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SUMMARY

Absorption-spectrum changes caused by illumination in photosynthetic purple
bacteria, Rhodopseudomonas spheroides (wild type and blue-green mutant}, Rhodo-
spirillum rubrum (wild type and blue-green mutant) and Chromalium, were studied.
Low-temperature spectrophotometry was advantageously used for the determination
of heme components. Responses of the isolated chromatophores were compared with
those of the intact cells.

Heme proteins were found to be functioning in the photosynthetic and respiratory
electron-transfer system. The effect of several inhibitors, especially phenylmercuric
acetate, was studied. Light-induced responses of different types of cytochromes were
analyzed. Absorbancy changes corresponding to carotenoids and bacteriochlorophyll
were observed in certain strains and preparations. Carotenoids showed evidence
that they had some correlation with other electron-transfer catalysts. A light-induced
change in chlorophyll was observed in R. rubrum chromatophores. There was no
evidence of appreciable chlorophyll-absorbancy change in the intact cells under
weak infrared illumination. A scheme for the electron-transport path in the photo-
synthetic and respiratory svstems of photosynthetic bacteria was constructed {rom
these data.

INTRODUCTION

In the past few years there have been a number of investigations of absorption
spectrum changes in photosynthetic bacteria upon illumination or introduction of
oxygen. DUYSENS!, and CHANCE AND SMiTH? found the absorption spectrum changes
in an anaerobic .uspension of Rhodospirillum rubrum during low-intensity illumi-
nation. CHANCE AND SMITH discovered that the change was similar to that found
after the addition of oxygen, and concluded that the illumination caused oxidation
of more than one cytochrome in the bacterial c-lls.
- Abbreviation: PMA, phenylmercuric acetate.

* Present address: Department of Biophysics and Biochemistry, Faculty of Science, University
of Tokyo, Hongo, Tokyo (Japan).
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2 2. NISHIMURA, E. CHANCE

OLsox AND CHANCE?-? studied the light-induced cytochrome oxidation in Chro-
matium strain D, another photosynthetic bacterium, and found that this oxidation.
too, involved numerous cvtochromes, 2: in R, rubrum. CHANCES and SMITH AND
RAMIREZ™-® observed the reversible absorption decrease, due to illumination or oxy-
genation, at the wavelengths corresponding to carotenoid peaks in the bacterial cells.
SMITH AND BALTSCHEFFSKY?® studied respiratory and light-induced phosphorylating
~ystems in extracts of R. rubrum. Thev found the two systems differeni in a number of
respects, and suggested a role of cytochrome ¢, in the light-induced phosphoryiaticn.

V/el%.1! have recently reported the temperature-independent oxidation of ¢-type
cytochrome in Chromatium (down to 77° K) by bacteriochlorophyil-absorbed inft... .
light, a phenomenon suggesting a mechanism for a non-thermal oxidatjon-reduction
reaction between bacteriochlorophyli and cytochrome molecules.

The phenomennsn of appearance in chromatophores or aerobic cells of a band
around 430 mg by illumination has been somewhat confusing. In R. rubrum cells
suspended in aerobic water, Duysexs!? found an increase in absorption at 432 mu
by illumination. CHANCE et al.2.13 had previously shown that PMA treatment caused
cytochrome oxidation in the same species, and illumination after the treatment led
to an appearance of a 430-mp band. SuirH ¢f al* reported that illuminaticn of
a PMA-treated aerobic suspension of R. rubrum or Rhodopseudomonas spheroides in-
duced an appearance of a broad absorption peak at 434 mu. They also reported a
similar phenomenon in R. rubrum extracts®. From our study it is concluded that
two different phenomena have been confused. One seems to be the reduction of a
cytochrome of -type by illumination in PMA-treated R. rubrum or R. spheroides cells
or washed aerobic Chromatium cells. The other is observed in R. rubrum chromato-
phores in aerobic and anaerobic states, and it is most probably an electronic change
of an assimilatory pigment. These two phenomena will be discussed in detailgso
DISCUSSION). ‘5"

In this paper, further studies of lighi-induced absorption spectrum changes
will be presented. A scheme for the electron transfer system will be presented and the
roles of electron carriers will be discussed.

METHODS
Culture of bacteria

Except for wild type ol K. spheroides, all bacteria were grown in a 25° water
bath in full glass-stoppered bottles, illnminated by incanJdescent lamps of an approxi-
mate light intensity of 16000 lux. Fully-grown bacteriav..:: e used for the experiments.
In many cases observations were made with suspensions taken directly from culture
bottles. Cells were concentrated by centrifugation and resuspended in the original
culture medium when needed. Usually Chromatisim celis were harvested by centrifuga-
tion and resuspended in a fresh medium.

