33 Strehler moved on to the Oak Ridge
National Laboratory in Tennessee, where he met William Arnold, with whom

31See Vishniac & Ochoa (1952a), Vishniac & Ochoa (1952b) and Ochoa & Vishniac (1952).
32Vishniac & Ochoa (1952b), p. 502.
33Strehler & McElroy (1949).
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Figure VI.2: The standard model of photosynthesis according to Vishniac
& Ochoa (1952b): three partial processes are identi�ed (the production
of reducing agents, the production of energy-rich phosphate bonds and
the reduction of carbon dioxide), which are located in three di�erent
compartments of the cell (the chloroplast, the mitochondrion and the
cytoplasm)

he began a long and fruitful collaboration.34 Starting from Strehler's previous
research, the two men wanted to �nd out whether ATP was formed as a result of
photosynthesis; the �re�y enzyme seemed to provide them with a powerful and
very sensitive indicator of ATP formation. Instead, they found, �rst of all, that,
after being illuminated, the chloroplasts gave o� light even without the addition
of any luciferin: Strehler and Arnold had discovered the phenomenon of delayed
�uorescence in photosynthesising systems, which strongly indicated, they believed,
that some of the �rst steps of photosynthesis were reversible.35 However, a short
while later, in 1952, Strehler established that ATP is, in fact, formed in plants
immediately upon illumination, and that the site of formation is the chloroplast ;
he presented these �ndings at the �rst Gatlinburg conference on photosynthesis
in 1952, where, incidentally, he was the only speaker on ATP and photosynthesis.
It was clearly not yet regarded as a hot topic.36 One year later, in 1953, Strehler
presented the �rst detailed suggestion as to how ATP might be produced in a

34See Strehler (1996) for an autobiographical account.
35Strehler & Arnold (1951) and Strehler (1951). They only succeeded in getting the originally

intended experiment to work ten years later, with the help of red �lters; see Strehler & Hendley
(1961).

36According to Strehler, both Arnon and Vishniac received a copy of Strehler's papers
on ATP formation at the Gatlinburg conference; however, neither acknowledged this ob-
vious source of inspiration in their later papers on the subject; see Strehler (1996), p.
14. See also Strehler's comment on his personal homepage, accessed in September 2009 at
http://web.archive.org/web/20021207070619/�hg.org/founder1.htm .
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Figure VI.3: Reproduced from Strehler (1953), p. 75. Legend of the
symbols: Ch = photochemical apparatus; Hν = light; AH2, BH2, CH2

= intermediate reductants; [O] = photochemically produced oxidant,
precursor to O2; D = �C2 acceptor� molecule or other acceptors; ∼ P
= ATP; DCO2HH = primary �xation-reduction product; E1 = terminal
oxidase; E2, E3, Ex = intermediate transhydrogenases.

light-induced mechanism in plants, combined with the suggestion that a major
portion of this ATP might immediately be used up again in order to produce
reducing agents.37 As one can take from one of the illustrations in Strehler's text
(reproduced in �g. VI.3), the concept of step-by-step oxidation and the reduction of
intermediates, with ATP formation at one of the transition points, clearly existed
in 1953, even though all the details were still unknown.

These �rst steps towards a new concept of photosynthetic ATP formation were
complemented in 1954 by the work carried out by Daniel I. Arnon's group at
Berkeley. Born in Warsaw, Poland, Arnon had trained as a plant physiologist
at the University of California, Berkeley and received his PhD there in 1936.38

Arnon had been a student of Dennis R. Hoagland, who is still well-known for
the pioneering work he did on plant and soil interrelations; therefore, it is not
surprising that Arnon's early research focused on plant nutrition and the role
of trace elements in plants. In 1941, Arnon was made an Assistant Professor at

37Strehler (1952) and Strehler (1953). The methods were developed in Strehler & Totter (1951).
38On Arnon's life and work, see, e.g. Buchanan (1995) and Buchanan (2001). See Melis &

Buchanan (1995) for a special issue of Photosynthesis Research dedicated to Arnon.
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Berkeley, and he remained at the university for the rest of his working life; in 1961
he was appointed the �rst Director of the Department of Cell Physiology, which
developed into a centre of photosynthesis research.

In an autobiographical account, Arnon recalled how he felt increasingly uneasy
with the standard hypothesis that the ATP required for photosynthesis was formed
in the mitochondria. Among other things, he found this to be fundamentally at
odds with well-known observations of plant cytology:

In some of the most specialized photosynthetic tissues, such as the pal-
isade parenchyma of leaves, chloroplasts were known to be the dominant
cytoplasmic bodies. The few mitochondria present could not possibly supply
the ATP needs of photosynthesis whose rate in saturating light can be 30
times higher than the rate of respiration. I decided, therefore, to continue the
search for a �photosynthetic� site of ATP formation.39

It is highly unlikely that any of the biochemists working at the time had even
considered looking at plant tissues. Yet, even without recourse to the cytological
properties of plant tissues, the standard hypothesis was unable to explain how
photosynthesis could be dependent on respiratory products, if the rates of photo-
synthesis in sunlight were so much higher than those of respiration. Arnon set out to
scrutinise this problem with two close collaborators: Mary Belle Allen, who earlier
in her career had worked with Charles Stacy French and van Niel, and F. Robert
(Bob) Whatley, who had received his PhD while working in Hill's laboratory at
the University of Cambridge (UK) in 1946.40

The group started o� by investigating the photosynthetic capacities of the
chloroplasts of green algae, the usual, convenient model organism of photosynthetic
studies. However, after a series of unsuccessful attempts, Arnon's group turned to
leaf tissue instead, with spinach proving to be the most appropriate source of
isolated chloroplasts. Yet, in an important respect, Arnon and his collaborators
deviated from standard investigative procedures: they decided not to use the
membranous fraction of the chloroplasts � that is, chloroplast fragments obtained
by ultracentrifugation � as Vishniac & Ochoa (1952b) and others had already
found that these grana could not produce ATP. Instead, Arnon and his team
chose to investigate whole chloroplasts, including their soluble content: this proved
to be a fortunate decision, since it turned out later that the soluble fraction of
chloroplasts contain the necessary catalysts for photophosphorylation as well as
the enzymes required for reducing carbon dioxide. 41 Arnon's group developed an
ingenious procedure for isolating these whole spinach chloroplasts. Among other
things, they used isotonic salt solutions (NaCl) instead of the more usual sugar
solutions, which had been developed in Hill's laboratory: Arnon's team wanted

39Arnon (1984), p. 258.
40The history of how the chloroplast was established as the unit of complete photosynthesis

and, in particular, how photosynthetic phosphorylation was discovered at Berkeley and elsewhere,
has been told many times and from di�erent perspectives. The author gratefully acknowledges
many of these accounts, which were duly consulted when writing this chapter, notably Arnon
(1977), Arnon (1984), Arnon (1987), Arnon (1988), Frenkel (1993), Frenkel (1995) and Shen &
Wei (1998).

41See Arnon (1984), p. 259.
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to avoid using sugar, since it was a potential confounding factor: it was possiblly
used as an additional source of energy and metabolites. If one wanted to �nd out
the photosynthetic capacities of chloroplasts, light ought to be the only source
of energy. Microscopic observations were employed to ensure that the structure
of the chloroplasts thus gained was unimpaired; and, �nally, they double-checked
that the suspension was free of mitochondria, so that any support of the process
by oxidative phosphorylation was precluded.42

The team found that not only were these intact, illuminated chloroplasts able
to produce oxygen; they also accumulated ATP if supplied with the substrate
of phosphorylation, adenosine monophosphate (AMP), and inorganic phosphate.
When bicarbonate was then added, the system was able to reduce carbon dioxide
at constant rates for about one hour. An analysis of the products yielded an
insoluble compound, which was identi�ed as starch, and several soluble compounds,
which included the major components of the photosynthetic carbon reduction cycle
recently proposed by the Calvin�Benson team. In their publication of 1954, Arnon's
group summarised their �ndings: �In the light of our present evidence, isolated
chloroplasts emerge as remarkably complete cytoplasmic structures, equipped to
carry out not only oxygen evolution but also carbon dioxide �xation and the
conversion of light into chemical energy.� 43 This was the process that Arnon
dubbed �photosynthetic phosphorylation�, in order to distinguish it from oxidative
phosphorylation, which was known to occur in the course of respiration. It was
�rst presented at the VIII International Botanical Congress held in Paris in July
1954.44

Yet, the accumulated evidence for the standard hypothesis � that all the cell's
ATP was produced in the mitochondria � was far too weighty to be simply swept
aside. In their attempt to evaluate the new possibility, some scientists failed to
reproduce Arnon's �ndings altogether;45 and even those who accepted the data
as such (reproduced or not) instead tried to provide alternative explanations for
Arnon's results within the framework of the standard hypothesis. One line of
criticism was to assume the e�ect of confounding factors. It was suggested, for
example, that Arnon's suspensions might be contaminated with mitochondria
(which was, after all, entirely plausible, since it was not easy to get rid of these
tiny structures).46 Alternatively, it was suspected that Arnon's group had formed,
as artefacts of their procedure, �a coagulation membrane of some sort which traps
[cytoplasmic] enzymes in association with the chloroplast�, so that the chloro-

42Note how Whatley explained, in retrospect, that, despite all the precautions they took,
these �whole� chloroplasts were later found to be leaky, since they lacked the external membrane
of intact chloroplasts. This alleged �aw, however, turned out to be fortuitous, as it enabled
the substrate of phosphorylation, AMP, to come into contact with the thylakoids, the sites of
phosphorylation, which otherwise would have been precluded. See Whatley (1995), p. 18.

43Arnon (1954a), p. 394.
44See also Arnon (1954b) in which the �ndings were reported in more detail. The full evidence

for complete photosynthesis in isolated chloroplasts was elaborated in subsequent publications,
such as Allen, Arnon, Capindale, Whatley & Durham (1955), Arnon (1955) and Whatley, Allen,
Rosenberg, Capindale & Arnon (1956).

45See, e.g., Ohmura (1955).
46Ochoa put forward this objection against a paper of Arnon's. See the discussion in Arnon

(1956) (pp. 307�308).
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plasts �may be merely �oating around in a cytoplasm which itself contains all
the necessary enzymes�.47 In addition to this search for uncontrolled factors in
the experimental set-up, some contemporaries were suspicious of the low rates
of phosphorylation and carbon dioxide assimilation observed by Arnon et al.,
which made people doubt the signi�cance of the �ndings.48 In later accounts of
the discovery, Arnon never failed to mention these critical reactions, not without
displaying the satisfaction of having been proven right by history. He also liked
to recount how the journal Chemical and Engineering News had invited him to
give an account of his group's work, �but in the end the editor declined to publish
the article because it `did not pass review by three outstanding authorities in the
�eld�.49 Even the plant physiologist André T. Jagendorf, who would later be one
of the �rst supporters of the photophosphorylation hypothesis, was at �rst not at
all convinced.50 To some extent, this sceptical attitude was well justi�ed: in view
of the experimental di�culties his group experienced, Arnon's proposal, although
presented with much fervour and self-con�dence, was not the most promising of all
the alternative suggestions of the time. Thus, whether all photosynthetic processes
really did, in fact, take part in the chloroplast remained a controversial issue for
some years to come.

However, the fact that there might be a light-induced phosphorylation mecha-
nism was (re-)discovered independently in the same year (1954) by Albert Frenkel.
According to his recollections, Frenkel was prompted to study ATP metabolism as
a result of working, together with the plant physiologist Allan Brown, on a review
of photosynthesis, which he had been invited to write for the journal Annual Review
of Plant Physiology.51 While Brown concentrated on those issues related to carbon
metabolism, Frenkel covered phosphorus metabolism. He studied intensively, for
example, Vishniac & Ochoa (1952a) and Vishniac & Ochoa (1952b) and decided
to spend some time in a research laboratory that focused on related questions.
The opportunity to do so arose when Frenkel was awarded sabbatical leave and he
arranged to go and work in Fritz Lipmann's laboratory at Harvard Medical School
in Boston during the �rst half of 1954. Lipmann drew Frenkel's attention to the
paper by Gest & Kamen (1948), which indicated that there was evidence that ATP
was produced in the illuminated cells of Rhodospirillum rubrum. The outcome of
the research project, which Frenkel initiated thereafter, was reported in a letter
to the editor of the Journal of the American Chemical Society, the beginning of
which reads as follows:

Sir :

47See the objection brought forward by Strehler at the 1955 Gatlinburg conference; recorded
in Allen, Whatley, Rosenberg, Capindale & Arnon (1957) (discussion of the paper), p. 293.

48With hindsight, Arnon believed that this was caused by the fact that the chloroplasts were
kept in salt solutions. See Arnon (1987), p. 41.

49Arnon (1984), p. 258.
50See Jagendorf (1998), p. 219.
51See Brown & Frenkel (1953). Frenkel himself has told this story in autobiographical accounts,

such as, e.g., Frenkel (1993) and Frenkel (1995). The review was published as Brown & Frenkel
(1953).
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Figure VI.4: small The process of light-induced ATP formation as
presented in Frenkel (1954): a suspension of cell fragments, ADP and
inorganic phosphate, to which glucose and hexokinase were added, was
illuminated. This led to the formation of glucose phosphate (a process
which is catalysed by hexokinase and strictly dependent on ATP) and
to a decrease in the concentration of inorganic phosphate. From these
�ndings, Frenkel concluded that ATP had been formed.

In the course of a study of phosphorylation with cell-free preparations
from Rhodospirillum rubrum (strain S-1) it was observed that light induced
anaerobically a pronounced disappearance of orthophosphate.52

Frenkel was convinced that the phosphate ions disappeared as a direct result of
the substantial formation of ATP by bacterial cell fragments, which, he argued, he
was able to demonstrate by the fact that he had successfully coupled t his process
to the hexokinase-catalysed phosphorylation of glucose. The latter reaction was
known to be strictly dependent on the presence of ATP; hence, if it could be
shown that this reaction did indeed take place, as Frenkel was able to do, this was
proof that the system was able to generate the necessary ATP (see �g. VI.4). When
the suspension was centrifuged, all the phosphorylating activity was found in the
sediment, which contained the bacteria's chromatophores. Frenkel emphasised that
phosphorylation was strictly light-dependent, did not require oxygen and was not
inhibited by the typical inhibitors of respiration. Frenkel recalled that, when he
submitted this paper, �the editor replied that a paper from Arnon's laboratory
had come to his attention which described photosynthetic phosphorylation by
isolated chloroplasts�. Frenkel cited this paper, which was Arnon (1954a), although,
according to his own written account, he had not actually seen it. 53 This made
many people believe that Frenkel had �con�rmed� Arnon's discovery, although his
research was done completely independently of the Berkeley laboratory.

It took another three years before any further con�rmation of ATP formation in
chloroplasts was published � this time by Mordhay Avron and the aforementioned

52Frenkel (1954), p. 5568.
53Frenkel (1993), p. 110; Frenkel (1995), p. 74.



336

Jagendorf.54 However, far from being discouraged by the controversial reception of
their results, Arnon's group continued to investigate the capacities of the chloro-
plast and the interrelation of the di�erent partial processes they had identi�ed:
photolysis of water, photosynthetic phosphorylation and carbon dioxide assimi-
lation. These, Arnon and his collaborators argued, were three distinct phases of
photosynthesis and each of them was catalysed by a fully independent enzyme
system. By 1956, Arnon's group had found striking interdependencies, from which
they concluded that the three processes were of increasing complexity:

Photolysis could be carried out by preparations incapable of photosyn-
thetic phosphorylation and CO2 �xation. In turn, photosynthetic phosphory-
lation was found to proceed unimpaired in preparations which could not �x
carbon dioxide. CO2 �xation, however, has been observed only in chloroplast
preparations capable of active photolysis and phosphorylation.55

These results were supplemented in 1956 by the �nding, also made by Arnon's
group, that the occurrence of complete photosynthesis outside the cell did not
necessarily depend on the structural integrity of chloroplasts.56 Chloroplast frag-
ments, produced by osmotic shock treatment with water or dilute salt solutions
(which prompted the cells to burst), were also able to carry out all three partial
processes at surprisingly high rates, as long as the appropriate cofactors were
added: �With proper additions, the photosynthetic activity of the reconstituted
system, as measured by CO2 �xation per unit of chlorophyll, was several times
greater than that of the intact chloroplasts.�57 Restoring the carbon dioxide �x-
ation required that the membranous fragments were supplied with pyridine nu-
cleotides, ATP and the water-soluble portion of intact chloroplasts. This indicated
that the membrane fragments lacked the necessary enzymes for carbon dioxide
�xation, which instead seemed to be localised in the stroma fraction of chloroplasts.
Photophosphorylation, by contrast, was found to be fully restored in the fragments
without the soluble chloroplast fraction, on the mere addition of either magnesium
ions (Mg2+), vitamin K, ascorbate or FMN (�avin mononucleotide or ribo�avin-
5'-phosphate). No oxygen was required for phosphorylation to take place, not even
in catalytic amounts. Arnon's group concluded that, since only cofactors had to
be added, all the enzymes of photophosphorylation seemed to be contained in the
membrane fragments. This was the �rst of several papers published by Arnon's
group that were concerned with the question of the appropriate �cofactors� of
photophosphorylation. Not all these papers were consistent with each other, which
caused confusion, occasionally consternation and even amusement among Arnon's
colleagues. One researcher who was exceedingly sceptical about the importance
of speci�c �cofactors� was Robin Hill, who refused to be impressed by the perti-
nent work. Hill's long-standing collaborator David Walker vividly remembered the
following episode:

At the time the word from Berkeley was of more and more co-factors.
Despite our immense respect for Dan Arnon et alia [sic], we irreverently

54See Avron & Jagendorf (1957).
55Arnon, Allen & Whatley (1956), p. 458.
56See Whatley et al. (1956) and Arnon et al. (1956).
57Arnon et al. (1956), p. 462.
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labelled a jar of marmite �Arnon's Reagent� because it worked as well as
most compounds that we had tried. In the same spirit Robin suggested �spit,
urine and �oor sweepings�. We shrank from the �rst two and felt that the
third, given Robin's lab, would have been a bit of a forgone conclusion. Even
so, there seemed to be a good reason for supposing that almost anything,
with an appropriate redox potential, might su�ce as a co-factor.58

Emerson also had a strong aversion to the way Arnon advertised his �ndings,
notwithstanding their scienti�c value. On 22 August 1957, Emerson wrote apolo-
getically to his old friend James Bonner: �I'm sorry I'm not getting out to the
meetings at Stanford. I would not enjoy Arnon's pompous maunderings about
`photosynthetic' phosphorylation. (As far as I understand what he has done, it is
no more than `photo'phosphorylation.)�59

Finally, in 1958, Arnon's group was able to demonstrate that, by making a more
considered choice of experimental conditions, such as pH and chloroplast density,
the rate of photophosphorylation in isolated chloroplasts, or chloroplast fragments,
could be dramatically increased (up to 170 times higher than the rates initially
described).60 The rate of ATP production thus obtained was several times higher
than the usual rates of oxidative phosphorylation found in the mitochondrion, and
would have compared to forming several high-energy phosphate bonds for each
molecule of carbon dioxide that under comparable conditions would have been
assimilated. Thus, the phenomenon had de�nitely reached signi�cant dimensions.

Before I turn to Arnon's �nding that there might be di�erent types of ATP
formation in the chloroplast, I shall �rst examine the developments made in a
completely di�erent �eld of research: the work on photosynthetic cytochromes,
primarily undertaken by Hill in his laboratory at Cambridge (UK), and the inten-
sive search for a photosynthetic electron transport chain.

3 In Search of a Photosynthetic Electron Transport Chain

3.1 Background

The �rst thoughts that there might be a stepwise electron transport chain were
explored in the study of respiration and related molecules, such as cytochromes,
during the 1930s. By 1940, this had led to the idea of a chain of successively oxidised
and reduced intermediates. The details of this chain were unknown, although it was
strongly suspected that it involved pyridine nucleotides, �avins and cytochromes
in the order of their relative oxidation-reduction potentials.61 The general concept
was formulated, for example, by the Harvard-based biochemist Eric G. Ball in 1942
as follows:

The energy liberated when substrates undergo air oxidation is not lib-
erated in one large burst, as was once thought, but is released in stepwise

58Walker (1992), p. 337. For a more detailed (and serious) description of the work going on in
Cambridge at the time, see Cambridge University Library, Ms. Add. 9267/ B.275: Programme
of Research c. 1959, formulated for the renewal of Fay Bendall's grant (then still referred to as
�Miss Myers�.

59Emerson to Bonner, 22 August 1957, Robert Emerson Papers, 1923-61, Record Series
15/4/28, Box 1, Folder: Bonner, James, University of Illinois Archives.

