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The heart of photosynthesis resides in the primary 
photochemical reactions which convert light energy 
into the chemical free energy needed to transform 
carbon dioxide and water into carbohydrate. This 
Account examines these photochemical reactions 
with particular emphasis on recent work on photo- 
system I1 (PSII) of green plants. 

The photosynthetic apparatus is organized into 
units with several hundred chlorophyll molecules 
which absorb light energy and transfer this energy to 
a special chlorophyll complex (usually denoted P 
with the appropriate notation for its absorption 
maximum) associated with the reaction center of the 
unit. The excited reaction center chlorophyll trans- 
fers an electron to an electron-acceptor molecule, A, 
complexed to the reaction center.l The production of 
the primary oxidant, P+, and the primary reductant, 
A-,  provides the free energy needed to drive the 
dark reactions of photosynthesis. 

Much of our understanding of the primary photo- 
chemical mechanisms of photosynthesis has come 
from investigations of photosynthetic bacteria. One 
experimental approach has been to correlate absorb- 
ance changes of the reaction center chlorophyll (oxi- 
dation of P870 causes i t  to bleach) with fluorescence 
yield changes of the light-harvesting chlorophyll.2~3 
Light energy absorbed by the bulk chlorophyll trav- 
els through the photosynthetic unit as excitons until 
it is reemitted as fluorescence, is converted to heat, 
or arrives a t  a reaction center. If the reaction center 
is open, the P.A state, the energy is rapidly pro- 
cessed to chemical free energy. 

hv 
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To the extent that  reaction centers are closed be- 
cause the reaction center chlorophyll is bleached, the 
P+.A- and P+.A states, the energy cannot be ex- 
tracted from the light-harvesting chlorophyll and the 
fluorescence yield increases.2.3 It  is also possible that 
the reaction center cannot process the energy be- 
cause the electron acceptor was already reduced, the 
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P.A- state. In that case the excitation energy ap- 
pears to be transferred back to the bulk chlorophyll 
where it may be emitted as fluorescence.3 In bacteri- 
al systems, either the oxidation of P or the reduction 
of A causes the fluorescence yield to increase. 

The analysis of fluorescence yield changes general- 
ly assumes that the fluorescence from the reaction 
center chlorophyll is negligible in comparison to that 
from the bulk chlorophyll. In the case of bacterial 
systems where the reaction centers can be extracted 
and studied apart from the rest of the photosynthetic 
apparatus, the reaction center chlorophyll has been 
shown to have a very low fluorescence yield4 so that 
the assumption appears valid. In the case of green 
plants the same assumption is generally made, but it 
is not so well established. 

Photosynthesis is more complex in green plants 
than it is in bacteria in that two photochemical pig- 
ment systems, PSI and PSII, are involved (Figure 1). 
Absorption of light by the bulk chlorophyll of PSI 
units results in the oxidation of P700 and the reduc- 
tion of an  unknown primary electron acceptor, X. Re- 
cent epr measurements a t  25°K suggests that  X may 
be a bound form of ferredoxin.536 Light-induced ab- 
sorbance changes a t  430 nm7 also have been related 
to the primary electron acceptor of PSI. The photo- 
oxidation of P700 can be followed by its absorbance 
change but (for unknown reasons) fluorescence yield 
changes do not accompany the primary photochem- 
istry of PSI. 

Absorption of light by PSII units results in the for- 
mation of P680+ and &-. However, the absorbance 
changes of P680 are small and very short-lived and 
are difficult to measure in the presence of the large 
background absorbance a t  680 nm from the bulk 
chlorophyll. Also, the small absorbance changes are 
difficult to distinguish from fluorescence yield 
changes which accompany the reaction.8 All fluores- 
(1) R. K. Clayton, h o c .  Nat. Acad. Sci. U. S., 69,44 (1972). 
(2) W. J. Vredenburg and L. N. M. Duysens, Nature (London), 197, 355 

(3) R. K.  Clayton, Photochem. Photobiol., 5,807 (1966). 
(4) K. L. Zankel, D. W. Reed, and R. K. Clayton, Proc. Nat. Acad. Sci. 

(5) R. Malkin and A. J. Bearden, Proc. Nat. Acad. Scz. U. S., 68, 16 

(6) M. C. W. Evans, A. Telfer, and A. V. Lord, Biochim. Biophys. Acta, 

(7) T. Hiyama and B. Ke, h o c .  Nat. Acad. Sci. U. S., 68,1010 (1971). 
( 8 )  W. L. Butler, Biophys. J., 12,851 (1972). 

(1963). 

U. S., 61,1243 (1968). 

(1971). 

267,530 (1972). 

