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Our present paper deals with the steady-state changes of cviochromes induced
by these inhibitors in purple bacteria. The effect of these inhibitor. sn carotencid
pigments was studied. too. The light-induced absorption change in the presence of
thesc inhibiters showed an interesting blocking phenomenon betw-en cvtochromes
of c- and b-types.

METHODS

Culture of bacteria

Pl.;tosyntheticnon-sulfur purple bacteria, Rhodopseudomonas spheroides and K haodn.
spirillum rubrum, were cultured anacrobically und illumination as described be.ore:,
Spectrophotometric observations

A split-beam spectrophotometer designed in our laboratoryi®. 1t which has been
adapted for cross-illumnination of samples, was used for spectrophotometric measure-
ments. Difference spectra at liquid nitrogen temperature were measured with a low-
temperature adaptor for the split-beam spectrophotometer'=. Other experimental
procedures are described in a preceding paper®.

RESULTS

Effectof HOQNO and antimycin A on the absor ption s pectrum of bacterial suspension indark

R. spheroides: 1f HOQNO was added to the aerobic cells, there occurred a shift
in the steady state of cytochromes (Fig. 1}. Thi~ low-temperature difference spectrum
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Fig. 2. Absorptiun spectrum change
0.008+ a8 induced by antimycin A in R. spher-

otdes anaerobic cells. Difference spec-
triem of anaerobic celis winus anacrobic
antimycin A-treated cells. {Antimycin
A, 310" M 2.11 mg dry weight/mi;
optical path length, 3 mm: temper-

ature, 297° K.
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of two “‘frozen’” steady states shows absorbancy increases at 430 mu and 557 mu
and absorption decreases at 422 my and 552 my, indicating an increased reduction
of a cytochrome of b-type and an increased oxidation of a cytochrome cf ¢ type.
A similar change was also observed in R. rubrum aerobic cells when HOQNO was
added. It is to be noted that this steady-state change is similar to the response of
HOQNO-treated R. rubrum aerobic cells to illumination.

After addition of ‘ntimycin A (3-10-* M) or HOQNO (1-10-* M) to the an-
aerobic R. spaeroides cells, carotenoids showed a striking change (Fig. 2). It is like
areversal of the change observed in anaerobic R. spheroides cells caused by illumination
or oxygenation, suggesting an increase of shorter-wavelength carotenoids® 13-1%. At
the same time the reduction of ¢-type cvtochrome was inhibited and this component
remained in a more oxidized state than in untreated cells.

R. rubrum: Reduction of c-type cytochrome by anaerobiosis was inhibited by
HOQNO as revealed by difference spectra, HOQNO-treated minus anaerobic cells
at room and iiquid-nitrogen temperatures (Fig. 3). At room temperature, absorption
decreases were observed at 422 mpu and 551 mpu; at the lower temperature, the
troughs were shifted towards shorter wavelengths and were located at 420 and 548 mp,
with appreciable sharpening of the bands. The band shifts to shorter wavelengths
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Fig. 4. Diflerence spectrum of R. rubrum, =
aerobic minus wrobic HOQNO-treated cells.
2.21 mg dry wuight/ml; THOQNO, 6- 10 M /\
optical path length, 1o mm: temperature,
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Fig. 5. Absorption spectrum change by illumi- g 420
nation in HOQNO-treated aerobic R. rubrum P, . N N N .
cells (illuminated minus dark difference spec- 400 420 440
trum). [HOQNO.. 1-107¢ M cptica! path » (o

length, 3 mm; temperature, 196° K. Fig. §
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and the sharpening of absorption bands at low temperatures have heen olerved in
heme proteins!®- -8, This resuit indicates that the redurtion of c-tvpe cytochrome
by anaerobiosis is inhibited by HOONO,

In the aerobic R. rubrum cells, the steady-state changes of cytochromes following
the addition of HOQNO were similar to the changes observed in the acrobic R. spher-
otdes ceils (Fig. 4). This difference spectrum shows that, in the presence of HOQNO,
absorntion decreased at 419 my and increased at 431 my, indicating that the stead»
state of b -ype cytochrome changed to a more reduced level and cvtochrome ¢ showed
a shift to a more oxidized level, as is the case in R. spherordes.

Effect of HOQNO on the lighi-induced absorption specirum change

When HOQNO was added to the aerobic suspension of K. rubrum, illumination
caused an increased absorption at 431 mu and a decrease at 420 mye (Fig. 5). This
can be interpreted as a reduction of b-type cytochrome and an oxidation of c-type
cyviochrome by iilumination when HOJNG is blocking the reaction of these two
heme components. Cytochrome of ¢-type is largelv rcduced and b-type cytochrome
is mainly oxidized in aerobic R. rubrum or R. spheroides cells in the dark!®!. In
the presence of HOGNO (in the aerobic cells). c-tvpe cvtoclirome becomes mure
oxidized and b-type more reduced. But there is ~till enough reduced cytochrome ¢ and
oxidized cytochrome & to permit observation of the light-induced chenge shown i
Fig. 5 in aerobic HOQNO-treated cells.