60See Allen, Whatley & Arnon (1958).
61On the history of respiration research, see, e.g., Fruton (1972) and Edsall (1974).
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fashion. At least six separate steps appear to be involved. The process is not
unlike that of locks in a canal. As each lock is passed in the ascent from a
lower to a higher level a certain amount of energy is expended. Similarly, the
total energy resulting from the oxidation of foodstu�s is released in small
units or parcels, step by step. The amount of free energy released at each
step is proportional to the di�erence in potential of the systems comprising
the several steps.62

Decisive experimental evidence pointing to the actual sequence of electron
carriers in respiration was only provided in the mid-1950s, thanks to the develop-
ment of rapid and sensitive spectrophotometric techniques introduced by Britton
Chance in collaboration with the biochemist G. R. Williams.63 The underlying
notion was that the absorption spectra of biologically relevant molecules, such as
cytochromes, �avins and pyridine nucleotides, changed appreciably upon changes
in the molecule's oxidation-reduction state. This made the recording of absorption
spectra an extremely powerful way of tracing the oxidation and reduction states
of certain compounds under certain conditions - for example, when they were
supplied with molecular oxygen. It also transpired that these oxidation-reduction
processes were somehow linked to the formation of ATP (although the mechanism
of this coupling was unknown). Based on their spectroscopic studies, Chance and
Williams �nally suggested that, in the respiratory chain, electrons were transported
in the sequence DPNH, Flavin-H2, cytochrome b, cytochromes c and a, and, �nally,
oxygen.64 Looking back, Chance recalled the frustrating �rst presentation of their
results:

The responses to the ideas were de�nitely �not great�; the initial presenta-
tion before the American Society of Biological Chemists at San Francisco as
a ten-minute presentation was disaster-ridden. The chairman, my good friend
A[lbert] Lehninger, apparently misread the clock and told me that I was to
sit down after four of the ten minutes allotted for the talk.65

However, after the results had been con�rmed by several laboratories that had
used Chance's dual wavelength spectrophotometer and extended it to the study
of living tissue, other scientists started to become interested in the concept. And
while Chance and Williams had explicitly refrained from making any comments on
photophosphorylation, and its potential coupling to analogous electron transport
chains, suggestions construed along these lines soon appeared in print. Even though
the principle seemed convincing, and it was generally agreed that there had to be an
�uphill �ow� from a redox system with a relatively negative potential (O2/H2O) to a
redox system with a relatively positive potential (CO2/CH2O), which was overcome
by the absorbance of light energy, this did not yet solve the problem. Rabinowitch
pointedly formulated in 1945 (continuing the �lock� metaphor that Ball used in

62Quoted in Fruton (1972), p. 387. See Ball (1942) for the original text.
63See Chance (2004) for an autobiographical review of the development of the pertinent

instruments. Yodh & Tromberg (2000) is a tribute to Chance.
64Chance & Williams (1956) provides the celebrated review article of these �ndings. A

retrospective commentary on the latter is given in Chance (1983). See Chance & Williams (1955)
and Chance, Williams, Holmes & Higgins (1955) for the earlier papers.

65See Chance (1983).
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his formulation, and quoted above): �When a canal is built between two bodies
of water situated at di�erent levels, the provision of locks cannot be avoided; but
whether these locks are constructed at the upper or lower end of the waterway is a
purely practical problem.�66 Among the many approaches adopted around 1950 to
try and �nd an appropriate series of electron or hydrogen carriers in photosynthesis
was the more detailed study of the occurrence in plants of components that were
also involved in the respiratory chain: namely, cytochromes. This was intensively
done, for example, in Cambridge (UK).67

3.2 Photosynthetic Cytochromes

The 1930s were an enormously decisive period from the viewpoint of understanding
cytochromes and their role in metabolism. It was predominantly Cambridge-based
biochemist David Keilin who elucidated the action of cytochromes a, b and c

as oxidation-reduction catalysts in cellular respiration, since they were reversibly
reduced and oxidised by changes in the iron portion of their haeme moieties.
Arguably Keilin's most important contribution was to identify the (up to then)
mysterious enzyme cytochrome oxidase with a speci�c component of cytochrome
a3, which interacted directly with molecular oxygen. 68 The fact that Hill's work at
Cambridge led to cytochrome research being introduced to the �eld of photosynthe-
sis in the 1940s and 1950s was also hugely in�uential. Hill's previous studies, which
included the far-sighted assumption that photosynthesis might be dependent on
oxidation-reduction systems similar to those in respiration, were described earlier
in this book, and his close association with Keilin was mentioned as being highly
signi�cant in this context (see Chapter III, pp. 150�.).

It was also stated in Chapter 3 that Hill collaborated with Keilin around
1930 on the isolation of cytochrome c from both yeast and muscle tissue, and
that even in later years Hill never lost contact with his mentor. The study of
the �chloroplast reaction�, as Hill insisted on calling the production of oxygen
by chloroplast fragments (although everybody else called it the �Hill reaction�),
developed at the end of the 1930s into a more in-depth study of the redox capacities
of chloroplasts. Hill strongly suspected that cytochromes were involved in these
processes as well, and started to explore a little further the presence and function
of cytochromes in plants. His �rst success, which he made with the Indian student
Kamala Bhagvat, was to demonstrate the presence and activity of cytochrome
oxidase in plant tissues. These same tissues were also shown to contain the well-
known cytochromes a, b and c, which were also assumed to be associated with
cellular respiration. Interestingly, the cytochrome system was found to be attached
to small particles, which could be obtained from a variety of plant tissues �
mitochondria, as we know them today.69 In the course of these studies, Hill realised
that leaves and the other green parts of plants had a surprisingly high concentration

66Rabinowitch (1945), p. 151.
67The �rst rudimentary ideas on the occurrence of electron transport chains in photosynthesis

have been traced back to Katz (1949), Levitt (1953) and Levitt (1954), although none of these
were widely received or promoted any further at the time.

68For a more detailed account of these discoveries, see, e.g., Mann (1964) and Keilin (1966).
69Hill & Bhagvat (1939); see also Bhagvat & Hill (1951) for an elaboration. According to

Bendall & Walker (1991), p. 4, this work of Hill's, together with his student (later Professor
Kamala Sohonie), �represented the �rst biochemical study of plant mitochondria�.
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of haematin compounds (one species of which were cytochromes) � surprisingly
high, in view of the relatively low respiratory activity of the tissue. This encouraged
Hill, together with Richard Scarisbrick, to embark on a thorough study of the
plant's haematin compounds: if respiration only accounted for a minor portion of
these compounds, what explained the remainder? This project was started before
1940, but the outbreak of the Second World War forced Hill and Scarisbrick to
discontinue their studies, which they were only able to resume in the late 1940s.

The �rst �ndings were thus only published in Hill & Scarisbrick (1951), in
which the authors reported that three di�erent cytochromes had been obtained in
a soluble form from plant tissue. One of these was the well-known cytochrome c,
while the other two had been hitherto unknown and seemed to be characteristic of
plants only. The �rst, which Hill and Scarisbrick had extracted from the acetone
powders of leaves, was tentatively called �cytochrome b3�: found in the green as
well as in the colourless parts of plants, it was autoxidisable, did not combine
with carbon monoxide and was easily denatured by heat and organic solvents. The
second new cytochrome compound, however, was far more exciting: it was only
found in the green parts of plants, was not autoxidisable, did not combine with
carbon monoxide and was rather stable in the presence of organic solvents (with
their denaturing in�uence). Its absorption properties in intact leaves resembled
those of cytochrome c, although the bands were much more sharply de�ned, and
there was a characteristic α-band of the reduced component that could be observed
at 555 nm. Furthermore, the new cytochrome had de�nitely more oxidising redox
potential than cytochrome c. Hill and Scarisbrick called it cytochrome f, �(Latin
frons) on account of the association with the green parts of plants which is indicated
by our present observations�.70 In contrast to cytochrome b3, this compound was
found to be rather �rmly associated with the chloroplast fraction. It proved, in fact,
impossible to extract it in an unmodi�ed form from acetone preparations, although
Hill and Scarisbrick found that freshly ground leaves to which ethanol was added
(which was a rather drastic treatment!) gave surprisingly high yields. This might be
explained, the authors suggested, by assuming that cytochrome f was an integrated
constituent of the insoluble parts of chloroplasts (which, incidentally, made it very
unlikely that it was involved in respiration). Hill and Scarisbrick concluded the
paper by stating:

The occurrence of this specialized cytochrome component strongly indi-
cates the presence of oxido-reduction mechanisms in connexion with chloro-
plasts which di�er both in nature and intensity from those characteristic of
the normal respiration of green tissue.71

In view of the crude methods available at the time, isolating cytochrome f,
which, as we know today, is an integrated membrane protein, was a remarkable
achievement. In any event, it was the �rst substantial indication that there were
distinct photosynthetic oxidation-reduction processes in which cytochromes played
a role. However, many questions were left open, the most pressing one of which

70Hill & Scarisbrick (1951), p. 99. See also Bendall (2004) for a review of the history of the
discovery and further investigation of cytochrome f.

71Hill & Scarisbrick (1951), p. 110.
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concerned the reality of this proposed cytochrome f. After all, it had been isolated
only under unphysiological conditions to say the least, so that it was natural to
speculate that the whole compound might turn out to be an artefact of preparation
that had arisen from the unintentional modi�cation of other haematin compounds
in the course of extraction. Therefore, together with Harold Davenport, Hill imme-
diately set out to make an in-depth exploration of the new cytochrome's properties,
in particular by comparing it with the better-known cytochrome c.72

Out of a range of plant species that Davenport and Hill had tested, curled gar-
den parsley in its �rst year of growth turned out to be the best material source. In
the usual down-to-earth type of analysis practised at the time in Hill's laboratory,
parsley leaves were puréed in an electric meat grinder, squeezed through a cloth and
centrifuged for ten minutes. From the resulting suspension, a satisfactory portion
of the compound in question was precipitated. Although the yield was found to
depend on several details of the method, the �ndings were fully a�rmative of Hill
and Scarisbrick's results. Cytochrome f was not an artefact but in all probability
a real compound. This was con�rmed, only a few months later, by Davenport
(1952), in which he reported that the absorption spectrum of cytochrome f could be
directly observed, without any ethanol treatment, in the intact plastids of etiolated
barley leaves (that is, leaves that have green and pale areas).

In addition to its absorption band at 555 nm, the most striking property of
cytochrome f was its positive redox potential (determined as +365 mV): more
positive than the potential of any of the haematin compounds examined up to then.
This implied that the reduced state of cytochrome f was energetically strongly
favoured. In fact, Davenport and Hill were unable to �nd a system in the leaves ca-
pable of oxidising this cytochrome, that is, a system comparable to the cytochrome
c oxidase in the mitochondrion. In terms of electron transfer, the compound was
apparently a dead end; there was, unfortunately, no direct evidence of the metabolic
function of cytochrome f (which Hill and Davenport might have imagined to
be analogous to the central function of cytochrome c in respiration). However,
Davenport and Hill were still fully convinced that cytochrome f did have an
important part to play in the photosynthetic electron transport process. Hill and
his co-worker Edward F. Hartree stuck to this conviction, which still lacked any
evidence, in their comprehensive review of cytochromes in plants in Hill & Hartree
(1953). It was only shortly after this review, however, that Hill was able to report
the discovery of yet another plant-speci�c cytochrome:

The chloroplasts of the etiolated barley leaves were found to contain also
a cytochrome b component present in amounts de�nitely larger than that
of cytochrome f. The b component, which here will be designated b6, was
autoxidizable in the chloroplast suspensions and did not combine with carbon
monoxide. It was not found possible to remove it from the solid material in
an unmodi�ed form. [. . . ] An apparently identical b6 component was found
to be present, together with cytochrome f, in Chlorella.73

In the chloroplast suspensions made from barley leaves, cytochrome f was
almost immediately and completely reduced on the addition of ferrous iron, while

72See Davenport & Hill (1952).
73Hill (1954), p. 502.
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the newly identi�ed cytochrome b6 remained in an oxidised state for a surprisingly
long period of time; in fact, when the ratio of the ferrous [Fe(II)] to ferric [Fe(III)]
iron equalled 1:1, only about half of the cytochrome b6 had been reduced. The
redox potential was thus estimated to be approximately -60mV. "The presence of
cytochrome b6 could account for the experimentally observed reducing properties
of chloroplast preparations when illuminated in the presence of certain hydrogen
acceptors,� Hill suggested.74 Thus, cytochrome b6 was considered to be a decisive
factor in the Hill reaction. In an illuminated leaf, Hill speculated, cytochrome b6
might be reduced, while cytochrome f was oxidised: �This represents obviously a
de�nite amount of available chemical energy.�75 By 1954, Hill was clearly hunting
for the appropriate components of a potential photosynthetic electron transport
chain: the two cytochromes were apparently promising possibilities, although their
relationship to each other was far from clear.

Hill had �rst reported his �nding of cytochrome f at the 1952 Gatlinburg
conference; and already then had considered it a possibility that this compound
might be an intermediate in a photosynthetic electron transport chain. 76 Shortly
before, Kamen, by then based at Washington University in St. Louis, Missouri, had
also almost unintentionally begun to study the role of cytochromes in photosyn-
thesis. Together with his associate Leo P. Vernon, Kamen observed that bacterial
chromatophores of Rhodospirillum rubrum extracts showed, upon illumination,
a substantial ability to oxidise cytochrome c (which has a more positive redox
potential); while in the dark, cytochrome c remained largely reduced (which is its
energetically favoured state). The same was found to be true of intact bacterial
cells. This was completely unexpected. 77 However, even more astonishing was the
�nding that bacterial chromatophores also contained something that was surpris-
ingly similar to a cytochrome. This compound was present in amounts even higher
than the concentration of cytochromes reported to be present in mitochondria;
and further investigation demonstrated that the physico-chemical properties of
the compound were, as far as Kamen and Vernon could judge, almost identical to
those of cytochrome c.

This was a stunning revelation. Nobody had ever suspected that cytochrome c,
a key intermediate of respiration, might be present in anaerobe organisms such as
Rhodospirillum rubrum. It had been considered so unlikely that no one had even
bothered to look for it (but even if they had most microbiologists would probably
not have had the skills to identify this compound; in 1951 tracing an absorption
spectrum was not yet the trivial exercise that it would later become with the
advent of fast recording spectrophotometers).78

When Kamen spoke to Hill about this discovery at the 1952 Gatlinburg con-
ference, the latter was absolutely thrilled. The presence of cytochrome c and the
light-induced cytochrome c oxidising activity in anaerobe bacteria were the �rst
indications that stepwise oxidation processes also occurred in photosynthesis. Hill

74Hill (1954), p. 502.
75Hill (1954), p. 503.
76Cf., e.g., the report of the discussions at Gatlinburg in Hendricks (1953), p. 372.
77The �ndings were published in Vernon (1953) and Vernon & Kamen (1953).
78See Kamen (1985), pp. 255�256. In 1952, microbiologists had only just started to use the

famous Beckman DU spectrophotometers.
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was determined to try out this experiment himself � and straightaway ; since he
had no access to a laboratory in the US, Hill tried to arrange a session at Urbana,
Illinois, where he, together with Kamen and Emerson, could repeat the oxidation
of cytochrome c using illuminated Rhodospirillum rubrum cells. Hill raised the
issue in a letter to Emerson on 1 November 1952, emphasising the importance he
attached to the experiment: �We are nearly at the point of �nding whether it is
one big step or four little ones in the reducing mechanism�; to which Hill added,
with regret: �They [Kamen and Vernon] can't do it yet with Chlorella but this is
not serious at present.� 79 This letter to Emerson was closely followed by a second,
more de�nitive one, written the following day:

I have much on my conscience to expose. [. . . ] I suggested to Kamen
that we might all meet in your laboratory and really see the oxidation of
cytochrome c when I come back from Stanford. He is almost persuaded to
publish this result and if we could all do the experiment together, then per-
haps it might happen. I think it is a landmark and if it is delayed until further
complications ensue, they will drag it out until the wonderful inspiration it
might give will be blurred. I will try to get a sample of [cytochrome] c from our
lab because it might be di�erent from the commercial [cytochrome] c grown
here in some way. One of the people in [Ernest F.] Gale's lab in Cambridge is
working on R. rubrum, but I do not think this work directly a�ects what he
is doing. This would mean that you need not worry about getting bugs grown
� though of course it would be good to have an experiment with independent
materials � for then they could be free of doubts about publishing. [. . . ] (If
we could look for cytochrome f in Chlorella and in Rhodospirillum at the
same time, it would be �ne.)80

However, Emerson was clearly not as well informed as Hill believed. As one
can take from Emerson's answer, he had di�culty in immediately grasping the
full implication of Kamen's �ndings and, thus, the reason for Hill's excitement.
Eventually, Emerson came up with the following hypothesis, which he cautiously
asked Hill to con�rm:

Tom Punnett, [Stanley] Holt, Rabinowitch, and I have discussed your
suggestions about cytochrome c, f, Rhodosp. rubrum, and Chlorella. It took us
some time to reach agreement on the interpretation of your letters. Doubtless
you will think us very stupid, but please let me ask if we understand you.
Is it like this: You're thinking that if cytoch. c is oxidized under anaerobic
conditions by Rhod. rub. juice, probably the (electron or H atom) is trans-
ferred toward PGA or DPN or TPN rather than toward O2. You would like
to regard this as evidence for a stepwise increase in energy from water toward
PGA, maybe by these steps: H2O � cytochr. f � cytochr. c � cytochr. a �
. . . � PGA or DPN or TPN.

If this is also the pathway (or something like it) in Chlorella, then it should
be possible to �nd the cytochr. c oxidation in Chlorella juice. Since Kamen
and Vernon have failed, so far, to �nd it, maybe they are not sure that in the

79Hill to Emerson, 1 Nov. 1952, Robert Emerson Papers, 1923-61, Record Series 15/4/28, Box
1, Folder: Hill, Robin, University of Illinois Archives.

80Hill to Emerson, 2 Nov. 1952, Robert Emerson Papers, 1923-61, Record Series 15/4/28, Box
1, Folder: Hill, Robin, University of Illinois Archives. Ernest F. Gale, a British microbiologist,
was a friend and colleague of Hill's at Cambridge; see for more information, e.g., Reynolds (2007).
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case of Rhodo rub. the oxidation really goes toward reduction of PGA rather
than the other direction, toward reduction of oxygen. Is absence of oxygen in
their experiment their only evidence that the hydrogen (or electron) moves
toward PGA? In any case, I hope Davenport can send some [cytochrome] c
in time, and we will be prepared with Rhod. rubr. cells. A letter came today
from Martin Kamen, saying they have found oxygen is necessary. This should
not demolish our hopes, it may still prove to be possible in the absence of
O2, but it shows (if I have interpreted your letters correctly) that exclusion
of oxygen is absolutely essential, if oxidation of cytochr. c is to have any
signi�cance.

I will write Kamen, and see if he and Vernon would like to come up here
during your next stop with us. I'll o�er them both travel expenses. How much
Rhodosp. rub. do you think you want? We shall have plenty of Chlorella, if
you think it worth trying.81

The experimental session eventually took place in December 1952. Kamen
described the session as follows:

While there [at Urbana], we showed him [Hill] our data on photo-oxidation
of mammalian and bacterial cytochrome c and with his collaboration per-
formed some experiments on the quantitative relation between amounts of
cytochrome c oxidized and amounts of oxygen used. We published our �ndings
shortly thereafter, including a speculation that bacterial photosynthesis could
proceed through reactions in which compounds other than water donate
hydrogen and were required for growth might be photo-oxidized directly
rather than via photosynthetic �ssion of water.82

This �nding by Kamen and Vernon met with considerable disbelief; however,
time was on their side, and when it transpired that the compound was very similar,
but not identical, to the usual cytochrome c, Kamen and Vernon felt entitled
to call the compound (at Keilin and Hill's suggestion) cytochrome c2. This was
only the �rst of a whole series of additional cytochrome c variants that would be
detected in a range of other organisms. Kamen and Vernon themselves were able to
�nd a c-type cytochrome in the strictly anaerobic bacterium Chlorobium limicola:
this was highly signi�cant, since there was no alternative aerobic mechanism, as
in R. rubrum, that might have accounted for the presence of cytochrome c.83

81Emerson to Hill c/o Stacy French, Stanford, on 10. Nov. 1952, Robert Emerson Papers, 1923-
61, Record Series 15/4/28, Box 1, Folder: Hill, Robin, University of Illinois Archives. It was in
the same letter that Emerson added, with some exasperation: �I must try and write to C.P.W.
[Charles P. Whittingham] about the Gatlinburg meeting. I agree with you that the pace was
exhausting, and the She�eld meetings were much more pro�table. How I wish I could have made
some more constructive comments about the quantum yield controversy!�

82Kamen (1985), p. 256.
83In a letter of 1954, Kamen reported to Hill the results of an extended research stay he

had enjoyed at van Niel's laboratory at the Hopkins Marine Station in Paci�c Grove : �To
summarize: All the photosynthetic bacteria, regardless of their aerobic or anaerobic character
contain a cytochrome c component. [. . . ] All the bacteria have a photo-oxidase, a thermal oxidase
and a DPN-linked reductase for their cytochrome c.� Cambridge University Library, Ms. Add.
9267/J.75. Kamen to Hill on 25 September, 1954. It was in the same letter that Kamen wrote:
�There is ample evidence from the bacteria that the hematin compounds are involved directly in
light metabolism. It appears to me that it is time to explore, at the speculative level, schemes for
coupling the cyto components, in a modi�ed H-transfer system to the light absorption.� Kamen
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Shortly thereafter, laboratories in England and Japan also reported the presence
of cytochrome c in anaerobic bacteria. This was much to the satisfaction of Kamen,
and also of Hill:

Thus, in the short span of a year, the dogma that cytochrome c was
uniquely involved in the reduction of oxygen by mitochondria, and not in
metabolism in the absence of oxygen, was decisively disproved. The particular
cytochrome c that occurred in air-breathing organisms and was localized
in their energy-transducing organelles, the mitochondria, was a critically
important catalyst for biological oxidation. It could now be seen, however,
that it was only one of a large family of similar heme proteins with the
same iron porphyrin as part of the active catalyst, reactive generally in redox
metabolism not only in aerobes but also in anaerobes.84

Hill also continued to pursue the phenomenon, trying to make sense of the
di�erent cytochromes and their functions, speci�cally in photosynthesis, which
explains why he was so interested that Kamen and Vernon's phenomenon could
also be found in Chlorella. On 10 June 1953, Hill informed Emerson about some
successful experimental work of his new assistant, Donald H. Northcote, who had
been able to identify the spectral ��ngerprint� of cytochrome f in Chlorella cells
� which Hill and Davenport had failed to see � as well as �nd evidence for the
reduction of photochemical dyes in Chlorella. Hill was delighted: �The activity was
not very great: ∼1/4 average of the leaf preps we use. Next I must see if it will
produce O2. Still it looks hopeful and don't you think we should publish this 1st

`activity' in smashed Chlorella soon?� Hill then added:

I have just seen Vernon's paper in the Archives on [cytochrome] c in
Rhodospirillum. I was a little disappointed that they only give this violent
method of isolation when we found together that it came out with bu�er from
the cold acetone preps. But I still owe Leo a letter and will ask him about
it. A wonderful week it was. I still think about it and how much you did to
make it all possible. 85

then described in detail how cytochromes might be involved, which he hypothesised from his
knowledge of respiratory processes. Looking back, Kamen himself deeply regretted that, despite
having mulled over photosynthetic electron transport chains so intensely, he had not succeeded in
discovering bacterial photophosphorylation: �The notion that it would be possible to make ATP
from ADP and phosphate simply by irradiating chromatophores with ADP and phosphates struck
me as simplistic.� Therefore, he set out, together with Vernon, on the search for complicated
systems enzymatically coupled to the Hill reaction. �Meanwhile, Albert Frenkel [. . . ] tried the
simple experiment and found it to work!� Kamen (1989), p. 142; for the successful discovery, see
the aforementioned Frenkel (1954).