177 



178 Butler Accounts of Chemical Research 

Figure 1. Photosynthet ic  e lectron-transport  s cheme  for green 
plants. Dashed arrows indicate  uncertain pathways.  F d  indicates  
ferredoxin a n d  FP a flavoprotein. 

cence yield changes in green plants are ascribed to 
PSII activity and have been related to the primary 
electron acceptor, denoted Q for its fluorescence 
quenching properties.9 When Q is in the oxidized 
state excitation energy is used to reduce Q and the 
fluorescence yield is low; when Q is in the reduced 
state the fluorescence yield increases because the ex- 
citation energy cannot be processed. Direct correla- 
tions between fluorescence yield changes and the 
bleaching of P680 have not yet been made with chlo- 
roplasts because of the difficulties in making the 
P680 measurements, but it has generally been as- 
sumed that the fluorescence yield of chloroplasts is 
determined solely by Q. (This statement refers only 
to the correlation between fluorescence yield and the 
primary photochemistry. Secondary biochemical 
processes which modify the “energy state” of the 
thylakoid membranes also affect fluorescence yieldlo 
but apparently without altering the redox state of 
Q.) By analogy with bacterial reaction centers, how- 
ever, the fluorescence yield of chlorophyll should be 
determined by the redox states of both Peso and Q. 
Recent evidence that the redox state of the primary 
electron donor to PSII does affect fluorescence yield 
will be discussed in this article. 

A new tool for the study of the primary photo- 
chemistry of photosynthesis in green plants was pro- 
vided by Knaff and Arnonll in their discovery of a 
light-induced absorbance change near 550 nm which 
they attributed to an electron-transfer component, 
C-550. Evidence relating C-550 to the primary elec- 
tron acceptor of PSII is reviewed in the first part of 
this Account, and examples are presented of what 
has been learned from using the C-550 measurement 
as an assay for the primary photochemical activity of 
PSII. The final part of this Account considers the re- 
lationship of fluorescence yield to the primary photo- 
chemical activity of PSI1 with emphasis on cases 
where fluorescence yield does not reflect the redox 
state of the primary acceptor. 
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The Measurement of C-.i5Q 
Knaff and Arnon first observed C-550 as a light- 

induced bleaching at  550 nm relative to 540 nm in 
spinach chloroplasts.ll Ferricyanide was added to 
the chloroplasts to oxidize the cytochrome f which 
would otherwise obscure the light-induced absorb- 
ance changes of C-550. Knaff and Arnon reported 
that this component was not a cytochrome on the 
basis that  no corresponding Soret band was found.11 
They also showed that irradiation of chloroplasts at  
liquid nitrogen temperature resulted in the bleaching 
of (2-550 at  546 nm and the oxidation of cytochrome 
b 5 ~ 9 . l ~  The low-temperature photoreactions were 
confirmed in several laboratories.l3--15 The light-in- 
duced absorbance change of C-550, which involved 
an absorbance increase a t  543 nm as well as a 
bleaching at  546 nm (at -196’), was shown to ac- 
company a chemical reduction which could be 
achieved in the dark with strong reductants such as 
dithionite.13 The biphasic absorbance change was 
attributed to a shift of the absorption maximum of 
C-550 from 546 nm in the oxidized form to 543 nm in 
the reduced form.16 Both the photoreduction of 
(2-550 and the photooxidation of cytochrome b559 
were ascribed to PSII activity on the basis that red 
light was more effective than far-red light11,l4 and 
that photosynthetic systems which lack PSII activi- 
ty, such as PSI subchloroplast particles and certain 
photosynthetic mutant strains, do not show either of 
the photoreactions.13 

Absorption spectra of spinach chloroplasts at  
-196” before and after a 30-sec irradiation with red 
light are shown as curves D and L, respectively, in 
Figure 2. The light-minus-dark difference spectrum 
(L - D) was plotted at a fourfold increase of sensi- 
tivity. The bleaching a t  546 nm and the absorbance 
increase a t  543 nm in the difference spectrum are 
due to the reduction of C-550 and the bleaching at  
556 nm is due to the oxidation of cytochrome b559. 

The absorption bands of cytochrome f and cyto- 
chrome b559 can be seen on close examination of the 
absolute spectra. Cytochrome f is not affected by ir- 
radiation a t  low temperature. The absorption bands 
of C-550 are not so readily discerned in the absolute 
spectra although the shift is readily apparent. 

However, the absolute absorption bands of oxi- 
dized and reduced C-550 can be resolved by fourth 
derivative spectroscopy.l7,18 The fourth derivative 
curves of the absolute spectra are presented in Fig- 
ure 2 as DIV and LIV. The fourth derivative bands a t  
548 and 552 nm represent the absorption maxima of 
the split a band of cytochrome f and the band at  556 
nm is due to cytochrome b559. The fourth derivative 
band of oxidized C-550 (at 546 nm) is masked by the 
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Figure 2. Absolute absorption spectra of chloroplasts at  -198' 
before (curve D) and after (curve L) a 30-sec irradiation with red 
light: the difference spectrum (L - D) between the irradiated and 
unirradiated samples a t  a fourfold increase of sensitivity and the 
fourth derivative curves of the absorption spectra of the irradiat- 
ed and unirradiated samples, L I V  and D I V ,  respectively. 