R. rubrum, van Niel strain 1 (obtained from Dr. M. D. K::awmnd a blue-green
mutant of R. rubrum, strain Gg {obtained from Dr. J. W. NEwTON) were grown
anaerobically in a medium described by GEST #f a).%% under illwmination. R. spheroides,
strain 241C, and its blue-green mutant, strain UV 33, weie vbiained from Dr. G.
CoHEN-BAZIRE and giown in her medium®. Unless otnerwise stated, the blue-green
mutant was grown anaerobically and the wild tyvpe R. spheroides semi-anaerobically
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FIGHT-INDUCED ABSORPTION CHANGES IN BACTERIA 3

with illumination, to minimize the irreversible carotenoid changes caused by oxygen
mtroduction?. Chromatium strain D, presented by Drs. M. D. Kamex axp [. W
NEwTOX, was cultured in their medium?.

Preparation of R. rubrum and Chromatium chromatophores

The method of preparation of chromatophores has been described in a previous
paper®.

Spectrophotomelric ineasurements

+  Absorption spectrum changes by illumination, aercbiosis, etc., were measured
by a split-beam spectrophotometer?.2l and a double-beam spectrophotometer2? 3
developed in this laboratory. When necessary, a low-temperature apparatus? was
modified to allow spectrophotometry of illuminated-minus-dark samples at liquid
nitrogen temperature. An incandescent lamp and a Kodak Wratten 88A filter
[{removing light of wavclengths shorter than 720 mp) furnished a near-infrared
illumination for bacterial suspensions or chromatophores. A Corning 9788 filter
protected the photomultiplier from the near-infrared illumination.

Oxygen tension measurements in bacterial suspensions
An oxygen electrode apparatus with a collodion-coated rotating micro-

electrode®.2> was occasionally used for determining oxygen consumption rate and
ascertaining whether the bacterial suspension was aerobic or anaerobic.

RESULTS
R. spheroides wild type
The pigments of this bacterium were clearly delineated by the absolute spectra
at room and at low temperatures illustrated by Fig. 1. Here peaks due to bacterio-
chlorophyll (585 and 587 mp, at room and at liquid nitrogen temperatures, respective-
ly), and carotenoids (507, 509 mp), (476; 475 mp), (448; 447 my) can be identified.
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. 1 Abscrption spectra of anaerobic suspen- Fig. 2. .:inminated minus dark differ~nce
donolk.sphmn‘dn cells, at 77° K (A) and  spectrum oi anaerobic suspension of R. sphero-
K (B). Optical path length, 1 mm; 0.5¢ mg tlcseells.opﬁalp-thkl‘th.jmm 2.1 mg
dry weight/ml. dry weight/ml; temperature, 299° K.
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4 M. NISHIMURA, B. CHANCE

In addition, the low temperature spectrum also indicates two peaks at 556 mu and
547 mp which are presumably the z-bands of cytochromes. As has been pointed out
in several publications®-®, these carotenoid bands are affected by illumination (Fig. 2).
It is apparent that the 507-mu peak was replaced by one at 523 mu; a similar shift
tv a luuger wavelength occurred with the peak observed. in the absolute spectrum
at 476 myu but at 472 my in the difference spectrum. A similar change may have
affected the band at 448 mgu to give a band shift from 442 mu to 458 mu in the dif-
ference spectrum. The apparent shift by illumination to the longer wavelength in the
difference spectrum was 16-17 mu. The peak at 427 mpu in Fig. 2 is no douht -
to cvtochrome oxidation as wil! be discussed later. Potassium cyanide (1-107% M;
did not inhibit the light-induced cytochrome oxidation or the carotenoid absorption
band shift in anaerobic suspension of R. spheroides.

The response of the carotenoids to illumination was more clearly shown if they
were treated with PMA (g9-10-% M) (Fig. 3). In this case, the shift of the 448 mu
carotenoid band in the absolute spectrum (Fig. 1} (445 mp in the difference spectrum,
Fig. 3) to 458 myu was clearly defined and the shifts towards longer wavelengths, for
the three peaks, were 13, 16 and 16 mg, respectively.

it has been pointed out that a treatment of K. rubrum with PMA causes the
light-induced cytochrome oxidation to disappear and to be replaced by a large
absorbancy increase at about 430 mpu (see refs. 2, 13). This effect was more clearly
revealed in R. shheroides. Fig. 3 shows the appearance of a rather sharp peak having
a maximum at 429 mu. Like a band observed in R. rubrum (Fig. 1o), this sharp band
observed in R. spheroides is strongly suggestive of heme protein reduction. It is
tentatively interpreted as reduction of a b-type cytochrome by illumination, when
all the cytochrome components remain in the oxidized state in the presence of the
inhibitor. This change is similar tc the change observed when oxvgen is introduced
to anaerobic cells (in the opposite direction)??.

