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SUMMARY 

I. The light-induced ultraviolet absorption changes of intact cells of a green 
photosynthetic bacterium, Chloropseudomonas ethylica, were investigated spectro- 
scopically under aerobic and anaerobic conditions. Under anaerobic conditions the 
ultraviolet absorption between 26o and 29 ° n m  increased on illumination and that 
of wavelengths shorter than 26o nm decreased. The light-minus-dark difference 
spectrum suggested that these absorption changes were caused by menaquinone 
contained in C. ethylica. It  was calculated that 6o 2o of the total menaquinone was 
oxidized on illumination. Under aerobic conditions the photooxidation of menaquinone 
was abolished but was observed again after making the suspension anaerobic. 

2. The time course of photooxidation of menaquinone consisted of a rapid 
phase and a slow phase. The kinetic behaviour of the menaquinone reaction was 
generally similar to that of photooxidation of cytochrome(s). 

3. The light-induced reaction of menaquinone was compared with those of 
quinones in other photosynthetic bacteria, Rhodospirillum rubrum, Rhodopseudomonas 
spheroides, Rhodopseudomonas palustris and Chromatium D. 

INTRODUCTION 

It has recently been demonstrated that photosynthetic bacteria generally 
contain one or two kinds of quinone as major components 1 4. The amounts of these 
quinones are comparable to (or larger than) those of cytochromes, flavins and other 
components of the photosynthetic electron transport chain in the photosynthetic 
bacteria. These quinones are reversibly oxidized and reduced in ethanolic solution. 
Therefore, it is expected that they function as electron carriers in the photosynthetic 
electron transport chain of the bacteria. 

Spectrophotometric methods have usually been employed for investigating the 
role of endogenous quinones in the photosynthetic apparatus. STIEHL AND WITT 5 

Abbreviation: DCMU, 3-(3,4-dichlorophenyl)-I,I-dimethylurea. 
* This research was performed in part in the Department of Biophysics and Biochemistry, 

Faculty of Science, University of Tokyo, Tokyo, Japan. 
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measured the flash-induced ultraviolet absorption changes of chloroplasts or cells of 
Chlorella by a repetitive flashing technique and suggested that  plastoquinone acts 
in the linear electron transport chain as a link between Photosystems I and II .  
Plastoquinone served as a redox pool between the two photosystems, and the size 
of the pool was calculated to be 6 plastoquinone molecules. 

From his spectroscopic experiments with Anacystis nidulans, AMESZ 6 showed 
that  plastoquinone was oxidized on illumination of light absorbed by Photosystem I 
and reduced by Photosystem II.  This photoreduction of plastoquinone was inhibited 
by the addition of 3-(3,4-dichlorophenyl)-x,I-dimethylurea) (DCMU). He also indicat- 
ed that  the amount of plastoquinone that  functioned in the oxidation-reduction 
reaction was relatively small (i molecule/I5o molecules of chlorophyll). 

With respect to the role of quinones in photosynthetic bacteria, CLAYTON 7 
discovered that  the ultraviolet absorption decreased on illumination in the chromato- 
phores of Rhodospirillum rubrum and Rhodopseudomonas spheroides. He suggested 
that  ubiquinone was reduced on illumination with near infrared irradiation. He also 
proposed that  ubiquinone is the primary electron acceptor in bacterial photosynthesis. 
However, he and his coworkers 8 recently retracted his proposal, after making a com- 
parison of the oxidation-reduction titrations of P87o fluorescence and the light- 
induced absorption change at 280 nm. 

Beugeling 9 observed the light-induced absorption changes of ferricyanide- 
treated chromatophore particles in which the bulk of bacteriochlorophyll had been 
bleached. He found that  the kinetics of the absorption changes at 27 ° , 365, 435, 
605, 700 and 865 nm were similar. He also found that  the amounts of oxidized P89o 
and of reduced ubiquinone, calculated from the amplitudes of light-induced absorp- 
tion changes at 890 nm and 270 nm, were approximately equal and that  the quantum 
requirements for the photooxidation of P89 o and for the photoreduction of ubiquinone 
were the same. 

