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In addition to being the source of fixed carbon in photosynthetic carbon
assimilation, bicarbonate* serves as a reversible in vitro activator of three
major photosynthetic processes : (I) The carbon dioxide fixing enzyme,
RUBP carboxylase, is known to be activated by bicarbonate®2’ 18” 15, The
level of bicarbonate required for half maximal activity has been shown to
depend on the concentration of the essential metal activator, the pH, and
the presence of a number of organophosphate activators. Though bicar-
bonate has been treated as an essential activator, the absolute requirement
for bicarbonate has not been clearly documented. (II) Photophosphorylation
rates and the P/e ratio, as studied in broken chloroplasts, are stimulated by
the addition of bicarbonate!’ 2’ ¢ 17 Bicarbonate enhancement of phos-
phorylation was most pronounced in'a photosystem IT** (PS 1I) independent
cyclic phosphorylation system, as induced by pyocyanin, In a similar system,
bicarbonate was shown to increase the levels of “energetic intermediates”
of ATP synthesis®’ 2. These effects have been noted to have a seasonal
dependence with respect to the source of chloroplasts, and this is thought
to be related to the hormonal status of the plant material*. A seasonally
independent bicarbonate effect has been demonstrated with purified coupling
factor I'4, in which bicarbonate stimulates the rates of magnesium and
calcium ATPase activities. Bicarbonate is a nonessential activator in these
systems since complete removal of bicarbonate does not eliminate phos-
phorylation ability. In addition, several carboxylic acids are nearly as
effective as bicarbonate in stimulating coupling factor I activities* %, so the
bicarbonate effect may be more appropriately categorized as a nonspecific

% Pxcept where the question of the activating species is addressed, the word bicar-
bonate is used without implying that it is the activating species.

2k Photosystem Il of green plants consists of the following components: a light-
harvesting complex that feeds energy to a reaction center chlorophyll a labelled as P 680 ;
an electron acceptor quinone molecule labelled as Q; a 2-electron acceptor quinone
molecule, labelled as B or R, that accepts electrons from Q; two electron donors” Z, and
Z, that donate electrons to P 680" ; and an oxygen evolving Mn-containing enzyme (M)
that receives electrons from H,O. The sequence is written as :

ha SILICOMOLYBDATE
/ z
-2
Hp0 _’5‘&‘—’(2') —>P680 ——>Q?T> R —— PLASTOQUINONE
o, TRIS CDIPHENYL !
z CARBAZIDE PILURON

National Academy of Sciences, India



Electron Flow In Thylakoids 3

activation by carboxylic acids. (III) Bicarbonate activation of the Hill
reaction (electron flow from H,O to an artificial electron acceptor) was the
first of these bicarbonate activated systems to be discovered2®’ 27’ 28 and
in recent years a considerable amount of scientific effort has been devoted
to understanding this phenomenon. In comparison to photophosphorylation,
the Hill reaction is activated by much lower concentrations of bicarbonate,
and the requirement for bicarbonate appears to be both specific and absolute.
Through the use of artificial electron donors and acceptors combined with
several physical methods, the sites of bicarbonate activation in PS II
electron transport and on the PS Il reaction center have been systematically
elucidated. The following paragraphs are devoted to reviewing the experi-
mental evidence* characterizing the effects of bicarbonate on PS II ‘activity
and defining some of the questions that await experimentally determined
solutions. The terminology used throughout the text is based on a recent
review of this topic®. The term thylakoid refers to membranes isolated from
chloroplasts.

The essentiality of bicarbonate for Hill reaction activity may be inferred
from studies which show that bicarbonate depletion results in a 90-959; loss
in Hill reaction rates#’6’8’10’19-25°30 The results of recent studiesi®’2°
indicate that the residual activity is probably due to incomplete removal
of bound bicarbonate. The existence of high affinity and low affinity
bicarbonate binding sites in chloroplast fragments was demonstrated.
The removal of tightly bound bicarbonate was shown to be a slow process
when chloroplast fragments were incubated under low salt, and neutral pH
conditions. Removal of labeled bicarbonate was found to be facilitated by
washing the chloroplasts with a low pH buffer containing high levelsof sodium
chloride and sodium formate, which had been found to be effective in dep-
leting chloroplasts of Hill reaction activity in earlier bicarbonate activation
studies3’4’8’10°19-28°30 By washing bicarbonate labeled chloroplasts with
neutral pH, low salt buffer, the high affinity bicarbonate sites could be selec-
tively preloaded with labeled [*4#C] bicarbonate. Chloroplasts were prepared
in this fashion and then various treatment washes were applied to samples
of the labeled preparation. The treatments removed bicarbonate to varying
degrees and Hill reaction activity was found to correlate well with the amount
of label which remained bound. These results are important for two reasons.