DISCUSSION

It has been found that HOQNO and antimycin A are effective inhibitors of light-
induced phosphorylation of the chromatophores isolated from photosynthetic bac-
teriad-7, Their effects upon the absorption spectrum of cell suspt nsions were studied
in this paper. The inhibition of cvtochrome ¢ reduction (by anacrobiosis) by the ad-
diton of HOQNO or antimycin A to anaerobic suspensions indicates that the electron
transfer system is blocked at the dehydrogenase side of cytochrome ¢. It was also
shown that cytochrome ¢ becomes more oxidized and cytochrome b more reduced
when HOQNO is added to aerobic suspensions. It was noted that the illumination
of an aecrobic suspension in the presence of HOQNO induces reduction of b-type
cytochrome and oxidation of e-tvpe cytochrome. This is an interesting phenomenon
since it would represcnt one of the crossover points for the light-induced response
observed in intact cels, usually the light response affects the components similarly:
they are all oxidized, a~ in the case of the typical anaerobic response!®; or if the cell=
are treated with phenvimercuric acetate, one component, cytochrome b, is reduced®
Our present results suggest that the cytochromes ¢ and b are located on the photo-
synthetic and respiratory electron transport chain and that the c-type cytochrome
is closer to the photochemical oxidizing site and to the terminal oxidase, while the
b-type cvtochrome is nearer to the photochemical reducing site and to the dehydro-
genases. It is indicated, too, that the site of actiou of these inhibitors is at, or close to,
the site of the oxidztion —1-duction reaction of these two heme protein components,

Our recent data on photophosphorylation under flashing and contiruous illumi-
nation suggest that electron transport at the site of action of these inhibitors is rate-
Limiting in the dark process of photosynthetic phosphorylation®.

Biociam. Biophys. Acta, 66 (1963} 17 -21
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To obcerve the effect of HOQNO or antimycin A on tae absorption spectrum

. . . . . 3
change it the Aenco angnansione nf intact rallc higher concentratione of theve e
aange i aense suspenzions © LU cells, Migner CONnTTNITaQiitias Vo a2t

were necessary than for the inhibidion of photosynthetic phosphorylation
isolated chromatophores. It was, however, noticed in the study of the effects v
reagents o-. photophosphorvlation, that the molar ratio of the reagents to bauic
chlorophyll (or proteinj was more important in determining the degree of innibition
than the apparent concentration of these inhibitors®. It is not unlikely that in the
intact-cell experiments, the local concentrations of these inhibitors in thc electron
transport system are in a comparable range to those in the phosphorviation experi-
ments with isolated chromatophores, though much laiger amounts of the inhibitors
are used in the former case.
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SUMMARY

1. Bv means of fluorescence and absorption spectrophotometry the kinetics
and rate of light-induced reduction of phosphopyridine nucleotide reduction were
studied in intact cells of Rhodospirillum rubrum and Rhodopseudomonas spheroides.
The bacteria were grown and studied in organic nutrient media, containing either
malate, butyrate, acetate or succinate as substrate.

2. Upon infrared irradiation of moderate intensity (2-10-10-? Einstein/sec- cm?)
of wavelength 860 my a large pool of pyridine nucleotide was reduced. However, the
kinetics indicated a high efficiency only during a short period after onset of illumi-
nation. After 5-30 sec the calculated rate of photoreduction of pyridine nucleotide
gradually decreased to much lower values. The kinetics and rate of reduction were
about tle same for different substrates.

3. The lowest quantum requirements were 2-3 quanta per equivalent for pyvridine
nucleotide reduction; for cytochrome oxidation a quantum requirement of about
3-4 was found in Rhodospirillum.

4. Pyridine nucleotide reduction was either not inhibited, or only partially in-
hibited, by 2-heptyl-4-hydroxyquinoline-V-oxide and fluoroacetate.

5. In Rhodopseudomonas the action spectrum for bacterivchlorophyll fluor-
escence was proportional to that of pyridine nucleotide reduction, which indicates
that only one pigment systern is present in purple bacteria.

INTRODUCTION

During the last few years, evidence has accumulated that the reduction of phospho-
pyridine nucleotide (TPN or DPN) is one of the important reactions in photosyn-
thesis. A light-induced reduction of PN was demonstrated 1a intact aigae and photo-
synthetic bacteria!** and .n czll-Iree preparations f{ photosynthetic organisms¢ 2.

Abbreviations . PN(H), (reduced; phosphopyridine nucleotide ; HOQONO, 2-heptyi-g-hvdroxy-
quinoline-N'-onide.
* Postal address: Nicuwsteeg 18 Leiden  The Netheriands).
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PYRIDINE NUCLEOTIDE REDUCTION IN R. rubrum 23

This reduction was found to proceed, both in intact cells and in extracts, with a high
quantum efficiency?-1.

Recent investigations indicate that the photosvnthetic process (the reduction
of CO, and production of 3,), in chiorophyll a containing organisms, involves the
cooperation of two photochemical reactions, which are driven by two different photo-
chemical pigment svstems!t-14 (for further references see ref. 13).

The action spectrr.m and kinetics of the light-induced reduction of PN in the
blue-green alga, Anacystis nidulans, indicate that one of these photochemical reactions
results in an efficient photoreduction of PN®. This and other evidence indicates that
in algae and higher plants the reduction of CO, proceeds via PNH.

For photosynthetic bacteria, the available evidence suggests a more complicated
picturc. Fluorometric and absorptiometric measurements indicated an efficient photo-
reduction of PN in intact Rhodospizillum rubrum and in Chromatium?.813,

A comparison of the iritial kinetics of PN-reduction, and of cytochrome-oxi-
dation, indicated a roughly equal rate per equivalent after a short lag period*®. Like
chloroplast preparations, bacterial extracts were able to reduce an appreciable amount
of added DPN or TPN upon illumination. FMNH, succinate or cytochrome ¢ were
simultaneously oxidized®. 1.17. However, experiments of STANIER e al.'® suggested
to these authors the hypothesis that in R. rubrum the action of light during photo-
synthesis in the presence of CO, and simple organic acids would, for the main part,
be restricted to the generation of ATP. By means of labelled substrates they dem-
onstrated a direct incorporation of acetate, butyrate and succinate into cell material.
Acetate (at least in the absence of bicarbonate®®) and butyrate were converted mainly
to poly-B-hydroxybutyrate and most of the succinate to a polysaccharide. In agree-
ment with earlier findings® 2! only Yittle carbondioxide-fixation was found to occur.
On the basis of these findings, the authors proposed a scheme, according to which,
for every 9 molecules of acetate which are converted, only one molecule of DPN
would be reduced in the light: the major function of the light reaction would be the
formation of ATP. Losapa ¢f al.22, on the basis of experiments with cell-free extracts
of Chromatium, similarly concluded that, under certain conditions, the action of light
in this bacterium would be restricted to the production of ATP.

