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SUMMARY 

Kinetics of the absorption change of P7oo (blue band) and cytochrome f in 
whole cells of a blue-green alga, Plectonema boryanum, have been studied by Q- 
switched ruby-laser flash excitation (694 nm; approx. 20 nsec) to elucidate the se- 
quential relationship of these two components in photosynthetic electron transport. 
"P7oo" was photooxidized within 2/~sec and recovered in two phases (t, A ~ IO ,asec 
and 200/~sec). Under the same conditions cytochrome f was oxidized with a half time 
of 15/zsec. The magnitude of the fast phase of "P7oo" recovery, however, diminished 
at lower laser intensity while the cytochromeJ change remained unaffected. The result 
suggests that  cy tochromefand  P7oo may not be on the same electron-transport chain. 

INTRODUCTION 

The reaction-center chlorophyll of Photosystem I of green plants and algae was 
first proposed by KOK 1 to be a specialized form of chlorophyll, which was designated 
as P7oo. The spectral and photochemical properties of this pigment complex have 
been extensively studied since then (see ref. 2 for a review). According to the current 
hypothesis of two photosystems and the "Z" scheme of electron transport, the photo- 
oxidized P7oo is supposed to accept electrons from other redox components such as 
cytochrome f and plastocyanin situated on the electron-transfer chain between the 
two photosystems. 

A number of studies have shown that  cytochrome if-s,  plastocyaninS-5 and 
mammalian cytochrome cS, a, 6-8 as well as a number of artificial electron donors can 
donate electrons to P7oo in vitro. From studies with mutant  cells of Chlamydomonas 
reinhardi, LEVINE and coworkers 9 suggested that  the electron transfer sequence is in 
the order of cytochrome f to plastocyanin to P7oo. 

The directly coupled reaction between a c-type cytochrome and the reaction- 
center chlorophyll, namely the oxidation of cytochrome by the photooxidized re- 
action-center, has been demonstrated in photosynthetic bacteria 10,11 as well as in 
chloroplast systems s only recently. By direct spectroscopic examination, PARSON 
showed that  by using Q-switched ruby-laser flashes, the onset of cytochrome-555 
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oxidation and the decay of P89o recovery in Chromatium chromatophores have an 
identical halftime of 2-3 #sec 1°. The exact kinetic correspondence has also been found 
for the oxidation of exogenous cytochrome c by the reaction-center particles prepared 
from the carotenoidless mutant  strain of Rhodopseudomonas spheroides 11. 

Recently we found that  the green-plant reaction-center chlorophyll, P7oo, can 
directly oxidize mammalian cytochrome c in vitro. Using a P7oo-enriched particle 
prepaied from a blue-green alga, Anabaena, the corresponding reaction half times were 
IO msec s. The P7oo-enriched particles prepared from spinach cannot directly oxidize 
mammalian cytochrome c, but can extract electrons directly from cytochrome-555 of 
Euglena 8. 

WITT and co-workers 12 earlier suggested a correspondence between the rise time 
of cytochrome f oxidation to the decay time of P7oo in spinach chloroplasts. More 
recently, KOK la also briefly reported such a kinetic correspondence in chloroplasts. 
On the other hand, CHANCE AND BONNER 14 studied the photooxidation of cyto- 
chrome f and P7oo in green-plant leaves and chloroplasts at liquid nitrogen tempera- 
ture, and concluded that  neither cy tochromefnor  P7oo appears to be the rate-limiting 
intermediate in the oxidation of the other. They further suggested the possibility that  
cytochrome f may be oxidized by a reaction center other than P7oo. More recently, 
RURAINSKI et al. 15 reported that  their observation of relaxation times of cytochrome f 
and P7oo in whole cells of algae is inconsistent with sequential electron transport. 
They also pointed out certain differences between whole cells and isolated chloroplasts. 

Thus, in green-plant photosynthesis, results from the various biochemical and 
kinetic studies on P7oo and the immediately involved components cannot yet be 
integrated into a generally accepted scheme. The present work is an at tempt to re- 
examine the kinetic relationship between P7oo and cytochrome f in whole cells and 
a possible direct interaction between them by means of laser-flash excitation. We 
have used the blue-green alga, Pl. boryanum, because earlier work showed that  light- 
induced absorption changes in both P7oo and cytochrome f can readily be detected 
speetrophotometrically in this alga ~e. Due to difficulties in separating the actinic ruby- 
laser flash at 694 nm from the red band of P7oo at 703 nm, the blue band at 435 nm 
has been employed for following the P7oo response. The results will be discussed 
terms of the role of P7oo relative to the oxidation of cytochrome f. 