548-nm band in DIV, but the reduced band a t  543 
nm is readily apparent in LIV. In the presence of fer- 
ricyanide, added to oxidize cytochrome f and cyto- 
chrome b559 prior to freezing to -196", the fourth 
derivative band of C-550 is observed at  546 nm be- 
fore irradiation and a t  543 nm after irradiation or 
chemical reduction.lgJ0 

(3-550 as the Primary Electron Acceptor of PSII 
The observation that C-550 could be chemically 

reduced by dithionitel3 suggested that it might be 
related to the fluorescence quencher, Q, since Q 
showed similar redox properties.21 Redox titration 
experiments were made to compare the photoreduc- 
tion of C-550, the photooxidation of cytochrome b559, 
and the light-induced fluorescence yield change.22 In 
these experiments the chloroplasts were suspended 
in an anaerobic mixture of redox buffers, the redox 
potential was established at  O",  and samples were 
frozen to -196". The absorption spectrum and the 
relative fluorescence yield of the samples were mea- 
sured before and after irradiation at -196". Figure 3 
shows a semilogarithmic plot of the light-induced 
changes of C-550, cytochrome b559, and fluorescence 
yield as a function of the redox potential a t  which 
the samples were frozen. All three of the light-in- 
duced changes followed the same titration curve 
which was very close to the curve for a one-electron 
Nernst equation with a midpoint potential of +25 
mV. 

The close agreement between the titration curves 
for C-550 and fluorescence yield supports the correla- 
tion between C-550 and Q. The correspondence be- 
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Figure 3. Semilog plot of A / ( l  - A) where A is the fraction of the 
component available for the light-induced absorbance change a t  
-196" as a function of the redox potential of a suspension of chlo- 
roplast fragments established at  0" prior to freezing. Light-in- 
duced absorbance changes at  546 nm (0) and 556 nm ( 0 )  and the 
light-induced fluorescence yield changes (+) are shown. Log [ A / ( l  
- A ) ]  is equivalent to log [(C-550 oxidized)/(C-550 reduced)]. The 
straight line in the semilog plot of the Nernst equation represents 
a one-electron transition with a midpoint potential of +25 mV. 
The best fit to the experimental data indicates a 0.98-electron 
reaction. 

tween the titration curves for cytochrome b559 and 
C-550 shows that the photooxidation of cytochrome 
b559 a t  -196" requires C-550 to function as an elec- 
tron acceptor. This is taken as evidence that  C-550 is 
the primary electron acceptor of PSII. (The question 
of whether C-550 is the actual electron acceptor or 
an isomorphic indicator of the redox state of the ac- 
ceptor is discussed later.) Cytochrome b559 is not 
considered to be the primary electron donor since 
chemical oxidation of the cytochrome does not pre- 
vent the photoreduction of C-550. (The term "pri- 
mary" is used to indicate reactions which are a di- 
rect consequence of the absorption of light.) The 
photoreactions a t  - 196" are consistent with a simple 
model for the PSII reaction center 

D.P.A - D.P+.A- -L D+.P.A- 

where D is cytochrome b559, A is C-550, and P is the 
reaction center chlorophyll of PSII, Peso. 

A variety of other experiments were designed to 
try to find conditions where the redox state of C-550 
and Q were not equivalent. The success of any such 
experiment would indicate that C-550 was different 
from Q. (1) Mutants of Scenedesmus13 and 
Chlamydomona~l~  which have a high invariant fluo- 
rescence yield, as if they lacked quencher Q, had no 

hv 
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C-550; the high potential cytochrome b559 was also 
absent. (2) Normal chloroplasts were irradiated with 
red light during the cooling to freeze in the high fluo- 
rescence yield condition. In this case C-550 was in 
the reduced state in the frozen chloroplasts, as was 
the cytochrome b559. Irradiating these chloroplasts 
a t  -196" had no further effect on fluorescence yield, 
C-550, or cytochrome b559.22 (3) A high fluorescence 
yield in the dark was achieved by irradiating chloro- 
plasts in the presence of DCMU (3-(3,4-dichloro- 
phenyl)-1,l-dimethylurea) and hydroxylamine. In 
the presence of these inhibitors the fluorescence yield 
remains high after the light is turned C-550 
also remained in the fully reduced state in the dark 
after the irradiation.22 In all of these experiments a 
close correspondence between C-550 and Q was indi- 
cated. 

The correspondence between C-550 and Q, which 
is well supported by measurements of the light-in- 
duced absorbance and fluorescence yield changes a t  
low temperature, is not so apparent in room temper- 
ature measurements. In fact, Ben-Hayyim and 
Malkin concluded on the basis of room temperature 
measurements that C-550 bore no relationship to 
Q.24 This discrepancy was apparently resolved, how- 
ever, by results which indicated that approximately 
half of the absorbance change attributed to C-550 a t  
room temperature resulted from light-induced 
changes of membrane p0tential.~5 Changes in the 
energy state of the chloroplast membranes a t  room 
temperature can modify the measurements of both 
C-550 and fluorescence yield in directions which tend 
to offset the positive correlation resulting from the 
primary photochemical changes.25 