Since these authors did not study intermediate catalysts su vivo, it remained an
open question whether the formation of ATP was preceded by light-induced oxidation—
reduction reactions, and, if so, whether reduction of PN was a part of these reactions.
In order to obtain direct information about the role of PN in bacterial photosynthesis,
we have performed detailed experiments on the kinetics of PN-reduction in living
cells of the non-sulphur purple bacteria, Rhodospirillum rubrum and Rhodopseudomonas
spheroides.

The result< of these experiments, which are based on spectrophotometric methods
used previousiv in this laboratorv are presented in this paper.

MATERIAL. AND METHODS

R. rubrum, strains 1 and 4 was grown eithe: in peptone or in synthetic media.

The bacteria in peptone medium, which -~ntained 1° peptone {Difco) and
0.5% NaCl, were grown, either in sterile, complet:ly filled, glass-stoppered flasks,
or else with constant bubbling of N,, at 25°~30° and at 2 light intensity of about
2000 lux, supplied by incandescent lamps.

Bicchiza. Biophys. Acte, 66 {1963) 22-36



24 J. AMESZ

The bacteria in synthetic media were grown at 3¢° and about 4000 lux. These
media were basically the same as that described by COREX-BAZIRE ef 2l B, except for
a higher concentration of NaCl necessary for growing strain 4. and for diffcrent
concentrations or organic substrates. Stock solution No. 2 of the above authors was
replaced by a solution containing 190 g of NaCl and 53.5 g of NH (1/l and adjnsted
to pH 6.8 with NaOH. Before autoclaving, 1 g of L-glutamic acid and either 1.7 g of
sodium acetate, 1.5 g of sodium butyrate, 1.5 g of vr-malic acid or 1 5 g of sodium
succinate were added to 1 1 of the medium, and the pH was brought to 7.0 with NaOH.
These media will be referred to as ““acetate”, “‘butyrate’”’, ‘malate” and :uccn.ate
medium. The bacterial suspensions were gassed usuaiiv with N,-CO, (95:5). Strain
1 also grew well in malate and acetate medium gassed with N, onlv.

Rhodopseudomonas spheroides was grown either in malate medium or in the
medium of COHEN-BAZIRE et al., unmodified except for a higher concentration of
NaCl (3.8 g/l}. The casamino acids were replaced by rL-glutamic acid and sodium
acetate as indicated®. The culture was gassed with N,-CO, (95:5}.

Unless otherwise stated. the bacteria were harvested bv centrifugation at
1000 - Z, and resuspended, usually in fresh growth medium. The concentration was
determined as volume percent wet cells after centrifugation in a Tromsdorff tube.

The suspension was gassed for at least 45 min and before measurement trans-
ferred to 1-mm or 1-cm quartz absorption vessels.

Changes in absorption resulting from photosvntheticallv active (actinic) illumi-
nation were measured by means of the same split-beam difference absorption spectro-
photometer used in other experiments®.

In most experiments, PNH fluorescence was measured by means of an apparatus
similar to those described earlier!-2, but equipped with two monochromators in
order to select the desired wavelengths for excitation and emission of fluorescencze.
The fluorescence excitation radiation was provided by a xenon or a mercury arc.
Suitable light filters were applied to minimize the effects of false light. In all ex-
periments, actinic illumination was provided by means of @ modified slide projector,
equipped with a 500-W incandescent projection bulb and with absorption and inter-
ference filters (half width 10-15 my), or by means of a monochromator and xenon arc.
The intensity was measured bv means of a calibrated photo-e. ectric cell. The intensities
given in this paper are those at the place of the vessel and are expressed in 10-?
Einstein/sec-cm?; unless otherwise stated the wavelength was a band around 860 my.

The experiments w: "¢ usually carried out at room temperature (about 22°).

The absorption of che bacterial suspensions was measured with opal glass placed
behind blank and sample vessel?* to minimize the effects of light scattering. A scat-
tering correction was made bv subtracting the apparent absorption at gbo mpu (where
no absorption by plant pigments occurs) from the measuvred absorption at other
wavelengths.

The quantum requirements reported in thiz paper were calculated, in a way
described previously®, from the rates of the light-induced absorption changes and
from the number of Einsteins absorbed/sec in a given volume. No corrections were
applied for optical “fi_ttening’” effects or for deviations from Beer’s law®- %.%; calcu-
lation and measurements indicated that these etfects together gave a deviation which
did not exceed §-10°, for the Rhodospirillum suspensions used.

Biockim. Biophys. 4cta, ¢ 11963 22-30



PYRIDINE NUCLEOTIDE REDUCTION IN R.rubrum 25

RESULTS AND INTERFPRETAIION
The identification of PNH

Intact, living cells of R. rubrum, suspended in a suitable medium, show an increase
of the blue fluorescence of the cells on illumination with photosynthetically active
infrared illumination. This fluorescence was excited by ultraviolet radiation. The
emission difference spectrum! of this fluorescence and the fluorescence excitation
spectrum in the region 260-390 mu (see ref. 2) were tound to be similar to those of
enzyme-bound DPNH. This indicated that the fluorescence changes upon infrared
illumination >f Rhodo_pirillum were caused by an intracellular reduction of PN.