MATERIALS AND METHODS 

The cells of Pl. boryanum were cultivated in modified Detmer's medium 17 in 
500 ft candles light by shaking and bubbling with air containing 5 % CO2. The cells 
were harvested after 4 days, washed once with the growth medium and resuspended 
ill the same medium. Most of the spectrophotometric measurements were carried out 
with this suspension without further treatment.  In order to avoid fluctuations in 
transmission due to sedimentation of the cells during measurement, a modified moist 
chamber described by CHANCE AND STREHLER 18 was constructed and used throughout 
this study. 

The basic set-up of flash kinetic spectrophotometry utilizing a Q-switched ruby 
laser as the actinic source has been described briefly earlier 19. A rotating prism was 
used as a Q-spoiler to produce the 2o-nsec laser pulse (20 MW, maximum). The ruby 
rod and the pumping xenon flash lamp were water cooled so that  the flash was 
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repea tab le  every  5 sec. The  laser  beam was a t t e n u a t e d  b y  means  of nega t ive  lenses 
and  neu t ra l  dens i t y  filters, Average  inc ident  i n t e n s i t y  was measured  b y  a ca l ib ra ted  
pho tod iode  (Li te-Mike,  E G  and  G) to be I m J .  cm -* on the  front  face of the  sample  
cuvet te .  

The  measur ing  l ight  (less t han  200 e r g . c m  -~) was p rov ided  b y  a qua r t z - i od ine  
l amp  th rough  a g ra t ing  m o n o c h r o m a t o r  (B and  L, 500 mm).  The  pho tocu r r en t  from 
the  pho tomul t ip l i e r  (EMI 9558B) was fed to  an ana log- to-d ig i ta l  conver te r  (Fab r i t ek  
952) af ter  p roper  amplif icat ion.  I t  should  be no ted  tha t ,  though  the  response t ime  of 
the  amplif ier  was down to 50 nsec, the  ac tua l  t ime response was l imi ted  to  I /~sec  
due to  the  t ime  resolut ion of the  digit izer.  Digi t ized  signal for each flash cycle was 
memor ized  and  averaged  in an i n s t rumen t  compu te r  (Fab r i t ek  lO62). The ave raged  
s ignal  was d i sp layed  on an oscilloscope or  t r ansc r ibed  on an X - Y  recorder .  Usua l ly  
32-128 repe t i t ive  flashes were necessary  to  ob ta in  a reasonable  signal  to  noise ra t io .  

RESULTS 

Typica l  kinet ics  of the  absorp t ion  changes induced  b y  a 2o-nsec ruby- lase r  flash 
are  shown in Fig. z. A t  405 nm, where the  band  shif t  due to  cy tochrome f ox ida t ion  
is expected ,  an absorp t ion  increase of i n t e rmed ia t e  speed (t~ = 15 #sec) followed b y  
a smal l  amoun t  of slow increase was observed.  This  indica tes  t h a t  the  absorp t ion  
change at  405 nm is no t  on ly  caused b y  cy tochrome f bu t  also b y  some o the r  com- 
ponents .  A t  420 nm, a b i -phas ic  absorp t ion  decrease occurred,  wi th  one componen t  

I I ] i 

nm 
~ 4 0 5  

o 

<~ 
<~ 

4 2 0  

~ , ~  435 

A~ 
552 

I , I r I i 

0 I 0 0  2 0 0  F . s e c  

TIME 
Fig. i. Absorption-change transients induced in PI. boryanum cells by 2o-nsec Q-switched ruby- 
laser flashes at 694 nm. Measurements were made after the cells were settled in the moist chamber. 
Arrow indicates moment the flash was applied. The transients were obtained by averaging either 
16 (for 405, 42o and 435 nm) or 64 flashes (for 552 nm). Chlorophyll concentration, 16/~M. Optical 
path length, 6.5 ram. Average incident intensity, approx. I mJ. cm-L The magnitude of absorption 
changes designated by A and B represent those occurring 2 and Ioo #see after the flash. Segment C 
represents the absorption change occurring between 2 and IOO/zsec. These segments are to be 
plotted into difference spectra in Fig. 4- 
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rising at a rate similar to that  at 4o5 nm and another component rising faster than 
I #sea Because of the overlapping rapid and slow absorption changes, a precise de- 
termination of the rise time of cytochrome f oxidation is difficult from absorption 
changes in the Soret region. 
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Fig. 2. Absorption-spectrum changes in the cytochrome a-band region between i and 15/~sec 
after the laser flash. AA values were obtained by averaging with 32 repetitive excitation flashes. 
Experimental conditions were the same as in Fig. i. 

Fig. 3. Excitation-intensity dependence of the absorption changes at 552 and 435 nm between 
2 and ioo #sec after the flash. Experimental conditions were the same as in Fig. i. Intensity 
was attenuated by means of neutral density filters. Absolute laser intensity at lOO% was 
I mJ - cm -~. 