C-550 as a n  Assay for PSII Activity 
The photoreduction of (3-550 a t  low temperature 

provides an assay which isolates the primary photo- 
chemical reactions associated with the PSlI reaction 
centers from the subsequent electron-transport reac- 
tions. This assay can be used to determine whether a 
specific inhibitory treatment attacks the reaction 
centers directly or inhibits a dark reaction outside of 
the reaction center. For instance, inhibition of elec- 
tron transport by adding DCMU or by a Tris-wash- 
ing treatment has no effect on the photoreduction of 
C-550 a t  -196". One would expect that  the Tris- 
washing treatment which inhibits electron transport 
between water and PSI126 would not inactivate the 
PSII reaction centers since electron transport 
through PSII is restored by adding compounds which 
supply electrons to PsII.26~~7 DCMU, however, acts 
very close to the PSII reaction centers. Fluorescence 
data have been interpreted to indicate that DCMU 
does not prevent the photoreduction of the primary 
electron acceptor but does block electron transport 
to the next electron carrier.9 Doring, et a1.,28 and 

(23) P. Bennoun, Biochim. Biophys. Acta, 216,357 (1970). 
(24) G. Ben-Hayyim and S. Malkin in "Proceedings of the 2nd Interna- 
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Melandri, Ed., Dr. W. Junk, Publisher, The Hague, 1972, p 61. 
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(27) T. Yamashita and W. L. Butler, Plant Physiol., 44,435 (1969). 
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Siggel, e t  ~ l . , ~ 9  however, have proposed that DCMU 
reacts directly with the reaction center chlorophyll 
and inhibits the primary photochemistry of' PSIT. 
The observations that the photoreduction of C-550, 
the photooxidation of cytochrome b559, and the fluo- 
rescence yield change occur a t  -196" in the presence 
of DCMU would argue against their proposal. 

The assay method has also been used to examine 
inhibition by lipase, proteinase, and ultraviolet ra- 
diation. Prolonged incubation of chloroplasts with 
pancreatic lipase30 or trypsin31 or relatively large 
doses of uv radiation32 result in the loss of the light- 
induced absorbance changes at  low temperature. 
Thus, these treatments appear to attack the reaction 
centers directly. Lower doses of uv radiation33 and 
probably shorter incubation times with lipase or 
trypsin inhibit oxygen evolution between water and 
PSII without inactivating the reaction center. 

The absence of the absorbance changes after pro- 
longed lipase treatment was shown to be due to the 
actual destruction of C-550. The absorption bands of 
C-550 were absent after the lipase treatment so that 
the absolute absorption bands of the oxidized and 
reduced forms of C-550 could be measured in differ- 
ence spectra between normal and lipase-treated 
chloroplasts.16 The absence of 6-550 after lipase 
treatment could also be shown by fourth derivative 
spectra of the treated chloroplasts. 

The measurements of light-induced absorbance 
changes of C-550 a t  low temperature were used to 
determine if the PSII activity could be removed by 
organic solvent extraction and replaced by reconsti- 
tution with known compounds.34-36 Lyophilized 
chloroplasts showed a normal photoreduction of 
C-550 and photooxidation of cytochrome b559. Ex- 
tracting the chloroplasts six times with hexane elimi- 
nated most of these changes. Reconstituting the 
chloroplasts with the crude extract or with a mixture 
of pure 6-carotene and plastoquinone A, PQA, re- 
stored both photoinduced changes. Reconstitution 
with 0-carotene alone restored the C-550 change but 
not the cytochrome b559 change. Other data showed 
that cytochrome b559 had been modified to a lower 
potential, autoxidized form by the extraction treat- 
ment and thus was already oxidized in the @-caro- 
tene reconstituted chloroplasts. When the @-carotene 
reconstituted chloroplasts were suspended in a buffer 
containing ascorbate before freezing, the cytochrome 
b559 was in the reduced state and was photooxidized 
when C-550 was p h o t ~ r e d u c e d . ~ ~  It should also be 
noted that Strichartz found that the 518-nm absorb- 
ance change in spinach chloroplasts was removed by 
extraction with heptane and partially restored by re- 
constitution with 0-carotene.37 

Oxygen evolution in a ferricyanide Hill reaction 

(29) U. Siggel, G. Renger, and B. Rumberg in ref 24, p 753. 
(30) S. Okayama, B. L. Epel, K.  Erixon, R. Lozier, and W. L. Butler, Bio- 
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(32) K.  Erixon and W. L. Butler, Biochim. Biophys. Acta, 253, 483 

(33) T. Yamashita and W. L. Butler, Plant Physiol., 43, 2037 (1968). 
(34) S. Okayama and W. L. Butler, Plant Physiol., 49,769 (1972). 
(36) W .  L. Butler, K. Erixon, and S .  Okayama in ref 24, p 73. 
(36) D. Sofrova and D. S. Bendall in ref 24, p 561. 
(37) G. H. Strichartz, Plant Physiol., 48,553 (1971). 
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was also destroyed by the hexane extraction and was 
restored to about 50% by reconstitution with either 
the crude extract or with a mixture of pure P-caro- 
tene and PQA. Both compounds were needed, how- 
ever. Reconstitution with @-carotene alone had no 
effect, and reconstitution with PQA alone had only a 
small effect in restoring oxygen evolution.34 These 
experiments indicate that @-carotene was necessary 
and sufficient to restore C-550 and the primary pho- 
tochemistry of the PSII reaction centers and that 
PQA was needed in addition for electron transport 
between water and ferricyanide. 