A study of the effect of different concentrations of FMA for producing spectral
changes of the type indicated in Fig. 3 is shown in Fig. 4. At a PMA concentration
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Fig. 3. Light-induced change in aerobic cells of

R. sphevoides in the presence of PMA (g-10%

M). Hiwminated minus dark diff.- s spe.-

tram. 0.434 mg dry weight/ml. 10 mm optical
path. Temperature, 206° K.

Fig. 4. PMA inhibition of light-induced spec-
trum changes in R. spherordes cells. A, dis-
appearance of 427-my band; B, appearance of
429-mu band in the presence of PMA; C, dis-
of so7-mu band. Ordinate indicates

relative magnitude of changes.
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LIGHT-INDUCED ABSORPTION CHANGES IN BACTERIA 5

of 1-107* M, a large 429-mpu band was observed under illumination. Higher concentra-
tions inhibited the appearance of the 429 myu band and the disappearance of the
507-mp band (carotenoid shift). This result is rather different from that observed in
R. rubrum where a wide range of PMA concentrations could be employed, and ike
result suggests a higher SH-group sensitivity in the basic light response of R. spheroides
than that of R. rubrum.

No effect of carbon monoxide on the light-induced absorption spectrum change
in the PMA-treated aerobic cells was observed. This suggests the existence of a cyto-
chrome of b-type besides a CO-binding pigment, RHP/cytochrome o (see ref. 17).
It is also indicated that the CO-binding pigment is not located between the cito-
chrome b and the photochemical reducing site. Illuminated minus dark differeace
spectra of the PMA-treated cells with and without carbon monoxide are shown in

Fig. 5.
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Fig. 5. Effect of CO on light-induced absorption
spectrum change in PMA-treated cells of
R.spheroides. Acrobic cells, 0.99 mg dry
weight/ml; (PMA’, 1-107* M; pure CO satu-
rated, optical pata length, 10 mm temperature,

Fig. 6. Kinetics of light-induced absorption
spectrum changes at three different wave-
lengths, 427 myu, 489 myu and 523 mu. Anaerobic
suspension of R. spheroides at 296° K, 1.44 mg
dry weight/ml; optical path length, 10 mm.

297° K. A, iifuminated minus dark, PMA
added ; B, illuminated minus dark, PMA and
CO added.

In Fig. 6 the time course is plotted of the absorbancy changes observed upon
initiation and cessation of illumination of suspension of R. spheroides. Two carotenoid
shifts (489 mu and 523 mu) and one cytochrome (427 mu) were monitored. As has
been point=d out by SMiTH AND RaM{REZ®, the carotenoid shifts appeared more rapidly
than the cytochrome change. Oxygenation of the anaerobic suspension caused a
similar shift of the absorption bands and a cytochrome oxidation. Here, too, the
carotenoid shift was observed to be larger compared with the cytochrome change.
It has been reportes? by CHANCE® that the rate of the carotencid change was larger
than that of the cytochrome change in the rapid oxygenation experiments. The more
rapid response of the carotenoids at room teniperature is a remarkable phenomenon
since it has been observed in Chromatism that he quantum requirement for cyto-
chrome oxidation is roughly two per electron®. If thy. value applies to R. spherosdes,
and if one further assumes that the carotenoid exti.iction coefficient is no greater
than that for cytochrome, we would conclude that the quantum requirement for the
carotenoid shift is indeed small.
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6 M. NXISHIMURA, B. CHANCE

Biue-green mutant of R. spheroides

With illumination or introduction of oxvgen, the blue-green mutant of R.
spheroides gave results similar to those obtained with the blue-green mutant of
R. rubrum, which will be described in this paper and a succeeding paper”. Results
with the blue-green mutant of R. spheroides were essentially the same as those of
SxiTH AND RAMIREZY.

R. rubrum wild type

R. rubrum is probably the most extensively investigated of the purple bacteria
and it was upon this organism that both Duysgxns! and CHANCE AND SMITH? made
their original observations of the response of a single cytochrome (Duysgxs) and a
number of cytochromes (CHANCE AND SMITH) in anaerobic cells. Interestingly enough
these celis have proved to be the mos: difficult to work with. The superposition of
cytochrome and carotenoid bands are such that the a-band cannot be adequately de-
lineated, as was pointed out in the communication of CHANCE AND SMITH?. An example
of the complex mixed spectrum of carotenoid and cytochrome changes by illumination
is presented in Fig. 7.

Quinacrine hydrochloride (1-16—* M) or potassium cyanide (6.5-10—4 M) had
little effect on the light-induced absorption spectrum change (disappearance of a
428-my band) in anacrcbic R. rubrum cells. Carbon monoxide did not inhibit the
anaerobic light-induced change. The kinetics of the light-induced change in an
anaerobic suspension of R.rubrum in the presence of carbon monoxide was the
same as in untreated cells.