84Kamen (1985), p. 260.
85Hill to Emerson and Tom Punnett, 10 June 1953, Robert Emerson Papers, 1923-61, Record

Series 15/4/28, Box 1, Folder: Hill, Robin, University of Illinois Archives. Note that Emerson
was rather indignant that anybody would wish to have their discovery published at such an early
stage. He wrote to Hill on 4 February 1953: �Rabinowitch showed me a manuscript from Kamen
and Vernon, submitted to him by the editors of Archives of Biochem. for editorial review. It
contained a description of our manometric cytochrome experiment, and acknowledgment of the
work done in Urbana. I must admit I was surprised that Martin should feel so con�dent in those
results! I suppose biochemical experiments are more conclusive than whole-cell experiments. My
own results always seem to me equivocal, and open to several di�erent interpretations. I always
want to do them over lots of times in lots of di�erent ways, before I can possibly make up my mind
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Two weeks later, Hill was even more delighted:

Yesterday I had some luck, and found that there was lots of cytochrome
f in a sample of broken Chlorella pyrenoidosa cells. [. . . ] This is very prelim-
inary. I hope to get more accurate data for this now. I wish you could have
seen it, but hope that you may have already convinced yourself that the cells
do contain [cytochrome] f ! It would have been odd if they didn't � there's
lots of other haematin as well as far as we saw.86

3.3 Ferredoxin

In parallel to the investigation of cytochromes, another line of research that Hill
and Davenport pushed ahead was the search for the natural hydrogen acceptor
in chloroplasts.87 Arti�cial acceptors that were added to chloroplast suspensions
somehow seemed to act as the substitutes for a distinctive part of the chloroplasts'
oxidation-reduction system, which was lost or, at least, inactivated when the
chloroplasts were isolated . These lost or inactivated elements had to be found if one
wanted to learn more about the redox system in the intact chloroplast. A �rst step
in this direction had already been made in 1949, in studies undertaken by Daven-
port. He had demonstrated that, although suspensions of washed chloroplasts were
unable to produce any molecular oxygen without the additional supply of hydrogen
acceptors, the same chloroplasts happily released substantial amounts of oxygen,
measured in terms of methaemoglobin reduction, when they were suspended in
an aqueous extract made from acetone-treated leaves.88 However, at the time
Davenport was unable to identify any speci�c compound in the extract that could
induce this reduction in capacity.

As can be taken from Hill's correspondence, the question was of considerable
concern to him and his collaborators in the following years, and it still took them
a couple of years after Davenport's �rst attempt before they were able to obtain
any substantial results. Although Hill himself was fully convinced that, in the
end, photosynthesis would turn out to function in a stepwise process similar to
respiration, for a long time there was no compelling evidence to support this
assumption. In October 1951, Hill wrote to French:

We are still continuing the work on the methaemoglobin factor; it is not
very stable so that our progress is bound to be slow. As you know one of our
main concerns is how the energy is to be applied to the biochemical systems
and now there does seem to be a matter of two alternatives: one big hitch or

to write anything up for publication. Seeing Martin go ahead with such self assurance makes me
feel very incompetent, especially because my own experimental work seems to progress at such a
snail's pace, always against the resistance of stubborn di�culties which are only to be removed
by brute labor, mostly re-construction of such things as light sources.� Cambridge University
Library, Ms. Add. 9267/J.54. Emerson to Hill on 4. Feb., 1953.

86Hill to Emerson and Tom Punnett, 23 June 1953, Robert Emerson Papers, 1923-61, Record
Series 15/4/28, Box 1, Folder: Hill, Robin, University of Illinois Archives. Hill added, alluding to
Calvin's thioctic acid theory, which was still being hotly debated at the time: �Is there any more
news about Calvin splitting the S-S of Lipoid? � that is, in the cell or biochemically. It really was
an amusing idea & hope it's not really too good to be true.�

87For accounts of the discovery of what eventually became known as �ferredoxin�, see, e.g.
Walker (2002), Besse & Buchanan (1998), Bendall (1994) and Arnon (1988).

88Davenport, H. E. 1949; Proc. Roy. Soc. B, 136, 281.
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a lot of little ones. Franck has always seemed to favour the one big change
so I sent him our papers in the hope of �nding out what he would think of
this other point of view. The total amount of experimental evidence seems to
leave the question of the two alternatives quite neutral as far as I can see.89

The �methaemoglobin factor� that Hill mentioned in the letter was the focus of
a paper that Davenport, Hill and Whatley published in the Proceedings of the Royal
Society in 1952 (that is, before Whatley went to work with Arnon at Berkeley).
However obscure the general path of photosynthesis still was, the authors of this
paper were convinced that they had identi�ed at least one of the natural hydrogen
acceptors in the chloroplasts, which they preliminarily called �the methaemoglobin
reducing factor� (MRF), after its capacity to reduce methaemoglobin (obtained
from whale muscle, as can be taken from the acknowledgement) to its oxidised
form.90 According to the authors' observations, washed chloroplasts were able to
reduce methaemoglobin in the light, when the soluble fraction of the chloroplast
suspension was added; in the dark, by contrast, no reduction occurred. The rates
observed in the light were the same as had been found earlier with acetone extracts
of leaves and comparable to the usual rate of the Hill reaction with arti�cial
hydrogen acceptors. This made it highly probable that the same reaction was
being observed. The factor in question seemed not to be present in the non-green
parts of the plants. Davenport, Hill and Whatley concluded from these �ndings
�that the factor is reduced directly by the illuminated chloroplasts, that oxygen is
produced in the process, and that the factor acts in the sense of a catalyst for the
reduction of methaemoglobin in the illuminated system�.91

The compound's behaviour displayed some similarities to the hydrogen donor
of the cytochrome oxidase system in respiration; in particular the rapidity of the
factor's reaction with illuminated chloroplasts suggested, the authors thought, that
the factor was immediately concerned with the main function of the chloroplasts,
even though they had no direct evidence to support this assumption.92 However,
Davenport et al. did not hesitate to underline the general coherence of this obser-
vation with the �nding of cytochrome f, which was reported in the same issue of
the Proceedings:

The object of this and the preceding investigation [Davenport & Hill
(1952)] has been an attempt to characterise systems concerned with hydrogen
transport which may be found in the green leaf as distinct from the other parts
of the plant. The presence of a soluble protein agent transferring hydrogen
from the illuminated chloroplast to an added reagent, methaemoglobin, again
indicates the partial analogy, previously referred to in connexion with cy-
tochrome f, between the chloroplast and the respiratory system of catalysts

89Cambridge University Library, Ms. Add. 9267/J.58. Hill to French on 6 October, 1951. The
same concern was expressed in a letter from Hill to Whatley, on 7 October 1951: �As you may
gather my concern now is to �nd out whether the light causes one big chemical reaction or lots of
little ones. During the summer the latter seemed the most satisfying but as you can imagine when
one comes to the minute physico-chemical details one can get in a tangle.� Cambridge University
Library, Ms. Add. 9267/J. 116.

90See Davenport, Hill & Whatley (1952). The acknowledgement reads: �We are very grateful
to Dr J. G. Sharpe for his help in supplying us with whale muscle.� (p. 358)

91Davenport et al. (1952), p. 346.
92Davenport et al. (1952), p. 357.



348

that seem generally to be associated with mitochondria in aerobic cells. It is in
the direction of electron transfer with reference to molecular oxygen that the
two di�erent systems are seen to be in greatest contrast. The methaemoglobin
reducing factor may be regarded as reacting with the illuminated chloroplast
in a sense opposite to a cytochrome reductase reacting with the insoluble
respiratory cytochrome oxidase system.93

More precise information could not be given at the time, neither on the physi-
ological function of the factor nor on its material identity. It was only years later,
in 1960, that Davenport and Hill were able to isolate the actual compound, from
leaves as well as from Chlorella cells, and characterise the MRF as a non-haeme
protein of rather low molecular weight and of deep reddish brown colour. By then,
it had been established that the MRF could also catalyse the reduction of a range
of other haeme proteins, including cytochromes c and b3; strangely enough, the
factor seemed not to catalyse the reduction of any arti�cial electron acceptor such
as ferricyanide.94 The redox potential of methaemoglobin was around +100mV,
so that the factor's position in a potential electron transport chain was suspected
somewhere �below� cytochrome f (that is, more to the negative), while it was
unclear how it was related to the redox potential of oxygen. At the time, there
was no reason to assume that the MRF would be the agent of the light-induced
reduction of TPN (which was later found to be its actual function). As Hill's
biographer Derek Bendall pointed out: �The crucial experiment which would have
shown that the `met factor' (ferredoxin as we now know it) was, what he [Hill] was
looking for, was never carried out� � although Hill would have had the chance to
do so: Almost certainly he possessed a sample of NADP [i.e. TPN] but there is a
suspicion that he regarded it as too precious actually to use.�95

While the MRF was being investigated at Cambridge, a few years later, in 1956,
the biochemist Anthony San Pietro and his associate Helga M. Lang, at the Johns
Hopkins University in Baltimore, Maryland (US), observed that in concentrated
chloroplast suspensions (as well as in diluted suspensions when supplemented with
chloroplast extract) reduced pyridine nucleotides (DPNH and TPNH) accumu-
lated, without any �trapping� enzyme system having been added.96 San Pietro
and Lang suggested that �the reduction is an enzyme-catalyzed reaction�, and that
�the enzyme is highly speci�c for the intact dinucleotide structure�.97 Later in 1958,
San Pietro and Lang were able to isolate a soluble protein from spinach leaves that
seemed to be the agent of these reductions; they consequently named it after this
capacity: �photosynthetic pyridine nucleotide reductase�, or PPNR for short. This,
San Pietro and Lang believed, was the decisive enzyme that catalysed the light-
induced reduction of pyridine nucleotides (it was later found to act speci�cally on

93Davenport et al. (1952), pp. 357�358.
94See Davenport & Hill (1960).
95Bendall (1994), p. 159.
96Note that, when it was discovered, in 1951, that DPN and TPN were reduced by chloroplasts,

the reduced compounds had only been demonstrated indirectly, by means of coupling the process
to the enzymatic production of malate. This was found by San Pietro and Lang to be unnecessary,
provided that the conditions were appropriately chosen.

97San Pietro & Lang (1956). See also Kresge, Simoni & Hill (2005) on the work done by San
Pietro and his group, and Pietro (2008) for an autobiographical account.
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TPN).98 Still, in 1958, San Pietro and Lang were unaware of the earlier �ndings
by Davenport et al. (or considered them as completely irrelevant to their work),
so that they did not even discuss the possible relationship between PPNR and the
MRF.

A third soluble factor identi�ed in aqueous extracts of spinach leaves, which
also catalysed the reduction of TPN by isolated chloroplasts, was reported in 1957
by Arnon's group at Berkeley, and named, according to its displayed capacity,
the �TPN-reducing factor�. It was noted that this factor was not required for the
production of oxygen in those reactions in which TPN was not involved, that is, for
example, when ferricyanide or other Hill reagents were added.99 This latter feature
very much resembled the behaviour of the MRF. Yet, while Hill and Davenport,
based on their experiments, had no reason to suspect that the MRF had anything
to do with the reduction of pyridine nucleotides, there was likewise no reason for
Arnon and his colleagues to suspect that there was any connection between their
newly found protein and the factor described at Cambridge.

Thus, by 1960, three di�erent electron acceptors of a protein nature had been
independently described, and they all seemed to be present in the soluble fraction
of chloroplasts: the MRF, PPNR and the TPN (NADP)-reducing factor. However,
slowly evidence began to accumulate that these factors had striking resemblances
and, thus, might be closely related to each other: all of them contained non-haeme
iron; they had similar (but not identical) absorption spectra in the visible region;
they had comparable redox potentials and they were devoid of �avin.100 By 1959,
Davenport had found that the MRF and PPNR were interchangeable in their
e�ects, that is, they both catalysed the photoreduction of either methaemoglobin or
TPN in the chloroplast � and suspected that the two compounds might eventually
turn out to be one and the same. Furthermore, Davenport reported that more
reduction took place when ADP, inorganic phosphate and magnesium ions were
added to the reaction mixture.101 Hill was exceedingly pleased with this discovery,
as can be taken from his annual departmental report for the academic year 1958/59:

This result [obtained by Davenport, that the MRF was identical to PPNR]
would dispose of a whole range of problems. The presence in the plant of a
very active H-acceptor for the chloroplast we have known for many years, but
until now it has not been possible to �t it in with generally accepted present
views on the mechanism of photosynthesis.[. . . ] [T]he original isolation of the
active `methaemoglobin reducing factor' now �nally supplies an e�cient link
between the light driven reactions and the path of carbon in photosynthesis
as elucidated by Calvin. I had for some time suspected a relation between the
San Pietro and Lang factor and the methaemoglobin factor; we had indeed
planned experiments for this summer in this connection. But I had not been
so optimistic as to imagine that the two factors would have turned out to be
one and the same substance.102

98San Pietro & Lang (1958).
99Arnon, Whatley & Allen (1957).

100See Pietro (2008), p. 191.
101Davenport (1959) and Davenport (1960).
102Cambridge University Library, Ms. Add. 9267/D. 10. In this report Hill also mentioned that

he had been working with Fay Bendall on �the action of oxidation reduction reagents required to
establish the hydrogen transport necessary for photophosphorylation�.
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It was in Tagawa & Arnon (1962) that the reducing factors were �nally recog-
nised as belonging to the same protein family: not only did the three factors
resemble one another; they were also similar to an iron-sulphur protein that had
recently been isolated from the prokaryote organism Clostridium pasteurianum.103

This latter protein, named �ferredoxin�, was found to mediate the transfer of
hydrogen to hydrogenases. Tagawa and Arnon demonstrated that the e�ects of
the MRF, PPNR and the TPN-reducing factor were fully comparable to the e�ects
of ferredoxin, although the compounds di�ered slightly in their activities, colours
and absorption spectra. In view of these �ndings, Tagawa and Arnon suggested
that the term �ferredoxin� be extended to a whole family of compounds that also
encompassed the proteins previously found to be involved in the photoreduction of
TPN in chloroplasts. This was generally accepted, and ferredoxin is listed to this
day as an essential element in the photosynthetic electron transport chain.

3.4 Model Suggestions

Arnon's First Model

At the same time, scientists continued their attempts to model a photosynthetic
electron transport chain. Few people challenged the principal idea or the notion
that, most probably, upon illumination chlorophyll became the donor of high-
energy electrons, which were then transferred to acceptor molecules and utilised to
form reducing equivalents or ATP. The exact identity of these acceptor molecules
was still unclear, however.

One suggestion came from Arnon's laboratory at Berkeley, when, in 1956, the
group tried to explain the phosphorylation phenomena that had been observed in
chloroplasts with an appropriate oxidation-reduction scheme of potential interme-
diates. 104 The original scheme is reproduced in �gure VI.5; a reconstruction in
the notation of causal graphs is given in �gure VI.6. In this model, the photolysis
of water was identi�ed as the reaction in which light energy was �rst converted
into chemically usable energy. This explained why photolysis was a prerequisite
for both photophosphorylation and carbon dioxide assimilation. The latter two
processes were thought to be in competition with each other: the photolysis of water
was either linked with the formation of ATP (whereupon the water molecule was
immediately restored) or with carbon dioxide reduction, upon which the oxygen
of water was released as a gas, while the hydrogen was used in the reduction
process. (This was in accordance with the suggestion made �fteen years earlier
by van Niel that the primary photochemical process, namely, the splitting of
water into [H] and [OH], was the same in all types of photosynthesis, oxygenic
and anoxygenic, although in the latter case, the water molecule was immediately
restituted. 105) Each of the two processes thus required a separate expenditure of
light energy. The authors then formulated the following hypothesis on the details
of the phosphorylation process and the underlying electron transport chain:

[I]t is envisaged that in photosynthetic phosphorylation the recombination
of the products of photolysis of water proceeds in several successive steps,

103See Mortenson, Valentine & Carnahan (1962).
104See Arnon et al. (1956).
105See, for this suggestion, e.g., van Niel (1941).
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Figure VI.5: The photosynthesis model published in Arnon, Allen &
Whatley (1956), p. 458.

which together constitute an �electron ladder� analogous to that discussed for
respiration [. . . ]. Of the catalysts of photosynthetic phosphorylation Mg++

probably has a function in the transfer of phosphate, whereas FMN, vitamin
K, and ascorbate could serve as electron carriers in the �electron ladder�
shown in Fig. 8 [. . . ]. The identity of the electron carriers above ascorbate is
unknown, but they may very likely prove to be components of a cytochrome
system.106

Although the individual steps di�ered from those envisaged for respiration,
the principle was the same. Light energy was used to e�ect a �splitting� of a water
molecule into [H] and [OH]; the �re-uni�cation� of these molecules was an exergonic
process, the free energy release of which was used to build up ATP molecules.
Possible steps on the �electron ladder� included the cofactors that Arnon's group
had found to be necessary for photosynthetic phosphorylation to occur: FMN,
vitamin K and ascorbate; while they additionally (and hypothetically) included
cytochromes to cover the �nal step of the transport chain.

Arnon's Second Model

This scheme was not to last very long, though. In 1957, Arnon's group made
several confusing observations that could not be reconciled with their hitherto

106Arnon et al. (1956), p. 259.
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Figure VI.6: Reconstruction of the �rst photosynthesis model, published
in Arnon, Allen & Whatley (1956), p. 458.

concept of photophosphorylation.107 The �rst surprising result was that, under
certain conditions (an alkaline pH value, a rather low chlorophyll concentration
level and ADP instead of AMP as substrate), TPN acted as a signi�cant catalyst
of photosynthetic phosphorylation: when TPN was added to isolated chloroplasts,
it was immediately reduced, while at the same time substantial amounts of oxygen
developed, in accordance with the following reaction:

2TPN+ 4H2O −→
light, chloroplast

2TPNH2 +O2 + 2H2O

(VI.1)

Although this reaction had been known for several years already, it turned out
that, in the presence of ADP and Pi, this reaction was found to be coupled to
the formation of 2 moles of ATP. Arnon, Whatley and Allen were particularly
struck by the stoichiometry of the participating components, which they found to
be highly signi�cant; namely, that �the synthesis of 2 moles of ATP accompanies
the generation of four hydrogen equivalents, which are required for the reduction
of 1 mole of CO2 to the level of carbohydrate�.108 Formulated as an equation, the
overall process was the following:

2ADP+ 2Pi + 2TPN+ 4H2O −→
light, chloroplast

2ATP+ 2TPNH2 +O2 + 2H2O

(VI.2)

Thus, the light quanta absorbed seemed to be used simultaneously to produce
reducing equivalents and to form ATP, although in the model described above it
had been assumed that these processes were competing with each other for the
light quanta. Arnon's group concluded that they had hit upon a di�erent type of
photophosphorylation that had so far not been accounted for:

107The �rst published account was Arnon et al. (1957), while Arnon, Whatley & Allen (1958)
provided a more comprehensive overview.
108Arnon et al. (1958), p. 1029.
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Carbon dioxide �xation remains, as before, at the apex of this hierarchy
[of the three partial processes: photolysis of water, photosynthetic phospho-
rylation and carbon dioxide �xation] and requires the participation of all
three groups of enzymes. But photolysis of water is now no longer regarded
as resulting either in the synthesis of ATP or in the reduction of CO2.
Adenosine triphosphate [ATP] synthesis is coupled with the formation of the
reductant (TPNH2) required for CO2 �xation. Thus, the same light quanta
which accomplish the reduction of TPN also bring about the synthesis of
ATP and generate the assimilatory power needed for the conversion of CO2

into carbohydrates or analogous end-products of photosynthesis.109

It was found that TPN was much more favoured than DPN; and the most
interesting fact was that this kind of phosphorylation occurred without the pres-
ence of any additional cofactors, such as vitamin K or �avin mononucleotide FMN
(since it had been demonstrated, in the meantime, that only one of them had
to be added, and not both, as Arnon's group had previously believed.110) How-
ever, when either of these two cofactors was added, the resulting picture changed
dramatically: �Phosphorylation was sharply increased, whereas oxygen evolution
and the accumulation of reduced TPN were abolished.�111 Thus, all the energy
was again channelled into ATP synthesis, just as it had been found earlier. The
most direct explanation of these results was, Arnon and his collaborators surmised,
that the addition of FMN or vitamin K to the reaction mixture initialised again
the already well-known path of ATP formation reported earlier, which precluded
the reduction of TPN. In order to di�erentiate between the di�erent types of
phosphorylation, Arnon, Whatley and Allen decided to call the �rst type �cyclic�
photophosphorylation, since all the electrons were kept within the system, while the
alternative process, in which the reduction of TPN was coupled to ATP formation,
was named �non-cyclic� photophosphorylation.