KE et al. TM investigated the light-induced absorption changes at 275 and 890 nm 
of subchromatophore fragments isolated from chromatophores of Chromatium after 
t reatment with Triton X-Ioo. The rise times of both absorption changes were found 
to be <~ 5"IO 5 sec. Both absorption changes, attributed to the photooxidation of 
P89o and photoreduction of endogenous ubiquinone, were independent of temperature 
from room temperature to 77°K. They suggested that  the P89o-ubiquinone reaction 
has the properties of a primary photochemical reaction in the bacterial system. 
Later, KE 11 found that  the rapid change in absorbance had a halft ime of I /~sec or 
less. He suggested that  ubiquinone is involved in or tightly coupled to the initial 
charge-separation process. He also indicated a possibility that  some component other 
than ubiquinone accepted electrons from photooxidized P89o during the initial charge- 
separation process. 

LOACH AND SEKURA 12 found that  the decay kinetics at 280 nm have the same 
time dependence as those at other wavelengths (e.g, 433, 605, 79 ° and 890 nm) in 
chromatophores. They suggested that, if the negative photochange at 275 nrn were 
due to the reduction of a quinone, the decay kinetics reflected a recombination of the 
primary oxidant and the reductant (reduced quinone) within the chromatophore. 
They pointed out another possibility that  the negative photochange at 275 nm might 
merely reflect bleaching or shifting of another band of bacteriochlorophyll coincident 
with its oxidation. 
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The light-induced ultraviolet absorption changes of intact cells of photosynthetic 
bacteria have been investigated less actively than those of chromatophores or sub- 
chromatophore particles. The authors 13-15 investigated the light-induced ultraviolet 
absorption changes observed in intact cells of Chromatium D and concluded that  the 
absorption changes from 25o to 3oo nm are caused by ubiquinone contained in the 
bacterium. Further, in starved cells of Chromatium, a "low amplitude" photoreduction 
of ubiquinone was observed, which was suggested to be involved in a cyclic electron 
transport. A "high amplitude" photoreduction or photooxidation of ubiquinone 
occurred in the presence of substrate. I t  was suggested that  these changes were 
involved in a non-cyclic electron transport. 

t)ARSON 16 also reported the ultraviolet absorption changes caused by succinate 
and light in Rsp. rubrum. He observed the absorption increase at 275 nm on illumina- 
tion in whole cells of Rsp. rubrum but he threw doubt on the attribution of the light- 
induced ultraviolet absorption changes to oxidation-reduction reactions of ubiquinone 
because of the complexity of the absorption changes. 

In this article, the light-induced ultraviolet absorption changes in intact cells 
of Chloropseudomonas ethylica will be described. These absorption changes are at- 
tr ibuted to the photooxidation of menaquinone contained in this organism. Some 
characteristics of the photooxidation of menaquinone will be described and compared 
with reactions of quinones in other photosynthetic bacteria. 

MATERIAL AND METHODS 

C. ethylica was grown under anaerobic conditions generally according to the 
original directions of BOSE 17. An illumination intensity of about iooo lux was provided 
by tungsten lamps. The temperature was 28 °. After 2 days of culturing, the cell 
suspension from culture bottles was centrifuged at about 200 × g for 5 min and the 
precipitate was discarded. The supernatant cell suspension was used for spectro- 
scopy. 

Spectroscopic measurements were performed in a Hitachi 356 spectrophoto- 
meter and an Amineo-Chance dual-wavelength spectrophotometer with a deuterium 
lamp (Sylvania). The optical path was I cm. The measuring radiation for the ultra- 
violet region was filtered through a combination of a Toshiba UD-25 filter and a liquid 
filter (mixture, 4: I, v/v, of saturated solutions of NiSO4 and COSO4 in a quartz vessel, 
I-cnl light path) placed in front of the photomultiplier. The transmission curve of the 
combined ultraviolet filter was previously reported 13. For the measurements of the 
oxidation of cytochrome, a Corning 9782 glass filter was attached in front of the photo- 
multiplier. The actinic light of 74o nm was supplied at right angles to the measuring 
light from a Bausch and Lomb high-intensity monochromator. The widths of the 
entrance and exit slits were 4 mm and 2 mm, respectively. The intensity of the actinic 
light was 1.3. lO3 ergs. cm 2. sec-a (o.8o. Io -9 einstein, cm 2. sec-1), unless otherwise 
indicated. Anaerobic conditions were obtained by bubbling argon gas into tile cuvette 
for 15 min and placing a layer of liquid paraffin on the suspension. The concentration of 
ehlorobium-chlorophyll in the bacterial cells was measured by the absorbance at 
66o nm of the ether extract of the bacterial cells 18. The measurements were performed 
at  room temperature. 
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RESULTS 