It has been known for some time that the kinetics of absorbancy change at the
cessation of illumination of R. rubrum is diphasic in the greater part of the spectrum.
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Fig. 7. Tluminated minus dark difference  Fig. 8. Kinetics of absorption spectrum changes
spectrum of anaerobic suspension of R. rubrum by illumination in anasrobic R.rubrum cells.
cells. Optical path length, 10 mm: 1.54 mg Split-beam spectrophotometer recordings at
dry weight/ml; temperature, 296" K. 420 mp, 428 mu and 432 mpu. Optical path
length, 10 mm: 2.16 mg drv weight/m!:

temperature, 206° K.

A typical example is pre. nted in Fig. 8. As is clear from the figure, at 428 mp, theie
were large rapid and slow phases, but at 432 mg, the rapid phase was small; at 420 nu,
decay was very rapid and there was no slow phass. This phenomenon has been de-
scribed in considerable detail in studies of Chromatium® and a preliminary study has

Riochim. Biophys. Acta, it (1063} 1~-16



LIGHI-INDUCED ABSORPTION CHAXGFS IN BACTERIA -
been made in R. rubrum®. A more detailed study of the fast and slow absorbancy
changes at the cessation of illumination in anaerobic R. rubrim is indicated in Fig. g.
The figure shows that a pigment absorbing in the region near 425 my was reduced
much more rapidly at the cessation of illurnination than that with a peak at approxi-
mately 430 mu. This would lead to the conclusion that a pigment of the ¢-type pre-
dominates iz the rapid response to the cessation of illumination while a piginent of
the b-type predominates in the slow response. QLsOX AND CHANCE® postulated four
cytochrome species on the basis of kinetics and spectral characteristics of absorbancy
changes of Chromatium observed under various conditions. Of the four cytochromes
(Caz2s Caz0r Ca2a-s ANA Cyaq), €19, and £y, were assumed to be reduced in the light-off
transition under anaerobic conditions. These possibly correspond to the two com-
ponents observed :n the light-off absorbancy change in anaerobic R. rubrim cells.
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Fiz. 9. Rapid and slow phases of light-ofi Fig. to. Illuminated minus dark difference

reaction in anaerobic K. rubrum cells. Optical spectrum of PMA-treated R.rubrum cells.

path length, 10 mm; 2.16 mg dry weight/ml; "PMA’, 5-107% M; optical path length, 3 mm;
temperature, 296° K. temperature, 77° K and 300° K.

It has already been mentioned that the ahsorbancy change caused by it.umination
of the PMA-treated R. rubrum cells has been observed in such a highly light-absorbing
suspension that it was difficult positively to identify it to be a heme protein reduction.
The width of the band seemed to vary with different experimental conditions: a
narrow peak was recorded by CHANCE AND SMiTH?, while SMITH, BALTSCHEFFSKY
AND OLsONM recorded a rather broad peak. In Fig. 10 the dashed curve represents
a recording at room temperature of the illumination-induced change of the PMA-
treated R. rubrum cells and it is seen that a peak with a maximum at 431 my appeared.
If this illuminated material was chilled to the temperature of liquid nitrogen and the
spectrum again recorcod, it was seen that the peak was shifted to 428.5 myu and had
a half width of 15 mpu, a value quite in accord with the values observed for heme
proteins under these coiditions®.*.8, [t was further found that the absorbancy
change of Fig. 10 did not occur if the cells were treaied with an excess of dithionite.
Ne effect of carbon meuoxide upon the light-induced a_<~rption change in the PMA-
treated cells (appearance of 431 mu band) was observed. These data suggest the
reduction of a d-type cytochrome by illumination in the PMA-treated R. rubrums cells.

Biockim. Biophys Acts, 66 (1903) 1-16



8 M. NISHIMURA, B. CHANCE

Blue-grecn mudant of R. rubrum

Through the kindness of Dr. J. W. NewroN we have obtained a cuiture of this
valuable mutant and have been able to make more incisive studies of the «vtochromes
of R. rubrum. Fig. 11 represents absolute spectra of the anaerobic cells at rocom temper-
ature and iiquid nitrogen temperature. At room temperature two bacteriochlorophyli
bands were observed at 374 mu and 587 mpu. At liquid nitrogen temperature the
chlorophyll bands were observed at the same positions and of considerably higher
intensity. At the lower temperature, trace C of Fig. 11 shows a peak and a shoulder
indicating cytochrome bands in the z-band region. A comparison of this figurc witu
Fig. 1 indicates clearly the complete absence of spectroscopicallv detectable caro-
tenoids in the mutant cells.

