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Abstract

A short list of the twentieth century’s dominant figures in photosynthesis would unquestionably include Otto
Warburg. One of his many discoveries, the ‘bicarbonate effect’ remains a lasting puzzle to his heirs in the field.
Recent developments in this area of research have renewed interest and call for a re-examination of the ideas
surrounding this controversial topic. Focus here will be on hypotheses developed by a small number of researchers
who proposed that bicarbonate may be involved in oxygen evolution. The effect of bicarbonate on the acceptor side
of Photosystem II (PS II) is discussed by Jack van Rensen (in this issue).

Otto Warburg: discoverer of the ‘bicarbonate
effect’

A history of the ‘bicarbonate effect’ in photosyn-
thetic oxygen evolution must begin with Otto Warburg
(see Figure 1). Although representing only one of the
many fundamental discoveries in biochemistry made
by Warburg in his enviable career, the bicarbonate
effect stands out in remaining almost as enigmatic
today as it was before Warburg’s death, more than 30
years ago. The phenomenon that Warburg and Günter
Krippahl (1958) discovered has since been observed
in so many laboratories that it is now fully accepted.
Under the proper conditions, carbon dioxide, most
likely in the form of the bicarbonate anion, can have
a large stimulatory effect on the rate of light-driven
turnover of Photosystem II (PS II). Yet, more than 40
years after its first observation, the interpretation of
this phenomenon has never reached consensus, with
much of the problem traceable to Warburg himself.
By reputation (the author never met Warburg in per-
son), he was dogmatic and adversarial. Warburg was
difficult to work with, and impossible as an opponent
according to verbal accounts by others I know. Theor-

ies and evidence contrary to his own appeared to have
little effect on his thinking. While perseverance can
be laudable if time proves someone right at last, in
Warburg’s case, history has so far provided a different
judgment. The tragedy in the life of this great scientist

Figure 1. Otto Warburg (1883–1970) with associates shown here
(center) at the National Institute of Health Laboratory, USA (1949).
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is that his many early contributions (a Nobel Prize in
Physiology or Medicine in 1931, another offered in
1944) were overshadowed by his firm attachment to
notorious errors later in life.

Warburg’s explanation for the bicarbonate effect
is, in hindsight, totally implausible. He believed that
the phenomenon proved his theory that molecular oxy-
gen is evolved not from the splitting of water, but by
the splitting of ‘activated CO2’ to yield an aldehyde.
This was Warburg’s ‘photolyte theory.’ The reader is
encouraged to consult Warburg’s brief scientific auto-
biography (1964), published 6 years before his death,
for the details of this hypothesis. One will also be
made aware of how deeply this intellectual giant had
isolated himself from the field he did so much to estab-
lish. Referring to his and Krippahl’s discovery of the
bicarbonate effect, he writes, ‘by these experiments
the last stronghold of water photolysis fell. As was
expected, no proof of water photolysis survived the
discovery of ‘active CO2’ (Warburg 1964). So it was
that with this seminal misinterpretation, linked to a
less-than-endearing personality, the bicarbonate effect
met resistance from the beginning. A generation later,
it has yet to fully recover.

Post Warburg, the controversy evolves

Still, over the years, work has continued here and there
in an attempt to extract the true meaning of the bi-
carbonate effect (for reviews, see Stemler 1998a; van
Rensen et al. 1999). But even as new information was
uncovered, a schism developed among researchers. On
the one hand, most believed that the effect of bicar-
bonate was confined to the quinone reactions on the
electron acceptor side of PS II, while a small minority
favored either a donor-side site of bicarbonate action,
or plural sites on both sides of the PS II reaction cen-
ter. Foremost among this second group was Helmut
Metzner, but also included were W. Kreutz, Yu. Zein-
alov, the author, and several collaborators. To support
their ideas, these researchers pointed to a large body
of early evidence showing clear donor-side effects of
bicarbonate. What follows is a brief summary of much
of this evidence. More detailed discussion and addi-
tional references are found in the reviews and primary
sources mentioned:
1. Chlorophyll a fluorescence data showed that a

site of bicarbonate action was before the DCMU
inhibition site at QA. From an assortment of addi-
tional evidence, it could be deduced that one of the

sites was before YZ, the primary electron donor
to P680

+. That is, at or near the oxygen-evolving
mechanism itself (Stemler and Govindjee 1974a;
discussed by Stemler 1998a).

2. Acetate perturbs the oxygen-evolving mechanism
during a Hill reaction, causing the ratio of elec-
trons transferred to oxygen molecules evolved to
exceed 4, the expected value. Bicarbonate re-
stores the normal ratio, indicating a ‘direct’ effect
of bicarbonate at the oxygen-evolving mechanism
(see Stemler and Govindjee 1974b; discussion by
Stemler 1998a).