We found, that the kinetics and the emission spictirun of the blue flucrescer.ce
changes in R. rubrum, strain 4, were independent of the wavelength of excitation for
radiations of 280 my and of 340 mp. This gives further evidence that the changes in

On the basis of fluorescencz measurements, it cannot be decided whether DPN
or TPN was reduced: in agreement with earlier experiments of Lowry et al.2 we
found that the fluorescence spectrum and fluorescence yield of a 1-mm layer of a
6.3-107* M solution of TPNH were (within the experimental error of a few percent)
identical to those for DPNH at the same concentration.

Although the measurement of fluorescence provides a sensitive and specific way
of studying the reduction of PN in vivo, the method is less satisfactory for quantitative
determinations, because the fluorescence yield of PNH, bound to cell constituents,
differs by an unknown factor from that of free PNH2®. The absorption spectrum of
PNH in the near ultraviolet appears to be less affected by binding to an enzyme
than the fluorescence spectrum: the wavelength of maximum absorption may be
somewhat shifted, but the heigint of the absorption maximum is little changed®.
Furthermore, the shape of the fluorescence excitation spectrum? indicates that in
Rhodospirillurn no substantizl shift of the absorption maximum occurs. However,
measurement of PNH by means of its absorption (cf. ref. g) is less specific, because
reactions of cytochromes and bacteriochlorophyll also give rise to absorption changes
in the ultraviolet.

Fig. 1 A shows some typical recordings of ultraviolet #.bsorption changes vccurring
upon photosynthetically active illumination. Strain 1 of R. rubrum was used in these
and the foliowing experiments. The different kinetics at different wavelengths show
clearly that these changes reflect a transformation of at least two different compounds.
At 380 mp, and at 315 my, a slow phase and 2 fast one (b. of opposite sign at 315 mu)
are distinguished upon darkening, while at 340 mu only a slow change is discernible
The total absorption difference (a) is the sum of both components.

The Giffe.cnce spectrum of the maximum deflection in the light minus the
steady-state i.. the dark (a) and of the fast change (b) are given in Fig. zA. The
appiuximate spectrum of the slow abs wption change, curve c, is obtained by taking
the difference of curves a and b. Fig. 2K shows similar ’ifference spectra measursd
under diffcrent experimental conditions. It ¢ n be seen that the spectra marked ¢
of Figs. 2A and 2B are approximately propcrucnal to the absorption spectra of
DPNH or of TPNH. The shape of the spectra indicates that, at 330-340 my, inter-
fering absorption changes caused by substances other than PNH are small. The fast
absorption changes at other wavelengths are probably caused bv light-induced

Biochim._ Biophys. Acta, 66 {1963) 22-36



26 J. AMESZ

oxidations of cytochromes and of bacteriochlorophyli®. Theyv are relativeiy small
at 370 mu, which wavelength was applied by CHAxCE AND OusoN' as a reference.

The similaritv of the kinetics of the blue fluorescence and of the increase in
absorption at 340 mpu gave further indication that the light-induced absorption
changes 2t 340 mp are mainly due to the reduction of PN. This similarity was
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8t / RV hy light of 334 mu and measured at 450 mu. The other
.L conditions were the same as in Fig. 1A,

observed at high, as well as at low light intensities; and with bacteria which had
been grown and suspended in different media. Two typical recordings are given in
Fig. 1B. The small differences between the two curves are probably caused by a
difference in the optical geometry of the apparatus and by a limited reproducibility
of the experimental conditions.
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Fig. 2. A, Difference spectra of (ai the maximum. and (b} the rapid. chauge in absorption of a
suspension of Rhoduspinliam :ubram, strain 1 grown in malate medivm. The changec ==a —b
may be taken to be the magmitude of the slow change. The phases and cenditions are the same
as those in Fig 1A, Further details are given in the text. B, The same difference spectra, but
obtained with a 1%, suspension of a 48 hculture of Rhoduspirillum rubrum, grown in peptonc
and examined iu a medium containing butyrate and phosphate, in the presence of N, - CO, 19515
The suspension was illuminatcd by a band around 860 inp of 6.2-10 * Einstein sec-cm?®.
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PYRIDINE NUCLEOTIDE REDUCTION IN R.rubrum 27

Kinetics of light-induced reduction and oxidation of PN in Rhodospiritium rubruri

Fig. 3 shows typical recordings of the absorption changes occurring at 40 mp
upon infrared illumination oi Rhodospirillum grown, and resuspended, in malate
medium. Followirg an induction perind of one second or more, a rapid accumulation
of PNH occurred As shown in the top curve, after illumination for about 10 sec the
amount of PNH in the cell' slowly diminished. Upon darkening, a reoxidation of
the accumulated PNH occurred, and gradually the amount dropped to approximately
the same level as before illumination. When the suspension was left in darkness for
I min or more, the same sequence of events was reproduced again. A relatively la: ge
amount of PN could be reduced in the light: after a few seconds of illumination of
sufficiently high intensity the concentration of photoreduced PNH in the celis was
approx. ¢.1 of that of bacteriochlorophyii.

RHODOSPIRILLUM RUBRUM

e PN REDUCTION
] $:022
o /\\ e
AA:]S-IO / g N beors -
! o $:01% \ \
/

tas

Fig. 3. Kinetics.of PN.induced changes in absorbance at 340 my in Rhodospirillum rubrum upon illu-

mination for different periods of time with light of differing intensity. The bacteria were grown for

48 h and examined in malate medium ina 1-mm vessel, the concentration of wet cells was 4 %,.