Light-induced ultraviolet absorption changes of C. ethylica under anaerobic condition 
As shown in Fig. i ,  the absorbance at 254, 270 and  284 nm (reference wave- 

length,  29 ° n m )  changed on i l luminat ion  with light at 74 ° n m .  After the cessation of 
the i l luminat ion  these absorpt ion changes re turned to the original levels. The absor- 
bance increased at 270 and 284 nm on i l luminat ion and  decreased at 254 nm.Fur the r ,  
a t  the former two wavelengths the absorption changes reached a s teady state after 
abou t  1. 5 rain bu t  at the la t ter  the absorption change did not  reach a steady s ta te  
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Fig. I. Time courses of light-induced ultraviolet absorption changes of intact ceils of C. ethylica 
Under anaerobic conditions intact cells of C. ethylica were illuminated by light at 74 ° rim. "On" 
and "off" indicate the times when the actinic light was turned on and off, respectively. The 
upward deflection corresponds to the increase of absorbance. Measuring wavelengths: (a) 254 nnl; 
(b) 270 nm; (c) 284 nm; (d) 270 nm. Reference wavelength, 290 nm. Light path, I cm. Concen- 
tration of chlorobium chlorophyll in the suspension of cells, 14.o/~M. For Trace d, the time scale 
was expanded 6 times. 

This observation makes it seem that  the na ture  of the absorption change at a round  
254 nm is different from that  at 27 ° and 284 nm. At all wavelengths tested the 
" ' l ight-on" kinetics consisted of two phases as shown in Fig. I (Trace d). For  Trace d, 
the t ime scale was expanded 6 times. The absorbance increased rapidly during a few 
seconds after the s tar t  of i l luminat ion,  increased slowly thereafter, then reached a 
s teady state. (In Trace d, the light was turned off before the absorption change 
reached a steady state.) On the other hand, no dist inct  separation of phases was 
found in the t ime course of the dark recovery. The recovery curve did not  fit the 
first-order decay kinetics. More detailed analysis of the " l ight-on" and "light-off" 
kinetics has not  been carried out. 

Fig. 2 i l lustrates the light-minus-dark difference spectra of in tac t  cells (solid 
curves) and the oxidized-minus-reduced difference spectrum of pure menaquinone  in 
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ethanolic solution (broken curve). Closed circles illustrate the changes of stead)- state, 
and open circles indicate the initial rapid changes (absorption changes at the first 3 sec 
after illumination started). The two light-minus-dark difference spectra had a peak 
at about 27o nm and an "isosbestic point" at about 257 nm. The shapes of the two 
difference spectra were similar except that the difference spectrum of the initial rapid 
change had a shoulder at about 263 nm. The shape of these two light-mimts-dark 
difference spectra was similar to that of the oxidized-minus-reduced difference spectra 
of menaquinone, which has been shown to be the principal quinone component in this 
organism. The "isosbestic point" of the light-mimes-dark difference spectra was 
located at a wavelength about 5 nm longer than that of the oxidized-mhzus-reduced 
difference spectrum of pure menaquinone in ethanolic solution. The shape of these 
light-minus-dark difference spectra was different from that of the oxidized-tablets- 
reduced difference spectrum (not shown here) of chlorobium quinone l, another quinone 
contained in this bacterium. 