Fig. 11. Absorption spectra of anarrobic suspension of R. rubrum blue-green mutant cells. A,
208° K, optical path length 3 mm; B, 77° K, optical path length 1 mm; C, 77 K, optical path
length 3 mm. 2.4 mg drv weight/mlin all cases.

The illuminated minus dark difference spectrum for these cells is illustrated by
Fig. 12. Firstly, it is apparent that the region between 450 and 530 my is no longer
obscured by carotenoid changes. A cytochrome(s) having a Soret band at 427 mpu
was oxidized on illumination and an a-band at 5§53 mu was also affected. It is likelv
that this change corresponds to the oxidation of cytochiumes of ¢- and b-tvper. as
has been suggested for the wild tvpe R. rubrum on the kinetics of anaerobic tight-off
reaction. The existence of these two heme components in the blue-green mutant of
R. rubrum is clearly shown by low-temperature spectra in a succeeding paper'.

The componenis aifected in the Soret region of the blue-green mutant have very
nearly the same maximum as in the wild type. If one assumcs thai the cytochrome
complement of the mutant is not appreciablv changed. then we can interpret the
‘4entity of the major part of the ch~=-2 at 553 my in the wild type R. rubrim with
that at 427 mu. It would appear that the shape of the a-band observed in the studies
of the wild type by CHANCE AND SMITR? is a iittle aftected by carotenoids (spirillo-
xanthin and other coinponents), but the f-band is largely affccted by carotenoids
as indeed was pointed out by those authars.

Biockim. Biophis Acta. 66 (1963} 1-16



Litni-ia0UCED ABSORPTION CHANGES IN BACTERIA 9

Chromatium strain D

The illumination-induced changes of the spectrum of this microcrganism have
been studied in detail by CLson AND CHANCES-S. It has been found. hoverver, in
vashed Chromatsum that iilumination of the aercbic cells caused an increased absorp-
tion at 432 mp (Fig. 13), which is similar in rature to that roported for washed
R. rubrum®, or PMA-treated aerobic cells of R.rubrum or R. spheroides®®. This
might be interpreted as the reduction of a heme protein by illumination when all
the Jivme componenis aie in the uxidized state.

When the washed aerobic cells of Chromatium were cooled down to 77° K with
continuous illuminatior,, the appearance of a band at 432 mg by illumination was

aa
0.03r o
aa 2
0.0i
n92
_—
000 Y T et 556 307 w00
s imp 0.0
! 853 | \
{
-0.01 . =
0.00—3 Y 300
/ Amp)
ar¢
~0.02 -0.01-

Fig. 12. Changes in abscrption spectrum by Fig. 13. Illuminated minus dark difference
illumination of blue-green mutant of R. rubrim spectrum of washed aernbic Chromatium cells
{anacrobic suspension of intact cells). Optical  (washed four times and resuspended in 0.05 M
path length, 10 mm: 2.4 mg dry weight/ml;  phosphate buffer (pH 7.0)). Optical path length,
temperature, 297 K. 1o mn, temperature, 2067 K.,
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Fig. 14. Absorption spectrum change in washed  Fig. 15. lliwminated minus dark difference

Chromatium cells by illumination (illuminated  spectrum of w.. hed anaerobic Chromatium cells

continuously from rovom tempeuture through  (washed four time: *nd resuspended in o.05 M

cooling to 77° K, measured at 77° K, optical  phosphate buffer (yH 7.0}). Temperature,

path iength 3 mm). llluminated minus dark 296° K optical path length, 10 mm.
difference spectrum.
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10 M. NISKiMURA, B. CHANTE

replaced by a decrease in absorption at 479 mg (Fig. 14). This striking effect can be
explained by the temperature-insensitivity of light-induced cytochrome ¢ oxidation®®
and a larger temperature coefficient in the cytochrome-reducing system.

If slowly respiring washed Chromatium cells were allowed to become anacrobic,
the absorbancy change reverted to one similar to that observed by OLsSON »ND
CHANCE?-?® as the “‘primary reaction’’. The record of this light respcnse under these
conditions is indicated in Fig. (5. It is seen that a cytochrome with a Soret band at
423 my was oxidized by illumination. The reversal of the direction of the light-
induced absorption spectrum changes when the washed cells became anaerobic from
aerobic state is shown in Fig. 16.
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Fig. 16. Kinetics of absorption spectrum change by illumination in washed Chromatium cells

{washed four times and resuspended in 0.05 M phosphate buffer 'pH 7.01}). at 433 mpu. Aerobic

suspension became anaerobic during measurement. Optical path length, 10 mm; temperature,
296° K.

R. rubrum chromatophores

Studies of light responses of cytochromes in the chromatophores are of consider-
able importance since the whole cell may show light responses not only of its chromato-
phores but also of its respiratory enzymes. This may occur in cells in which no oxygen
is evolved in photosynthesis, by direct electron transfer or by the formation of high-
energy intermediates which might initiate reversed clectron transfer®®. [t has,
however, been difficult to observe clear cytochrome responses in isolated R. rubrum
chromatophores, although some progress has already been made®!3.

