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SUMMARY 

The functioning of cytochromes f and b in the electron-transfer chain of red 
algae, Porphyridium and Porphyra, was studied. Effects of inhibitors, temperature, 
etc. on the oxidation-reduction reactions of these cytochromes are shown. The inter- 
action of two photochemical systems through dark electron-transfer in the Io-msec 
range was demonstrated. The reaction time of electron-transfer reactions was measured 
with pulsed excitation. Two electron-transfer paths, a non-cyclic path  connecting 
two photochemical systems and a cyclic electron-transfer path around photochelnical 
system I are postulated and a scheme for photosynthetic electron transfer in Por- 
phyridium and Porphyra is presented. 

INTRODUCTION 

The oxidation-reduction reactions of an f - type  cytochrome, cytochrome-553, 
in living cells and isolated particles of Porphyridium and Porphyra, have been shown. 
Its  function as an electron carrier between photochemical reaction systems I and I I  
has been demonstrated 1-3. Roles of the cytochrome of b-type in the light-induced 
and dark phases of electron transfer were studied and some of the data are presented 
here. The actions of several inhibitors and physical conditions on different steps of 
electron transfer were analyzed and a scheme for the electron-transfer system in red 
algae is presented. The time required for the interaction of two photochemical 
systems has been studied by WlTT and collaborators4, 5. The direct interaction time 
was measured here by the use of background illumination and pulsed excitation of 
photosynthesizing cells. The interaction of two photochemical systems in the time 
range of IO msec was demonstrated. 

Abbreviations: BIMU, 5-bromo-3-isopropyl-6-methyluracil; CMU, 3(4'-chlorophenyl)- 
I,I-dimethylurea; CCCP, carbonylcyanide m-chlorophenylhydrazone, FCCP, carbonylcyanide 
p-trifluoromethoxyphenylhydrazone; CCP, carbonylcyanide phenylhydrazone. 

Biochim. Biophys. Acta, 153 (1968) 838-847 



CYTOCHROME REACTIONS IN RED ALGAE 839 

METHODS 

Five species of red algae were used in this study. Unicellular alga, Porphyridium 
cruentum, was cultured in a medium described by JONES, SPEER AND KURY 6 under 
illumination with air introduced into a flask or in a slowly rotating flask. Four species 
of Porphyra were also used and their thalli, single-cell layered, were quite suitable 
for spectrophotometrie measurements. Porphyra umbilicalis was collected from the 
natural environment near Atlantic City, N.J. Porphyra yezoensis, Porphyra tenera and 
Porphyra suborbiculata, used in the earlier phase of this work, were either cultured 
in the laboratory or collected from natural surroundings (the bay of Tokyo). The 
sample was suspended in the sea-water medium of JONES, SPEER AND KURY 6 under 
a gas phase of air. For spectroscopic studies, a double-beam spectrophotometer and 
a rapid single-beam spectrophotometer developed by DEVAULT AND CHANCE 7 were 
used. Continuous and pulsed light intensities were measured by a Reedeer thermopile 
and a TRG ballistic thermopile, respectively, both calibrated by an irradiance 
standard lamp (National Bureau of Standards). Chlorophyll a content was determined 
in 80 % acetone extract using specific extinction coefficients of MACKINNEY 8. 

RESULTS 

Oxidation-reduction reactions of cytochromes off- and b-types 
Fig. I shows the illuminated minus dark difference spectra of Porphyridium 

under continuous illumination. The three curves correspond to the total change 
(steady state), rapid "light-off" phase and slow "light-off" phase. The total change 
and the rapid change had peaks at 405 m/z, 422 m/z and 553 m/z, and the slow phase 
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Fig. i .  L igh t - i nduced  c y t o c h r o m e  ox ida t ion  in Porphyridium cruentum. Double -beam spectro-  
p h o t o m e t e r  recordings  (reference wave leng ths ,  45 ° m/z and  54 ° m/z). Exc i t a t ion  light,  690 m/z, 
1.81-lO 15 q u a n t a / c m  2 per  sec, con t inuous  i l luminat ion.  Chlorophyl l  a, 4-37/zg/ml;  p a t h  length,  
2 m m ;  temp. ,  23 °. O ,  i l l umina ted  minus da rk  difference s p e c t r u m  (s teady state)  ; O ,  rap id  " l ight -  
off" phase ;  I slow " l ight-off"  phase.  