This di�erentiation was taken up and elaborated in Arnon (1959), a com-
prehensive summary of the research done by the group during the 1950s: cyclic
photophosphorylation was described as the production of ATP only, without any
reducing power being accumulated, while non-cyclic photophosphorylation yielded
the actual ��rst� products of photosynthesis: reduced TPN and ATP, both of which
were required to accomplish the reduction of carbon dioxide to sugar phosphates.
It was believed that the purpose of cyclic photophosphorylation was to provide
additional ATP: based on recent research work carried out by his group, Arnon
(1959) thought that the ATP produced in the non-cyclic version was insu�cient
for the carbon reduction process.112

Arnon believed that, in cyclic photophosphorylation, a continuous energy input
by incident light was necessary to raise the electrons to a higher energy level, while
the �downhill� transport could proceed via two alternative enzymatic pathways, one
of which involved FMN as an intermediate carrier and the other required vitamin

109Arnon et al. (1958), pp. 1029�1030.
110See Whatley, Allen & Arnon (1957).
111Arnon et al. (1958), p. 1030.
112Details of the need for the su�cient and well-balanced excitation of both cyclic and non-cyclic

photophosphorylation were published in Trebst, Manuel & Arnon (1959) as well as in Losada,
Trebst & Arnon (1959); both were con�rmed in Trebst, Losada & Arnon (1960).
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Figure VI.7: The photosynthesis model published in Arnon (1959), p. 14.

K. It was assumed that, along the vitamin K pathway, two electrons expelled
from chlorophyll were transferred to vitamin K, thereby reducing the latter; the
reduced vitamin K was, in turn, re-oxidised by a cytochrome component, which
then donated electrons back to the chlorophyll. Phosphorylation was thought most
probably to be coupled to the oxidation of the terminal cytochrome component, and
a second phosphorylation event, coupled to the re-oxidation of vitamin K, was not
precluded either. The pathway via FMN was conceptualised as a modi�cation of the
vitamin K pathway, and in this case TPN and two cytochrome components were
assumed to be involved (see �g. VI.7; the process of cyclic photophosphorylation
is marked at the top as involving only the processes on the far left of the �gure).

Non-cyclic photophosphorylation was thought to involve the same primary pho-
tochemical reaction and the same phosphorylating site, namely the oxidation of the
terminal cytochrome. In �gure VI.7 this is depicted on the left-hand side, where of
the two arrows issuing from CytI one leads to the chlorophyll (Chlp) and the other
to �∼P�. This was an entirely plausible assumption � it appeared highly unlikely
that the two mechanisms should travel along completely di�erent paths. The main
di�erence concerned the fate of the electrons: in non-cyclic photophosphorylation
the electrons did not return to the chlorophyll, but were removed from the system
by the reduction of TPN. The chlorophyll, in turn, was replenished again �by an
interaction between hydroxyl ions (or water) and a cytochrome component peculiar
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to the photosynthetic apparatus of green plants but absent in photosynthetic
bacteria�. 113

However, when explaining non-cyclic photophosphorylation in this vein, one
had to deal with the fact that the direction of the general process was the ex-
act reverse of that in oxidative phosphorylation: while in the latter process oxy-
gen was consumed, in non-cyclic photophosphorylation, oxygen was produced. In
oxidative phosphorylation, pyridine nucleotides (DPNH) were oxidised, while in
non-cyclic photophosphorylation the analogous pyridine nucleotides (TPN) were
reduced. This caused considerable consternation and worry among photosynthesis
researchers. David A. Walker, then a postdoctoral student of Hill's at Cambridge,
remembered how in the late 1950s he had battled to understand fully the curious
phenomena of photosynthetic phosphorylation that were coming out of Arnon's
laboratory. He found the results confusing to say the least:

Cyclic [photophosphorylation] was exciting enough but non-cyclic was
positively mind boggling. Like others of my generation, I had become accus-
tomed to the idea that the oxidation of reduced �DPN� was accompanied by
the esteri�cation of ADP to yield ATP. Conversely, ATP formation accom-
panying �TPN� reduction [. . . ] seemed remarkably like getting water to run
up hill.114

The mechanism of photophosphorylation and the underlying oxidation-reduction
processes became both Walker's and Hill's predominant concern in these years. To
Hill and others, it was evident that Arnon's model was not the solution, since it
assumed redox potentials for cytochromes f and b6 that were more positive than
+0.81mV, which did not correspond to the properties that had been observed. 115

However, before I turn to Hill's work once again, I shall look at a third decisive
area of development in these years: the investigation of photosynthetic pigments
and how these pigments use incident sun solar energy.

4 Energy Migration, Chlorophyll a and P700

4.1 Early Observations

Another question that remained to be solved was how the energy of light was
�absorbed� by the photosynthetic pigments. In 1936 Ga�ron and Kurt Wohl had
proposed that a couple of thousand of pigment molecules might "cooperate" in
the absorption of light energy and in the reduction of carbon dioxide (based on
Emerson and Arnold's 1932 experiments); and even though this sounded like an
exciting idea, by as late as the 1950s, Franck, for example, was still strongly opposed
to this extravagant notion.116 The main point of concern was exactly how these
"cooperating" light-absorbing molecules could possibly function. Given the speed
of photosynthetic carbon reduction, it was impossible to imagine that the carbon

113Arnon (1959), p. 16.
114Walker (1995), p. 45.
115See, e.g., Hill & Bendall (1960), p. 137.
116Franck thought that energy transfers of this kind were impossible, pointing to the paper

Franck & Teller (1938). The inadequacy of this approach was �nally demonstrated in Robinson
(1967), while the alternative was �rst elaborated in Pearlstein (1966), more precisely Pearlstein
(1967). See also Chapter III, p. 148.
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dioxide moved freely around in the chlorophyll and picked up the required light
quanta here and there. Carbon dioxide reduction could only occur at speci�c sites
within the chlorophyll, which Ga�ron and Wohl had tentatively called, �reducing
centres�. The question then was how the absorbed light energy could be transported
from the surrounding chlorophyll molecules to these centres.

Around 1940, two explanatory alternatives existed: either the actual particles
that carried the energy to the reducing centres might be moving (for example, in-
termediate radicals), or the energy quanta themselves moved through a structurally
coordinated ensemble of chlorophyll molecules in such a way that the energy of
these light quanta would �nally be captured by the reducing centre (which might or
might not be identical with chlorophyll molecules).117 The latter concept became
known as the �optical model of the photosynthetic unit� and was strongly favoured
by Wohl as the most probable explanation.118

Closely related to how the chlorophyll molecules might be able to interact was
the role of the further, so-called auxiliary or accessory pigments, which are present
in all photosynthesising plants: the carotenoids, including the xanthophylls (such as
fucoxanthin) or, in other organisms, the phycobiliproteins (such as phycoerythrin
and phycocyanin). While it seemed beyond any doubt that these pigments also
absorbed light energy, no one knew whether or not this energy was used for
photosynthesis, and if so, whether it initialised a process di�erent from the one
prompted by chlorophyll. These were questions that received considerable attention
towards the end of the 1930s � for example, at the University of Wisconsin in
Madison, one of the �rst places in North America where the �eld of limnology had
begun to thrive around 1900.119 One of the topics of interest here was the theory
of chromatic adaptation in submerged aquatic plants, which suggested that the
colours of algae enabled them to use optimally the spectrum of the sun's solar
radiation penetrating to di�erent sea depths.120

In this local context, a study of photosynthesis in the diatom Nitzschia clos-

terium (a unicellular marine alga) was undertaken in 1940 by a PhD candidate in
plant physiology Herbert J. Dutton. 121 In order to study the relative contribution
of the accessory pigment � which in this case was mainly fucoxanthin � the photo-
synthetic quantum e�ciency of the diatom was measured in low light intensities.
In particular, Dutton compared the e�ciency at wavelengths where the absorption
of chlorophyll was most prevalent with the e�ciency at wavelengths where mainly

117A comprehensive review of this problem was given in Wohl (1940). Note that, at the time,
Ga�ron and Wohl still thought that: (a) photosynthesis required no more than four light quanta
to produce one molecule of oxygen; and (b) that carbon dioxide was also �rmly attached to the
postulated reducing centres of unknown material identity; see Chapter III, pp. 138�.
118Wohl (1940), p. 47, stressed that Max Delbrück found �that a body with such qualities is

physically conceivable. If the intervals between the absorbing centres of the chlorophyll molecules
of the body are of atomic dimensions, or in other words, if the chlorophyll molecules are packed
�atly one over the other in such a manner that all absorbing centres are in direct contact, then
this crystalloid structure will be activated as a whole as soon as a light quantum is absorbed at
any point.� Note that the celebrated Three-Man-Paper used a rather similar concept to explain
the structure and mutation of the �gene�; Wohl (1940), p. 48, explicitly referred to this notion.
119Cf., e.g., Beckel (1987).
120See also Dutton (1997), p. 175.
121The main results were published as Dutton & Manning (1941). The diatom is today known

as Phaeodactylum tricornutum.
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the pigment fucoxanthin was absorbing. E�ciencies were determined in terms of
oxygen release. In view of the data, Dutton and his mentor and co-author, the plant
physiologist Winston Manning maintained that �it appears necessary to conclude
that light absorbed by some or all of the carotenoid pigments in N. closterium

can be utilized in photosynthesis�.122 These results were elaborated in Dutton,
Manning & Duggar (1943), in order to learn whether or not the carotenoids
were feeding the absorbed light energy into the chlorophyll pathway. This was
determined by using chlorophyll �uorescence at di�erent wavelengths: �If there
were no transfer of energy, the yield of chlorophyll �uorescence should vary in
proportion to that fraction of the absorbed light which is absorbed by chlorophyll�
is how the authors explained the underlying rationale.123 By contrast, a constant
yield at various wavelengths would be strong evidence for the occurrence of the
e�cient transfer of absorbed energy from other pigments to the chlorophyll � and
this in fact was observed: despite the low light absorption of chlorophyll in red
light, the �uorescence yield of the diatom N. closterium was almost constant over
the full range of the visible spectrum:

From the results [. . . ] it may be concluded that carotenoid-sensitized
photosynthesis in N. closterium takes place through the transfer of absorbed
energy from carotenoid molecules to chlorophyll molecules with subsequent
reactions the same as though chlorophyll molecules were the primary ab-
sorbers.124

Similar conclusions were arrived at by Emerson and Charlton M. Lewis, who,
around the same time, had turned to study the role of accessory pigments in the
blue- green alga, Chroococcus, and found that �light absorbed by phycocyanin is
utilized in photosynthesis with an e�ciency approximately equal to that of the
light absorbed by chlorophyll.�125 In view of these �ndings, Emerson suggested
to his former collaborator William Arnold, who was then working at the Hopkins
Marine Station, Paci�c Grove, California, to �nd out �if the energy absorbed by
phycocyanin was being transferred to chlorophyll or was the phycocyanin doing
photosynthesis.�126 Arnold established that the energy was being transferred to
chlorophyll a and he went up to Berkeley to talk to the well-known physicist
J. Robert Oppenheimer about the problem. The outcome was the idea that this
energy transfer was analogous to the �internal conversion� of gamma rays. The
suggestion was �rst presented by Oppenheimer at a meeting of the American
Physical Society in 1941, although the concept was only developed in a paper
in 1950.127 Arnold and Oppenheimer con�rmed that about 90 per cent of the

122Dutton & Manning (1941), p. 525.
123Dutton et al. (1943), pp. 308�309
124Dutton et al. (1943), p. 312.
125Emerson & Lewis (1941b), p. 594.
126Arnold (1991), p. 77.
127See Oppenheimer (1941) and Arnold & Oppenheimer (1950). The general thought was also

mentioned in a letter written by Oppenheimer to Wolfgang Pauli dated 16 April 1945, in which he
o�ered a piece �on the analogy between the sensitization of photosynthesis on the one hand, and
the internal conversion of gamma rays on the other� as a contribution to an envisaged �Festschrift�
for Niels Bohr. See Pauli (1993), p. 269 (Doc. 724).
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light energy absorbed by phycocyanin was used in photosynthesis; and they ad-
ditionally suggested that this energy was transferred to chlorophyll a by internal
conversion mechanisms, that is, the non-radiative �resonance transfer of energy
from one oscillator to another in resonance with it�.128 The study of the e�ect
of auxiliary pigments was later continued by one of Emerson's students, who in
Tanada (1951) provided a �ne action spectrum of the diatom Navicula minima (in
which, incidentally, the Red Drop of photosynthetic e�ciency was marvellously
displayed) and con�rmed the high photosynthetic e�ciency of fucoxanthin.

4.2 Fluorescence Resonance Transfer

Neither Dutton's nor Emerson and Lewis's results were received with great enthu-
siasm. It took another three years before E. C. Wassink & Kersten (1946) were
able to con�rm the �ndings, and the real excitement about light energy transfer
between pigments only got going in the 1950s. The �rst of these path-breaking
studies was undertaken in 1952 by Charles Stacy French and Violet M. K. Young,
who examined the energetic side of photosynthesis in the unicellular red alga,
Porphyridium, with the help of the newly developed �spectro�uorimeter�. French
and Young were able to demonstrate rather convincingly the transfer of energy
between pigments, and suggested that phycocyanin might be an intermediate in
the transfer of energy from phycoerythrin to chlorophyll. Furthermore, French and
Young speculated that since �phycoerythrin and phycocyanin transfer energy to
chlorophyll, it appears probable that chlorophyll plays a speci�c chemical role in
photosynthesis in addition to acting as a light absorber�.129

In 1952, Louis N. M. Duysens submitted his PhD thesis to the University of
Utrecht in the Netherlands. 130 Later that same year, Duysens was invited to
present the results of this thesis at the First Gatlinburg Conference on Photo-
synthesis , which was an extremely e�cient way of circulating the �ndings and
of convincing people of the argument in person. By using a newly developed
sensitised �uorescence method, Duysens was able to demonstrate the occurrence
of far-reaching and highly e�cient energy transfers from phycocyanin, phycoery-
thrin, carotenoids and chlorophyll b to chlorophyll a in cyanobacteria and algae.
According to Duysens's data, all the light energy that was to be used chemically
in photosynthesis had to pass through chlorophyll a; whatever energy was not
transferred this way was lost. Analogously, Duysens found that the energy transfer
in purple bacteria had to pass through a speci�c bacteriochlorophyll, which he
named B890. Duysens also suggested a potential mechanism for these processes:

The transfer of electronic excitation energy between pigment molecules as
reported above probably takes place through inductive resonance between the
excited molecules and the molecules in the ground state, a theory for which
[Theodor] Förster has given a quantum-mechanical treatment, with the aid of
which the probability of energy transfer can be calculated from experimental

128Arnold & Oppenheimer (1950), p. 424. See also Knox (1996) for this episode.
129French & Young (1952), p. 889.
130Duysen's �rst results were, in fact,published in Duysens (1951), but see Duysens (1952) for

the complete thesis.
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data. Estimations, based on Förster's considerations, are in accordance with,
or at least do not contradict, the results recorded above.131

The phenomenon in question, which became known as �uorescence resonance
energy transfer, had been discovered in 1946 by the German physical chemist
Theodor Förster. (Note that the same phenomenon in photosynthesis had been
discussed in Oppenheimer (1941), although Förster was unaware of this.) Already
in his �rst publications, Förster had pointed to the possible importance of these
energy transfers in photosynthesis, given Ga�ron and Wohl's suggestion that a
functional photosynthetic unit of chlorophyll molecules might exist.132 Förster's
theory was only widely and internationally received on the publication in 1951
of his monograph; and it was Duysens who productively picked up the notion of
induced resonance to explain his comprehensive set of data. The idea was that when
a pigment molecule was excited, through the absorption of light energy, it would
induce electronic vibrations in a neighbouring molecule, which at the same time
would receive an electronic quantum (which was converted, upon transfer, from a
higher into a slightly lower energy state). This process was all the more e�cient,
Duysens summarised in a review of 1956, �(a) the better the overlapping of the
�uorescence spectrum of the transferring molecule with the absorption band of the
receiving molecule, (b) the smaller the distance between the two molecules, and
(c) the greater the �uorescence yield of the transferring molecule and the speci�c
absorption of the receiving molecule�.133 Duysens compared this mechanism to a
�bucket brigade�, which went from those pigments that were absorbing towards the
blue end of the spectrum to those absorbing at longer wavelengths, terminating at
a speci�c type of chlorophyll a (or at the bacteriochlorophyll absorbing at 890 nm
respectively).

The speculation that there might be �speci�c� chlorophyll a molecules was
another important outcome of his study. Duysens reported the confusing and
rather paradoxical observation, obtained using the red alga Porphyra lacineata (but
con�rmed in other organisms), that the light quanta absorbed by the phycobilins
prompted chlorophyll a molecules to a stronger �uorescence intensity than the
light quanta absorbed by chlorophyll a itself.134 Duysens maintained:

From these observations it may be concluded, not only that chlorophyll
a occurs in these cells in two di�erent modi�cations, di�ering in �uorescence
yield, but also that energy is transferred from the phycobilins to the highly
�uorescent part of chlorophyll a, probably with high e�ciency, and that
consequently energy is not, or only to a slight degree, transferred to the
weakly �uorescent chlorophyll a molecules.135

131Duysens (1951), p. 549.
132See, for the original publication of Förster's results and his re�ections on photosynthesis,

e.g. Förster (1946), Förster (1947) and Förster (1951). On Förster's life and work in general,
see, e.g., Porter (1976); Govindjee (2004a), p. 19, provides an English translation of some central
paragraphs of Förster's 1946 paper.
133Duysens (1956), p. 34.
134This was in agreement with earlier observations reported in Haxo & Blinks (1950); the authors

had used a polarographic method to measure oxygen, which enabled them to measure rapidly
photosynthetic action spectra.
135Duysens (1951), p. 549.
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The two portions of chlorophyll a were identi�ed as �active� (high �uorescence
yield) as well as �inactive� (low �uorescence yield) in photosynthesis.136 The light
absorbed by phycoerythrin, Duysens suggested, was transferred mainly to chloro-
phyll a of the active type � he presented no convincing argument, however, as to
why this should be the case. After having successfully completed his PhD thesis,
Duysens pursued these questions of reversible changes of light absorption further.
Looking back at this time, Duysens wrote:

When it had become clear that excitation energy was transferred to
photosynthesis via (bacterio)chlorophyll, I began thinking about a method
for studying the photochemical events following the excitation of these chloro-
phyllous pigments. I reasoned that if chlorophyll participated directly in the
photochemical reaction, its absorption spectrum would presumably change,
like that of other pigments upon oxidation or reduction. The possible ab-
sorption changes, occurring in the photosynthesizing cells upon illumination,
should be small, since otherwise they would have been discovered already by
the naked eye, which is rather sensitive to color changes.137

If the energy were transferred to a certain fraction of the chlorophyll or bac-
teriochlorophyll, which presumably was only present in low concentrations, this
hypothetical pigment P could then be assumed to be photochemically active and
change its absorption spectrum upon illumination. Based on this assumption, Duy-
sens set out to study the absorption changes of the di�erent molecules present in the
chloroplast. In a letter to the editor of Nature, published in April 1954, he reported,
with reference to data recently obtained, that �in living bacteria in the absence
of oxygen and in the presence of substrate a cytochrome pigment is oxidized by
illumination and is reduced in the dark�. This was concluded from the observation
that in purple bacteria the absorbance change upon illumination �is similar to the
spectrum obtained by subtracting the spectrum of reduced cytochrome c from that
of oxidized cytochrome c. This indicates that a cytochrome pigment is oxidized by
a light reaction and is reduced by a dark reaction, as indicated by the restoration
of the original absorption in the dark�. Duysens thus felt entitled to propose that
�our experiments indicate that the photosynthetic oxidation of the substrate in
Rhodospirillum rubrum is mediated by a cytochrome pigment�.138 (Note that, at
the time, with the exception of Hill's laboratory at the University of Cambridge,
very few scientists believed that cytochromes played a role in photosynthesis.)