The effects of extraction and reconstitution on flu- 
orescence yield at  - 196" also supported the correla- 
tion between C-550 and Q.34 The fluorescence of 
variable yield was removed by the extraction and' 
was partially restored with @-carotene alone (the 
quenching was somewhat less after reconstitution 
than before extraction). PQA acted as a nonspecific 
quencher of both PSII and PSI fluorescence, but the 
presence of C-550 appeared to protect against the 
nonspecific quenching by PQA. 

A small amount of the @-carotene in spinach 
leaves is present as a carotenoid-protein complex 
which has an absorption band at  about 550 nm at 
room t e m p e r a t ~ r e . 3 ~  This carotenoprotein, when pu- 
rified, does not exhibit any absorbance changes on 
addition of dithionite or ferricyanide but its pres- 
ence, in light of the requirement of P-carotene for the 
reconstitution of C-550 in extracted chloroplasts, is 
suggestive that C-550 is related to a carotenoprotein. 

C-550 in Blue-Green and Red Algae 
C-550 has been studied principally in higher plants 

and in green algae. Bendall and Sofrova reported that 
they could not find C-550 in the blue-green algae, 
Plectonema boryanum, and suggested that this com- 
ponent might not be present in blue-green algae.15 
However, we have observed a normal photoreduction 
of C-550 and photooxidation of cytochrome b559 in 
Cyanophora paradoxa, a colorless dinoflagellate with 
blue-green algae inclusions.38 These absorbance 
changes were also detected in the blue-green alga, 
Anacistis marina, and the red alga, Porphydium 
aerugineum, but a t  lower levels than were observed 
in spinach chloroplasts.38 Absorbance by the phyco- 
bilin pigments interferes with these measurements in 
the red and blue-green algae, but there is no doubt 
that C-550 is present and functional in these algae. 

The Nature of (2-550 
The question of whether C-550 is a specific chemi- 

cal compound or is a manifestation of a structural 
complex is open. The available data on the extrac- 
tion and reconstitution of chloroplasts are consistent 
with C-550 being a part of a structural complex in- 
volving @-carotene. In fact, C-550 could be a mani- 
festation of an active PSII reaction center. If so, it 
may not be possible to extract C-550 as a specific 
redox compound which can be characterized chemi- 
cally. Similar considerations also apply to other 
components such as P700 which are defined .in part 
by their functionality in an organized complex. 

Nor can we decide whether C-550 is the actual pri- 
mary electron acceptor of PSII or only an indicator 
of the redox state of the primary acceptor. The small 
absorption band shift of C-550 on reduction appears 
more like an indicator response than a redox change. 
If C-550 is a carotenoprotein which is a part of the 
PSII reaction center complex, reduction of the pri- 
mary electron acceptor might exert an electric field 
or other influence to shift the C-550 absorption 
band. If C-550 is such an indicator, however, it sens- 
es chemical reduction as well as photochemical re- 
duction. By analogy, the P ~ O O  pigment of bacterial 
reaction centers appears to indicate the redox state 
of P870 by shifting its absorption band slightly to 
shorter wavelength when P870 is oxidized either 
chemically or photochemically. However, the dis- 
tinction between the actual acceptor and an isomor- 
phic indicator of the acceptor remains largely a sem- 
antic one until experimental means of separating the 
two activities are found. In the absence of such ex- 
periments it seems reasonable to consider C-550 to 
be the actual electron acceptor from an operational 
point of view. 

The Oxidizing Side of PSII 
The correlation of C-550 with the primary electron 

acceptor of PSII has provided an important tool to 
explore the primary photochemistry of photosynth- 
esis. The close correspondence between absorbance 
changes of C-550 and fluorescence yield changes 
showed that C-550 was equivalent to Q under a wide 
variety of experimental conditions. However, condi- 
tions were found where fluorescence yield changes 
did not correlate precisely with C-550 changes, and 
experiments under these conditions have further elu- 
cidated the primary photochemical reactions of PSII. 

It was found that the magnitude of the light-in- 
duced fluorescence yield increase at - 196" depended 
on the redox state of the chloroplasts a t  the time of 
freezing.39 Under normal conditions when cyto- 
chrome b559 was in the reduced state irradiation of 
dark adapted chloroplasts a t  - 196" caused the fluo- 
rescence yield to increase about fivefold above the 
initial FO level. However, if ferricyanide was added 
prior to freezing, the fluorescence yield increased 
only twofold from the same FO level. Redox titration 
experiments showed that the extent of the fluores- 
cence increase depended on the amount of cyto- 
chrome b559 present in the reduced form a t  the onset 
of irradiation a t  -196". It was postulated that when 
cytochrome b559 was initially in the oxidized state 
the photoreaction a t  low temperature might result in 
the stabilization of P+ 

hv D+.P.A - D+.P+.A- 

in which case the low fluorescence yield could be due 
to quenching by P+. We have not been able to con- 
firm the stabilization of P680+ in the reaction cen- 
ters, and alternative explanations for the quenching 
of fluorescence at  low temperature by ferricyanide 
are available.39 However, these experiments indicat- 
ed a series of other experiments which have provided 
further evidence that P680+ quenches fluorescence. 