3. The release time of oxygen following single
turnover flashes given to thylakoid membranes
is measurably extended in the presence of form-
ate. Bicarbonate restores the normal release time
(Stemler 1981; Jursinic and Dennenberg 1990;
discussed by Stemler 1998a).

4. Formate causes a differential delay in the S-state
transitions S0

∗ → S1 and S1
∗ → S2 that occur in

response to the first flash given to dark-pretreated
thylakoids. If the rate-limiting step imposed by
formate on electron flow were confined to the re-
ducing side of PS II alone, both transitions should
be delayed identically. Since they are not, formate
must also be slowing the oxygen-evolving mech-
anism directly. Bicarbonate restores the rapid S-
state transitions on the first flash, and the rates
of both S0

∗ →S1 and S1
∗ →S2 become equal

(Stemler 1982).
5. Formate causes the binding affinity of H14CO3

−
to PS II to oscillate with a periodicity-of-2 in
single-turnover flashing light. This oscillation is
not correlated to the oxidation state of QB, whose
normal period-2 oscillation is completely elim-
inated in the presence of formate. Rather, the
oscillations in H14CO3

− binding affinity are cor-
related to S-states (for details, see Stemler et al.
1984).

6. Millimolar concentrations of hydroxylamine elim-
inate the period-2 oscillations in H14CO3

− binding
affinity induced by formate in response to single-
turnover flashes. Such high concentrations are
known to block S-state transitions and supply elec-
trons to PS II to maintain electron flow. This is ad-
ditional evidence that bicarbonate binding affinity
is modulated by the state of the oxygen-evolving
mechanism (Stemler et al. 1984).

7. The binding of H14CO3
− to thylakoid membranes

was shown to be a function of pH and formate con-
centration existing in the lumen. This is consistent
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with the idea that bicarbonate binds in proximity to
the oxygen-evolving mechanism (Stemler 1980a).

8. An effect of CO2/HCO3
−depletion on both the

donor and acceptor side of PS II was also observed
in whole cells of the green alga Chlamydobotrys
stellata (Mende and Wiessner 1985). Variable
chlorophyll fluorescence was used to measure the
oxidation state of QA in weak light as CO2 was
removed. Within 15 min of CO2 depletion, vari-
able fluorescence declined, indicating a block on
the donor side of PS II. Later, variable fluorescence
increased again, indicating a block on the reducing
side, beyond QA.

9. El-Shintinawy et al. (1990) confirmed the results
of Mende and Weissner, this time with Chlamydo-
monas reinhardtii cells. When these cells were
treated with formate in the short term (5 min)
a bicarbonate-reversible rate limitation developed
‘between “Z” (or “D”) and QA.’ The block per-
sisted in the presence of hydroxylamine acting as
an electron donor. Similar results were obtained
with leaf discs from spinach (El-Shintinawy and
Govindjee 1990). Although the authors suggested
that the block might be between pheophytin and
QA, it became clear eventually that the bicarbonate
effect observed was on the donor side, most likely
before ‘Z.’

Ironically, as the evidence described above accumu-
lated, it became increasingly accepted that donor-side
effects of bicarbonate did not exist. Review articles
published before 1999, with the single exception of the
author’s (Stemler 1982) either argued against donor-
side effects, or ignored the topic entirely. This view
so overwhelmingly prevailed that research on a dir-
ect role for bicarbonate in oxygen evolution all but
stopped. There can be little doubt that reaction to
Warburg’s ideas played a major role in establishing
the prevailing position. For a good 20 years, by this
author’s reckoning, study of the role of bicarbonate
in oxygen evolution was, in effect, suppressed. Since
Warburg’s hypothesis was certainly incorrect, there
could be no role for bicarbonate at all in water split-
ting. This thinking only changed with the recent work
of Vyacheslav Klimov, and many collaborators, show-
ing additional evidence that bicarbonate does have
some role in the stability or operation of the oxygen-
evolving mechanism (for a review, see Klimov and
Baranov 2001). Thanks to these efforts, the question
of a possible role of bicarbonate in water splitting has
been resurrected. It is thus appropriate to look back at

Figure 2. Helmut Metzner (1925–1999). Courtesy of Karin
Fischer-Zeh.

the ideas of those who offered hypotheses on this topic
and who were consequently marginalized.

The established paradigm regarding the mechan-
ism of oxygen evolution is that two molecules of
water are bound, either sequentially or in unison, to
the oxygen-evolving mechanism at some point in the
period-four Kok cycle (Kok et al. 1970) and that
electrons are withdrawn from these two water mo-
lecules either singly, in twos, or all four at once,
leaving protons and dioxygen as products. Although
this vague scenario remains hypothetical, it assumes
the simplest mechanism imaginable, involving only
two water molecules, and therefore deserves first con-
sideration. That is not to say, however, that it deserves
unquestioning allegiance. Problems with this idea, and
alternative solutions, have been pointed out regularly
over the past 30 years. Here we will focus on those
solutions involving an explanation of the bicarbonate
effect.