The question that naturally followed was whether the same was true of green
plants: that here, too, the oxidation of the reductant � water � was mediated by
a cytochrome. This would imply that in higher plants and algae light-induced
changes of the cytochrome's oxidation state also occurred. At the time, Duysens
had gone to spend a period of research in French's laboratory at the Carnegie
Institution's Department of Plant Biology, near Stanford. When Duysens told
French about his recent research interests, he was told that French himself, together
with Britton Chance, had been looking in vain for light-induced absorption changes

136Note that these �inactive� portions of chlorophyll a were later identi�ed as part of photosys-
tem I, in which TPN, more precisely NADP, is reduced.
137Duysens (1989), p. 67.
138Duysens (1954b), p. 692.
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in Chlorella; however, they had used Chance's apparatus, and did not then have the
advantages of an absorption di�erence spectrophotometer. Duysens thought that
he could put together a home-made instrument of that type, and French encouraged
him to try.139 The results of this study were promising, yet unfortunately less clear-
cut than in the case of bacteria:

We found that Chlorella, too, showed a change in the absorption spec-
trum upon irradiation, which was reversed upon darkening. [. . . ] As a whole,
this spectrum of Chlorella cannot be identi�ed with the di�erence between
the absorption spectra of oxidized and reduced cytochrome c or f ; it may,
however, be the sum of two di�erence spectra: one belonging to a cytochrome,
with the peak at 420 mµ, and one belonging to another pigment, with peaks
at 515 and 478 mµ. If this is the correct interpretation, then the absorption
drop at 420 mµ can be considered as revealing the oxidation of a cytochrome
upon irradiation of Chlorella and its reduction in the dark.140

Duysens added that this �would be in accordance with the suggestion of Hill and
co-workers that cytochrome f which they found in the chloroplasts of green plants
and in Chlorella, functions in photosynthesis as an oxidation-reduction catalyst�.
141 Duysens was keen to catch up in respect to this point. In December of the same
year, Duysens wrote to Hill:

My clearest cytochrome spectrum of algae is that of Porphyridium cruen-
tum. The di�erence spectrum has a small peak at 555 mµ, which is the same
wavelength as you found for cytochrome f. The locations of the blue peaks
of the di�erence spectra of Porphyridium and f di�er somewhat, but the
di�erence spectrum of f could not very precisely be determined by me from
your published spectra. It would be necessary to have the precise di�erence
spectrum (preferably in tabulated form for every 5-10 mµ) of the cytochrome f
of Porphyridium cruentum, in order to identify with some degree of certainty
the Porphyr. cytochrome. I would be very happy, if you decided to extract
the cytochrome f from P[orphyridium] which may well contain f in larger
quantities than Chlorella.

In Chlorella, there is only a small peak in the di�erence spectrum, due to
a cytochrome which is superimposed by a much �stronger� spectrum. Under
favourable conditions, it is possible to �nd a very small dip near 555 mµ.
There is so far no evidence for a cytochrome that is very much di�erent from
cytochrome f or c, in the di�erence spectrum of Porphyridium. This does not
exclude, of course a participation of such a cytochrome in photosynthesis. 142

The problem was that, in Chlorella, in addition to the peak of the di�erence
spectrum associated with the changes of the oxidation state of a cytochrome at 420

139See Duysens (1989), p. 68.
140Duysens (1954a), p. 353. The historical �millimicron� (mµ) unit equals the modern nanometer.
141Duysens (1954a), pp. 353�354. If he hadn't observed the changes in the cytochrome's

absorbance, Duysens would not have thought that the mere presence of a substance in chloroplast
could entitle one to make any assumption about its function: �Photosynthetic phosphorylation
had not yet been discovered, and it was quite possible that other processes, such as respiration,
occurred in the chloroplasts in addition to oxygen evolution and the light reactions.� See Duysens
(1989), p. 69.
142Cambridge University Library, Ms. Add. 9267/XXX. Duysens to Hill, Dec. 19, 1954. Read

�nm� for �mµ�.
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nm, there was a much higher peak at 520 nm and another at 480 nm, both of which
could not possibly be associated with cytochromes. By contrast, the data gathered
using the red alga Porphyridium were in good agreement with the assumption that
cytochrome f was being reduced and oxidised, and the curious peaks at 520 nm
and 480 nm were absent this �nding was published as Duysens (1955). However,
in view of the di�culties he had had with the algae, which Hill had also been
unable to resolve, Duysens went back to study the more simple systems of bacteria.
(Although, of course, Duysens did not know it at the time, the action spectra
of photosynthesis can only provide useful information quantitatively when one
photoreaction is involved. Therefore, it is not at all surprising that scientists work-
ing in 1955 obtained confusing or even paradoxical results from oxygen-producing
organisms, in which photosynthesis is driven by two photoreactions, although this
was then unknown. Reverting to simple systems was probably the wisest course of
action to take at the time.)

Duysens again improved the instrumental set-up and devised an extremely sen-
sitive di�erential spectrophotometer that was able to detect even minute changes of
optical absorbance.143 In 1956, Duysens suggested that his �ndings were compat-
ible with the e�ect of oxidation-reduction processes in which bacteriochlorophyll
and cytochromes were involved.144 His proposal can be expressed in the form of
an equation as:

BChl + Light → BChl*

BChl* + X → BChlox + XH (photosynthetic reductant)

BChlox + cytred + proton(s) → BChl + cytox

Thus, the process was considered to be the following: upon illumination, excited
bacteriochlorophyll (BChl*) was formed and photooxidised, while simultaneously
an unknown substance, X, would be reduced to XH, which acted as the photosyn-
thetic reductant. The oxidised bacteriochlorophyll (BChlox) might be replenished
again by oxidising one or more reduced cytochrome compounds. A fraction of
the oxidised cytochrome, Duysens thought, might return to its reduced state by
oxidising the XH, thereby releasing the energy that was required to generate ATP.
Yet, Duysens et al. felt compelled to add: �It should, however, be pointed out that
this is not the only possible interpretation.�145 A reconstruction of this idea is
given in �gure VI.8.

At the time, Duysens believed that something similar might apply to photosyn-
thesis in higher organisms. The di�erence between the free energy of XH and TPN
was su�cient for the phosphorylation of one ADP molecule per two reducing equiv-
alents to take place, and could explain non-cyclic photophosphorylation coupled
to the production of TPNH and oxygen. It was not at all necessary to assume,
as it was later done, that there existed two sequential photochemical reactions.
Duysens even added that such a scheme would have presumed a minimum quantum

143The �rst �ndings with this instrument were reported in Duysens, Huiskamp, Vos & van der
Hart (1956), p. 188.
144See Duysens et al. (1956), p. 190.
145Duysens et al. (1956), p. 190. The suggestion was repeated and slightly elaborated in Duysens

(1957).
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Figure VI.8: The cyclic process of reversible oxidation of cytochromes
and chlorophylls upon illumination. (XH = photosynthetic reductant.)

requirement of eight, if it was assumed (as Duysens had proposed in his thesis) that
one quantum was needed to produce one reducing equivalent. At the time, however,
Duysens thought that the most reliable quantum requirement determination had
been carried out by Frederick S. Brackett in 1953, who had measured a requirement
of 6.1± 0.6: �In view of the evidence available at that time, Hill and Bendall's
later proposal of two reactions in series was an unlikely hypothesis.�146 Duysens
still believed in 1958 that �there was no convincing indication that two major
photosynthetic reactions might be cooperating in oxygenic photosynthesis", but
everything changed the following year.147

It was in 1957 that Seymour Steven Brody and Rabinowitch, working at the
University of Illinois at Urbana�Champaign (US), were able to provide evidence for
the �rst time of the excitation energy transfer from their kinetic studies.148 They
were able to obtain their evidence by means of ultrafast �uorescence spectroscopy
experiments, which were able to trace the excitation lifetime of photosynthetic
pigments. Note that these times were in the order of nanoseconds, that is, 10−9

seconds; and it was no trivial exercise to provide such a short light pulse in
1957. Ordinary �ash lamps were far too slow, so that Brody and Rabinowitch
eventually used a small hydrogen lamp for this purpose. The drawback of the
latter was the relatively low intensity of this lamp, so that all the components of
the experimental set-up � lamp, coloured glass �lters, sample and photodetector �
had to be assembled closely together.

The �uorescence signal induced by the �ash was detected by a photomultiplier,
which was applied directly to the plates of an oscilloscope, and the display was then
photographed. �The �uorescence lifetime T of several pigments was determined in

vitro in this way with a precision of ± 7 per cent, and � for the �rst time � also

146Duysens (1989), p. 71. For the measured value, see: Brackett (1953).
147Duysens (1989), p. 71.
148See Brody & Rabinowitch (1957) for the original publication. Brody (2002) provides a

historical and partly autobiographical mini-review of �uorescence lifetime studies and energy
transfer in photosynthesis.
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in vivo, with a precision of ± 20 per cent,� Brody and Rabinowitch explained.149

However, in order to achieve this degree of precision, which was excellent for the
time, a considerable number of practical di�culties had to be resolved. One of
these concerned the fact that the only high-speed oscilloscope available on the
Urbana campus was in the university's cyclotron laboratory, which was mainly
used for other purposes. �The only times I could reserve the use of the oscilloscope
was from midnight until about 8 o'clock in the morning. So for almost half a year
I worked the midnight shift,� Brody recalled. The positive aspect of doing the
"midnight shift" was that Brody had few distractions and so was able to get a
lot of work done.150 Brody and Rabinowitch found that the measured values for
excited chlorophyll molecules in vivo di�ered greatly from the previously calculated
values (while the data in vitro were in good agreement with the calculations). The
authors suggested:

One possible interpretation of this discrepancy is to assume two forms
of chlorophyll in vivo (a hypothesis for which some spectroscopic evidence
has been obtained by other investigators); the �uorescent form must then
account for about one fourth of the total, and the non-�uorescent form for
about three-fourths of the total.151

This would have nicely con�rmed Duysens's �ndings using red algae. Brody and
Rabinowitch admitted, however, that the discrepancy could be attributed to the
special conditions of the experiment and to possible di�erences in the physiological
state of the algae. Equally important was their �nding that it proved possible to
measure the times required for the transfer of excitation energy. In retrospect,
Brody described the results as follows:

The phycoerythrin was irradiated with a nanosecond burst of green light.
The excitation energy absorbed by phycoerythrin is transferred to phyco-
cyanin and subsequently to chlorophyll. Some of the excitation energy trans-
ferred to chlorophyll is emitted as �uorescence. The time between the nanosec-
ond burst of green light and the appearance of the red �uorescence from
chlorophyll is the time required to transfer excitation energy in the red alga.
[. . . ] The measured time for energy transfer is 0.5ns.152

Thus, by 1958 there could be little doubt that several di�erent pigments con-
tributed their excitation energy to photosynthesis, while chlorophyll a was the
only pigment directly responsible for making the excitation energy available for
the enzymatic steps in photosynthesis. It not only absorbed sunlight itself; it was
also the �nal step in a chain of highly e�cient transfers of excitation energy from
those pigments with absorption bands at shorter wavelengths to those with bands
at longer wavelengths.153 Whether or not there were, in fac,t di�erent types of

149Brody & Rabinowitch (1957), p. 555. Note that the lifetime of chlorophyll a �uorescence in
vivo was also measured, independently and using other methods, by Dmetrievsky, Ermolaev &
N. (1957).
150See Brody (1995), pp. 68�69.
151Brody & Rabinowitch (1957), p. 555.
152Brody (2002), p. 129, describing the results of Brody & Rabinowitch (1957).
153See, e.g., Emerson & Chalmers (1958), p. 15, for a succinct summary of the situation up to

then. See also Emerson & Rabinowitch (1960), p. 477.
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chlorophyll a, only one of which was photosynthetically active, was a question that
awaited further clari�cation.

4.3 Special Pigments and the Antagonistic Light Effect

While in 1956 Duysens had found certain unusual and particularly important
molecules of bacteriochlorophyll, which he had dubbed �P890� and �P870�, Bessel
Kok, then working in Wageningen, The Netherlands, discovered that same year a
similar pigment in higher plants, algae and cyanobacteria. In studies very similar
to the ones undertaken by Duysens, Kok had observed that �all plants containing
chlorophyll a showed, after irradiation with a strong light �ash, a temporary
decrease in absorption (lifetime in the order of 0.01 sec) in the spectral area between
620 mµ and 720 mµ�.154 Already then, Kok interpreted these changes as indicating
�the photochemical transformation of a pigment that is di�erent from chlorophyll a
in its normal status and that occurs universally in the plant kingdom�.155 In 1957,
Kok con�rmed this �nding of a short-lived, light-induced absorbance decrease in
several photosynthetic organisms, which had its highest wavelength at 700 nm;
whereupon he labelled the pigment in question �P700�.156

Kok (1959) presented a much improved apparatus, which was applied to the
study of absorbance changes in the cyanobacterium Anacystis nidulans. Although
the data were still complex (and confusing), they seemed to indicate �that far-red
light yields a decrease of background absorption whereas red or white light has the
reverse e�ect�.157 Kok drew attention to the fact that an interpretation of this �nd-
ing could be provided in view of the discovery of enhancement e�ects by Emerson
and his co-workers: they had found that, at low light intensities, the severe drop in
photosynthetic e�ciency for wavelengths beyond 680nm could be compensated for
by the simultaneous illumination by red light of shorter wavelengths (see Chapter
IV, Section 8.1).158

Kok considered the following:

In the light of Emerson's �ndings we can at least tentatively try to explain
some of the e�ects we have observed. The location of the absorption band of
the 700 mµ pigment � even if present in only a very small concentration �
makes it ideally suited to e�ectively trap all the light which is absorbed by
chlorophyll a itself, or transferred to it by accessory pigments (and which thus
is transformed into �far-red� light). Suppose the 700 pigment is indeed the
�nal light sink in photosynthesis, and its excitation by surrounding chloro-
phyll a molecules leads to a conversion, which entails disappearance of its
absorption. Then, from there on, the neighboring chlorophyll a molecules �
say those comprising a �unit� � are deprived of their outlet until the 700
pigment is restored. This restoration, however, also requires light, but now
only red and not far-red is active. Obviously, sensitization by chlorophyll
a (which yields only 700 mµ �uorescence) cannot restore the bleached 700
pigment and photosynthesis cannot proceed e�ectively in far-red light alone.
As was described above, irradiation with red light restores the 700 mµ pig-

154Kok (1956), p. 399. Read �nm� for �mµ�.
155Kok (1956), p. 401.
156Kok (1957).
157Kok (1959), p. 190.
158The main papers are Emerson et al. (1957) and Emerson & Chalmers (1958).
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ment and therefore sustains the conversion of irradiation transferred to it via
chlorophyll a.159

Evidently, Kok was already then playing with the idea of two di�erent pho-
tochemical reactions requiring light of di�erent wavelengths, which would act
in sequence upon P700. Yet, Kok hesitated to push these speculations further,
and explicitly mentioned that he would not have published the results and their
preliminary interpretation �if it were not to draw attention to a new road towards
a better understanding of the most fundamental aspects of photosynthesis, opened
up by the eminent scientist to whose memory this article is dedicated�.160 This
alluded to Emerson's �nding of the Enhancement E�ect (which already then
had made it very probable that two di�erent pigments with di�erent absorption
properties initiated two di�erent photochemical reactions) and to his untimely
death in an aircrash, as Kok's paper was printed in a memorial issue of Plant
Physiology, dedicated to the memory of Emerson. Kok did continue his thinking
on two di�erent photo systems, the results of which will be presented in Section
5.4 of this chapter.

5 A Solution that Was in the Air

To sum up, by 1959 it was known that chloroplasts � at least in vitro � were able to
utilise light energy to form, on the one hand, TPNH (that is, reducing equivalents),
upon which a stoichiometric amount of molecular oxygen was released,and, on
the other hand, ATP, provided that the chloroplasts were supplied with ADP
and inorganic phosphate. The four hydrogen equivalents required to reduce the
necessary number of TPNs were, most probably, taken from water molecules. For
each molecule of oxygen thus released, approximately two ATPs were found to
be formed. Furthermore, it was suspected that electron transport chains with a
slow and stepwise energy release were involved in the formation of ATP, and
that cytochromes (and the factor that was later identi�ed as ferredoxin) were
possibly part of this chain � notably the cytochromes discovered at Cambridge to
be speci�cally present in green plant tissues: cytochromes f and b6. Support for
the involvement of cytochrome f was provided by Duysens's �nding that it was
reversibly oxidised in the light. In addition, it was also suspected that there might
be di�erent types of chlorophyll a, which presumably were relevant to the course of
the light reaction; there was Kok's mysterious P700, which reacted antagonistically
to light of di�erent wavelengths. And, �nally, Emerson's �nding of an Enhance-
ment E�ect were already being discussed in terms of a �short wavelength� and a
�long wavelength� pigment system that somehow acted cooperatively to achieve
photosynthesis in plant cells.

These di�erent strands of evidence were drawn together by a number of research
groups, which more or less simultaneously came to similar conclusions, albeit from
di�erent starting points. Around 1960, the problem was to �nd as detailed a model
as possible, which was able to accommodate, if not explain, most of the pertinent
data and, at the same time, adhere to theoretical preconditions, such as the known

159Kok (1959), pp. 191�192. Read �nm� for �mµ�.
160Kok (1959), p. 192.
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redox potentials of certain molecules. Hill and Fay Bendall were the �rst to publish,
in 1960, how, from a thermodynamical point of view, the cytochromes could be
arranged in a redox chain so as to provide enough energy to form ATP. Kok
elaborated his aforementioned suggestion, based on his �nding of P700; although
neither Hill nor Kok recognised the role of di�erent pigments for the di�erent light
reactions, which had been discussed since the �nding of the Emerson Enhancement
E�ect. This insight provided the starting point, however, for the research carried
out by the groups working around Duysens and the German biophysicist Horst T.
Witt; and it guided further studies of the di�erent types of chlorophyll carried
out at Urbana by Rabinowitch and Govindjee. In these studies, as well as in
the work done by the German chemist Hans Kautsky, it also emerged that the
course of chlorophyll a �uorescence was best explained by assuming that there
were two di�erent photochemical reactions. All these contributions complemented
each other, and all were decisive in endorsing the two photoreactions, two pigment
systems model, which in outline still holds today.161

5.1 Far-sighted Ideas at Urbana

It needs to be emphasised that what was achieved around 1960 was not the
discovery of the possible existence of two di�erent photochemical reactions. This
idea, as a viable explanatory approach, had been around since Rabinowitch's
monograph of 1945 at the latest � indeed, the notion that there was more than one
photochemical process had been a common assumption since the early 1930s. It
was mentioned in Chapter III that various actors, including Arthur Stoll, Richard
Willstätter and Franck, believed that several photochemical steps were needed to
achieve carbon dioxide reduction (which, at the time, was thought to be the light
reaction); while in Franck & Herzfeld (1941) it was argued that there were eight
photochemical steps of fundamentally the same nature, each requiring the energy
of one light quantum. These schemes lost their attraction when it emerged that
the light reaction was concerned with the �splitting� of water and the dark reaction
e�ected the reduction of carbon dioxide; yet, it remained to be explained why so
many light quanta seemed to be necessary necessary to complete the full reaction
series of photosynthesis.

When Rabinowitch discussed the various models of the primary photochemical
process in the �rst volume of his photosynthesis monograph in 1945, he included
the mechanism drafted in Franck & Herzfeld (1941) in his list of promising mod-
els. Rabinowitch believed that two alternatives might explain why photosynthesis
seemed to require eight light quanta (which he already then assumed was the
accurate number; see, however, Chapter IV): either one could �activate the same
four hydrogen atoms photochemically twice in succession� or one could �double the
number of identical primary photochemical processes�.162 Rabinowitch started with
the �rst of these alternatives, which, he believed, had to involve photo-oxidations
(in which hydrogen atoms were taken away from the water) and photo-reductions
(in which the same hydrogen atoms were transferred to carbon dioxide or an

161The story of how it was established that there are two photosystems has been told repeatedly,
mainly by the actors themselves or close collaborators; see, e.g., Duysens (1989), Witt (1991) and
Amesz (1998). Some previously neglected aspects can be found in Govindjee (2006).
162Rabinowitch (1945), p. 161.
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intermediate acceptor). In order to clarify this option, Rabinowitch designed a
scheme in which photosynthesis was framed as a series of redox reactions between
three intermediary catalysts: X, Y and Z (see �gure VI.9).163 The �rst light reaction
e�ected the transfer of hydrogen from HZ to Y, upon which Z reacted with H2O
to evolve oxygen. The second light reaction transferred hydrogen from HY to X,
upon which HX reduced carbon dioxide to carbohydrates. (Rabinowitch refrained
from discussing the nature of the intermediates X, Y or Z, although he thought
it probable that at least the central intermediate, Y, which participated in both
photochemical reactions, was chlorophyll.) This possibility was then contrasted
with the aforementioned suggestion cited in Franck & Herzfeld (1941), in which
eight quanta were used up by eight identical photochemical processes.164 After
weighing up the arguments for each of these alternatives, Rabinowitch concluded
that, at the time, the second approach (involving eight identical primary processes)
was to be preferred. He emphasised, however, that the former option, of two sets
of di�erent primary processes, would become �rst choice �if the existence of two
interconvertible green modi�cations of chlorophyll � one a photo-oxidant and one
a photo-reductant � would be de�nitely con�rmed by experiments in vitro�.165

The issue had to be re-considered in the 1950s for a number of reasons. Ra-
binowitch himself again brought forward the possibility of two di�erent light re-
actions in the second volume (1956) of his photosynthesis monograph, when he
tried to �nd an explanation for Duysens's experiments of 1954, as well as for
similar �ndings of the Swedish plant physiologist Henrik Lundegårdh.166 Having
discussed at length the experiments and their outcome (that is, the observation
of light-induced cytochrome f oxidation in photosynthesising cells), Rabinowitch
considered two alternative interpretations: either the �ndings could be taken �as
evidence of direct participation of these compounds in the photochemical hydrogen
transfer from water to carbon dioxide (or, rather, to an organic compound into
which CO2 had been incorporated, such as PGA)�; or, as suggested in Duysens
et al. (1956), they could be taken �as evidence of their participation in oxidative
processes (back reactions), coupled with the reduction process�.167 Rabinowitch's
preference was clear:

The �rst hypothesis [. . . ] suggests photochemical transfer of electrons
from reduced cytochrome to the organic acceptor (perhaps via DPN or TPN).
The transfer of hydrogen (or electrons) from H2O to the oxidized cytochrome
would then require another photochemical reaction. To account for the ob-
served shift, the relative probability of the two photochemical reactions would
have to be such as to establish a photostationary state with most of the

163Rabinowitch (1945), p. 162, scheme 7.V.
164Rabinowitch (1945), pp. 163�165, scheme 7.V A.
165Rabinowitch (1945), p. 168. Both Govindjee and Duysens have drawn attention to this

passage of Rabinowitch's book; see, e.g., ; Govindjee (1995), p. 139, Govindjee (2006), p. 154, and
Duysens (1989). Note that Rabinowitch himself pointed to his earlier thoughts in Rabinowitch
(1963) (p. 113) and emphasised that by then the evidence strongly supported the �rst alternative
of �two consecutive sets of four transfers [of hydrogen/electrons] each�.
166The relevant paper is Lundegårdh (1954). On Lundegårdh's life and work, see, e.g., Larkum

(2003).
167Rabinowitch (1956), p. 1862. See p. 362 of this Chapter for more details on Duysen's own

interpretation.
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Figure VI.9: Reproduced from Rabinowitch (1945), p. 162: �Photosyn-
thesis with oxidation-reduction reactions between three intermediary
catalysts as the two primary photochemical processes. (The central
catalyst, which participates in both photochemical reactions, may be
chlorophyll.�

cytochrome in the oxidized state. The quantum requirement of the hydrogen
transfer reaction as a whole would be (at least) 8, since two quanta will be
needed to transfer each of the four required H atoms (or electrons), �rst
from water to the cytochrome, and then from the cytochrome to the �nal
acceptor.168

Thus, already in 1956, a fairly precise suggestion of the photosynthetic electron
transport chain, with cytochrome as an intermediate, was publicly presented � if
only as one of two alternative interpretations of Duysens's data (the importance of
which was realised by most photosynthesis researchers only much later). Govindjee,
who after Emerson's death completed his PhD thesis under Rabinowitch and later
became Emerson's successor at Urbana, still remembers that in the second half of
the 1950s every one in the Urbana laboratory was fully aware that photosynthesis
involved two photochemical reactions, most probably via cytochrome f, so that
they were astonished to observe the stir that was caused by the publication of Hill
and Bendall along these lines. Had not Rabinowitch published all this four years
earlier?169 I shall now turn to the Hill�Bendall contribution.