At 552 nm, the a-band of cytochrome f, the kinetics of absorption changes were 
found to be relatively simple (see Fig. I, bottom). The absorption decrease had an 
intermediate rise time of approx. 15 Fsec. I t  should be noted here that in some blue- 
green algae there is always an accompanying rapid absorption increase of an unknown 
nature (rise time less than I #sec) in this wavelength region, which interferes with 
observations of cytochrome f kinetics. In Plectonema, although there exists a similar 
change around 53o nm, it becomes negligible at 552 nm. The difference spectrum for 
changes occurring between I and 15 #sec in this spectral region is shown in Fig. 2. 
The absorption decrease at 552 nm with a half rise time of approx. 15/~sec as shown 
in Fig. i can thus be attributed to the oxidation of cytochrome f. The absorption 
changes in the 52o-nm region might be partly from the unknown change mentioned 
above and partly from the r-band of the cytochrome. When the cytochrome-oxidation 
kinetics were fitted to a first-order plot, the half rise time was estimated to be 15 jusec. 
From this rise time value, one may conclude that  the rise portions with an inter- 
mediate speed at 405 nm and 420 nm are also due to cytochrome f oxidation. 

At 435 nm (see Fig. i), where the Soret-band of P7oo is supposed to be located 
in this alga z6, a fast decrease occurred within 2/~sec and was followed by a biphasic 
recovery which consisted of an intermediate (t~ ----- lO-15 #sec) and a slow (tfi > 2o0 
#sec) phase. 

The absorption changes at 435 and 552 nm responded differently to the excitation 
intensity as shown by the light saturation curves in Fig. 3, in which the net absorbance 
changes occurring between 2 and ioo/~sec after the flash were plotted against light 
intensity. At lower intensity of excitation, where neither the rate nor the magnitude 
of cytochrome changes at 552 nm was affected, the magnitude of the intermediate 
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recovery phase at 435 nm became much smaller than at higher intensity excitation. 
Technical difficulties caused by laser artifacts at higherexcitation intensities prevented 
us from accurately measuring the light saturation curve for the 15/~sec decay com- 
ponent at 435 nm. However, assuming that  the 15/~sec component belongs to P7oo 
and using the molar differential extinction coefficient value of 8.6. lO 4 M -1. cm -1 at 
435 nmS, even at the highest intensity, P7oo molecules equivalent to only half of 
the cytochrome f could have participated in the reaction. At lower actinic intensity 
(about 25 % of the highest) this ratio was only i : 8. 

In order to further analyze the nature of the components involved in the blue 
band relative to the excitation intensity, the magnitude of absorption changes taking 
place during a certain t ime period after the flash was applied, is plotted against 
wavelength in Fig. 4. The 2-/~sec rapid components (see the initial rapid rise repre- 
sented by "A"  at 420 and 435 nm in Fig. I) are plotted in Fig. 4 A. The absorption 
changes occurring at IOO/~sec after the flash (see the portion represented by  "B"  at 
41o and 435 nm in Fig. I) are plotted in Fig. 4 B. The absorption changes occurring 
between 2 and Ioo/~sec are plotted in Fig. 4 C. The periods of 2 and IOO #sec after 
the flash were selected because cytochrome f oxidation is practically complete within 
IOO/~sec. During this t ime period, changes due to cytochrome f oxidation and/or 
responses by other chemical components with similar kinetics would be represented. 

The difference spectrum of the absorption changes within 2/~sec after the flash 
(see Fig. 4 A) shows a considerably broader band which apparently consists of three 
separate bands at 420, 428 and 435 nm. The 42o-nm band does not seem to be caused 
by cytochrome f since it has a rapid rise time. In terms of the kinetics, it is more 
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12ig . 4" Absorption-spectrum changes in the Soret region during different time periods after the 
laser flash. See Fig. i for an illustration on the magnitudes of absorption changes occurring during 
different time periods. Experimental conditions were the same as in Fig. I except the chlorophyll 
concentration was 6.6/~M. Data points obtained with a laser intensity of I mJ.cm -2 (C)) and 
at 25 % of this intensity (O). 
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likely a part of the main peak at 435 nm. The similarity in the response of the ab- 
sorption changes at 435 and 420 nm to the two excitation intensities further supports 
this suggestion. 

The plot in Fig. 4B shows that  the o-Ioo #sec absorption change at 420 nm 
was more sensitive to excitation intensity than that  at 435 nm. It  suggests that  there 
may be another slowly decaying component absorbing at 420 nm besides cytochromef.  
This slowly decaying component might be related to the 420 nm shoulder in Fig. 4 A. 
The relatively intensity-insensitive, slowly decaying component at 435 nm actually 
took more than 200 #sec to decay completely (cf. also Fig. I). 