* This review includes’papers published up to 1979.
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First, the correlation of bound bicarbonate with Hill activity provides firm
physical evidence for bicarbonate activation. Second, the demonstrated effec-
tiveness of the high salt and low pH wash medium in removing the tightly
bound bicarbonate activator confirms that the effectiveness of this treatment
is related to its ability to remove the effector and not to some sort of ion
inhibition.

A previous study had shown that the requirement for salt treatment of
chloroplasts was restricted to the bicarbonate depletion medium, and that
bicarbonate sensitivity was observable in reaction media with or without high
levels of salt2, It was also known that the effect of 100 mM formate in the
incubation mixture increased the concentration of bicarbonate needed for
half saturation of Hill activity by an order of magnitude®©, suggesting a
competition by formate for bicarbonate binding sites,

The tight binding and slow exchange of bicarbonate at the activating sites
explains the variability of early demonstrations of bicarbonate enhancements.
Warburg?¢°27°28 and several other researchers®’24°25°29 had found it nece-
ssary to incubate chloroplast preparations for two or three hours, in the
presence of bicarbonate traps, in order to observe bicarbonate enhancements
of Hill reaction activity. These long-term incubations (some of which were
conducted in the light) produced irreversible inactivation of the chloroplasts
and probably were not totally effective in removing the activating species
under investigation. So, the early reports are only useful for qualitative
evaluations.

The universality of the bicarbonate effect can be inferred from the studies
by independent laboratories, which used different higher plant and algal
chloroplast material in their investigations. This point was emphasized by
Stern and Venessland?? who showed that the degree of bicarbonate enhanced
Hill activity was the same in several different species.

In order to address criticisms that suggested that the bicarbonate effects
were due to photodestruction of chloroplast activity during prolonged treat-
ments, Good? showed that added bicarbonate was effective in restoring Hill
activity to bicarbonate depleted chloroplasts, which had been pretreated with
or without light. More recent studies have demonstrated the reversibility of
each of the observed effects of bicarbonate. Good?® and Stemler and Govind-
jee2* noted that bicarbonate was more effective if the chloroplasts were
incubated in the dark prior to measuring Hill reaction activity. Stemler
reports that this is due to the preferred binding of bicarbonate to chloroplast

National Academy of Sciences, India



Electron Flow In Thylakoids 5

having the two electron acceptor quinone, R, in the oxidized state (as it
would be in the dark).

The specificity for bicarbonate appears to be absolute, A number of
carboxylic acids and other anions have been shown to be ineffective in rai-
sing Hill reaction activity in the absence of bicarbonate®. Additionally,
bicarbonate has been shown to be a poor effector of the chloride activator,
which has been shown to be located on the oxidizing side of PS II°. As
mentioned earlier, bicarbonate activation of the Hill reaction has been differ-
entiated from the bicarbonate activation of photophosphorylation. The lack
of specificity for the activator of photophosphorylation is one major differ-
ence. In addition, the Hill reaction bicarbonate enhancement is more pro-
nounced in uncoupled chloroplasts3’10°2¢ ; while, bicarbonate stimulation
of photophosphorylation is greater in a PS I cyclic phosphorylation system.

The bicarbonate effect on the Hill reaction was obverved to be more
pronounced at high light intensities by most investigators3’8’12’28°29_ The
effect at low light intensities was less defined and some of the experimental
results are still unexplainable. For example. West and Hill?® found that a
small bicarbonate effect was observed at low light intensities when DCPIP
(2, 6 dichlorophenol indophenol) was the Hill oxidant, but no effect of bicar-
bonate was observed using ferricyanide. Stemler and Govindjee?? observed
the same bicarbonate dependence at low light intensities as at high light
intensities when the ferricyanide Hill reaction was measured amperometri-
cally, but when the same reaction was measured polarographically a definite
light dependency was evident?8, The larger bicarbonate effect at high light
intensities indicated a bicarbonate requirement for a dark reaction of PS II.
Further definition of this effect and convincing evidence for an effect on
PS II chemistry ~was provided by measuring partial Hill reactions and
transient intermediates using chemical and physical methods®’1°,

There are three lines of evidence supporting a bicarbonate enhancement
of PSII chemistry, First, when oxygen flash yields were measured following
widely spaced (I s) saturating light flashes, bicarbonate depleted chloroplasts
yields were approximately half those of control and bicarbonate replenished
chloroplasts?2, This approximated the bicarbonate enhancement of the
DCPIP Hill reaction at low light intensities in the same study. Second,
Jursinic et al.®, measuring the electron spin resonance signal Ily, correspond-
ing to oxidized Z,, found that the signal was depressed by 409 in bicarbo-
nate depleted samples. Since the us rise kinetics in chlorophyll a fluorescence
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was shown to be the same in chloroplasts with or without bicarbonate, the
rate constant of electron flow from Z to P-680 was taken to be independent
of bicarbonate and the ESR signal depression could be assigned to a
difference in PS II reaction center activity. Third, the levels of reduced
quinones (mainly Q and R at 334 nm) were measured by absorption
spectroscopy following a rapid succession of saturating light flashes®,
Bicarbonate depletion resulted in an initial absorption decrease of 40%,
indicating that the PS II reaction centers were inhibited.