168Rabinowitch (1956), p. 1862. Govindjee's italic. This passage was discovered independently
(and highly appreciatively) in 1956 by two of Rabinowitch's closest associates, Govindjee and
Duysens. It has been acknowledged in many talks, in particular given by Govindjee, and has
been quoted in written form, e.g., in Duysens (1989), p. 74, and in Govindjee (2006), p. 154.
169Personal communication, Govindjee to the author, in September 2005. It seems that outside

Urbana hardly anybody at the time had read Rabinowitch's volumes very carefully, so that many
of his contemporaries were unaware of his insightful suggestions.
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5.2 The Thermodynamical Approach

The main focus of Hill's work in the 1950s was solving how cytochromes f and
b6 functioned in a photosynthetic electron transport chain. In addition to the
general suspicion that respiration and photosynthesis might operate along roughly
similar lines, Hill thought that the molecular ratio of cytochromes f and b6 to
chlorophyll, which were found to be about 1:4000, were highly suggestive, since
these were, by analogy with the relationship between cytochrome c concentration
and respiration rate, �of the right order to account for the rates of photosynthesis in
terms of hydrogen transport�.170 A proposal was eventually published in the paper
Hill & Bendall (1960), entitled �Function of the two cytochrome components in
chloroplasts: A working hypothesis�.171 Hill addressed the problem from the point
of view of thermodynamics; and while he did not cite Rabinowitch's monograph,
it is very likely that Hill was strongly in�uenced by how the subject was treated
therein.172

Hill and Bendall began their paper by summarising the generally accepted body
of knowledge on the issues under consideration, notably the relationship between
the transfer of hydrogen from water to the hydrogen acceptor and the formation
of ATP from ADP and Pi in the chloroplast. The hydrogen transfer, the authors
wrote, could be represented by the following set of equations:

H2O +X + Y −→ XH + Y OH (VI.3)

XH −→ X + (H) (VI.4)

Y OH −→ Y +
1

2
H2O +

1

4
O2 (VI.5)

This could be condensed to the following summary equation:

1

2
H2O −→ (H) +

1

4
O2 (VI.6)

The same process, Hill and Bendall suggested, could also be represented in the
form of a diagram (see �g. VI.10). The oxidised and reduced parts of the water
would be separated from each other by the reaction with the primary acceptors,
provisionally called X and Y. The [H] would then be transferred to an appropriate
secondary acceptor (eventually TPN), while the [OH] moieties would react with
each other and release molecular oxygen and water. Thus far, Hill and Bendall
were in line with what was generally assumed to be the case.

Given the redox potentials of the hypothetical participants, notably cytochromes
f and b6 as intermediate reactants, Hill and Bendall then argued that, at �rst

170Hill (1965), pp. 133�134.
171Very similar ideas are formulated in Hill & Bonner (1961), although it is unclear how much

of this? was already presented at the conference or elaborated for the proceedings. The paper
Hill & Bendall (1960) is cited in the list of references.
172See, e.g., the treatment of photosynthesis in Rabinowitch (1945), Chapter VII (pp. 150�171).

I am grateful to Govindjee for pointing out this connection to me.
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Figure VI.10: The photolysis of water and the hypothetical �rst products
taken from Hill & Bendall (1960), p. 136.

glance, the electron transport chain seemed to require three separate light-driven
reactions on the way from YOH to XH (left-hand-side diagram of �g. VI.11).
However, as this was not in accordance with experimental evidence, Hill and
Bendall suggested a system of two light-driven reactions, with a spontaneous �back
reaction� in between (right-hand-side diagram of �g. VI.11):

The postulation of two light-driven steps, rather than three would be
in better accord with present experimental results. In this case oxidized
cytochrome b6 would have to be reduced by Y to give YOH and cytochrome f
would have to be oxidized by X to give XH. The reaction between cytochromes
f and b6 would then be a thermochemical process and quite analogous with
a hydrogen transfer step characteristic of the mitochondrion. 173

Under �normal� conditions in the cell, cytochrome f would tend to be in
its reduced form and cytochrome b6 in its oxidised form. When the cell was
illuminated, Hill and Bendall argued, the redox states were reversed: the unknown
primary acceptor, X, acted as an oxidising agent, turning cytochrome f into its
oxidised state; while at the same time, the unknown reducing agent, Y, turned
cytochrome b6 into its reduced state. Under normal circumstances the two cy-
tochromes would spontaneously and very quickly react with each other and return
to their favoured oxidation state, while the remainder of the energy release might
be used to synthesise ATP. In a comparison with their �rst �gure (labelled as
Figure 2 ), this model was also represented by the authors in �g. VI.12. Hill and
Bendall admitted that, the nature of X and Y was still obscure, and that the whole
suggestion had to be taken as a rough hypothesis.174 They also rather openly

173Hill & Bendall (1960), p. 137.
174All quotes: Hill & Bendall (1960), p. 137.
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Figure VI.11: The hypothetical electron transport chain in terms of
oxidation-reduction potential. On the left, a potential model with three
light-driven steps, which was abandoned; on the right, the favoured
model with two light-driven steps, connected by a thermochemical
reaction along the gradient between the two cytochromes; taken from
Hill & Bendall (1960), p. 137. (The downward arrows symbolise electron
transport against the thermochemical gradient.)

 

Figure VI.12: The two photoreactions model of photosynthesis taken
from Hill & Bendall (1960), p. 137.
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acknowledged their own lack of empirical support.175 However, the authors also
underlined that the model had the de�nite advantage, in contrast to the one put
forward by Arnon and his collaborators, for example, that it was in accordance with
the known redox potentials of all the components involved. Whereas Arnon's group
had assumed a role for the cytochromes at one or other end of the photochemical
sequence, Hill and Bendall envisaged the cytochromes in an intermediate position,
between the two photoreactions, which was much more convincing.

The proposal provided a surprising solution to the problem of where the energy
to produce ATP came from (namely, from the energy drop between the two
cytochromes);176 it preserved the far-reaching correlation between photosynthesis
and respiration; and it was in agreement with the curious observation that in the
light the two cytochromes tended to be in the energetically disadvantageous state,
that is, when illuminated, cytochrome f was found in its oxidised mode, notwith-
standing its highly positive redox potential, while cytochrome b6 was found to be
reduced. It is unclear, however, why Hill did not refer to the actual �nding of this
phenomenon in red algae, by Duysens (1954b) and Duysens (1954a) (both of which
Hill knew, as can be taken from his correspondence), but merely expressed the hope
that it might be possible to study these e�ects in purple bacteria. Furthermore,
Hill and Bendall did not refer to the obvious relationship of this suggestion to the
Emerson Enhancement E�ect, with which Hill was clearly familiar: the conclusion
that two di�erent photochemical reactions were required in photosynthesis, which
in Hill and Bendall's paper was featured as the result of purely thermodynamic
considerations, had been arrived at on the basis of experiments carried out three
years earlier. At least in this paper, Hill appeared not to be interested in tying
down thermodynamics to experiments and pigment systems; he also displayed
a surprising indi�erence to giving due credit to the earlier achievements of his
colleagues.

5.3 Spectroscopy and Two Photosystems

In fact, a number of these colleagues arrived at very similar conclusions around the
same time. Duysens became interested in the strange e�ect of di�erent wavelengths
on photosynthetic transient states in the mid-1950s (that is, around the same
time as Emerson; see Chapter IV, p. 237). Duysens later recalled that at the
second Gatlinburg conference in 1955 , Lawrence Blinks had presented data which
indicated that �in red algae, illuminated alternately with red and green light for a
few minutes, qualitatively di�erent photosynthetic transients occurred, which were
not caused by di�erences in intensity�.177 Duysens thought that these phenomena

175�The only evidence for the above hypothesis, in higher plants, is the observation that
illumination of pale yellow-green leaves causes an oxidation of [cytochrome] f and the reduction
of b6. As yet, this sequence of reactions has not been observed, in our laboratories, with normal
green leaves or chloroplasts. [. . . ] It is our hope that future investigations will be able to elucidate
more fully the role of cytochromes in the photosynthetic process of green plants.� Hill & Bonner
(1961), p. 434.
176It transpired, however, that the role of cytochrome b6 di�ered from the one that Hill and

Bendall had envisaged; it is involved in the process of cyclic electron transport.
177See Duysens (1989), p. 71. The data were published two years later in Blinks (1957); see also

Blinks (1960a), Blinks (1960c) and Blinks (1960b). Like Emerson, Blinks himself proposed that
these e�ects were caused by the side reactions of respiration; this was proven to be erroneous by
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� today known as the �chromatic transients� of oxygen exchange � were most
probably caused by the overlapping e�ects of two or more photochemical reactions
with di�erent action spectra. (Duysens did not assume, at the time, that all
these reactions were actually part of photosynthesis.) He received more inspiration
from the paper Emerson et al. (1957), in which the Enhancement E�ect was
presented. Duysens was keenly interested in this phenomenon, although he was
not very impressed by Emerson's own explanation, which assumed that accessory
pigments played a speci�c role in photosynthesis and directly initiated a second
photochemical reaction.178 As was mentioned earlier, this approach was in con�ict
with Duysens's own earlier �nding that all the light energy absorbed had to pass
through chlorophyll a if it were to be used in photosynthesis.179 (The issue was
eventually resolved when, in 1960, Govindjee & Rabinowitch (1960) showed that
the two pigment systems activated by the longer and the shorter wavelengths
both contained species of chlorophyll a, so that chlorophyll b did not need to be
involved.)

In 1957, Duysens thought that the so-called �inactive� (non-�uorescent) part of
chlorophyll a, which he had identi�ed in his �uorescence studies (see p. 360), might
be the key to solving the puzzle: under certain conditions, this �inactive� portion
of chlorophyll a might possibly be triggered to participate in photosynthesis,
through the e�ect of side reactions initiated by the �uorescing, �active� portion
of chlorophyll a. Thus, Duysens set out to investigate in more detail the functions
of the two di�erent types of chlorophyll a, which he had already identi�ed in
1952. Ironically, this was exactly the same research question that Rabinowitch had
originally chosen for him, when Duysens spent a year in the Urbana laboratory
in 1953. At the time, however, no promising experimental approach was available,
so that Duysens turned to examining the kinetics of potential electron transport
components instead.180 In 1958, the situation had changed, and Duysens decided
to examine the action spectra for cytochrome oxidation and TPN reduction in
the presence and absence of short and long wavelength background illumination.
The �rst results of these studies were reported in 1960 at the Third International
Congress of Photobiology held in Copenhagen, Denmark, and caused considerable
excitement in the audience: contrary to expectations, at 560 nm a low cytochrome
oxidation yield was found (although the photosynthetic yield was high), while a
high cytochrome oxidation yield was identi�ed in the region of 680nm.181 This
switching of the oxidation state of a cytochrome when illuminated at di�erent
wavelengths was most surprising, and inexplicable, if one assumed that there
was only one photoreaction in photosynthesis. Duysens proposed the following
explanation:

I postulated the existence of two major photosystems, 1 and 2. System 1
contained the weakly �uorescent chlorophyll a, formerly said to be inactive,
and oxidized cytochrome; system 2 contained the �uorescent chlorophyll a.

the �ndings of Govindjee et al. (1960b) and Govindjee, Owens & Hoch (1963) proved this to be
. On Blinks's life and work, see, e.g., Thorhaug & Berlyn (2009).
178See Emerson & Chalmers (1958) and several talks given at the National Academy of Sciences.
179See Duysens (1989), p. 72.
180See Duysens (1989), p. 69.
181See Duysens (1961).
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An interaction between the two systems was shown by the di�erent kinetics
of cytochrome oxidation at di�erent actinic wavelengths.182

Duysens recalled that in the discussion following his Copenhagen talk, Charles
Whittingham asked him whether these �ndings �supported the scheme proposed by
Hill and Bendall in Nature�. Duysens said he did not know, since he had not seen
the paper yet; but he rushed back to his laboratory to �nish the �nal experiments
and to establish �that cytochrome oxidized by 680nm background, mainly exciting
system 1, was reduced by superimposing 560nm light, mainly exciting system 2�.
The photooxidation and reduction of the cytochrome occurred with a reasonable
quantum yield, which, �nally, �indicated that the 2 systems acted in series to
produce complete photosynthesis�.183

These impressive results were published in Duysens, Amesz & Kamp (1961).
Therein, it was demonstrated that Duysens's system 2 could speci�cally and dif-
ferentially be inhibited by DCMU.184 The action spectrum of system 1 was found
to be very similar to the spectrum of TPN reduction in cells, which suggested that
the latter process was driven by system 1. At the same time, system 1 directly or
indirectly oxidised the cytochrome (with predominant activity at 680 nm), while
system 2 (with predominant activity at 560 nm) reduced the cytochrome. This
now elegantly explained the Enhancement E�ect found by Emerson, as Duysens,
Amesz and Kamp underlined: �If the algae are illuminated with both wavelengths
simultaneously, then the rate of photosynthesis will be higher than the sum of
the rates at each wavelength separately, because by simultaneous illumination the
excess absorptions supplement each other.�185 This was possible because of the
overlapping absorption spectra of the two photosystems. The two functions of
systems 1 and 2 were graphically summarised in a �hypothetical scheme�, as the
authors called it (see �g. VI.13.) Further evidence of the accuracy of this suggestion
was drawn from its explanatory power with respect to related phenomena that had
so far lacked any satisfactory interpretation. Studies from other laboratories had
shown, for example, that, even when photosynthesis was inhibited by DCMU, the
photoreduction of either carbon dioxide or TPN was still possible under certain
conditions. �This indicates that these photoreductions proceed via system 1 solely,�
Duysens, Amesz and Kamp concluded, since DCMU only inhibited system 2.186

On the other hand, the authors mentioned how their suggestion was in agreement
with the important �nding presented by Rajni Govindjee, Jan B. Thomas and
Rabinowitch in 1960: �The observation that also the Hill reaction of Chlorella with
quinone shows an `Emerson E�ect', indicates that both systems 1 and 2 participate
in the Hill reaction.�187

182Duysens (1989), p. 72.
183All quotes: Duysens (1989), pp. 72�73.
184�DCMU� is (to this day) the abbreviated name for the herbicide 3-(3,4-di-chlorphenyl)-1,1-

dimethylurea, which very e�ectively inhibits photosynthesis.
185Duysens et al. (1961), p. 511.
186Duysens et al. (1961), p. 511. Cited are the studies Bishop (1958) and Vernon & Zaugg

(1960).
187Duysens et al. (1961), p. 511. The cited paper is R. Govindjee et al. (1960b). The Enhancement

E�ect was also found to be present in NADP reduction, as established in Govindjee, Govindjee &
Hoch (1962) and Govindjee, Govindjee & Hoch (1964); a two-light e�ect in �uorescence excitation



376

 

Figure VI.13: Duysens (1961), p. 511.

Like Hill and Bendall before them, Duysens, Amesz and Kamp considered their
model a �working hypothesis�, which was certainly incomplete and might require
modi�cation. Yet, they also emphasised the strengths of their proposal: �At present
it explains most experiments known to us in a simple and plausible way.� Finally,
Duysens and his co-authors could not refrain from alluding to the paper by Hill and
Bendall, albeit without actually citing it: �A more detailed report is in preparation,
in which we will discuss partly similar but less detailed and experimentally less sup-
ported hypotheses concerning the role of the photosynthetic pigments which have
been proposed by other authors.�188 Duysens, most probably, was understandably
upset by the fact that a paper that had failed to acknowledge earlier work of his
(and which was based on purely thermodynamical considerations), might deprive
him of his credit for prior discoveries.

5.4 Two Light Reactions, One Pigment

It was described earlier how Bessel Kok had discovered a special pigment in higher
plants, algae and cyanobacteria, which he had called P700, and how he had found,
in the cyanobacterium Anacystis nidulans, an antagonistic e�ect of red versus
orange light on this pigment: while the pigment was oxidised in red light, this
oxidation was reversed when the cells were subsequently illuminated with orange

was demonstrated in Govindjee, Ichimura, Cederstrand & Rabinowitch (1960a). See also Myers
(1971) for a review of enhancement studies in photosynthesis up to then.
188Duysens et al. (1961), p. 511.
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light. Already in 1959, Kok interpreted this �nding as being related to the Emerson
Enhancement E�ect. He cautiously stated that a pigment which had an absorption
band at 700nm was ideally suited to be the ��nal light sink in photosynthesis�, and
dared to speculate on a necessary alternation of di�erent wavelengths e�ecting two
di�erent photochemical responses, in order to make photosynthesis work at its full
e�ciency (see quotation above, p. 366).189 Kok continued to think along these lines,
and later in 1959, at the Ninth International Botanical Congress held in Montreal,
Canada, he presented a paper entitled �Does photosynthesis require the interaction
of two photochemical steps?� And his answer was decidedly positive. In the paper's
abstract Kok announced the discussion of a hypothesis �which conceives a cycle of
two photochemical acts in photosynthesis�.190

Kok had found that the oxidation of P700 was brought about by the light
absorbed by chlorophyll a, whereas in the subsequent restoration and reduction
processes it was mainly light absorbed by phycocyanin that was active. Having
presented the relevant data, Kok put forward the conclusion that �two antagonistic
light reactions and at least one dark step determine the concentration of (the
absorbing form of) P700�.191 A major fraction of the light energy absorbed by the
chlorophyll seemed, in fact, to pass through P700, which could account for the �nal
drop in the light energy resonance transfer because of its absorption spectrum and
concentration level. �If indeed P700 does play such a key role�, Kok concluded,
�the �nding of two opposite e�ects of light, sensitized by di�erent pigment entities,
leads to the hypothesis of a cyclic process, driven one way by quanta received by
chlorophyll a and back by quanta received by accessory pigment[s].�192 According
to Kok, the Emerson Enhancement E�ect as well as the �nding of chromatic tran-
sients supported this conclusion (since the two photo-reaction scheme could quite
easily explain them). Together with the biochemist George Hoch, Kok elaborated
these studies and reported the outcome at the �Light and Life� symposium, held
in March 1960 at the Johns Hopkins University in Baltimore (US).193 The authors
again asked, whether photosynthesis was actually driven by two light reactions,
and their answer was, again:

The observations discussed in the above sections strongly indicate the
occurrence of two di�erent light reactions: the �rst sensitized by chlorophyll a
and a direct bleaching of �P700�; the second sensitized by accessory pigments
acting indirectly via the mediation of dark steps and restoring �P700�.194

189See Kok (1959).
190See Kok (1961a) for the publication of an extended abstract. It is thanks to the careful

research of Govindjee that this paper of Kok's, which had long been overlooked, �nally became
widely recognised as a very early concept of a photosynthesis model that includes two photo-
chemical reactions; see Govindjee (2006).
191Kok (1961a), p. 1072.
192Quoted from Govindjee (2006), p. 153.
193See McElroy & Glass (1961) for the proceedings of the symposium, in which not only

presentations but also subsequent discussions are documented. Jack Myers thought, in retrospect,
that it was at this conference that the idea of two photochemical reactions being involved in
photosynthesis started to dawn on photosynthesis researchers, with the contribution by Kok and
Hoch being considered pivotal in this respect. See Myers (2002), p. 25.
194Kok & Hoch (1961), p. 407.



378

Figure VI.14: A proposal for the cyclic mechanism in which P700 is
oxidised and reduced, and which involves two light reactions and one
dark reaction. After Kok & Hoch 1961, p. 408.

Kok and Hoch clearly stated that �two light steps and at least one dark step
must be involved in the behaviour of `P700'.�195 A possible scheme for the cyclic
process envisaged by Kok and Hoch is given in �gure VI.14. From their data, Kok
and Hoch also concluded that (in contrast to Kok's paper of 1959) phycocyanin
was not essential for the process to function � chlorophyll a was able to sensitise
photophosphorylation entirely by itself.