It  appears from Fig. 4C (cf. also Fig. I) that  at high-intensity excitation, both 
the "P7oo"-reaction at 435 nm and cytochrome f reaction at 420 nm took place with 
apparently corresponding kinetics. However, at lower excitation intensity, while the 
magnitude of the cytochrome f changes remained nearly unchanged, the magnitude 
of the "P7oo"-change decreased to approx. 1/4 (cf. also Fig. 3). 

DISCUSSION 

In spite of previous reports of a kinetic correspondence between oxidation of 
cytochrome f and re-reduction of P7oo (refs. 12, I3), and in spite of the fact that  in 
photosynthetic bacteria a direct interaction between cytochrome-555 and reaction- 
center P89o has been demonstrated in Chromatium chromatophores 1° and between 
mammalian cytochrome c and the Spheroides reaction-center P87o (ref. 8) and that  
in subchloroplast preparations direct interactions have been found between mam- 
malian cytochrome c or Euglena cytochrome-552 and P7oo (ref. 8), experimental 
results from this work have not confirmed such an interaction between P7oo and 
cytochrome f in Plectonema cells. The kinetics of absorption changes at 435 and 
552 nm induced by high-intensity laser flashes indicate an apparent correlation be- 
tween the oxidation of cytochrome f at 552 nm and the recovery of a portion of the 
signal at 435 nm presumably due to P7oo. However, when the excitation intensity 
was lowered, the rapid decaying phase at 435 nm diminished much faster than the 
552-nm signal which was relatively unaffected by excitation intensity. If the signals 
observed at 435 and 552 nm at high-intensity excitation truly represent a direct inter- 
action between P7oo and cytochrome f, then they should be affected to an equal 
extent under changing conditions. For instance, in the case of Chromatium chromato- 
phores, the kinetic correlation between the signals due to cytochromeb555 and P89o 
could be observed over a wide range of excitation intensities 1°. 

The validity of using the absorption change at 435 nm for monitoring the P7oo - 
change appears to have been established by several previous studies which showed 
that  both the blue and the red band are involved in P7oo-changes le, so, ~1. More recent 
studies on the coupled reaction between photooxidized P7oo in subchloroplast par- 
ticles from spinach, Anabaena and Plectonema with mammalian ferrocytochrome c 
or Euglena cytochrome-552 as well as other electron donors (e.g. phenazine metho- 
sulfate and ascorbate) have conclusively demonstrated the exact kinetic correlation 
for the changes in the blue band and the red band 8. Thus the lack of a correlation 
between the 435-nm and 552-nm signals at low excitation intensities suggests the 
following possibilities: 

(a) An intermediate or intermediates may be present between cy tochromef  and 
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P7oo. This intermediate could react very rapidly with P7oo, thus competing with 
the photochemical oxidation of the latter. This component, which is oxidized by P7oo, 
is able to oxidize cytochrome f in about 15/~sec. In this case, no direct correlation 
is expected between cytochrome f and P7oo. This intermediate could be plastocyanin, 
as suggested by the mutant  studies 9. In this case, the re-reduction of P7oo would be 
very fast and escape detection by  our present instrument. 

(b) Since the slow (approx. ioo/~sec) decay at 435 nm is likely to be associated 
with the reduction of P7oo, and is taking place while cytochrome f is already com- 
pletely oxidized, it is reasonable to suggest that  P7oo and cytochrome f are not located 
on the same electron-transfer chain. 

(c) One other possibility is tha t  both situations (a) and (b) are operative. 
Through a lack of homogeneity, only part  of the P7oo can react with cytochrome f 
through an intermediate as suggested in (a) above. The remainder of the P7oo repre- 
sented by the slow decay (approx. IOO/~sec) does not have any topological relation 
with cytochrome f. 

Since the 435 nm absorption change with a decay time of I5/zsec occurred only 
under high excitation intensities, they may  not represent changes due to P7oo at all. 
These rapidly decaying signals bear some resemblance to those which WITT and co- 
workers2,, 23 at tr ibuted to the formation of metastable states of chlorophyll and/or 
carotenoids.These changes have very rapid rise ( <  I/zsec) and decay (approx. IO/~sec) 
kineticsZ~, 33. The slowly decaying component observed at 435 nm is most likely as- 
sociated with P7oo, although the nature of the coupled reaction is unknown. The 
nature of the 428-nm band is also unclear at the present moment.  In Plectonema cell 
fragments obtained by  sonication, we have recently observed that  the absorption 
change at 428 nm has a different kinetics from that  of P7oo at 435 nm. The relationship 
between the 428-nm changes in intact cells to those in fragments remains to be 
elucidated. On the other hand, in the presence of different electron donors, the ab- 
sorption changes at 420 and 435 nm in the fragments have identical re-reduction 
kinetics. Therefore, it is quite likely that  the 42o-nm shoulder is also a part  of the 
absorption band of P7oo in whole cells. Details on these experiments will be reported 
elsewhere. 
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