Fig. 2. Effect  of CCCP on l igh t - induced  cy toch rome  oxida t ion  in Porphyridium cruentum. Double-  
b e a m  spec t ropho tomet r i c  m e a s u r e m e n t s  (reference wave leng ths ,  450 m p  and  54 ° m/z). O ,  no 
CCCP; O ,  12.5/ZM CCCP. S t eady - s t a t e  difference spec t ra  unde r  con t inuous  i l luminat ion.  Other  
detai ls  s ame  as in Fig. I. 
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had maxima at 412 mF and 429 m~ (see also Table I). These bands are interpreted 
to correspond to oxidation of cytochrome f (cytochrome-553) and cytochrome b, 
respectively. 

The effect of carbonylcyanide m-chlorophenylhydrazone (CCCP) or carbonyl- 
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) was somewhat unique in Por- 
phyridium (Fig. 2). The light-induced absorbance decrease (steady-state under con- 
tinuous illumination) had maxima at 430 mF and 562 mF in the presence of CCCP 
or FCCP, as contrasted to 422 mF and 553 mF in untreated cells.This result, obtained 
under continuous illumination with a rather long time constant (50 msec), suggests 
the faster reduction of cytochrome f in the presence of carbonylcyanide phenyl- 
hydrazone (CCP). This interpretation was verified by the rapid spectrophotometric 
analysis using the laser flash technique. In Fig. 3, Trace B indicates the rapid oxidation 
of cy tochromef  and the dark reduction after flash. C is the time course of cytochrome 
reaction in the presence of CCCP. Here, indeed the reduction of cytochrome f is much 
faster than in the untreated cells. In Trace D, a recording in the presence of CCCP 
at the wavelength of 430 m/~, a rapid and a slow oxidation-reduction cycle were 
clearly observed. The rapid cycle had maxima at 421 mF and 552 mF and the slow 
cycle had maxima at 430 m/z and 562 m~. The maximum oxidation was attained 
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Fig. 3- Time course of cytochrome oxidation by laser flash in Porphyridium cruentum. Rapid 
single-beam spectrophotolnetric traces. Actinic wavelength, 694 rap, 8.68.1o 1~ quanta/cin2; 
duration, approx. 20 nsec. A: rapid sweep, measuring wavelength, 421 m#;  B: slow sweep, 
measuring wavelength, 422 m#;  C: slow sweep, 20/2M CCCP, measuring wavelength, 422 mp;  
D: slow sweep, 20 pM CCCP, measuring wavelength, 43 ° m#. Chlorophyll a concentrations: 
A, 7.88/,g/ml;  B, C, D, 8.88/~g/nll. Pa th  length, 1.6 mm. Temp., 23 °. 

Fig. 4. Light-induced absorbance change in Porphyra yezoensis in the presence and absence of 
CCCP. Double-beam spectrophotometric measurements  (reference wavelength, 436 m/~). Il lumi- 
nated minus dark difference spectra. Excitation light, 69o m~, 1.67. io is quanta /cm 2 per sec; 
thalli, two layers; temp., 20 °. O, no CCCP (steady state); other curves with 6.25 ~M CCCP; 
O, total change (steady state); ID, rapid "light-off" phase; l ,  slow "light-off" phase. 
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842 M. NISHIMURA 

in less than Ioo/~sec with a half-rise time of 14/~sec for the rapid phase (Trace A). 
The slow cycle reached its maxinmm oxidation at 20 msec after flash. This is inter- 
preted as the very rapid oxidation of cytochrome f and its slower reduction and the 
simultaneous oxidation of b-type cytochrome. The reduction of cytochrome f and 
the oxidation of b-type cytochrome had a half-change time of 9.7 msec and 7.0 msec, 
respectively. This indicates that  the transfer of electrons between these two cyto- 
chrome species is in the insec time range (see Table I). 

In the case of Porphyra, CCCP or FCCP introduced a different pattern. By 
the addition of CCP (6-I 7/~M), the light-induced steady-state change at 42I m/~ was 
decreased to about 6o-8o 9; of its original value. At the same time, a change in the 
time course of the cytochrome reaction was observed. In the absence of CCCP or 
FCCP, the time course of the "light-off" reaction was more or less monophasic, 
whereas in the presence of CCP, the kinetics showed a biphasic change and the rapid 
and the slow phases were clearly separated. The rapid and the slow phases, plotted 
separately, show distinctly different spectral shapes (Fig. 4). The rapid phase had 
a negative peak at 42o m/~ and a positive peak at 4o2 m/,. The slow phase had a 
negative maximum at 43o m/~ and a positive one at 412 m/z. The total change had 
negative maxima at 421-422 m/~, 523 m/~ and 552 m/~ and a positive maximum 
at 4o3 m/~ in both the presence and absence of CCCP (or FCCP). These data indicate 
a role of the b-type cytochrome as well as cytochrome-553 in the light-induced electron 
transfer in Porphyra. The response of the b-type cytochrome is smaller than the 
cytochrome-553 change. CCCP and FCCP did not significantly alter the action 
spectrum of cytochrome-553 oxidation or reduction. 