Fig. 3 illustrates the light-intensity curve for the light-induced absorption 
change at 27o nm. The light intensity of the actinic light was decreased bv 
placing neutral density filters between the source of actinic light and the cuvette. 
The light intensities were measured by a calibrated Kipp thermopile. In the present 
study, a 14 ffM concentration of chlorobium chlorophyll corresponded to about 
1.3-1. 5 of absorbance at 74 ° n m  of the bacterial suspension. Closed circles show 
that the total steady-state change was nearly saturated at a light intensity of 
I.O in Fig. 3. The intensity of I.O in Fig. 3 corresponded to 1.3' IO a ergs.cm 2-sec -1 
(o.8o- Io-" einstein- cm -2- sec-1). The open circles in the figure indicate that the initial 
rapid phase behaved similarly at intensities from I.O to o.I. At intensities below o.I, 
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Fig. 2. Light-minus-dark difference spectra of intact  cells of C. ethylica and oxidized-minus-reduced 
difference spect rum of pure menaquinone  in ethanolic solution. O - - Q ,  total  s teady-state  change 
of cells; C -  O, initial rapid change (first 3 sec) of cells. Exper imenta l  conditions were the same 
as for Fig. 1. The broken line represents  the oxidized-~mn~ls-reduced difference spectrum of pure  
menaquinone  in ethanolic solution. 

Fig. 3. Relation between magni tude of light-induced absorpt ion  change at 270 nm and incident 
actinic light intensi ty at 74 ° nm. O - - O ,  total  s teady-s ta te  change; C -  O, initial rapid phase 
(first 3 sec). The actinic light was provided by  a Bausch and Lomb high-intensi ty  monochromator .  
The intensi ty  at i .o in the figure corresponds to 1. 3. io a ergs-cm-2.sec  -1 (o.8o. io .9 einstein. 
cm-2-sec-1). Concentrat ion of chlorobium chlorophyll,  13. 7 ffM. 
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the  difference between the r ap id  and the slow phase was indis t inguishable .  The l ight  
in tens i ty  of 1.3" lO 3 ergs. cm 2.see-1 at  74 ° nm (0.80. IO -9 einstein ,  cm -2 sec -1) was 
abou t  one- tenth  or less of the  level of l ight  sufficient to sa tu ra te  the  cy tochrome 
ox ida t ion  in o ther  purple  pho tosyn the t i c  bac te r ia  such as Chromatium19, 2°. This 
observa t ion  seems to reflect the  difference of the  growth  condit ions between the two 
pho tosyn the t i c  bacter ia ,  i.e.C, ethylica can grow under  l ight  below IOOO lux which is 
abou t  one- tenth  of t ha t  needed by  Chromatium. 

If all the  l ight - induced absorpt ion  change at  270 nm be a t t r i b u t e d  to mena-  
quinone, the  l ight - induced absorpt ion  increase at  270 nm corresponds to photo-  
ox ida t ion  of menaquinone.  Abou t  60 % of the  to ta l  menaquinone  in the  bac te r ia l  cells 
was oxidized on i l luminat ion.  In  this  calculat ion,  the difference between 27 ° and  290 
nm of the  oxidized-minus-reduced difference mi l l imolar  ex t inc t ion  coefficient of mena-  

flEox, r e d . ~  ~ o x .  r e d . ~  quinone in e thanol ic  solution,  i 1.5, was used ~/ mM - -  emiJ 270 nm - -  temM - -  emMJ 290 nm 
11.5) 21. The to ta l  amoun t  of menaquinone  in the  cell suspension was ca lcula ted  from 
the  molar  rat io,  1:5o, of menaquinone  to chlorobium chlorophyl l  ana lysed  pre- 
v iously  in this  bac te r ium 1. 

Effect of oxygen on the oxidation-reduction reactions of menaquinone and cvtochromes 
As with  in tac t  cells of Chromatium 13, the  l ight - induced u l t rav io le t  absorpt ion  

changes in the  in tac t  cells of C. ethylica were found to be affected by  oxygen tension 
in the  suspending medium (Fig. 4). As shown in the  previous section, under  anaerobic  
condi t ions  the  absorpt ion  at  270 nm increased on i l luminat ion  corresponding to photo-  
ox ida t ion  of menaquinone.  Under  the  aerobic condi t ions p roduced  by  bubbl ing  air  
into the  suspension, the  increase of the absorp t ion  on i l luminat ion  was abol ished and,  
in m a n y  cases, the  small  absorp t ion  decrease on i l luminat ion  was detected.  But  this  
absorp t ion  decrease was so small  t ha t  the  light-minus-dark difference spec t rum could 
not  be ob ta ined  under  the aerobic condit ion.  As this bac te r ium took up molecular  
oxygen (unpubl ished  results),  the  suspension became anaerobic  again within half  an 
hour. As shown in Fig. 4c the  l ight - induced absorpt ion  increase at  270 nm was observ-  
ed again af ter  anaerobiosis.  These anaerob ic -aerob ic  cycles could be repea ted  several  