(39) S. Okayama and W. L. Butler, Biochim. Biophys. Acta, 267, 523 
(1972). (38) R. Lozier and W. L. Butler, unpublished results. 
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Figure 4. Semilogarithmic plots of the time course of the relative 
changes of absorbance a t  543 and 556 nm and of fluorescence at 
692 nm after the onset of irradiation. A is the fraction of the max- 
imal change. Chloroplasts in 55% glycerol (1 mg of chlorophyll/ml 
in a 1-mm cuvet) were irradiated with 630-nm actinic light (165 
NW/cm2) a t  -196". 

Figure 4 shows semilogarithmic plots of the time 
course curves for the reduction of C-550 and the oxi- 
dation of cytochrome b559, and the fluorescence yield 
in chloroplasts after the onset of irradiation a t  
-196O.40 It is clear that  the photoreduction of C-550 
proceeds more rapidly than the photooxidation of cy- 
tochrome b559 and that the fluorescence yield change 
has kinetics similar to those for the oxidation of cy- 
tochrome b559. On the basis of the D.P.A model 
for the reaction center, the oxidation of cytochrome 
b559 may be taken to indicate the dark reduction of 
P680'. Thus, the kinetics of the photoreactions at  
-196" indicate that the increase of fluorescence yield 
does not follow the photoreduction of the primary 
electron acceptor but rather the dark reduction of 
the photooxidized primary donor. Of the possible 
redox states of the primary electron transfer couple, 
P.A, P+.A, P+.A-,  and P-A-,  only P-A- ap- 
pears to result in a high fluorescence yield. 

The temperature dependence of each of the three 
photoreactions was examined a t  temperatures be- 
tween -196 and -100" a t  an actinic light intensity 
that was well below any saturation effects.40 The 
photoreduction of C-550 showed very little tempera- 
ture dependence over this range. The photooxidation 
of cytochrome b559 was independent of temperature 
from -196 to -160", but the extent of the reaction 
decreased a t  temperatures above -160" until a t  
-100" no photooxidation of cytochrome b559 was ob- 
served. To the extent, however, that the reaction oc- 
curred a t  temperatures between -160 and -loo", 
the rate of the reaction was largely independent of 
temperature. These data indicate that at  tempera- 
tures above -160" a secondary electron donor other 
than cytochrome b559 starts to function, and that by 
- 100" the unknown secondary donor completely re- 
places cytochrome b559. 

Even though the rate of photoreduction of C-550 

(40) W. L. Butler, J .  W. M. Visser, and H. L Slmons, Bzochm Bmphys 
Acta, 242, 140 (1973). 

and the rate of photooxidation of cytochrome b559 
showed little temperature dependence, the rate of 
the light-induced fluorescence yield increase was 
markedly dependent on temperature, being three to 
four times more rapid a t  -100" than at -196".40 

The temperature dependence of fluorescence in- 
duction was reported previously from four different 
laboratorie~,~1-4~ and each gave a different explana- 
tion based on the assumption that fluorescence yield 
was determined solely by the electron acceptor side 
of PSII. The phenomenon remained anomalous, 
however, and ad hoc assumptions of questionable va- 
lidity had to be made to suggest why the primary 
photochemical electron-transfer reaction might have 
such a temperature c ~ e f f i c i e n t ~ l , ~ ~  or why the fluo- 
rescence yield at -196" might be influenced by sec- 
ondary electron acceptors.42.43 The realization that 
fluorescence yield may also be determined by the 
oxidizing side of PSI140 provides a reasonable expla- 
nation for the phenomenon: i.e., that temperature 
dependence of the fluorescence induction is due to 
the temperature dependence for the dark reduction 
of P680'. This temperature dependence is not the 
usual type due to the activation energy of a particu- 
lar reaction; rather it appears t o  involve a switch, as 
the temperature increases from - 160 to -loo", from 
one secondary donor, cytochrome b559, to another 
unknown donor which transfers electrons to P680' 

more rapidly. 
The proposed influence of P680+ on fluorescence 

yield also provides an explanation for the time re- 
quired for the fluorescence yield to increase after a 
flash. Mauzeral145 showed that the fluorescence yield 
of Chlorella cells a t  room temperature reached a 
maximum about 20 psec after a brief (10 nsec) satur- 
ating flash. Photoreduction of the primary electron 
acceptor would be expected to occur much more rap- 
idly, probably within the lifetime of the excited reac- 
tion center chlorophyll. It was suggested46 that the 
increase of fluorescence yield followed the dark re- 
duction of P680+ and that the 20-psec period repre- 
sented the time for this reaction to reach completion. 
(The smaller fluorescence increase which Mauzerall 
found during the first 100 nsec was not considered.) 
The proposed reaction time (the order of 10 psec) for 
the reduction of P680+ would appear to be inconsist- 
ent with the measurements of Doring, e t  a1.,z8 which 
showed that P6@3+ (chl a11 in their terminology) de- 
cayed with a half-time of 200 ysec. It has been point- 
ed out, however, that the absorbance changes mea- 
sured by Doring, e t  al., indicated only one P680 per 
l o 4  chlorophyll molecules,8 and it was suggested46 
that these measurements showed only a minor frac- 
tion of the P680 because most of the P68OC decays too 
rapidly to be observed in their measurements. 