The wavelength of the actinic light was 860 my and the intensities applied were 2.1 x 10-.

Einstein/sec-cm?® for the lowest curve and 5.6 x 10-* Einstein/sec-cm? for the other curves’

An upward moving trace indicates an increase of absorption and a reduction of PN. The quantum
efficiency of the reduction is indicated by @ (see text).

From the data in Table I it appears that, after illumination periods ranging
from 6 to 30 sec, the rate of reoxidation of PNH is, for a given sample of Rhodo-
spirillum, approximately proportional to the amount of light-reduced PNH present
in the cells, and is independent of the other experimental parameters, such as the
intensity and duration of illumination. Measurement of the uxidation rate at different
temperatures indicated a relatively small temperature dependence of the reaction
corresponding o ar uctivation energy of about 3000 cal./mole in the range of 1° to
37°. The data suggesi that PNH is oxidized in a dark reaction by substances present
at an approximately constant concentration (perhaps in large amount). Since the
rate of the reoxidation can be measured by shut*ing off the light, the total rate of
photoreduction of PN can be obtained as the diffe.~nce between the slopes of the
curve before and after darkening (see Fig. 3). The thre top recordings show that
this rate is appreciably higher after 5.7 sec of illumination (third recording) than after
11.7 or 28.5 sec. The small “overshoot’ which is observed in the third recording upon
darkening is left cut of consideration here and will be discussed bel~w.

Biockim. Biodhys. Acta, 66 (1963) 22-36



28 1. AMESZ

TABLE i
DARK OXIDATION OF PNH AFTER ILLUMINATION OF Rhodospirillum rubriem

The measurements were done with maiate-grown R. rubrum. Sampies No. 1 and No. 3 were taken
from two, different, 48-h cultures; No. 2 was taken from a 24-h culture. The expenmenial woi-
ditions were the same as in Fig. 1A. The time required for loewering the concentration of photo-
reduced PNH to half the value of that upon cessation o! actinic illumination is given as the first
half-time of the reaction. The second and third half-time indicate the time required to lower tte
concentration by a factor of 2 again The wavelength of actinic illumination was 360 mu for samples
No. 1 and No. 2, while for No. 3 it was 838 mu. The light intensities are given in 107* Einsteip por

secrcmd
Ligkt Duration of Half-time for PNH vdation !see,
Sample No. nleﬁnl sl 7

# 4 [47%) First Secomad Third
1 10.3 12 5.0 4.8
1 10.3 27 4.5 4.0
1 5.6 ) 4.2 3.5
1 2.1 16 3.7 5.0
1 2.1 30 4.1 4.8
2 10.3 13 3.6 3.6 3.6
2 3.6 11 3.2 3.5 3.8
3 5.8 9 3.0 33 4.0
3 2.1 22 3.8 3.7

Quantum requirement of PN reduction in different media

The quantum efficiency of the reduction, i.¢. the number of equivalents of PN
reduced upen absorption of one light quantum was calculeted from the measured
difference between the rates of absorption change before and after darkening, as
described in the previous section (see ref. g). A specific absorption coefficient of
6.22/cin/mM at 340 mu (see ref. 31) was applied for PNH. Fig. 4 gives the quantum
efficiency of the reduction of PN, obtained at three different light intensities, as
a function of the time of illumination of the same suspension as that of Fig. 3.

eq/hv
o4l RHODOSPIRILLUM  RUBRUM 4
-/‘\ PN REDUCTION
/ ;
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° s 10 15 30 a8 0
Tasag, SEC

Fig. 4 The quantum efficiercy of the reduction of PN in malate-grown Rkodospirilium rubrum

as a function of the duration of illumination, measured at different light intensities (expressed

in 10~* Einstein /sec - cm?®). The experimental conditions were the same as in Fig. 3. Sclid squares,

circles and triangies were ob.ained by messuring the slope of the recording before and after

ing as dr=cribed in the text. 0~ O, and 2 — A, calcuiated for two recordings from the

measared slope during illumination at the time indicated and from the rate-constant of the dark-
oxidaticn of PNH.
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The light-induced changes in absorption and fluorescence, of bacteria grown and
suspended in acetate, butvrate or succinate medium were partly similar to those grown
in malate. Like with bacteria grown in malate medium the rate of reduction of PN,
and the amount of reduced PN, reached a maximum after some seconds of illurmination
and then gradually dropped to much lower values. However, for bacteria srewn in
butyrate medium a rapid rec uction was observed immediately after onset of illumi-
nation. Bacteria grown in butyrate, transferred to an inorganic medium and supplied
with H;~CO, (95:5) for at least 1 h, reduced PN at a rate which was only little
lower than that observed in nutrient medium.

The oxidation of PNH in the dark followed approximately the kinetics of a
first order reaction with Rhodospirillum grown in acetate and succinate media. For
bacteria grown in butyrate medium a higher order (between 1 and 2} was usually
observed. However, the course of the reaction may have been influenced by a lack
of homogeneity in the bacterial population.

The quantum efficiency observed was of the same order of magnitude for difier-
ently grown bacteria: quantum requirements for Rhodospirillum grown in malate
and bu"'rdte are summarized in Table II. Table II and Fig. 4, which show a decrease
of the quantum efficiency after prolonged illumination, give data obtained for rel-
atively short periods of illumination (of the order of 1 min or less). Experiments of
jonger duration suggested a much lower rate of light-indiced reduction of PN after
prolonged illumination of moderate intensity. After several minutes of illumination,
in many experiments, no measurable absorption decrease was observed upon
darkening. Somnetimes small absorption shifts were observed, but it is uncertain
whether thesc were caused by PNH or by anotber compound.