off 
off I off 

2 oo t 
o n  

(o) anaerobic (b) aerobic (c) anaerobic 

Fig. 4" Effect of oxygen on the light-induced absorption change at 27o nm. (a) Anaerobic con- 
dition; (b) aerobic condition obtained by bubbling air into (a); (c) anaerobic condition obtained 
by making (b) consume oxygen. The experimental conditions were the same as for Fig. i. Concen- 
tration of chlorobium chlorophyll, 14.o/,3I. 
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times. If we assume that  the larger portion of the absorption increase at 270 nm was 
due to the photooxidation of menaquinone, it may be interpreted that  the abolition 
of the photooxidation was probably due to the higher level of oxidation of mena- 
quinone in the dark under the aerobic condition. This observation indicated that  
menaquinone in intact cells can interact with molecular oxygen enzymically (i.e. in 
an electron transport chain) or non-enzymically. 

A similar observation was made in the light-induced oxidation of cytochrome. 
SYBESMA ~2 has reported that  the light-induced absorption changes due to cytochromes 
had biphasic kinetics and each phase seemed to correspond to the oxidation-reduction 
reaction of each of two cytochromes. In the present study, the light-induced reaction 
of cytochromes was monitored by the absorption changes at 422 nm (reference wave- 
length, 44 ° nm). As shown in Fig. 5, under anaerobic conditions the absorption at 
422 nm decreased on illumination corresponding to the oxidation of cytoehrome(s). 

o n  

o n  ,~ 

T 
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on  A4r244o 
0.002 

[o,o~ 
off  

LO.O00 

(a) anaerobic (b) aerobic 

Fig. 5. L igh t - induced  ox ida t ion  of cy toch romes  of in tac t  cells of C. ethylica. The abso lp t ion  change  
a t  422 nnl  was recorded (reference wave leng th ,  44 ° n m ) .  U p w a r d  deflect ion cor responds  to increase 
of absorbance .  (a) Anaerobic  condi t ion ;  (b) aerobic condi t ion.  E x c e p t  t h a t  the  concen t ra t ion  of 
cells was  twice t h a t  used  for Fig. i, t he  expe r imen ta l  condi t ions  were the  same.  

The absorption change reached the steady state in about 2 rain after the actinic light 
was turned on, and the cessation of illumination caused the recovery of the absorption 
change. The general profile of the time course was similar to that  of the light-induced 
absorption change in the ultraviolet region described above. This may indicate that  
these absorption changes are correlated with each other. But a detailed study showed 
that  the kinetics of photooxidation of cytoehrome and menaquinone were not identical 
that  a lag of about 5 sec existed in cytochrome oxidation, and that  the kinetics of 
the dark reduction of eytochrome showed a biphasic nature. Judging from the shape 
of the light-minus-dark difference spectrum (not shown here), both C422 and C419 
of SYBESMA'S 22 notation were photooxidized to a similar extent (cf. Ref. 23). The 
biphasic nature of "light-on" kinetics observed by SYBESMA 22 was not clear in the 
present study. I t  is probable that  the different .experimental conditions, e.g. light 
intensity and tension of oxygen, caused the different results between the two in- 
vestigators. In fact, the light intensity used in SYBESMA'S experiments was about 3 ° 

Biochim. Biophys. Acta, 234 (197I) 390--398 



REACTIONS OF MENAQUINONE IN C. ethylica 3 9 7  

times higher than that used in the present study. Under aerobic conditions the photo- 
oxidation of cytochrome(s) diminished. However, a small change, superimposed on a 
drifting baseline, was observed. The light-minus-dark difference spectrum (not shown 
here) indicated that this absorption change was caused by oxidation of cytochrome, 
probably C422 of SYBESMA'S notation. When the cell suspension was made anaerobic 
again the amplitude of photooxidation of cytochrome(s) recovered to the original am- 
plitude. 