Under most circumstances the fluorescence yield 
of green plant systems appears to be determined 
solely by the redox state of the primary electron ac- 

(41) B. Kok, Nut. Acad. Sci.-Nat. Res. Counc., h b l . ,  No. 1145, 45 

(42) N. Murata, Biochim. Biophys. Acta, 162, 106 (1968). 
(43) 9 .  W .  Thorne and N. K.  Boardman, Biochim. Biophys. Acta, 234, 

(44) S. Malkin and G .  Michaeli in ref 24, p 149. 
(45) D. Mauzerall, R o c .  Nat.  Acad. Sei. L! S., 69,1368 (1972). 
(46) W. L. Butler, Proc. ,vat. Acad. Sci. 0: S.,  69, 3420 (1972). 

(1963). 

113 (1971). 
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Figure 5. Time course curves for the light-induced fluorescence 
yield increase of dark-adapted chloroplasts before (solid curves) 
and after (dashed curves) a single saturating xenon flash. A, a t  
-196"; B, a t  -80". The dot-dash line indicates the maximal FM 
level. Note the time base in part B is four times faster than that 
in part A. Some decay of the fluorescence yield (and oxidation of 
C-550 not shown) occurs during a 30 sec dark period given after 
the FM level was reached. 

ceptor because the oxidized donor, PSgO+, is rapidly 
reduced and does not reach sufficient concentrations 
to exert an influence on fluorescence. However, the 
influence of P680+ can be observed under special 
conditions such as a t  low temperature or a t  very 
high time resolution, and under these circumstances 
fluorescence yield does not follow the redox state of 
the primary acceptor. Important additional informa- 
tion to confirm or expand our understanding of the 
primary photochemistry of the PSI1 reaction centers 
would be provided if direct absorbance measure- 
ments of P680 were made and compared against the 
measurements of (2-550, cytochrome b559, and fluo- 
rescence yield. 

The Back Reaction in the Primary Electron- 
Transfer Couple 

The delay in the increase of fluorescence yield fol- 
lowing a saturating flash was also observed a t  low 
t e m p e r a t ~ r e . ~ ~  However, the magnitude of the fluo- 
rescence yield change resulting from a saturating 
flash a t  low temperature was a small fraction of the 
fluorescence yield change induced by continuous ir- 
radiation and was considerably less than the fluores- 
cence yield increase which occurred after the same 
flash a t  room temperature. The relative ineffective- 
ness of a flash a t  low temperature was also confirmed 
by measuring fluorescence induction curves before 
and after a flash47 (see Figure 5). After a single satu- 
rating flash a t  -196" the fluorescence yield was a t  a 
level somewhat above the FO level (Figure 5A, 
dashed curve) and the extent of the fluorescence in- 
duction increase was decreased approximately 15%; 
a t  -80" the fluorescence induction increase was de- 
creased about 33% by a prior flash. The small in- 
crease of fluorescence yield induced by a flash a t  low 
temperature was consistent with the amount of 
C-550 reduced by the flash: approximately 15% of 
the C-550 was in the reduced state after a single 
saturating flash a t  - 196" and approximately 33% 
after a flash a t  -8OO.47 Even though the energy of 
these flashes, from either a xenon lamp (16-psec du- 
ration) or a Q-switched ruby laser (20-nsec dura- 
tion), was many times greater than that needed to 

(47) W. L. Butler, J. W. M. Visser, and H. L. Simons, unpublished re- 
sults. 

excite all of the reaction centers, the flashes were rel- 
atively ineffective when delivered a t  low tempera- 
ture. 

From a consideration of the photochemical system 

hw A 2  

h- 1 

D.Ps.4 D.P'.A- - D+.P.A- 

it is apparent that  the dark reaction, k2, is needed to 
stabilize the charge separation in the PSI1 reaction 
centers. At room temperature, k.2 must be faster 
than the back reaction, k - 1 ,  in order for the stable 
photochemical products, D+ and A-,  to be formed 
with good yield. As the temperature is lowered, how- 
ever, k2 apparently slows down relative to k - 1  so 
that the back reaction becomes more important. 
Thus, following a single saturating flash a t  low tem- 
perature most of the reduced C-550 back reacts with 
the oxidized Peso. 

The measurements of Floyd, et  a1.,48 on P680 and 
cytochrome b559 changes induced by a short laser 
flash a t  -196" must have been primarily measure- 
ments of the back reaction. They interpreted their 
measurements to indicate that the photooxidized 
P680 was reduced in the dark by cytochrome b559 
and that this dark reaction had a half-time of about 
4.5 msec a t  -196". However, the magnitude of their 
absorbance changes indicated that much more PSSO 
recovered after the flash than could be accounted for 
by the amount of cytochrome b559 oxidized. Their 
results are consistent with P680+ being reduced pri- 
marily by the back reaction with only a small 
amount being reduced by cytochrome b559. Their 
measurements would thus indicate the kinetics of 
the back reaction a t  -196"; the kinetics for the oxi- 
dation of cytochrome b559 would, of necessity, follow 
the decay of P680+ and would appear to have the 
same half-time. In actuality, however, the rate con- 
stant for the oxidation of cytochrome b559 by P680' 
at -196" is probably seven to ten times slower than 
the rate constant for the back reaction between 
P680+ and C-550-. 