Upon illumination, the chromatophores isolated from R. rubrum showed in both
the aerobic and anaerobic states decreased absorption at 387 and 604 my which can
be attributed to bacteriochlorophy!l and increased absorption at 434 mu (Fig. 17).
The 434-mp change was a broad band which had little resemblance to the band
observed in the PMA-treated ¢~ os reported here (see Figs. 3 and 10) or to the
absorbancy changes observed in tne starved cells® (¢/. Fig. 13). In addition, caro-
tenoids were still present and responded to illumination as indicated by ihe absorbancy
changes in the region of 450-550 mu. It was noticed that the 434-mu band of Fig. 17
did not shift its peak at low temperature, and sharpening of the band at low tempera-
ture was not significant. These characteristics have not been observed in heme
proteins!’.%.9.8 The light-induced appearance of the 434-mu band in R. rubrum
chromatophores vras not inhibited by potassium cyanide (1-10-% M), PMA (1-107¢ M)
or heptylhydroxyquinoline-N-oxide (5-10-* M) and was observed in Loth aerobic
and anaerobic chromatophore preparations.

The difference spectrum of the isolated chromatophores of R. rubrusn, reduced
minus aerobic, is illustrated in Fig. 18. Here is shown a large peak at 426 mg which is

Biockim. Bicphys Acte, 66 {1963) 1-16



LIGHT-INDUCED ABSORPTION CHANGES IN BACTERIA 11

due to cvtochromes!”. While there is a suggestion of a cytochrume peak at 553 my,
it appears that carotenoid pigments make *his identification dubious.

As opposed to the kinetics of the light responses of the intact cells. rapid light-on
and-off responses were obtained with the chromatophor-s and there was no evidence
of a biphasic response. No difference of the response was ontamed between the kinetics

at 387 my, 434 my and 604 myu (Fig. 19).

Chromatium chromatophores

The chromatophores prepared from Chromatium showed a light-induced response
shown in Fig. 20 in which the oxidation ui 2 cytochrome of ¢-type is indicated by «
trough at 422 mpu with a corresponding «-band at 552 my. The absence of interference
from carotenoids was characteristic of this microorganism. When the chromatophores
were chemically reduced with dithionite, the reduced minus aerabic difference spec-
trum gave a typical cytochrome-type curve (Fig. 21). A Soret band at 425 mu and
an a-band at 553 mu were observed. In comparison of this difference spectrum
with the light-induced response (Fig. 20}, the shift of the Soret band from 422 to
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Fig. 17. Illuminated minus dark difference Fig. 1%. Reduced minus aerobic difference
spectrum  of isolated chromatophores from spectrum of isolated chromatophores of R.
R.rubrum. Optical path length, 10 mm; rubrum. Optical path length, 10 mm; tempera-

temperature, 206° K. ture, 206° K.
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Fig. 19. Kinetics of light-induced absorption  Fig. 20. Absorption spectrum change induced

change of R. rubrum chromatophores. Absorp- by illumination in isolated Chromatium chiu-

tion change by infrared illumination recorded matophore filluminated minus dark difference

at threc fixed wavelengths: 387 mu, 434 mu  spectrum). o tical path length, lo mm;

and 604 mu. Optical path length, 10 mm: anaerobic ; temperature, 297°
temperature, 206° K.
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12 M. NiSHIMURA, B. LIIANCE

425 my coi'd be due to the relatively small contribution of a cvtochrome of 4 type
in the light-induced oxidation in the isolated chromatophores of Chromatiusm (as in
anaerobic starved Chromatium cells, Fig. 15).

Fig. 21. Reduced (dithionite) minus aerobic

difference spectrum of Caromatium (. omac

phores. Opticai path length, 10 mm; tempera-
ture, 207 K.

DISCUSSION

There are several ways of studving the mechanisms of ciectron transfer and light-
induced absorption spectrum changes in photosvnthetic bacteria. Three kinds of
techniques have been adopted: (a) observation of difference spectra of suspensions
of bacteria in two different steadv states, in which ronditions such as illumination,
oxygen tension, substrates and inhibitors etc., are controlled, (b) analvsis of the
kinetics of changes induced by illumination, oxvgen. etc., (¢) isolation and reconstruc-
tion technique: cofactors, enzvimes and particles taking part in photosynthetic and
respiratory processes are isolated and studied in reconstructed systems. In this
study, evidence obtained mainly bv methods (a) and (b) have been presented, though
results obtained by the third method are used to discuss the mechanism of electron
transfer.