TABLE I

QUASTUM REQUIREMENT AT DIFFERENT LIGHT INTENSITIES
OF LIGHT-INDUCED REDUCTION OF PN oN Rhkodospirillum rubrum

Bacterial cultures grown in butyrate or malate medium for periods of 24 h or 48 h were used in
a 4, suspension contained in a 1-mm vessel. The light intensities are given in 107? Einstein per
scc-em? The numbers between parentheses in the last three rows indicate the duration of the
preceding illumination. As described in the text, the quantum re ements were calenlated from
the >lopc of the curves of absorptmn at 340 mu agamst time iust before, and after, darkening.

. | . . Quantum rcquirement (kricquit. ) and
Namplc Light intensuty duration of Wlumination (scc;

1, Butvrate, 2 d. 9.1 7.0 1{0; 5.5 (15}

1, Butyrate, 2 d. 5.3 4.3 (0; 2.9 (3} 02192

1, Butyrate, 2 d. 0.09 1.7 {0) 1.5 {4 3.5 (197
*, Butyrate, 2 d. 1.7 4.0 (0} 2.5 (6) 4.3 (18
2, Butyrate, 2 d. 0.87 7.3 (o} 3.5 (1¢) 2.9 (45)
3. Maiate, 1 d. 9.0 4.0 {5 5.3 (7

3. Malate, 1 d. 2.5 5.0 ,7) 3.7 (12) 4.4 126)
3, Malate, 1 d. 0.76 9.5 (13} 3 {24

4. Ma'ate, 2 d. 5.6 2.5 {6} 4.5 (1) 6.4 1241

Reduction of PN by Rhodopseudomonas spheroides

Experiments on changes in fluorescence and absorption of R. spheriodes upon il-
lumination indicated a similar mechanism of PN-reduction as occurred with 2. rubrum.

Biochim. Bioplys. s, 66 (1963) 22-36
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The kinetics of this reduction (Fig. 5) followed in principle the same pattern as and
the maximum efficiency observed was about the same as, with Rhodospirillum. We
did not measure precisely whether the rate of dark reoxidation depended cnly on the
concentration of PNH as in Rhodospirillum. Measurements with bacteria, grown on
the modified medium of COHEN-BAZIRE for 2 days (see METHODS) indicated a quantum
requirement of 2.2 and 3.1 per equivalent after illumination for 11 sec and 36 sec
respectively. The light intensity was 2.7-10-?* Einstein/sec-cm? and the waveleneth
of illumination was 838 mpu in these experiments. Experiments with bacteria grow.
on malate medium indicated only a relatively low rate of light-induced reduction
of PN after a prolonged period of illumination. Upon illumination with light of 360
muwavelength,and of an incident intensity of 3.8-10-? Einstein sec-cm?, a maximum
rate of reduction, as indicated by the rate of recxidation upon darkening, was ob-
served at about 7 sec. after the onset of illumination. After 1 min the rate was 27 %,
and after 55 min 15 °,, of this maximum rate.

RHCDOPSEUDOMONAS SPHEROIDES

, / /*‘\\, i
, i A
sheteio” \

~—

Fig. 5. Kine:ics of light-induced changes in absorption at 340 mu in Rhodopseudomonas spheroides.
The bacteria were grown and examined in the modified medium of CoHEN-BAZIRE ¢f al., as
indicated in the text. Illumination was effected by a band arour.d 838 mu. The intensity was

10.9-10 * Eiustein/sec-cm?. Other experimental conditions were the same as thosc in Fig. 3.

—-$ sEC—

The quantum requirement of cvtochrome oxidation

Measurement of the initial rate of light-induced absorption decrease at 428 mp
in Rhodospirillum indicated a quantum requirement for cytochrome oxidation of
about 3 to 4 quanta per eqivalent upon illumination with light of 80 mgu. This
number is only an approximat: one: the measurements were less accurate than those
obtained on reduction of PN because the absorption changes were smaller and more
rapid than those at 340 m;:. The quantum requirement was independent of light
intensity in the range of 0.3 to 3-10-® Einstein/sec-cm?. A specific absorption coef-
ficient®® of 66 l/cm/mequiv. {reduced minus oxidized) for the cviochrome was used:
the bacteria, taken from the same culture as sample 3 of Table iI, were grown and
examined in malate medium. With butyrate-grown Rhoduspirillum, the same as
sample 2 of Table II. roughly the same quantum requirement was indicated. At
1.3-10~* Einstein/sec-cm?, the instial rate of increase in absorption at 428 mu upon
darkening after 2 sec to 30 min of illumination was found to be about twice as low
as the initial rate uf absorption decrease at this wavelenot upon onset of illumination ;
at 420 mu it was 1.2 times higher than the initial rate.

An interpretation of these results is difficult because f the complicated reaction
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kinetics® 3 and ‘would require more experimencai data. However, the experiments
indicate that, in contrast to the reductior of PN, an efficient oxidation of cytechrome
occurs immediately upon illumination, and that a high tumover-rate of ¢-, and
b-type cytochromes is maintained during continued illumination.

Inhibition by HOQNO and fluoracetate

HOQNO (kindly given by Dr. J. W. LicuTBowY, London), an inhibitor of cyclic
photophespherylation®: %, was found not to inhibit, or to inhibit only in part the
iight- induced reduction of PN in Rhodospirillunf: Fig. 6 shows the rather complex
results of some measurements with butyrate-grown bacteria. At 4 sec after the onset
of illumiration, the highest concentration applied (1.2-10-5M) gave about 609%
inhibition; after I5 sec no substantial effect was caused by any concentration of
inhibitor. After 30 sec, HOQNO caused partial inhibition at low concentration and
slight stimulation at high concentration.