In both Porphyridium and Porphyra, CCP induced the increased reduction rate 
of cytochrome f and the decreased reduction rate of cytochrome b after cessation of 
illumination. But the degrees of action of CCP were different in these organisms. 
Therefore, we obtained different types of steady-state spectral changes under con- 
tinuous illumination, even though the actions of these inhibitors of these two or- 
ganisms are qualitatively the same. 

Besides the data shown here, similar analyses were carried out for other species 
and the sunnnarized data are presented in Table I. No significant difference was 
observed in the cytochrome reactions of four species of Porphyra. 

Reaction time of cytochrome f oxidation by laser flash 
Following a short pulsed flash of 694 mr, (about 20 nsec duration), a rapid 

cytochromefoxidat ion was observed in Porphyridium and Porphyra (Fig. 5; Table I). 
A typical recording of the rapid oxidation is shown also in Fig. 3, Trace A. The time 
required for completion of oxidation was less than IOO/~sec. The half-oxidation time 
was 14-16/xsec in both species, and the half-reduction time was Io msec for Por- 
phyridium and 86 msec for Porphyra. No inhibitors were found to affect the rapid 
cytochrome oxidation. 

Effect of temperature on steady-state change, "light-on" and "light-off" rates 
The effect of temperature on the light-induced cytochrome reaction was quite 

remarkable. In Fig. 6, the time course at four different temperatures is presented. 
At higher temperatures, higher rates of the dark reduction of cytochrome and smaller 
steady-state changes were observed, though the initial rate of the cytochrome 

Biochim. Biophys. Acta, 153 (1968) 838-847 



CYTOCHROME REACTIONS IN RED ALGAE 8 4 3  

oxidation remained unchanged in the temperature range of 1-34 °, The "on" and "off" 
rates and the steady-state changes are plotted against the reciprocal of absolute 
temperature in Fig. 7. From the straight line approximating the "off" rate-reciprocal 
temperature relationship, the apparent activation energy of the dark reduction of 
cytochrome-553 was calculated to be 5.39 kcal/moie. The reduced steady-state ab- 
sorbance change at higher temperatures can be explained by the constant rate of 

I0 

0 ~ 

0 

-1.0" 

-2.0- 

-3.0 
4C)0 "410- 

jY 
4~0 4~0 440 4~0 

Wovelength (mt.L) 

Fig. 5. Cy toch rome  oxida t ion  by  con t i nuous  i l lumina t ion  and  laser  flash. O ,  Porphyridium 
cruenlum, doub le -beam spec t ropho tomet r i c  m e a s u r e m e n t s  (reference wave leng th ,  445 m/t), exci- 
t a t ion  l ight,  690 m/z; con t inuous  i l luminat ion,  1.81.1o 15 q u a n t a / c m  e per sec; chlorophyl l  a, 
2.6o # g / m l ;  p a t h  length ,  io  m m .  A ,  Porphyridium cruentum, s ing le -beam spec t ropho tomet r i c  
m e a s u r e m e n t s ;  laser  ac t iva t ion ,  694 m/z; 8.68- lO 16 quan ta /cm~;  dura t ion ,  approx.  20 nsec;  chloro- 
phyl l  a, 19 .87 / ,g /ml ;  p a t h  length,  1.6 m m .  Ig, Porphyra umbilicalis, s ing le -beam spec t rophoto-  
metr ic  m e a s u r e m e n t s ;  laser ac t iva t ion ,  694 m#,  8.68. lO 15 quan ta /cm2;  dura t ion ,  approx.  20 nsec ;  
thal lus ,  one layer ;  temp. ,  23% 
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Fig. 6. Effect  of t e m p e r a t u r e  on l igh t - induced  cy toch rome  oxida t ion  of Porphyra yezoensis. 
Doub le -beam spec t ropho tome te r  t races  (421-436 m/~). Exc i t a t ion  l ight,  685 m/z, 1.8o. io is 
quan ta /cm~/sec ;  thalli ,  two layers ;  t e m p e r a t u r e s  as indicated.  