Helmut Metzner

One of the first to question the notion of direct splitting
of water was Helmut Metzner (Metzner and Fischer
1969) at the University of Tübingen. Like Warburg,
Metzner (see Figure 2) cited the bicarbonate effect in
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support of an alternative theory. Unlike Warburg, Met-
zner did not postulate a reduction of ‘active CO2’ to
an aldehyde concomitant with the release of molecu-
lar oxygen. In Metzner’s mind, there was no question
that the ultimate source of evolved oxygen was water,
consistent with the hypothesis of Cornelis B. van Niel.
Mechanistically, however, he imagined bicarbonate as
a necessary chemical intermediate. Regarding the dir-
ect splitting of water, Metzner (1978) pointed out that
extracting a single electron from a water molecule as a
first step in producing either atomic oxygen or hydro-
gen peroxide, as a chemical intermediate required far
more energy than is contained in a photon of red light
[see Britt (1996) for a more recent discussion of this
point]. A thermodynamically permissible mechanism
involving only water must postulate electron extrac-
tion by the oxygen-evolving complex (OEC) either
in pairs, or all four at once (Volkov 1989). Met-
zner, however, argued that electrons could easily be
extracted singly from bicarbonate ions to produce a
carbonic acid peroxide intermediate. Details of this
hypothesis can be found in Metzner (1978). Here we
can give the summary reaction of his hypothesis, and
all subsequent hypotheses incorporating bicarbonate
as a chemical intermediate in oxygen evolution:

2 HCO−
3 + 2 H+ 4 hν−→ O2 + 2 CO2 + 4 H+ + 4 e−

↑ |
2 H2O

Metzner postulated that water entered the ‘water-
splitting’ reaction in the form of bicarbonate from
which a single electron could be readily extracted.
One product of the reaction, CO2, was continuously
rehydrated, and as such, water is the ultimate source
of evolved oxygen. Thus Metzner’s explanation of the
bicarbonate effect bears only a superficial resemblance
to the photolyte theory of Warburg.

In addition to a theoretical explanation of the bicar-
bonate effect, Metzner provided supporting evidence
for his model. His experiments used mass spectro-
metry and isotopically labeled H2O and/or HCO3

−.
He first pointed out that isotopic discrimination in bio-
logical reactions is always against the heavier isotope.
From this fact, Metzner reasoned that if oxygen was
developed directly from water, the 18O /16O ratio of
evolved oxygen could, under no circumstances, be
even minutely greater than that of the water in the
medium. He then offered experimental results appear-
ing to show that the 18O content of photosynthetic
oxygen was slightly greater than that of the medium
water (Metzner et al. 1979). He thereby concluded that

something besides water was the immediate source of
evolved oxygen. Not surprising, he suggested that the
‘something’ could be bicarbonate since, in isotopic
equilibrium with water, the 18O content of bicar-
bonate is slightly higher than that of water due to
well-documented partitioning effects.

More than 20 years after Metzner published his
explanation of the bicarbonate effect and offered sup-
porting evidence of his ideas, it is obvious that they
have had no impact whatsoever on the field. One
possible reason for skepticism is that Metzner’s exper-
iments were complicated and not terribly convincing.
Analysis of results required assumptions such as the
presence of large amounts of ‘bound’ CO2 and O2.
Expected and observed differences in isotopic content
were small, raising the question of the precision of
the method. Still, weakness in the initial evidence is
not always fatal to an idea. In this case, intangibles
probably played an even greater role. In science, there
will forever be subjective judgments based on such
things as ‘reputation,’ personal relations, professional
jealousy, or perceived objectivity (or lack thereof) on
the part of the experimenter. To what extent each may
or may not have contributed to Metzner’s lack of cred-
ibility is impossible to quantify. But aside from these
ponderables, another influence completely undercut
his position. As the notion became increasingly accep-
ted, even in the face of contrary evidence, that the role
of bicarbonate in PS II was confined to the electron
acceptor-side quinone reactions, Metzner’s hypothesis
became as untenable as Warburg’s.