These were enormous advances on the way to a better understanding of the
photochemical events in photosynthesis. However, in his biographical memoir of
Kok, Jack Myers noted that the audience at the 1960 conference was far from
enthusiastic: �Bessel and George [. . . ] had discovered and understood an important
truth that no one else had yet seen. But the reception of their paper was a
disappointment. From the record of discussion one would judge that they had
dropped an egg instead of a bomb.� Myers thought that Kok and Hoch had shown
too many experimental details, so that the main argument was almost lost.196

This is important to keep in mind: even though, with hindsight, it seems that, by
1960, enough compelling evidence for the two light reaction hypothesis had been
accumulated from a number of di�erent studies, the hypothesis was far from being
universally accepted or even self-evident. Everyone had grown up with the idea
that there was only one type of primary photochemical process, and it was not
easy to dispel this deeply rooted belief.

5.5 Montreal, 1959

In his re-evaluation of the contributions of the 1959 botanical conference held in
Montreal, Govindjee drew attention to the fact that Myers also presented a paper in
which he linked Blinks's chromatic transients to the Emerson Enhancement E�ect,
demonstrated the equivalence of their action spectra and, thereby, likewise postu-
lated the existence of two light reactions, one of which he thought (erroneously)
was speci�cally associated with chlorophyll b.197 And, �nally, Rabinowitch also

195Kok & Hoch (1961), p. 409.
196Myers (1987), p. 134.
197See Myers (1961) for the abstract of the pertinent paper; see Govindjee (2006), p. 154, for

the discussion of Myers's contribution. See also the related and more extended papers Myers &
French (1960a) (accepted 23 July 1959; published in March 1960) and Myers & French (1960b)
in which the authors showed that the Enhancement E�ect took place even with a dark interval
of 0.6 seconds between the two di�erent light beams. That the imposition of a certain time lag
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discussed again the possibility of two photochemical events at this conference: after
Emerson's tragically early death in February, Rabinowitch went to the Montreal
conference in Emerson's place and presented data from Emerson's estate, together
with Rabinowitch's own interpretation.198 Rabinowitch noted that the �simplest�
explanation for the Enhancement E�ect was �to postulate that two (or more)
di�erent primary photochemical processes are involved in photosynthesis, and are
preferentially sensitized by the several pigments�. Rabinowitch maintained �that
each hydrogen atom (or electron) must be photoactivated twice on its path from
the ultimate donor, water, to the ultimate acceptor, carbon dioxide, and that each
of these two steps is preferentially sensitized by one or the other pigments�.199

Rabinowitch proposed that

�chlorophyll a, carrying the transferred quanta [received from auxiliary
pigments], must be postulated to bringing about preferentially a primary
photochemical process di�erent from the one caused (preferentially) by the
long-wave quanta absorbed by chlorophyll a itself. To make this plausible,
one could postulate, for example, the existence of two types of chlorophyll
a complexes in the cell, e.g., such associated with a reductant and such
associated with an oxidant, and assume that one of these two types is closer
to the auxiliary pigment than the other.200

This idea was soon backed up by sound experimental evidence: the di�erent
functions of two di�erent types of chlorophyll a were established in Govindjee
& Rabinowitch (1960), and similar �ndings were presented in French (1961). In
their contribution to the �Light and Life� conference, Rabinowitch and Govindjee
speculated that the primary photochemical process in photosynthesis might consist
of two steps: whereas one type of chlorophyll a could enable both steps, the other
type was restricted to only one of these steps.201

5.6 Fluorescence Studies

The third approach that led to the conclusion that two di�erent photochemical
reactions were involved in photosynthesis was the study of �uorescence. It was
mentioned in Chapter III (p. 110) that the German chemist Hans Kautsky was
the �rst to interpret systematically the course of chlorophyll �uorescence as an
indicator of the photosynthetic mechanism. While the research focus of Kautsky
and his group shifted to other topics, such as the singlet state of oxygen and the
chemistry of silicon oxides, chlorophyll �uorescence remained on Kautsky's agenda
and he continued to publish on the subject during the 1930s. He made a noteworthy

between the light beams favoured the Enhancement E�ect was already recognised qualitatively
by ?).
198See Emerson & Rabinowitch (1960) for the resulting publication; Govindjee (2006), p. 157,

cites the abstract written for the Montreal conference.
199See Emerson & Rabinowitch (1960), p. 482.
200Emerson & Rabinowitch (1960), p. 484.
201Rabinowitch & Govindjee (1961), p. 385: �The enhancement of the quantum yield in the

far red by auxiliary light suggests that the `inactive` form Chl a 690 is not entirely inactive,
but requires a balanced co-excitation of an `active' form to contribute fully to photosynthesis.
It seems natural to think in this connection of the possibility that the primary photochemical
process in photosynthesis might consist of two steps. Excited Chl a 690 may be able to bring
about only one of these steps, while excited Chl a 670 may be able to sensitize both of them.�
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contribution in 1943, when, together with Ulrich Franck, he revisited the theme on
the basis of improved technique, using visible light and the automatic registration
of �uorescence.202 In their study, they interpreted for the �rst time the course of
chlorophyll a �uorescence as indicating the existence of altogether four primary
photochemical reactions (corresponding to a minimum quantum requirement of
four, as was still standard at the time). The �rst �drop� in �uorescence (erste
Depression) was explained by the �unique mechanism in the plant� that involved
three coupled light reactions, which combined with subsequent dark reactions to
form reaction cycles.203 A fourth light reaction was then envisaged to explain the
subsequent rise in �uorescence. This notion was criticised by other authors; it was
pointed out, for example, by Wassink (1951) that the drop might also be caused
by side reactions.204

In 1960, Kautsky revisited this theory, together with Walter Appel and H.
Amann, the result of which was the paper Kautsky, Appel & Amann (1960). Based
on new experimental evidence, the authors revived the attempt to recognise two
photochemical reactions as the underlying causes for the course of chlorophyll a
�uorescence. Their study was based on experiments undertaken with a much im-
proved technique (developed since 1955), which allowed them to detect �uorescence
events with a time resolution of 10 milliseconds. By this means, they were able to
con�rm that photosynthesis acted through �sensitising areas� (Sensibilatorbereiche)
of a few hundred chlorophyll molecules or more, which transferred light quanta to
a speci�c acceptor molecule (A0), while, at the same time, quenching �uorescence.

Hence, there seemed to be a photochemical reaction A0 → A1, while the back
reaction was not light dependent but rather a dark step that involved another
compound, B1. Now, the interesting part of the argument was that, according to
Kautsky et al., the shapes of the �uorescence curves were incompatible with the
assumption that this compound B1 was already present before the onset of illu-
mination. The curve �rather indicated that B1 was formed upon illumination�.205

The authors thus concluded that there was a second photochemical reaction B0

→ B1. Further kinetic considerations seemed to support this assumption. Note,
however, that it is not entirely clear how widely and internationally this paper by
Kautsky, Appel and Amann was received and whether it was recognised at all as
an interesting and relevant contribution � the contemporary papers discussed in
this book do not refer to it; likewise, the paper by Kautsky et al. also contained
no references to other publications that appear relevant in this context. Indeed,
Kautsky seems to have been unaware of the heated debate that was taking place
as to whether or not there were two di�erent pigment systems in photosynthesis. It
is possible that in this case language acted as a barrier as the paper was written in
German and was published in a German journal; and perhaps the actors themselves
did not realise some of the similarities that, with hindsight, are so obvious.

More in�uential, therefore, was the study of the two-light e�ect on �uorescence
yields that was independently and simultaneously undertaken at Urbana. Govin-

202See Kautsky & Franck (1943).
203Kautsky & Franck (1943). p. 195.
204See also Govindjee (2004a), p. 16, and Govindjee (1995), p. 138.
205Kautsky et al. (1960), p. 282. German original: `[Diese Kurvenform] weit vielmehr auf ein

Entstehen von B1 während der Belichtung hin.
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djee et al. (1960a) found that light of di�erent wavelengths had di�erent e�ects
on the �uorescence yield: the total chlorophyll a �uorescence caused by being
illuminated with far-red and red light was smaller than the sum of the �uorescence
intensities when the cells were illuminated with individual beams. Fluorescence
excited by red light (absorbed by the short-wavelength pigment system) hence
seemed to be quenched by illumination with light of far-red light (absorbed by the
long-wavelength pigment system). This was regarded as additional evidence of the
existence of the two light reaction, two pigment system of photosynthesis.206

5.7 New Flashing Light Experiments

Another group that simultaneously investigated the peculiar nature of the primary
processes in photosynthesis was the research team of the German biophysicist
Horst T. Witt. A student of the renowned theoretical physicist Robert Pohl at the
University of Göttingen in Germany, Witt received his PhD in solid-state physics in
1950.207 At Göttingen Witt began to develop an interest in the physical foundation
of biological phenomena � a �eld that would soon be called �molecular biology� or,
alternatively, with a slightly di�erent focus, �biophysics�.

Witt started working seriously on oxygenic photosynthesis when the German
physical chemist Karl Friedrich Bonhoe�er o�ered him a laboratory at the Max
Planck Institute of Physical Chemistry in Göttingen in 1952. Two methodical
problems needed to be addressed if one wanted to �nd out more about the primary
photochemical processes: �rst, one had to develop techniques that were able to
precisely measure the absorption changes (as the largest share of the pigments
were chemically inactive, the absorption changes brought about by the redox
reactions were extremely small, so that the usual instruments failed to give accurate
quantitative results); and second, these measuring techniques had to beable to deal
with the extremely high speed of the reactions (almost all the pertinent reactions
were faster than 10 milliseconds � in fact, many were suspected to be in the range
of micro- and nanoseconds). Witt succeeded in detecting these changes with his
�ashing light spectroscopic methods, which greatly increased the sensitivity and
the time resolution of photosynthesis studies. In 1955, at the second Gatlinburg
conference , he presented this technique and at the same time introduced himself
to the most in�uential photosynthesis researchers of the period.208 With the help
of this method, in 1961 Witt and his collaborators found the following:

� Upon excitation with light1 (710 nm) cytochrome f was oxidised and stayed
in this state for seconds.

� After excitation with light2 (670 nm) an unidenti�ed component X was
oxidised to XO.

206See also Govindjee (1995) and Govindjee (2004a). The same phenomenon was demonstrated
by Butler (1962), who obtained even more convincing data. Duysens & Sweers (1963) provided the
current interpretation, including the postulation of an intermediate that had been preliminarily
termed �Q�.
207For biographical information on Witt, see, e.g., Junge & Rutherford (2007), Jaenicke (2007)

and Renger (2008). Witt (1991) is an autobiographical account of his life and work; Junge (2005)
describes the later discoveries (after 1966) achieved in Witt's laboratory from the perspective of
one of Witt's closest collaborators
208A survey of Witt's methods and �ndings up to 1959 is provided by citeasnounWitt1960.
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Figure VI.15: A proposal for the cyclic mechanism of photosynthesis in
Witt et al. 1961, p. 194.

From these �ndings, Witt et al. concluded (at almost the same time as Kok
and Hoch as well as Duysens, Amesz and Kamp) �that photosynthesis is triggered
by two di�erent photochemical reactions: oxidation of cytochrome by Chla-680
and reduction of XO by Chla-670�.209 Based on the absorption changes and other
pieces of evidence, Witt et al. additionally suggested that the reaction XO → X
might be the reaction of plastoquinone to hydroquinone.210 Unfortunately, Witt's
group was unable to �nd evidence for the reduction of cytochrome, which one
would have expected to be coupled to the oxidation of X. Nevertheless, in the
same year (1961), it was established, through independent studies undertaken by
Kok on the one hand and Witt et al. on the other, that P700 was a chlorophyll a
molecule and the primary electron donor in the long-wavelength photosystem.211

5.8 The Z-Scheme

Over the course of the years the two photochemical reactions, two photosystems
model has come to be called the �Z�scheme� of photosynthesis. Today, it features

209Witt, Müller & Rumberg (1961a), p. 194.
210The original publications were Witt et al. (1961a) and Witt, Müller & Rumberg (1961b).

Cf. also the retrospective analysis of the episode in Witt (1991), pp. 61�63. Plastoquinone is
omnipresent in higher plants, and by the end of the 1950s researchers had suspected that it was
somehow involved in the electron transport chain; this was later con�rmed by studies undertaken
in Witt's laboratory. See, e.g., Bishop (1959) for the �rst clear statement about plastoquinone's
possible role; Klingenberg, Müller, Schmidt-Mende & Witt (1962) was able to corroborate the
theory.
211Kok (1961b) and Witt et al. (1961b).
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Figure VI.16: The �Z-scheme� of photosynthesis, reproduced from Rabi-
nowitch (1963), p. 114.

prominently in secondary school biology textbooks, although current standard
representations often do not make it clear why it was called the �Z�scheme� �
neither is this apparent from the diagrams used by Hill and Bendall. In its early
years of existence, rather di�erent means of representation were used to represent
the two photosystem model. A version that was quite close to the arrow scheme by
Hill and Bendall, albeit with a di�erent orientation of the vertical axis, was used
by Rabinowitch in 1963, in his contribution to the conference on �Photosynthetic
Mechanisms of Green Plants�, held at Airlie House, Virginia (see �g. VI.16).
Already then, Rabinowitch mentioned that similar schemes, �presented vertically,
horizontally, in zig-zags, on circles or curlicues�, had been presented by several
authors in recent years.212 Rabinowitch himself settled on a vertically oriented
scheme, displaying only a minimum of information. (Note that a vertical orientation
leads to a more intuitive representation of the spontaneous, thermodynamically
�downhill� reaction between cytochromes b6 and f : the reaction then also goes
"downhill" in the picture.) Compare this, however, with the later versions, which
are reproduced in �gures VI.17 and VI.18: if the axis with the redox potentials is
horizontally oriented, a neat letter�Z� appears in the scheme.213 David Krogmann
(2000) remembered that in the 1960s �there was heated discussion of whether the
arrows depicting photoacts should point up or down and whether to rotate the Z
clockwise or counterclockwise in what came to be known as the Z scheme�.214

212Rabinowitch (1963), p. 115.
213The �gures were taken from Govindjee & Govindjee (1975), p. 27, and Demeter & Govindjee

(1989), p. 123.
214Krogmann (2000), p. 115. Krogmann himself mentioned �a Gordon Conference in the

early 1960s, in Tilton, New Hampshire�; however, the �rst Gordon Research Conference on
Photosynthesis was held in 1969, so he may have confused the Gordon Conference with the
1963 conference held at Airlie House, Virginia.
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Figure VI.17: The �Z-scheme� of photosynthesis, in a version by Govin-
djee & R. Govindjee 1975, p. 27.

This model and its current standard form of representation became a matrix
that synthesised most of the available evidence on how the light reactions in
photosynthesis work, and which could be expanded and completed as time went by.
In this model, photosystem I (PS I) causes, on the one hand, the reduction of TPN
(in the �gure already named NADP+) and eventually of carbon dioxide, as well as
the oxidation of cytochrome and P700; whereas photosystem II (PS II) causes the
reduction of the cytochrome and P700 as well as the oxidation of water, whereby
oxygen is released. Both systems need to be in a su�cient and balanced excited
state for photosynthesis to occur e�ciently, and this excitation straightforwardly
explains the Emerson Enhancement E�ect. In the years that followed, many more
components of the electron transport chain were identi�ed, and other pieces of
evidence were accumulated, all of which were explained by moderately expanding
the model (by inserting new intermediates, for example), or, at the very least,
they were compatible with it. This made it ever more probable that the model
was, in principle, on the right track and it was soon almost universally accepted �
although, of course, its intricate details remain controversial to this day.

6 Reflections on Convergent Research Pathways

It is clear from what has been discussed in this chapter that the establishment
of the Z-scheme model of the photosynthetic light reactions, which included two
sequential photochemical reactions initiated by two di�erent pigment systems, was
arrived at almost simultaneously by a number of research teams working in Europe
and the US, starting from very di�erent angles, and using di�erent methods and
approaches. This contrasts starkly with the discovery of the cyclic pathway of
the dark reactions in photosynthesis, which was so strongly dominated by the
Calvin�Benson team at Berkeley (see Chapter V). No other research group had
the manpower or infrastructure to even match the Berkeley group � rather, whoever
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Figure VI.18: The �Z-scheme� of photosynthesis, reproduced from Deme-
ter & Govindjee (1989a), p. 123.
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felt that he or she might be able to contribute something, tried to collaborate with
the Berkeley team. Thus, the divergent competencies required to reach the goal
of �nding the path of carbon in photosynthesis � not least through exploring even
apparently far-fetched possibilities � was assembled in one place. A much more
decentralised approach was adopted when it came to explaining the photochemical
events of the process.

Most of the work examined in this chapter was carried out in the 1950s:
progress started to accelerate around 1954 and culminated in the years 1959�
60. Seen in retrospect, everything took o� in 1951 when the Hill reaction was
suddenly seen to be related to the reduction of carbon dioxide, through the �nding
(simultaneously in no less than three di�erent laboratories) that chloroplasts were
able to reduce TPN and, hence, provide one of the essential components for the
reduction of carbon dioxide in the dark cycle. Although Emerson and others were
sceptical about the signi�cance of this �nding, Hill found it immensely satisfying:
�nally, there was evidence that the Hill reaction was, in fact, not extraneous to
photosynthesis but re�ected an inherent part of the process. Only one year later,
in 1952, was the plant-speci�c cytochrome f found, followed by cytochrome b6.
So that, by the time Duysens had established, around 1956, that cytochrome
f reversibly changed its redox state upon illumination, Emerson had found the
Enhancement E�ect of illumination with two di�erent wavelengths and Kok had
found the antagonistic e�ect of red and orange light on P700, the eventual solution
to the problem was only one small step away.

Although all the actors mentioned in this chapter shared the same research
goal � to elucidate the primary photochemical processes of photosynthesis � it
is obvious that they used very di�erent means to reach this goal. The paper by
Hill and Bendall, for example, was based on purely theoretical, thermodynamical
considerations. The fact that Hill intended his paper to solve, in the �rst place,
the cytochrome question might explain why he did not refer to Emerson's papers
on the Enhancement E�ect, of 1957 and 1958; for the argument developed in
the Hill�Bendall paper, Emerson's �nding was not essential. Yet, of course, the
explanation of this e�ect was a strong argument for the accuracy and justi�cation
of the Hill�Bendall model; and it is hard to argue that Hill had not been in�uenced
in his thinking by the discussion of the Enhancement E�ect and its potential
explanation. The same applies to Duysens's observation concerning the behaviour
of the redox state of cytochrome f in the light, which likewise was not cited by
Hill and Bendall. The only other person to suggest a two photoreaction model
for photosynthesis without referring either to the Emerson Enhancement E�ect
or to other contemporary contributions to the debate on the primary processes in
photosynthesis was Kautsky. From Kautsky's paper it is unclear how familiar he
was with the photosynthesis research work being undertaken in other countries;
it certainly seems that he was not very au courant with developments in England
and the US.

With the exception of Hill and Kautsky, the Emerson Enhancement E�ect had
a decisive in�uence on most of the other actors' paths to the two photosystem
model. In his paper of 1959, Kok admitted that he would not have considered the
antagonistic light e�ect on P700 as fascinating as he did had he not suspected that
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there was a rather direct connection to the Enhancement E�ect � and it was in
the Emerson Memorial Issue of the journal Plant Physiology that Kok cautiously
noted, for the �rst time, the explanatory dimension of his observation.215 It is not
entirely clear from where Witt acquired his motivation; but Duysens, it is clear,
was strongly driven by the incentive to explain the Emerson Enhancement E�ect
(as well as by Blinks's �nding of chromatic transients). On second thoughts, it is
not surprising that Emerson's �nding of 1957 was so in�uential. The e�ect was
completely unexpected, so that it aroused considerable interest in itself; further-
more, in order to explain the e�ect Emerson himself had suggested, as early as
1957, that two di�erent photochemical reactions might be involved and that they
were initiated by di�erent pigments. Thus, the main elements of the solution had
not only been �in the air�, that is, somehow to be intuitively inferred from current
discussions, but had been explicitly formulated at a very early stage. Already
in 1959, Rabinowitch and others of the Urbana group elaborated and improved
upon Emerson's thoughts; and envisaged two di�erent processes involving two
di�erent species of chlorophyll a that absorbed at di�erent wavelengths (which
were demonstrated to exist, mainly through the work done by Govindjee). Why
the photosynthesis collective did not react immediately and celebrate the birth
of a Z-scheme-like model one year earlier is not entirely clear; even in March
1960, a very similar suggestion by Kok and Hoch was still received with much
reservation. The small group of experts directly involved in the study of the issue,
had de�nitely been won over by then, but a lot more work needed to be done before
the Z-scheme was generally accepted. However, by 1963, the general accuracy of
a Z-scheme-like model was no longer seriously disputed. There was disagreement
about the details; yet most of the alternative suggestions, repeatedly published,
for example, by Arnon's laboratory at Berkeley, did not survive for long. The main
argument in favour of the Z-scheme was its explanatory power. The Z-scheme
was able to explain, with recourse to only one general assumption (namely, the
existence of two photochemical reactions implemented in two di�erent pigment
systems) phenomena ranging from the Enhancement E�ect to the light-induced
redox changes of cytochrome f and the chromatic transients of oxygen exchange.
And this was hugely persuasive.