Fig. 7. Effect  of t e m p e r a t u r e  on s t eady - s t a t e  change,  " l i gh t -on"  and  " l ight-off"  ra tes  of l ight-  
induced  cy toch rome  oxida t ion  in Porphyra yezoensis. Doub le -beam spec t ropho tomet r i c  measure -  
m e n t s  (421 436 m/~). O ,  i l lumina ted  minus dark  s t eady - s t a t e  change  (minus sign);  Ill, ini t ia l  
" l i gh t -on"  ra te  (minus sign) ; ~k, initial " l ight-off"  rate.  Other  detai ls  s ame  as in Fig. 6. 
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844 M. NISHIMURA 

cytochrome oxidation (in this temperature range) and the increase of the reduction 
rate at higher temperatures. 

Interaction of two photochemical systems through dark electron transfer 
The effect of background illumination on the rapid kinetics of cytochrome f is 

shown in Table II,  where the maximum absorbance change and the half-time of cyto- 
chrome reduction are indicated. Continuous background illumination of 575 mff was 
given to excite phycoerythrin associated to system I I  (see Fig. 3 of ref. 3 for absorption 
spectrum of cells). Pulsed excitation light of 694 mff was used to activate photo- 
chemical system I. 

T A B L E  II 

EFFECT OF BACKGROUND ILLUMINATION AND gI~ l [ J  AND C~[U ON LASt~R-INDUCED CYTOCHROM]g 
OXIDATION 

Rap id  s ingle-beam spec t ropho tomet r i c  m e a s u r e m e n t s .  Porphyridium cruenlum, chlorophyl l  a, 
2.26f fg /ml ;  p a t h  length,  3.2 ram. E xc i t a t i on  light,  694 raft, 8.68. lO 15 quan ta / cm2;  du ra t i on ,  
approx.  2o nsec. B a c k g r o u n d  i l luminat ion ,  575 mff, con t inuous .  

575-mff background Inhibitor z~A 422 ml* T½ off 
illumination ( tdd ) × z o a (msec) 
(:014 quanta/cm 2 per sec) 

o.oo 1.91 9.27 
0.08 1.87 8.90 
0.20 1.98 7.82 
0.44 1.9o 7.45 
0.85 2.04 6.13 
1.5o 1.88 6.Ol 

o.oo B I M U  (75) 1.87 I2.8 
0.85 B I M U  (75) 1.79 14.5 
1.5o B I M U  (75) 1.44 13.1 

o.oo CMU (75) 2.06 12.2 
1.5o CMU (75) 1.56 I3.I  

In the absence of the system I I  inhibitors, the half-time became shorter with 
the increasing background illumination, from 9 msec to 6 msec in this set of experi- 
ments. This probably means the direct "pull" by system I I  in the time range of 
milliseconds. In other words, it means the presence of system I - s y s t e m  I I  interaction 
through dark electron transfer in the msec time range. In the presence of 5-bromo- 

( C C C P  ( 
~ h~ FccP ~ h"z 

e- e" e" e" e" e-  ~e" ÷ 
° 

r \ ~ . . - . ~  / 1 ~  • V ~ J  ~" ~ / Reauctqse 

H~O CMU \ • 
BIMU a p p r e x . l O  msec I I  
S imozine P M A  
DCPA 
o-Phenonthrof ine 

Fig. 8. Scheme for e lectron t ransfer  in P o r p h y r i d i u m  and  Porphyra .  DCMU, 3(3' ,4 '-dichloro- 
p h e n y l ) - i , i - d i m e t h y l u r e a ;  DCPA,  3,4-dichloropropionanil ide;  Fd,  fe r redoxin ;  PC, p l a s tocyan in ;  
PQ,  p las toqu inone ;  PMA, pheny lmercur i c  ace ta te ;  Simazine,  2-chloro-4,6-bis-(ethylamino)-I ,3 ,  5- 
triazine. 
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CYTOCHROME REACTIONS IN RED ALGAE 845 

3-isopropyl-6-methyluracil (BIMU) or 3(4'-chlorophenyl)-I,I-dimethylurea (CMU), 
both specific inhibitors of photochemical system II (refs. I-3), the half-time for re- 
duction increased to about 13 msec, indicating the absence of the system I - sys tem II 
interaction. When BIMU or CMU was added, the background illumination of 575 m~ 
did not affect the reduction time of cytochrome oxidized by system I pulse. 

DISCUSSION 

An f- type cytochrome (Porphyra-cytochrome-553) was purified by KATOH 9 and 
by YAKUSHIJI et al. 1° from the red alga Porphyra tenera. Physicochemical properties 
of the protein were determined it and its reactivity was also measured TM. A similar 
cytochrome can also be partially purified from Porphyrfdium cruentum. 