The loss of photochemical efficiency due to the 
back reaction should result in lower quantum yields 
for the photoreduction of C-550 in continuous light. 
At temperatures above - 100" the fluorescence yield 
increase closely follows the photoreduction of C-550, 
so that fluorescence yield can be used as an index of 
C-550 reduction. The rate of fluorescence yield in- 
crease measured a t  room temperature in the pres- 
ence of DCMU was found to be three times faster 
than the rate of increase a t  -100",47 thereby con- 
firming that the quantum yield of the primary pho- 
tochemistry is less than optimal even a t  -100". 
Thus, the temperature dependence of the reaction, 
k2, imposes a temperature dependence-on the fluo- 
rescence induction by two mechanisms: (1) as k2 
slows down relative to k - 1  more losses occur in the 
back reaction; and (2) a t  temperatures below -100" 
where cytochrome b559 begins to function as the 
electron donor, the quencher, P680+, begins to accu- 
mulate as a transient and the fluorescence yield fol- 
lows the dark reduction of P680'. 

(48) R. A. Floyd, B. Chance, and D. Devault, Biochim. Biophys. Acta, 
226,103 (1971). 
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Intensity Dependence of PSII Reactions 
The simple DeP-A model 

accounts for most of the photochemical activities at- 
tributable to the PSII reaction centers. However, the 
light intensity dependence for these reactions is not 
readily accommodated by this model. The simple 
model of independent reaction centers would predict 
that the rate of photoreduction of C-550 should be 
proportional to light intensity and that the photoox- 
idation of cytochrome b559 should saturate a t  a max- 
imal rate determined by kz .  Measurements of the 
quasi rate constants (reciprocal half-times) for the 
photoreduction of C-550 and the photooxidation of 
cytochrome b559 a t  -196'40 showed that the rates of 
both reactions were linear with light intensity at  low 
intensities, below 200 pW/cm2, but fell off in a par- 
allel fashion at  higher intensities. The falling-off of 
the rate of C-550 photoreduction at  the higher light 
intensities suggests a decrease in the apparent quan- 
tum yield of that  reaction. Such a decrease in the 
quantum yield would occur if the back reaction, k - 1 ,  
were stimulated by light. It is possible that P,jSo+ 
absorbs light (Psgo+ is postulated to quench fluores- 
cence) and that the back reaction is facilitated when 
P680+ is excited. Such a photostimulation of the 
back reaction should be favored a t  higher light in- 
tensities because of the greater accumulation of 
PSgO+, but there is no independent evidence for such 

a mechanism. Siggel, et  ~ l . , ~ 9  presented evidence 
that one DCMU molecule inactivated two PSI1 reac- 
tion centers. If these D0P.A reaction centers actu- 
ally function in pairs, the back reaction might be 
more probable at  the higher light intensities which 
would favor higher degrees of charge accumulation in 
the reaction center pairs. While such speculations 
should probably be restrained, to prevent their over- 
proliferation, the anomalous intensity dependence of 
the photoreaction a t  low temperatures holds the 
promise that further investigations of the kinetics of 
the primary PSII reactions may provide new insights 
into the nature of the PSII reaction centers and the 
primary photochemical reactions. 

C-550 US. Q, 
The absorbance measurements of C-550 provide a 

more direct indication of the primary electron accep- 
tor of PSI1 than the fluorescence yield measurements 
attributed to Q. Since fluorescence yield appears to 
be affected by both the primary electron acceptor 
and the primary donor, the use of the symbol Q, 
which represents quencher, for the primary electron 
acceptor could be ambiguous in certain cases. It 
seems preferable to replace Q with C-550 as indicat- 
ed in Figure 1 and to relate the fluorescence yield 
changes attributable to the acceptor to changes of 
C-550. However, C-550 is an operational term depen- 
dent on a specific absorbance change, and in many 
cases where that absorbance change is not being 
measured or discussed a more generic symbol such as 
A (or A,,)  might be more appropriate to use for the 
primary electron acceptor of PSII. 

Systematic Approaches t f 
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Living organisms exist as structures with mechani- 
cal strength and some degree of extensibility, with 
the ability to grow, move, and reproduce, t o  localize 
foods and fluids, and to manipulate information. The 
organic structural elements that  mediate these func- 
tions within living organisms for the most part 
belong to three classes of macromolecules-the pro- 
teins, the nucleic acids, and the polysaccharides. 

The functions of proteins and nucleic acids are 
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widely recognized, but the roles played in living tis- 
sue by polysaccharides and oligosaccharidic side 
chains of other macromolecules are less appreciated. 
Polysaccharides are found as major portions of the 
exoskeletons of insects and arthropods and cell walls 
of plants and microbes. In many organisms they act 
as reserve foodstuffs and important components of 
intercellular, synovial, and ocular fluids, mucous se- 
cretions, blood serum, etc. They also constitute pro- 
tective capsules of some of the most virulent micro- 
organisms, capsules which, nevertheless, carry infor- 
mation which activate mamallian defenses: the im- 
mune, interferon, and properdin systems. 

In a sulfated form some! polysaccharides inhibit 
blood clotting. Oligosaccharidic side chains of glyco- 