DISCUSSION 

The following observations in the present study suggest that the light-induced 
absorption changes in the ultraviolet region are intimately related to the photo- 
oxidation of cytochromes and to other photosynthetic reactions in C. ethylica. The 
most probable candidate for the component responsible for the ultraviolet absorption 
changes is the menaquinone contained in this bacterium. First, the ultraviolet absorp- 
tion at around 27o nm changed reversibly on illumination with light absorbed by 
chlorobium chlorophyll and the light-minus-dark difference spectrum obtained was 
similar to the oxidized-minus-reduced difference spectrum of pure menaquinone in 
ethanolic solution. Second, the calculated amount of menaquinone oxidized by illu- 
mination was comparable to the total amount of menaquinone present in the cells 
(about 6o % was oxidized by illumination). Third, the kinetic profiles of cytochrome 
oxidation and the ultraviolet absorption changes are generally similar to each other. 

In spite of these features, it remains possible that the ultraviolet absorption 
band of P84o partially contributes to the observed light-induced absorption changes. 
In order to clarify this point, another type of experiment such as the chemical ex- 
traction method 24 will be required. 

C. ethylica does not have the ubiquinone that is contained in many other photo- 
synthetic bacteria, but contains menaquinone and chlorobium quinone as the major 
quinones. Let us suppose a general role of quinones as electron carriers in the photo- 
synthetic electron transport in all the photosynthetic bacteria, either menaquinone 
or chlorobium quinone (or both) may have a similar function in C. ethylica. As de- 
scribed above (in RESULTS), the spectroscopic observations indicate that menaquinone, 
but not chlorobium quinone, functions in the photosynthetic electron transfer of this 
organism. This is the first known example of the functioning of a quinone other than 
ubiquinone in photosynthetic bacteria. The photosynthetic bacteria other than C. 
ethylica have a common quinone, ubiquinone. In the chromatophores of Rsp. rubrum, 
Rps. spheroides, Chromatium photoreduction of ubiquinone has been investigated 7-12. 
Oxidation-reduction reactions of rhodoquinone, which is contained in chromatophores 
of Rsp. rubrum, and of menaquinone, which is contained in chromatophores of Chro- 
matium, have not been reported. Photoreduction of ubiquinone was also investigated 
in the chromatophores of Rps. palustris (unpublished data). In intact cells of photo- 
synthetic bacteria other than C. ethylica, oxidation-reduction reactions of ubiquinone 
have also been investigated by the author in a series of measurements of light-induced 
ultraviolet absorption changes (published in part in refs. I3-I5). 

The direction of the reaction (i.e. oxidation or reduction of quinone on illumina- 
tion) differed under various experimental conditions (e.g. anaerobic or aerobic condi- 
tion, etc.). Table I summarizes these results. The quinone(s) found spectroscopically 
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T A B L E  I 

OXIDATION--REDUCTION REACTION OF QUINONE ON ILLUMINATION OF SOME PHOTOSYNTHETIC 
BACTERIA 

UQ, ub iqu inone ;  RQ, rhodoqu inone ;  MQ, m e na qu inone ;  CQ, ch lorob ium quinone. 

Species Quinones Reactive Intact cell Chromatophore 
present quinones 

Aerobic ,4 naerobic 

Rsp. rabrum UQ RQ UQ RQ? red. ox. red. 
Rps. spheroides UQ UQ red. ox. ? red. 
Rps. palastris UQ UQ red. ox. red. 
Chromatium D UQ MQ UQ red. ox. red. red. 
C. ethylica MQ CQ MQ red.? ox. ? 

to be involved in the light-induced oxidation-reduction reaction is indicated in the 
column of "reactive quinones". The direction of the reaction of quinone under various 
conditions is also shown. 

The chromatophores of C. ethylica that were obtained by sonic treatment did not 
show the light-induced ultraviolet absorption changes in the present study. As the 
reaction of cytochrome was not detected in the chromatophores, it may be that the 
photochemical reaction is inactivated during the preparation of chromatophores. 
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