The bicarbonate effect on the dark reactions was originally thought to
involve the oxidizing side of PS112%°22°28  When chloroplasts were heat
treated in order to inactivate oxygen evolution capability, bicarbonate pro-
duced no effect on the partial Hill reaction going from DPC (dipheny! car-
bazide) to DCPIP. DPC donates electrons to Z,, so bicarbonate was thought
to activate between the oxygen evolving site and Z,. A later study by Wydr-
zynski and Govindjee?© demonstrated that when alkaline Tris washing was
used to inactivate the oxygen evolving system, the rate of DCPIP reduction,
using DPC as the donor, was increased by more than twofold when bicar-
bonate was present. Control chloroplasts, not treated with Tris, showed a
tenfold bicarbonate enhancement of DCPIP reduction. The discrepancy in

"the two studies may be explained by the report2° that heat treatments irre- -
versibly inactivate the bicarbonate activating site, whereas Tris treatment
does not. There is an, as yet, unexplained activation of DCPIP reduction
by the electron donor DPC, which must account for the reduced amount
of bicarbonate activation seen when it is used.:

Khanna ef al.*© established the assignment of a major bicarbonate dark
effect to the reducing side of PS II by showing that the partial Hill reaction
from water to silicomolybdate was not affected by bicarbonate. (Silicomo-
lIybdate accepts electrons from Q.) Electron flow from water to DAD (dia-
minodurene) was limited by bicarbonate depletion (to the same extent as
ferricyanide reduction) and it was concluded that electron flow between Q
and PQ (plastoquinone pool) was retarded.

Further evidence for a bicarbonate effect past Q was shown by variable
chiorophyll a fluorescence measurements. The chlorophyll a florescence
transient was shown to be dramatically altered by bicarbonate (reviewed in
ref. 5). Bicarbonate depleted chloroplasts exhibit an initial rapid rise in
chlorophyll a fluorescence (O —I) followed by a slow second phase (I— P);
the first phase gives the appearance of a process as is seen with diuron
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poisoning. (Diuron blocks electron flow from Q- to R). Bicarbonate restored
the normal biphasic florescence pattern by slowing the initial phase and
accelerating the second phase. (For further explanation, see ref. 5.) Wydrzy-
nski and Govindjee®© showed that Tris treated chloroplasts, supplied with
a variety of electron donors, still required bicarbonate in order to restore
a normal biphasic florescence transition pattern, thus indicating a bicarbo-
nate requirement on the reducing side of PS II.

The dark decay kinetics of the ESR signal II,; measuring oxidized Z,,
was found to be unchanged by the presence of bicarbonate, indicating that
the rate constant of the 10 ns electron flow was not limited from H,O to Z,
and that the bolck was on the reducing side of PS 118,

Chlorophyll a fluorescence yield decay measurements were made as
another test for a block after Q. This method followed the fluorescence yield
of chloroplast preparations (using a weak nondisturbing light source) after
treatment with a short (10 ns), saturating light flash. Bicarbonate depleted
samples were found to have fluorescence yield decay haif-lives of about 3 ms,
while bicarbonate sufficient chloroplast half-lives were about 0.5 ms®8. Siggel
et al.*?, using absorption spectrescopy, found that the half life for the
reoxidation of Q- in bicarbonate depleted chloroplasts was extended to
about 10 ms from the 0.5 ms half-life observed in bicarbonate sufficient
samples. The observed retardation of Q™ oxidation matches the measured
extension in S, state relaxation times (S',—S,) determined by measuring
oxygen yield following three light flashes with variable spacing between
the first and second flashes?®. (The S states represent the status of the PS II
complex including the oxygen evolving system and Q.) It was reasoned
that the oxidation of Q was rate limiting in the conversion of S',—S,.