It would be convenient to present the evidence for the existence of each of the
heme protein components in purple bacteria in a condensed statement. The presence
of a ¢c-tvpe cvtochrome (c,} was shown by (a) wolation and purification® 33, (b} light-
induced absorption change in anaerobic cellst 7.2 (¢} PMA-induced abs o ption
change in aerobic cells®:¥, (d) absorption spectrum change induced by heptyl-
hydroxyquinoline-N-oxide or antimyvcin A in anaerobic cells®®. The presence of a
b-type cytochrome was demonstrated by (a) isolation and purification®, (1) absorption
spectrum change by oxvgen introduction??, (¢} light-induced absorption spectrum
change in PMA-treated a-..bic cells (R. rubrum and R. sphervides) or in washed
aerobic celis (Chromatium), the fact that carbon monoxide did not interfere with
this change indicates the presence of a b-type cvtochrome besides a CO-binding
pigment. The presence of a CO-binding pigment. RHP 'cytochrome o was demonstrated
by the following data: (a) 1sulation and purification®-3335, (b) absorption spectrum
change caused by carbon monoxide!?, (c) photochemical action spectrum of CO-
inhibited respiration which is of cvtochrome o type and similar to the spectrum of
RHP-CO complex!?..

Controversy on the apprarance of a band{sj around 430 mpu by illumination in
the chromatophores or the aerobic cells has been somewhat difficult to resolve (see
INTRODUCTION). In our study, there seem to be present two different phenomena:
one is the appearance of a band with its peak at 426 to 432 myu (2t room temperature;

Brociim Biophys Acia, 66 119633 810
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the peak positions show little variations in different species) in several photosynthetic
bacteria on illumination when the ceils are aerobic (washed Chromatium cells) or
treated with PMA (R. rubrum and R. spheroides) ; the other is observed in the isolated
R. rubrum chromatophores upon illurmnation of both anaerobic and aerobic sus-
pensions. In the latter case, a broad band appears at 434 mu and large troughs.
perhaps corresponding to absorption spectrum change of bacteriochlorophyll, appear
at 387 aad 604 mpu. Similar changes were observed in green plants by WITT et a/.¥-%
and Kok#-#,

In the R.rubrum chromatophores, the 434-mp band was very broad and the
band location did not change by cooling to 77° K. On the other haad, the changes
which aerobic cells or PMA-treated cells underwent had sharper maxima at low tem-
perature. In the latter case the positions of maxima were shifteC towards shorter
wavelengths, as usually observed in cytochromes?.#.®, Kinetics of the changes
were also different in these two examples. This evidence suggests two distinct mecha-
nisms for the appearance of a band near 430 my, one for R. rubrum chromatophores
and another for other cases. Reduction of a b-type cvtochrome by illumination in
the aerobic or PMA-treated cells explains the latter cases.

We do not have enough evidence to determine the chemical nature of the 434-mpu
band in the illuminated R. rubrum chromatophores. OLsoN AND Kok*? showed that
the appearance of a 436-mu band by illumination in aercbic Chromatium was not
synchronous with changes of infrared absorption of bacteriochlorophyll, and they
refuted the hypothesis presented by DUYSENs ¢f al.* that the changes at 436 mp
and in the near infrared are caused by one reaction, specifically oxidation of bacterio-
chlorophyll. In OLsoN AND KoK's observations there were no significant absorption
changes between 600 mu and 740 my, so their results do not correspond to the
absorption changes in R. rubrum chromatophores but probably correspond to the
change observed in aerobic suspensions of several photosynthetic bacteria. At present,
we are inclined to attribute the decreased absorption at 387 and 604 myu and the
increased absorption at 434 mp by illumination in R. rubrum chromatophores to a
single reaction, viz. change of bacteriochlorophyll spectrum, which is unlikely to
participate in the electren transfer in intact cells. ARNOLD axD CLAYTON® indicated
that this change is electronic and suggested that the shifi is diminished ir the intact
cells to the extent that enzymes can remove the primary excited electrons and
positive holes. It is still to be decided whether this electronic change corresponds
to an accumulation of primary excited electrons and holes which can be transferred
to the electron transport system or whether this is a secondary phenomenon indured
by the charge separation. In intact cells the first substance to be oxidized by accepting
a positive hole {(or giving an electron) has been found to be cytochrome ¢ by the
present authorsi0.,

The temperature-insensitivity of cytochrome ¢ oxidation in Chromatium cells
by iniraced Liginination suggests the process for direct positive hole (or electron)
transfer beiwzen bacteriochlorophvil and cytochrome molecules without inter-
molecular collisions:11. The slight ‘emperature-dependence of the light-induced
cytochrome oxidation in the Chromatium ( hromatophores might be a result of poorer
association between bacteriochlorophyll a..3 cytochrome molecules, though the
dependence is small and we could observe th. light-induced change at 205° K.
Temperature-sensitive light-induced reactions were observed in R. rubrum and

Biocksm Biophys. dcia, 66 (1963) 1-16
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R. spheroides. The sensitivity is probably due to the decrease of the reduced form
of heme proteins in the cells cuoled to lower temperatures. The difference of the
temperature coefficients between reductase and uxidase systems might affect the
steady-state oxidation level of cytochromes upon cooling.