T T I¢I

RHOCOSPIRILLUM RUBRUM —

zwof -
] e
IV \ e no inn.ditor
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Fig. 6. Relative rates of light-induced reduction of PN 1n a ,-h culture of Rhodospirillum, grown

in butyrate medium and measured in the presence of different concentrations of HOQNO. Theo0.3 %

suspension was contained in a I-cm cuvette; the light intensity was 4.5-10-* Einstein/sec-cm?.
PNH was measured by the blue fluoresence, excited by light cf 340 mu.

In the presence of inhibitor, the reduction was less reproducible and more strongly
dependent upon the preceding light—dark regime than with unpoisoned bacteria.
However, in experiments with other samples of malate and butyrate-grown bacteria
at most a partial inhibition was observed even at a concentration of 10-* M or higher.

Fluoroacetate, an inhibitor of the aconitase reaction of the tricarboxyvlic acid
cvele, has been reported to inhibit the photosynthetic assimilation of acetate and
butyrate by R. rubru-.:, but only slightly that of malate and succinate; the oxidative
dark assimilation of ali these acids, however. is akmost completely inhibited®.

Measurements on the light-induced reduction of PN revealed only a slight inhibi-
tion by fluoroacetate in the presence of malate, ac. tate or butyrate. For example, a
concentration of 1.6-10-3 M gave about 309% inhibi.‘n of the maximum rate of
PN-reduction by malate-grown R. rubrum and did not inhi./it acetate-grown bacteria;
a concentration of 5-10-3 M fluorvacetate inhibited the reduction of PN by butyrate-
grown bacteria by about 20 %. The experiments were performed with a 48-h cu'ture
of bacteria, at a light intensity of 3.0- 10~* Einstein/sec -cm?. The bacterial snspension
was incubated for at least 40 min with fluorcacetate before measurement.
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Action-spectrum cf the reduction of PN and of bacteriochlorophvil-fluorescence

In red and blue-green algae it was found that the action-spectrum of chlorophyli-
fluorescence®is different from that of PN-reduction® or of cytochrome-oxidation?# 3.3,
It was cu:icluded that the fluorescent chlorophyll 2 belongs mostly to a photosynthetic
pigment system which is different from that causing both the reduction ot PN and
cytochrome oxidation. To determine whether the active absorption by the different
types of bacteriochlorophyll and by the carotenoids is the same in effecting lign:-
induced PN-reduction as in exciting bacteriochlorophvli fluorescence, points of the
action spectra for both light processes in R. spheroides were determined. In order
to minimize uncertainti-< due to light absorption by the pigments and to keep self-
absorption of chlorophyll-fluorescence small, a dilute suspension {r.7°;) contained
in a 1-mm vessel was used and the fluorescence was filtered by a filter transmitting
above about ¢h0 mu. The detecting photomultiplier faced the same side of the vessel
as the incident beam.

T T T T T
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Fig. 7. A comparison of the efficiency of light uf diffcrent wavelengths in vausing the reduction

of PN and bacteriochlorophyvll-fluorescence in Rhodopseudomonas spheroides. The bacteria, grown

and examined in butyrate medium, were in a ¢.7 % suspension, contained in a 1-mm quartz vesscl.

The hali-width of the exciting beams was about 7 mu. The fluorescence points are the mean of

at least two measurements. The reiative efficiencies for both light processes are given in arhitrary
units; the mean values at 300 mp have been made to coincide.

PN-reduction was measured as absorption increase at 340 mu. A monochromator
with a xenon arc provided photosvnthetic illumination. The same illumination was
appiied for exciting bacteriochlcrophyvi-fluorescence but in these experiments the light
was chopped at 50 Hz.

The results are given in Fig. 7. The points are plotted as the ceciprocal of the
number of incident quanta per second required to bring about. in a certain time, the
accumuiation ot a certain amount of PNH, or to excite a certain amount of fluores-
cence. It appears that the action-spectra of both processes are approximately
proportional to each other ir: the spectral regions were bacteriochlorophyll and the
carotenoids absorb. This indicates that in purple bacteria the same photochemical
system of pigments is responsible for both processes.

The relatively high efficiency of carotencids in effecting bacteriochlorophyll-
fluorescence is in agreement with earlier measurements by GOEDHFER on the same

species®™.
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DISCTSSION

The resuits reported in this paper indicate that, in R. rubrum and R. spheroides,
a large pool of PN is reduced upon illumination. The reduction is observed in bacteria,
which have been grown and examined in organic media in the preserce of various
organic acids acids as substrate. However, a high efficiency of the reduction is only
observed auring a short period (about 0.5 min} at the beginning of an illumination
period. The available evidence indicates that, after longer illuminztion, a considerable
decrease of the efficiency occurs. In manv experiments no indication for a light-in-
duced reduction of PN was found after a few minutes of illumination.

The observation that in intact cells the reduction of PN also occurs in the pres-
ence of HOQNO indicates that the observed reduction is not an indirect effect
caused by a light-induced ATP generation, but that the reduction results from a
photochemical oxidation-reduction process in the chromatophore. An indirect re-
duction of PN, e.g. effected by ATP and a succinate-—-fumarate couple, discussed
previously as a possibility!® 4 would be severely affected by HOQNO, which inhibits
cyclic phosphorylation. Further indication that the reduction of PN is closely con-
nec‘ed with the primary photochemical process is given by the observation that the
rate and kinetics of the reaction are similar for bacteria grown and examined in the
presence of different organic acids; the assimilation products'®. however depend upon,
the kind of substrate used. Also the observation that the rate of reduction is about
the same in the vresence of fluoroacetate in either acetate or butyrate medium and
in the presence o1 H,, CO, and inorganic salts provides additional evidence.