Other contributors

As mentioned earlier, Metzner was not alone in his
interpretation of the bicarbonate effect. The author
(shown photographed in Figure 3 with other bicarbon-
ate effect researchers) also proposed a role for bicar-
bonate as the immediate precursor of photosynthetic
oxygen (Stemler, 1980b), as didYu Zeinalov at the M.
Popov Institute of Plant Physiology in Sofia (Zeinalov
1982). Even earlier, W. Kreutz (1974) described a ‘di-
meric carbonic acid peroxide’ as a possible oxygen
precursor. Kreutz, however, added another important
dimension to the discussion. He was the first to point
out that the enzyme carbonic anhydrase must play a
critical role in oxygen evolution, a theme later elab-
orated by the author (Stemler 1985). The reasoning
goes as follows: if the ‘bicarbonate-as-substrate hy-
pothesis’ for oxygen evolution is correct, bicarbonate
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Figure 3. Bicarbonate-effect researchers and friends. Standing left to right: Thomas Wydrzynski, Paul Jursinic, Julian Eaton-Rye, Rita Khanna,
Govindjee, Govindjee’s granddaughter, Sunita Christiansen. Seated: the author and Maarib Bazzaz. The photo was taken in1998 on the occasion
of Professor Govindjee’s retirement party. Courtesy of Rajni Govindjee.

must be continuously produced in the vicinity of the
oxygen-evolving mechanism. However, the spontan-
eous hydration of CO2 is very slow, especially at the
low pH environment of the oxygen-evolving complex.
Therefore, it is predicted that PS II must be able to
catalytically produce bicarbonate from CO2 and H2O,
or else this reaction would be hopelessly rate limit-
ing. In other words, PS II must have the properties of
the enzyme carbonic anhydrase (CA). Early work in a
number of laboratories indicated that thylakoid mem-
branes do have CA activity (for a review see Stemler
1997). More recent work has shown that the CA activ-
ity is indeed associated with PS II, thus verifying the
prediction (Moskvin et al. 1998). Even PS-II-enriched
membranes washed with 1 M CaCl2 to remove ex-
trinsic proteins show abundant CA activity (Stemler
1998b) if supplied with high (0.4 M) chloride and
calcium (5 mM). Besides providing possible support
for the ‘bicarbonate hypothesis,’ the presence of CA
activity closely associated with PS II has other very
important implications. None of the isotope experi-
ments conducted in the past to identify the immediate
source of evolved oxygen were interpreted with the
knowledge that PS II itself has CA activity. Not only
will such activity catalyze isotopic exchange, but will
also introduce another possible source of isotopic dis-
crimination, the consequences of which are difficult to
predict at present. Clearly what is needed is a detailed
characterization of the CA activity associated with PS
II, and a means to control it so as to prevent rapid
isotopic exchange.

Figure 4. A recent portrait of Vyacheslav Klimov.

Vyacheslav Klimov

While all early thinking on the bicarbonate effect
centered on its supposed role as a chemical inter-
mediate in oxygen evolution, recent new hypotheses
by Vyacheslav Klimov (see Figure 4) and collaborat-
ors have greatly expanded the possible explanations.
These ideas were first enumerated by Klimov et al.
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(1995). In brief, bicarbonate is proposed to function
in the assembly and stability of the Mn cluster at
the core of the oxygen-evolving mechanism, or to
alter the redox properties of these Mn cations. The
reader is referred to the recent review by Klimov
and Baranov (2001) for references and detailed dis-
cussion of these new proposals. Additionally, these
ideas have been developed further by Dismukes et
al. (2001) with the proposal of early evolutionary
consequences of manganese–bicarbonate interactions.
These authors suggest that early in the earth’s history,
when CO2 levels in the atmosphere were much higher
than at present, manganese–bicarbonate clusters could
have served as electron donors to reaction centers of
green non-sulfur bacteria. They point out that, ther-
modynamically, it is easier to extract electrons from
bicarbonate than from water (here echoing the argu-
ment of Helmut Metzner). Eventually, the manganese–
bicarbonate clusters evolved into the present day man-
ganese tetrad in oxygenic photosynthesis that either
still uses bicarbonate as an immediate electron source
or can now use water molecules directly.

Conclusions

The controversy of the past 30 years, whether or not
bicarbonate has an important role on the donor-side
of PS II is now settled in the affirmative. However,
the nature of that role remains as clouded as ever. Is
bicarbonate a chemical intermediate in oxygen evolu-
tion? Does the carbonic anhydrase activity associated
with PS II supply this bicarbonate? The evidence is
largely circumstantial, fragmentary, and all arguable.
Other plausible explanations for the bicarbonate re-
quirement compete with this notion. Yet despite this
bewildering state of affairs, there is reason for genuine
optimism. Slowly, time has dissipated the long shadow
cast by Otto Warburg. The phenomenon of the bicar-
bonate requirement in the structure and functioning of
the oxygen-evolving mechanism can be investigated
without the prejudice engendered in the past genera-
tion as a reaction to Warburg’s own intransigence on
the subject. It should now be possible for a younger
generation to proceed rationally to the truth, whatever
it may be.
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