The existence of b-type cytochrome in the photosynthetic apparatus of green 
plants was first demonstrated by HILL AND SCARISBRICK 13, HILL 14 and HILL AND 
BONNER 15. Although there are several papers on the function of cytochrome b in the 
photosynthetic electron-transport chain of green plants ~6-22, the role of this protein 
in photosynthesis is not fully understood. Isolation of b-type cytochrome from red 
algae has been tried unsuccessfully, but recently E. YAKUSHIJI (personal communi- 
cation) isolated a b-type cytochrome from Porphyra. 

From the analyses of the time course of the "light-off" changes, slow dark 
reduction of cytochrome b was indicated in Porphyridium cells and CCP-treated 
Porphyra cells. In the CCP-treated Porphyridium cells, the reduction rate of cyto- 
chrome f became higher, so that the steady-state level cytochrome oxidation solely 
consisted of the cytochrome b change. The effects of CCCP or FCCP indicate that 
these substances interact with the energy-transfer system between cytochrome f and 
cytochrome b. The action of CCCP on electron transfer in chloroplasts has also been 
reported by DE KIEWIET,  HALL AND JENNER 23. 

The very rapid oxidation of the f- type cytochrome in Porphyridium and Por- 
phyra is an indication of the close association of the cytochrome f and the photo- 
chemical reaction center in photochemical system I. Even in the glutaraldehyde-fixed 
cells of Porphyridium, the laser-induced cytochrome f oxidation was as rapid as in 
the untreated cells, although the cytochrome reduction after the flash was much 
slower in the glutaraldehyde-fixed cells 24. 

The fast reduction of cytochrome f is explained by the reduction through a 
reducing system produced by photochemical system I, along with the reducing power 
originating from photochemical system II. This is indicated by the rapid recycling 
of cytochrome f when only pigment system I was excited. Also, when system I was 
activated an apparent increase of quantum yield of cytochrome oxidation was ob- 
served in the presence of phenylmercuric acetate, which blocks the rapid cytochromef 
reduction 25. The comparison of the dark reduction time in the presence of background 
system-II-excitation light, with and without the system II-inhibitor BIMU or CMU 
(13 msec and 6 msec) (Table II), should correspond to the sizes of cyclic electron- 
transfer flux (around system I) and the sum of non-cyclic (between systems I and II) 
and cyclic electron-transfer fluxes. A high activity of NADPH-cytochrome-553 re- 
ductase was reported in cell-free extracts of Porphyra TM. The function of ferredoxin- 
NADP + reductase as the NADPH-cytochrome f reductase was discussed by ZANETTI 
AND FORT126. 
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From the data shown here and other data, we constructed a scheme which repre- 
sents the electron transfer of Porphyridium and Porphyra (Fig. 8). From the analysi~ 
of the time course of the "light-off" change, slow dark reduction of cytochrome b in 
the presence of CCCP or FCCP was indicated. Increase of the reduction rate of cyto- 
chrome f was observed in the presence of CCP. For the rapid dark reduction of cyto- 
chrome f and cytochrome b, the reduction by a reduced compound(s) produced by 
photochemical system I is a major path. The half-oxidation time for cytochrome f 
by system I is 14-15 t~sec. The reaction between cytochrome f and cytochrome b has 
the half-change time of 5-1o msec. The reduction of cytochrome f by the cyclic 
electron flow around system I has the reaction time of about IO msec. I t  was also 
demonstrated that  the interaction of system I and system I I  takes place within 
IO msec. 

A somewhat longer value of interaction time of two photochemical systems 
was found in Chlorella and chloroplasts by WITT and coworkers 4& There, the use of 
longer flash and the higher intensities to saturate all the electron carrier pools may 
have made the value a little larger than in our case. This type of analysis, extended 
further, will give us an opportunity to find the pool sizes of electron carriers as well 
as reaction rate constants. 

The action of phenylmercuric acetate on cyclic and non-cyclic electron transfer, 
indicated in the scheme, was reported previously 25. Similar, but slightly different 
effect of phenylmercuric acetate has been published by VREDENBERG AND DUYSENS 27. 

The interaction of two photochemical systems through dark reactions was also 
analyzed by the delayed light emission from Porphyridium cells under different modes 
of excitation and physiological conditions. Reversal of early processes of photo- 
synthetic energy conversion and the feedback of dark reactions (electron transfer 
and phosphorylation) to the activation of photochemical reaction center can be 
demonstrated. The details of the data concerning these subjects will be published in 
the near future. 
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