Duysens himself believed, in retrospect, that once the appropriate methods
were known (such as absorption di�erence spectroscopy) and some important parts
of the jigsaw pieced together (such as the discovery of light-induced redox changes
in cytochromes and P700), arriving at a Z-scheme-like model was only a matter of
time and could not be credited to any speci�c person.216 This is entirely convincing
when looked at from the collective's perspective: if all the acquired knowledge is
pooled, it is to be expected that, at some point, someone will successfully apply
the available techniques and concepts to photosynthesis research. It is equally
true, however, that each individual who, around 1960, arrived at the conclusion
that there are two photochemical reactions was exceptionally well prepared to do
so, each in his own distinctive manner. Although it is extremely important to
have access to appropriate methods, and the introduction of new methods to the

215See Kok (1959).
216See Duysens (1989), pp. 77�78.
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�eld of photosynthesis studies repeatedly proved immensely fruitful and valuable,
methods and techniques are not everything. Researchers have to know how to use
them and how to conceive of the kinds of problems that can be solved using them.
They need to realise the new techniques potential and how speci�c methods can
help one to reach a personal goal. If nobody knows how one might bene�t from
the new methods, even those methods that might enormously propel some �eld
of knowledge will prove to be worthless. Measuring photochemical e�ciencies, for
example, had long been a standard method in photochemistry; but it was Warburg
and Negelein who introduced these approaches to photosynthesis studies; and they
only did so because they seemed to be an appropriate way of reaching their goal.

Finally, let me draw attention to the fact that Kok, Hill and Duysens all
believed that it was necessary to present their own suggestions as tentative �working
hypotheses� that needed further clari�cation and modi�cation. One would have
thought that such a disclaimer was super�uous, since the same is true of every
model hypothesis, but it reveals the enormous degree of uncertainty that still
prevailed around 1960. Nobody was certain that they had hit upon the right
solution, however convincing it might have appeared at �rst glance. Indeed, it
is a rather surprising aspect of the history of photosynthesis that time and again
those solutions that at �rst appeared less probable, turned out, in the end, to
be accurate, whereas those alternatives that at �rst glance looked almost obvious
were eventually dropped. For example, for a long time it was taken for granted that
carbon dioxide was the source of photosynthetic oxygen � given the stoichiometry
of the summary equation, this was more than probable � although, in the end, it
transpired that water was the source of photosynthetic oxygen. And far into the
1930s, it was assumed that the light reaction in photosynthesis was directly related
to carbon dioxide reduction, although this also turned out to be erroneous. As late
as October 1959, at a conference on bioenergetics, William Arnold was infuriated
that participating physicists rejected potential mechanisms of the photochemical
events in photosynthesis as they found that the mechanism under debate did not
seem very probable. �Any statement about `probable' might be alright in Havana,
where you ould make money on it; but, this is a meeting on bioenergetics, and when
it comes to biology, this is simply an extraneous consideration of no importance,�
Arnold sharply commented.217

Taking stock of the entire course of events, I could not agree more. Photosyn-
thesis is in itself a most improbable process. No chemist or physicist would ever
have come up with a system that generates its energy from oxidating water and
stores it by way of carbon dioxide reduction � all this at room temperature to boot.
Yet, it is a process that operates extremely well: it is, after all, the basis for all
life on earth. However, in order to explain such an improbable process, scientists
had to explore even the most improbable of modelling approaches; and right up
until the �nal solution was reached, it was never completely foreseeable which of
the available options would, in the end, prevail.

217Arnold (1960), p. 324.
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EPILOGUE

The discovery process initiated by the nineteenth-century chemists to explain
photosynthesis thus came to a preliminary conclusion around 1960, largely thanks
to the engagement of far-sighted biophysicists. The starting point of the process was
the attempt to explain photosynthesis by pointing to a handful of causally relevant
factors; the point of termination was a sophisticated, molecular-level mechanism.
One could describe this as a journey out of darkness into the light, albeit with
many shady periods in between: intermittent sunny intervals but mostly fog and
clouds. Simply put, it is the story of a complex problem and the long and winding
path to its solution. The problem � how to explain the light-driven production
of carbohydrates and oxygen from carbon dioxide and water in green plants �
had troubled scientists for more than a century. The solution included an intricate
cyclic path, the prerequisites of which � reducing equivalents and chemically usable
energy in the form of adenosine triphosphate (ATP) � were produced during the
course of two photochemical reactions operating in series and dependent on two
di�erent pigment systems. (Of course, one has to add that, from the perspective
of modern-day science, work on the �real� problems of photosynthesis only started
in 1960.)

The story of how this solution was reached was described in this book, with an
emphasis placed on the internal dynamics of the modelling process. The modelling
of a complex phenomenon, such as photosynthetic carbon dioxide assimilation,
was presented as being the work of a collective enterprise, in the sense that
research groups pursuing similar research goals cooperated informally with one
another. No central agency organised this cooperative venture; however, a neat
division of labour arose, in so far as di�erent sub-collectives selected their own
sub-goals, which appeared interesting, relevant and, in all probability, attainable
within a realistic time span with the means at hands. Most scientists specialised
in certain experimental techniques and applied them to a limited range of issues
within photosynthesis research, at the same time keeping a close eye on the (com-
plementary) work of other researchers in the �eld. The more complex the issue
turned out to be, the more sub-goals were identi�ed and the more diversi�ed the
collective became. By the 1940s, a clear-cut distinction had developed between
those researchers trying to elucidate the so-called dark reactions of photosynthesis,
using radiotracer techniques and chromatography, and those studying the light
reactions of photosynthesis, using manometry and spectroscopy. And, although
research groups within these two divisions might pursue identical research goals
(such as attempting to determine the maximum e�ciency of photosynthesis), very
few of these groups used the same method on the same organism, and so were not
directly competing with one another. To be sure, there were attempts to reproduce
certain experimental results. Yet, most of the time, if the validity of the data had
been demonstrated to be su�cient, then the data were used by other scientists to
make headway in solving the main problem.
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This was done by establishing the causally relevant factors of the complex model
that the scientists were trying to construct; in this sense, the modelling process
was also presented in this study as the search for an accurate and adequate causal

graph. It had to be accurate in so far as ideally all the causally relevant factors were
based on the conclusive outcome of di�erence tests; and it had to be adequate in so
far as the resolution of factors had to correspond to the capacities of contemporary
methods and to the conventions of the �eld. One should, of course, add that the
graph (or the model) also needed to adhere to accepted theory and to be able to
explain consistently as much of the relevant data as possible. Constructing these
causal graphs was far from easy. The di�erence tests performed in experiments
yielded knowledge on causally relevant factors, but it was an altogether di�erent
matter to integrate these results into a larger context. Although the diagnosis of a
causal relevance is essential � indeed, it is the principal objective of experimental
research � a causally relevant factor does not automatically lend itself to being
clearly translated into a causal graph. For example, although it had become obvious
relatively early in the twentieth century that photosynthesis involved at least one
thermochemical reaction in addition to the photochemical reactions, for many years
scientists could not agree on which partial processes of photosynthesis were -driven
by light and which were not.

Several strategies were identi�ed in order to bridge the gap between establishing
the causally relevant factors and assembling the intended causal graph. One of the
most important heuristic techniques identi�ed in this study was the transfer of

causal knowledge from one discipline to another or, in other words, the tentative
classi�cation of a new situation as being a model of a type of situation that
has already been elucidated. This was particularly useful in cases where it was
impossible to undertake di�erence tests to �nd out more details about the involved
causally relevant factors, mainly because of the lack of appropriate methods. As the
internal functioning of metabolism was still a complete mystery in the nineteenth
century and nothing was known about photosynthesis except for the identity of the
raw materials and the end products, scientists had no other option but to reason
along these lines: identify as many reaction paths as possible of the raw materials
and try to establish which of them occur in photosynthesis. Succeeding generations
of photosynthesis researchers later criticised these decades, in the second half of
the nineteenth century, as a period of spurious speculation, although in doing so
they overlooked the fact that much valuable knowledge was accumulated about
the di�erent types of reactions and partial processes during these years. Indeed,
the transfer of causal knowledge continued to be an extremely powerful tool, for
example in elucidating the course of the dark reactions of photosynthesis: the com-
pounds were identi�ed by means of the new technique of paper chromatography,
but how they interacted had to be inferred from the body of knowledge assembled
about these compounds in other systems.

This type of reasoning is sometimes referred to as �reasoning by analogy� or
�analogical reasoning�. Yet, although these terms might appear suggestive, they
do not, however, explain why it can sometimes be highly successful (and, at other
times, highly misleading). Translating the theme of analogy into the framework of
causal reasoning is a much more helpful way of clarifying the matter. Reasoning
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along these lines is appropriately conceived of as applying the causal knowledge
that has been obtained in one situation to other situations that have been judged
to be of the same type. One could describe this strategy as a type of �inference
to the best explanation�. If phenomena are observed whose causes are known in
similar contexts, one might suppose that the action of these causes under the
conditions investigated would satisfactorily explain the problem at hand. (One can
easily recognise Newton's second Rule of Reasoning here.) Methodologically, this
is justi�ed by the fact that causal knowledge always concerns types of events, not
only individual tokens. Thus, if it seems that (almost) all the same factors under
like circumstances produce (almost) the same e�ects, one may assume, as a rule
of thumb, that these processes belong to the same type and, hence, are governed
by the same causal framework.

The transfer of causal knowledge is an essential element of scienti�c modelling.
It can concern single factors or full modules, that is, branches of the causal graph.
Of course, mistakes can be made when knowledge is transferred, so double-checking
is necessary. For this very reason, a theoretical suggestion based on the transfer of
causal knowledge was frequently accompanied or closely followed up by a phase of
empirical investigation, in order to ascertain whether the assumed consequences
did, in fact, hold. And it is interesting to note that, even if this empirical search did
not go anywhere, scientists sometimes retained the tentative causal assumptions,
particularly when the evidence from other quarters was strong and its explanatory
power persuasive enough. The long-held belief in the accuracy of the formaldehyde
model of photosynthesis (which was based on the knowledge gained in arti�cial
systems), despite the failure of scientists to demonstrate that formaldehyde was
formed in plants, is a case in point. Frequently, it was not the actors themselves,
who, �nding themselves in an impasse, actively sought to transfer knowledge from
other �elds to photosynthesis studies (although the intensive search of the literature
for potential chemical intermediates of photosynthesis that Martin Kamen and Sam
Ruben undertook when they started their tracer studies could be considered an
exception to this rule). Rather, new pieces of knowledge were generally imported
by scientists who were experts in other areas (such as nuclear physics, physiology
and radiation chemistry) and had diverged from their original discipline to make a
quick contribution to photosynthesis studies. Some of them returned to their main
speciality, while others stayed in the �eld. The application of new methods and
instruments was also frequently introduced to photosynthesis research by these
research opportunists, as they were called in this study.

Another modelling strategy was found to be the way the causal graph was
divided into modules � distinct branches, only some of which were investigated at
any one time, that could be treated as a unit. This heuristic rule proved particularly
useful once the causal graph under construction had reached a certain degree of
complexity. Modularising the graph could serve di�erent purposes: it was used to
exclude certain sub-processes from the focus (such as the interaction of chlorophyll
with light); to import full modules from other branches of science (see above); or
to justify a scientist's own focus of research. Early on in photosynthesis research,
for example, the synthesis of carbohydrates from formaldehyde was treated as
a �module�: it was accepted as a self-su�cient element, which most researchers
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�grafted� onto their models without, however, rechecking the involved causally
relevant factors. Naturally, one had to ensure that the newly grafted module was
consistent with the rest of the model and that there was an appropriate point into
which the module could be incorporated. But apart from these basic requirements,
modularising allowed researchers to treat a phenomenon comprehensively without
having to deal with every single element concurrently. The most extreme example
of �modularisation�, which eventually resulted in the construction of two distinct
partial models, involved the separation of the dark reactions of photosynthesis from
the light reactions. Although these two partial processes were closely interrelated,
and known to depend on each other, from about 1940 they were no longer studied
as a single unit.

Finally, it was repeatedly emphasised in this study that the photosynthesis
researchers usually pursued a range of di�erent modelling options concurrently,
all the while keeping an eye on the collective at large. They resorted to this
pluralism of alternatives chie�y because it was so di�cult to pinpoint the exact
solution to the main problem photosynthesis, in what was, without question, an
extremely uncertain �eld of research. Indeed, no one model was ever taken to be
the de�nite solution. There were always several alternatives being developed at
the same time, even those that did not appear particularly promising. As long
as there was a reasonable degree of uncertainty (as was usually the case), it was
worth examining most, if not all, of the possibilities. This strategy was applied
to fundamentally diverging options (such as the chlorophyll complex model versus
models including the photosynthetic unit concept) as well as to �local� alternatives
(such as whether 2-phosphoglyceric acid [2-PGA] or 3-PGA was the �rst product
of thermochemical carbon dioxide reduction). Incidentally, the implication of this
strategy was that at no point was there one �winning� model, not even in 1960;
there were always families of model variants being discussed. The debate about the
origin of photosynthetic oxygen evolution provides a �ne example of the persistent
pursuit of alternatives. From the early nineteenth century and well into the 1930s,
the standard notion was that the oxygen released in photosynthesis originated
from the carbon dioxide. However, researchers also explored the possibility that
the oxygen might, in fact, originate from the water. Not many scientists had much
faith in the latter hypothesis but it was still a viable option that they could not
a�ord to ignore. And even though it ended up being the correct hypothesis, it was
entirely unforeseeable, and the possibility was never excluded that some of the
oxygen might still result directly from carbon dioxide reduction.

The need to reconsider a model arose whenever experimental results seemed to
contradict the body of established knowledge � if either the model in its current
state could not explain the data or if it was felt that the data were at variance
with some of the consequences of the model. (Theoretical developments could also
initiate a process of reconsideration, although this was far less frequently the case in
photosynthesis research.) Researchers could modify their causal graphs in a number
of di�erent ways: add new cofactors or even completely new modules; construe
alternative pathways to produce an e�ect or insert intermediate processes that had
so far been neglected; rede�ne some of the factors or alter the composition of certain
bundles, and so on. For the most part, it was not immediately apparent which of
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these options would lead to the solution � and, hence, there were surprisingly
many defenders, albeit temporary, of the existing alternatives. (In this respect,
too, labour division within the collective worked smoothly.)

Recall, for example, Robert Emerson and William Arnold's 1932 �nding that in
photosynthesis only one molecule of oxygen was produced per couple of thousand
molecules of chlorophyll. At the time, the standard model included the assumption
that oxygen was produced by the direct interaction of chlorophyll molecules with
molecules of carbon dioxide, in a 1:1 relationship, which was clearly in con�ict with
the new data. The collective reacted in a number of ways. At �rst, most of the
scientists seriously doubted the validity of the data; James Franck, for example, was
convinced for a long time that Emerson and Arnold had not stimulated the system
to operate at its maximum e�ciency. Others, including Emerson himself, tried to
account for the data by introducing new factors to the standard model � such as
the suggestion that an enzyme that was only present in very low concentrations
might be involved in oxygen evolution. And a third group, notably headed by
Hans Ga�ron and Kurt Wohl, postulated that fundamental changes concerning the
action of chlorophyll be made to the standard model; they proposed that, instead
of one chlorophyll molecule acting on one molecule of carbon dioxide, thousands
of light-absorbing molecules might be "cooperating" in photosynthesis. All these
alternatives were pursued, although Franck's and Emerson's more conservative
approaches were, at �rst, strongly favoured. Ga�ron and Wohl's modi�cation
implied that a previously unheard-of mechanism operated in photosynthesis; and,
although the assumption would have explained the data, most scientists considered
that their idea was purely speculative and unacceptable, particularly given the
fact that Ga�ron and Wohl had failed to give any detailed demonstration of how
this cooperative mechanism might function. The situation only changed when the
concept of energy resonance transfer was brought up and applied to photosynthesis
studies.

This reluctance on the part of researchers to revise or drop long-held model
assumptions is widespread. As a rule, scientists tend to respond to new data or
revised theoretical knowledge by trying to �nd ways to modify and expand the
existing models as moderately as possible. It is only when these e�orts constantly
fail and alternative and more promising approaches materialise that the collective
"abandons" certain models. This "dropping" of a model variant is, more often than
not, a rather unspectacular event: nobody stops to falsify a hypothesis in public.
For example, no one stood up to announce the end of the two-carboxylation models
or the spectacular thioctic acid hypothesis supported so strongly by Melvin Calvin.
If, as a result of new empirical evidence, a model cannot be fruitfully modi�ed,
the pertinent model families simply fade out of the picture. This was the case, for
example, with the chlorophyll-complex model. A sound methodological foundation
lies behind this unpretentious abandoning of models. Take the maximum quantum
yield controversy: neither Emerson nor anyone else was able to falsify Warburg's
results on the maximum quantum yield, as it was impossible to demonstrate the
causal irrelevance of the eccentric experimental conditions that Warburg and Dean
Burk had advanced. It is plainly impossible to falsify causal hypotheses; alternative
pathways, incomplete bundles, imperfectly realised experimental conditions, and
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so on, can always have an e�ect. All Emerson could do (and did, as far as he was
able) was to demonstrate the relevance of certain conditions for certain results and
then draw inferences as to why these results did not re�ect the maximum quantum
yield of actual photosynthesis. If this proves impossible, if no relevant factors can
be found (as in the search for formaldehyde), the only option open to researchers
is to wait until either the question has lost its relevance or new methods have
emerged, such as the radioactive tracer technique that Kamen and Ruben used
to look for formaldehyde, before they de�nitively dropped this idea in favour of
better alternatives.

Having so far re�ected on the epistemological side of the modelling process, it
needs to be underlined that making causal inferences is an enterprise that hinges on
the mastering of experimental practice: this can clearly be demonstrated by the fact
that photosynthesis researchers spent so much time and energy on algae culturing.
The more experiments they carried out using algal cells, the more intricate details
they discovered about the complex metabolic reactions of these organisms. The
physiological state of the algae turned out to be one of the most decisive in�uencing
factors on the cells' photosynthetic performance. From the 1930s onwards, most
researchers chose to work with a standard strain of Chlorella, which Emerson had
originally introduced to his studies; and the exchange of information on model
organisms and recipes for culturing media made up a large part of the correspon-
dence of the actors. It is very likely that chemists such as Calvin, biophysicists such
as Louis N. M. Duysens and even plant physiologists of later generations were no
longer familiar with the reasons for the choice of species (Chlorella or Scenedesmus)
or the algal cultivation techniques. They continued with established tradition, not
only because they trusted their predecessors' competencies but also to ensure
that their results could be compared with earlier �ndings. In this sense, model
organisms such as Chlorella really did �incorporate� experimental knowledge: they
were needed to satisfy the homogeneity condition, although, perhaps, nobody knew
exactly which of their many properties were causally in�uential. The same is true
of other aspects of experimental practice. The importance of tacit knowledge
is impressively demonstrated by the fact that the actors often sought to solve
controversies by conducting experiments together: there might always be aspects
of the know-how of an experimenter, which are causally relevant to the outcome
of the experiment, yet so self-evident to the experimenter herself that it does not
even occur to her to explicate these details � unless, of course, a controversy arises.

The di�culties of experimental practice and the need to master the pertinent
methods are two of the main reasons why scientists are usually so conservative, not
only in their support of model hypotheses but also in terms of research techniques
and explanatory approaches. Warburg as well as many others investigated Chlorella
cells in certain media manometrically for most of their working lives. The devel-
opment of techniques and systems, as well as the recognition of their possibilities
and their shortcomings, were undeniably central elements in the process of mod-
elling photosynthesis. But they were not the driving forces. Manometry established
itself as the domineering technique in the �eld not because of the fact that it
had many unexplored surprises to o�er but because Warburg had persuasively
demonstrated in the years around 1920 that some of the causally relevant factors
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in photosynthesis could be successfully investigated using this method, more so
than by the application of other techniques. Searching for kinetic information by
manometrically measuring the process soon replaced the mainly stoichiometrically
guided hunt for chemical intermediates. Once the choice of technique had been
made, researchers then kept to it so as to be able to compare experimental out-
comes. Undoubtedly, methods do guide research decisions to a surprising extent.
That researchers jumped from one theme or �eld to another, as Warburg did,
was clearly prompted by the strategy to exploit the technique's possibilities in as
many disciplines as possible. However, the speci�c way in which Warburg applied
manometry to photosynthesis was not inherently determined by the method itself
but was rather motivated by the desire to solve a problem on the basis of individual
competencies.

This even holds when individuals put their faith in the wrong hypothesis; they
might err or overlook confounding factors in their experimental set-up. Although
the story of modelling the mechanism of photosynthesis ended, eventually, in suc-
cess, it is also evident that the modelling process did not proceed in a linear manner.
Although there were almost no instances of epistemically unguided experimental
tinkering in the work of individual scientists, there were unquestionably examples
of unexpected discoveries � for example, when Emerson set out to investigate
the in�uence of blue light on the gas exchange of Chlorella cells and discovered
instead the Enhancement E�ect on photosynthetic e�ciency. Some phases pro-
gressed slowly � existing model alternatives were continuously worked on, without
the scientists having any idea as to where the path would eventually lead. There
were other phases in which the researchers failed to digest the new data, such as
when certain �ndings in the 1930s indicated the existence of a hitherto unheard-of
�photosynthetic unit�. And there were instances of explanatory breakthroughs that
did not add anything to the existing body of factual knowledge. The suggestion of
the �rst Z-scheme by Robin Hill and Fay Bendall could be regarded as falling into
this category. The process was not sequential, and it was certainly not foreseeable,
let alone inevitable. However, it can still be regarded, if only retrospectively as
the result of the goal-oriented action undertaken by a number of scientists, who,
guided by well-proven heuristics and methodical knowledge, in�uenced by their
individual disciplinary backgrounds and helped along with an extra portion of
good luck, wanted to contribute collectively to solving the intricate details of the
complex mechanism of photosynthesis.
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