To further explore the effect of bicarbonate depletion on electron trans-
port, diuron induced chlorophyll a fluorescence change was measured as a
function of pre-flash number#. In this system, bicarbonate sufficient chloro-
plasts show an oscillating fluorescence pattern with high yields on odd flashes
and low yields on even flashes. Bicarbonate depleted chloroplasts had high
fluorescence yields without an oscillating pattern. This was interpreted as a
block between the R and PQ step. In further experiments without diuron
addition, it was shown that the Q-R2- state could be accumulated by giving
three short light flashes to bicarbonate-depleted thylakoids, Measuring chlo-
rophylla fluorescence, the half-time of the Q"R 2~ decay rate was found to be
100 to 200 ms in bicarbonate depleted samples, while it was approximately
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1 ms in bicarbonate sufficient chloroplasts, thus indicating a major bo-
ttleneck in electron transport alleviated by bicarbonate addition. Siggel
et al.*® measured the decay of the reduced quinone pool (R2~ and PQ27)
using absorption measurements and found that control chloroplasts had a
half-time of decay of 26 ms, while bicarbonate-depleted chloroplasts had a
half-time of 100 ms. Thus, in bicarbonate depleted chloroplasts the rate
limiting step in electron transport was large enough to account for the
overall inhibition of Hill reaction activity.

Evidence cited above has shown that bicarbonate is a reversible activator
of the PSII reaction center and of two points within electron transport on
the reducing side of PS II. Bicarbonate activation appears to be an essential
requirement for the Hill reaction, and specificity for bicarbonate appears to
be absolute. Good?® implied that the active species was the bicarbonate
ion because of the synergism of chloride and formate ions with the bicarbo-
nate ions is producing a greater enhancement of Hill reaction activity, More
recent evidence'® has shown that formate acts as a competitive inhibitor
with respect to bicarbonate in the activation of the Hill reaction, supporting
the contention that the ionic species may be the activator. It would be
of interest to know whether formate is binding to the same site. Other
carboxylic acids with different pka’s may be useful in determining whether
the activator site binds ions, Kinetic experiments determining the rate of
activation by bicarbonate as compared to carbon dioxide may be diffi-
cult since: (I) the pH optimum for the Hill reaction is close to the pKa
of carbonic acid ; (I) the rate of binding may be slow so the ionic and
gaseous species equilibrate before fuil activation is achieved ; and (III) the
activating site may be buried within the membrane allowing only gaseous
carbon dioxide to penetrate. In this case, the activation kinetics would
measure the rate of membrane penetration and not the reactivity to the
activating site. Sarojini and Govindjee?® have recently observed that when
CO, is injected to bicarbonate depleted chloroplasts kept at 5°C, there is an
almost instantaneous stimulation of the Hill reaction, whereas if bicarbonate
ion is injected, there is an approximate lag of eight seconds. These results
suggest that CO, may be the active species that binds to the membrane and
that the binding site may be closer to the outer than the inner side of the
membrane. Khanna ef al.** have speculated that the effect of CO, on the
photochemical properties of PS II occurs via CO, binding to a polypeptide
of the PS IT complex which functions as an electron carrier on the reducing
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side of PSII. This suggestion is consistent with their observation on the
alteration of the binding affinity of *+C-atrazine to the thylakoids upon
CO,-depletion ; atrazine is a PSII inhibitor and has been suggested to
bind to the “R-protein’’ located on the outer (not the inner) side of thyla-
koid membrane.

Since the activating site binds bicarbonate tightly, it lends itself to active
site directed reagent and bicarbonate protection studies. [*+C]labeled cyanate
is available commercially and could prove useful in purifying a labeled
activating site. Another possible method for labeling the site permanently
is to bind [*#C] bicarbonate to the high affinity sites and stabalize the attach-
ment with a methylating agent, such as diazomethane. The labeled moieties -
could then be purified by standard methods.

Whether bicarbonate activation of PSII activity is important ir vivo is
difficult to judge. The tight binding of bicarbonate would seem to assure full
activation under most conditions. Yet; the binding affinity is known to be
inhibited by high pH and by formate ions. Further evidence with regard
to other modulators of bicarbonate binding will shed light on the possible -
importance of bicarbonate activation of the Hill reaction in vivo.

The preparation of this short review was supported. by financial assistance
from USDA (5901-40) and NSF (24532). )
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Note added in proof :

At the proof stage, the present authors became aware of additional new research
in the area of this review ; these include : (a) Stemler, A. (1980) Plant Physiol., 65 :
1160-1165; (b) Vermaas, W.F.J. and Van Rensen, J.J.S. (1980), Proc. 5th
International Congress on Photosynthesis, Greece ; (c) Stemler, A. (1980), Proc.
5th International Congress on Photosynthesis Research; and (d) Van Rensen,
J. J. S. and Kramer, H. J. M. (1979) Plant Sci. Lett., 17 : 21-27. The readers should
consult these publications for newer progress in this field.
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