It is unlikely that carotenoids are situated in the main path of electron transfer
in the photosynthetic and resoiratory systems because other electron carriers function
normally in -arotenoidless mutants of R. spherosdes and R. rubrum. There is no
indication of participation of carotenoids in Chromatium either. But the changes in
the carotennid absorption spectrum induced by light or oxygenation suggest to us
that the change in the absorption spectrum of carotenoids is caused by the 9. .
electrons between the carotenoid molecule and other electron carriers. Thke change
in the carotenoid steady state caused by addition “ ~<timycin A or heptylhvdroxy-
quinoline-N-oxid=3 alco suggests this possibility. A similar change in the steady
state of carotenoids was also vbserved in R. spheroides when the anaerobic cells were
subjected to cooling®. These data can be interpreted as a demonstration of different
temperature coefficients or different sensitivities to inhibitors in electron-donating
and-accepting systems for carotenoids, rather than the result of different sensitivities
of carotenoids directly to oxygen or light in different conditions. Tne apparent
absorption band shift of 16-17 mu towards longer wavelengths in the difference
spectrum (the real band shift might possibly be a few mgu smaller) can be attributed
to an increase of the effective length of w-electron system in the conjagated polyene
chain (addition of one C-C unit to the conjugated system) or an introduction of a
bathochromatic group (addition of -OH, etc.).

The characteristics of heme protein components in photosynthetic hacleria are
discussed in detail in the succeeding papers!?%. It is indicated that in the light-induced
electron transport, the c-type cytochrome accepts positive holes from (or transfers
electrons to) the excited bacteriochlorophyll molecules (primarv photochemical
process?). On the other hand, the b-type cytochrome is located nearer to the photo-
chemicai reducing site, and its reduction by iliumination is observed in PMA-treated
R. rubrum and R. spheroides or washed aerobic Ckromatium. The presence of heptyl-
hydroxyquinoline-N-oxide or antimycin A blocks the reaction between these two heme
components in photosynthetic and respiratory electron transport and induces an
interesting crossover phenomenon®. A CO-binding pigment, RHP/cytochrome o
has been shown to be active as oxidase in dark-grown R. rubrum!”.®_The fact that
carbon monoxide did not inhibit the photochemical reduction of the b-tvpe cyto-
chrome suggests that RHP/rvtochrome 0 is not located between the cytochrome b
and the photochemical reduciny site.

The presence of ubiquinone/coenzyme Q in photosynthetic bacteria is reported
by LESTER AND CRANE®. In both the wild and the blue-green mutant of R. rubrum,
we!t gbtained data which suggest the aerobic-anaercbic transition of the substance.
Horio AND KAMEN*® reported the pyridine nucleotide-hemoprowein reductase and
photophosphorylation-activating protein. Both (same protein?) seem to contain
flavin. BALTSCHEFFSK® s findings*® that FAD restered photophosphorylation activity
of quinacrine-inhibited R. rubrsm chromatophores also suggests part-ipation of

sflavin in photosynthetic bacteria.

FRENKELS. 3, DUYSENS o a3 -8, VERNON®-¥ and OLsox of al.%-® reported
the light-induced reduction of pyridine nucleotide in purple bacteria and chromato-
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phores. It is likely that pyridine nucleotides and flavoproteins are located near the
photochemical reducing site in.the photosynthetic redox cha:n (directly or indirectly).
The light-induced reduction of the b-component of cytochrome under certain condi-
tions might occur through these electron carriers in photosynthetic bacteria.

2.2 cn
PHOTOS

0, & RHP/ Cyto 08-Cyto ey

i - " -
RESP | ? " R l.
1 Cyto 662 Fp 2 —pN

7
Substr

Fig. 22. Scheme of clectron-transferring system in R, §pheroides and R. rubrum. Chromatium and
blue-green mutants of K. spheroides and R. rubrum have essentially the sa:ne system with the
exception of evidence of carotenoid participation.

Considering these results we postulate a scheme for the electron transferring
system in purple bacteria (Fig. 22). The wild strains of R. rubrum and R. spheroides
have essentially the same system, whereas Chromatium and the blue-green mutants
of R. spheroides and R. rubrum secm to have the same system except that there is
no evidence of carotenoid participation in these strains. The role of RHP/cytochrome o
in the strict photoanaerobe Chromatium is still the subject of further investigation.
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