It is possible that the light-induced reduction of PN, observed in intact celis,
proceeds by means of the same mechanism as the reduction of added DPN in a
cell-free preparation of chromatophores. The reduction by a preparation of chroma-
tophores is also thought to result directly from a light-induced oxidation ~reduction
reaction®.17.41,

The lowest quantum requirements for the reduction of PN, which have been
observed during a period of illumination, were found to be about 2-3 per equivalent
for different substrates. This quantum requirement is of the same order of magnitude
as that observed for the reduction of 1 equivalent of CO, in the presence of various
hydrogen donors by various photosynthetic bacteria including R. rubrum*. Also the
quantum requirement found for the oxidation of a cytochrome in Chromatium*3
{which was about 1); for the oxidation of bacteriochlorophyll# (3.2 or less); and for
the oxidation of cytochrome in Rhodospirillum (about 3~4, as reported in this paper)
are of the same order of magnitude. This indicates that, during the period of maximum
efficiency 2 large part of the reducing equivalents or electrons which are produced
by the prmary photochemical reaction, reacts with PN.

The kinetics of absorption- and fluorescence-changes upon darkening, as illus-
trated in the third curve of Fig. 3, show that the reduction of PN goes on during
a fracticn of a second after the light is :ut off. This indicates that the reduction of
PN is not a primary photochemical proces- but that PN is reductd in a “‘dark”
reaction with an unknown, reduced intermediate {¢/. ref. 15). The same is also in-
dicated by the temperature-dependcnce® of the rate of reduction at high light
intensity.

In connection with the observation that HOQNO ouuly partially inhibits the
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reduction of PN in intact cells, recent findings of NozsK1 ef a/!'. ate-of interest,
These authors report that the reductivn of DPN in a chromatophore preparation of
R. rubrum was inhibited by HOQNO in the presence of succinate but not in the
presence oi ~ small amount of the “unphysiclogical” cofactor 2,6-dichlorophenol
indophenol, and of ascorbate (as oxidizable substrate). This suggests that in the cell
a compeund other than succinate is oxidized, or that the preparation of the
chromatophore was damaged or was deficient in some catalyst or substrat~

After prolonged illumination of intact cells, little or no reduction of PN was
observed, in spite of the fact that the bacteria were suspended in media in which
rapid growth, and thus photosynthesis, occurred in continuous light, and that the
turnover of cytochrome still occurred at a nigh rate. This does not centradict the
hypothesis that the major product of the light reaction is ATP, generated by cyclic
phosphorviation. It is remarkable that such a considerable amount of PNH accu-
mulates during the first seconds of illumination. For R. rubrum, the amount of PNH
present in the cells, after a few seconds of illumination at a high intensity. was approx.
0.1 of the amount of bacteriochlorophyll {on a molar basis). Reduction-rates of abuut
5-107% to 10-10™% pmoles of PNH/umole of bacteriochlorophyll/sec were observed;
these rates are about 10 times higher than those reported in cell-free preparations
(0.5-1.5-10~* umoles DPNH/umole bacteriochlorophyli/sec)®. 1741,

The mechanism which slows down the reduction of PN after a short time of
illumination is difficult to understand. It has been stated that the bacteria “need”
only little light-driven reduction of PN for photusynthesis in the presence of organic
substrate!®. One would expect PNH to accumulate in the light, so the reduction of
PN would be stopped by lack of PN and the utilization of light energy would be
directed to cyclic ATP-production. However, the amount of PNH in the cell decreases
after prolonged illumination, so that this simple explanation does not hold. It might
be speculated that illumination causes an exhaustion of ATP in the cell, and an
accumulation of ADP, which stimulates cyclic phosphorylation, and decreases the
rate of reduction of PN. That cyclic phosphorylation and DPN reduction may be
competitive reactions was demonstrated by FRENKEL in a cell-free extracts. It is
also possible that the rate of cyclic phosphorylation is increased, and that of reduction
of PN decreased, because the first reaction is stimulated by an accumulation of
oxidized compounds, produced in the light. This accumulation could be caused by
a relatively too slo'v «lurk reaction of, e.g., an oxidized cytochrome. Some support for
this hypothesis is given by the gradual accumulation of oxidized cytochromes which
was observed upon continued illumination of intact K. rubrum®.3, and which we
found also under the conditions of our experiments. A similar effect was observed
for the light-induced oxidation of bacteriochlorophyli*.

Another possibility could be that there is a second, much smaller, poolof PNinthe
bacteria, which, unlike the large pool, has a high turnover-rate after a long period of
illumination. This pool might cause changes in absorption which are too small to be
identified and masnned by the present method. This point is still being studied; at
present the reswits uo not yield convincing evidence for, or against, the hypothesis.

Since the fluorescence- and absorption- spectra of TPNH and DPNH are the
same, it cannot be decided, from our experiments, whether TPN or DPN is reduced
in the intact cell. In cell-free systems DPN is reported to be reduced®..1. but
there is some conflicting evidence on this pointé!. &,
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As shown in Fig. 7, in R. spheroides the activities of light, at various selected
wavelengths, in effecting the reduction of PN, and in exciting bacteriochlorophyll-
fluorescence, are approximately proportional to each other. This indicates that one
photochrmical pigment system is responsibie for both light processes. This is in
agreement with the hypothesis'3.# that in purple and green bacteria, which unlike
algae and higher plants are unable to evolve oxygen, only one pigment system is
active in photosynthesis.
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