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Our present  paper  deals  wi th  the s t eady-s ta te  changes of cyi,,cl,r.,,,uos mducoa  
by  these inhibi tors  in purple  bacter ia .  The effect o! these inhibi tor -  ,:.n carotenoid 
p'tgments was s tudied,  too. The l ight- induced absorpt ion  change it~ ~'he presence of 
these inhib!tors  showed an interes t ing blocking phenomenon betw, en cytochr:)mes 
of c- and b-types.  

METHODS 
Culture of bacteria 

PL. , tosynthet ie  non-sulfur  purple bacter ia ,  Rho3opse~utomonas spheroides and r; 6~,.;,,- 
spirillum vubrum, were cul tured anaerobica l ly  und.~t il luminati~m as described be,oft  ,~. 

Spectrophotometric observations 

A spl i t -beam spec t rophotometer  designed in our l abora to ry  t0, n, which has been 
adap ted  for cross- i l luminat ion of samples,  was used for stx, c t rophotometr ic  measure- 
ments.  Difference spec t ra  a t  l iquid nitrogen t empera tu re  were measurt, d with a low- 
t empera tu re  adap to r  for the  spl i t -beam speotroph, m,meter  ~,. Other exper imenta l  
procedures are descr ibed in a preceding pape r~ 

RESULTS 

Effect of HOQ N O and antimycin A on ?he absorption spectrum o/bacterial suspension in dark 

R. sphevoides: If  H O ~ N O  was added  to the aerobic cells, there occurred a shift 
in the  s t eady  s ta te  of cytochromes (Fig. I). Thi~ low-temperature  difference ~pectrum 

Fig. I. Difference spectrum of R 
spkeroides, ,~:iubit IlOQNO-treated 
cells minus aerobic cells. "HOQNO . 
i. xo ' M; optk-al path length, t ram: 
2.70 mg dry weight/ml; temperature.. 
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Fig. : .  Absorption spectrum change 
induced by antimvein A in R. $p/wv- 
otd¢~ anaerobic ceils, l)it~eten~ spec- 
t r~,tm of anaerobic celh, ,,inu~ ~'h'~: t ~ ¢  
antimydn A-tax, areal cells, rP, ntimycm 
A , $. m-" M: , . l  Img  dr), wei~tlml;  
optical p~th length. 3 ram; temper- 

&tul~',  197  ° K .  
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of two "frozen" steady states shows absorhancy increases at 430 mt~ and 557 m/~ 
~ .a  . . . . . .  indicating ~- increa~-~l reduction and - ~ ' ; ~ -  de--ea_~es - t  ,~-" m/a ..... ao . . . .  ~-, 

of a cytochrome of b-type and an i n c r e ~  oxidation of a cytochrome of c-type. 
A similar change was also observed in R. n ~ m  aerobic cells when HOQNO was 
added. I t  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"~o-S M) or HOQNO (z. xo -~ M) to the an- 
aerobic R. spi~'roides cells, carotenoids showed a striking change (Fig. z). I t  is like 
a reversal of the change observed in anaerobic R. sphcroid~s cells caused by illumination 
or oxygenation, ~uggesting an increa.~e of shorter-wavelength carotenoid@, ~s-~t. At 
the same time the reduction of c-type cytochrome was inhibited and this component 
remained in a more oxidized state than in untreated cells. 

R. rubrum: Reduction of c-type cytochrome by anaerobiosL~ wa~ inhibited by 
HOQNO as revealed by difference spectra, HOQNO-treated minus anaerobic cells 
at room and liquid-nitrogen temperatures (Fig. 3). At room temperature, absorption 
decreases were observed at 42a mr* and 55t m~,; at the lower temperature, the 
troughs were shifted towards shorter wavelengths and were located at 42o and 548 rag, 
with appreciab!e ~harpening of the bands. The band shifts to shorter wavelengths 
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Fig. 3. Stead)" state change of c-type cyto- 
chrome in the presence of ttOQNO in anaerobic 
R. rubrum cells. [HOQNO', I. 1o -I M; optical 
path length, 3 ram; temperature, 77 ° K and 

296" K. 

Fig. 4- Difference spectrum of R. rubrum, 
aerobic minus ',erobic HOQNO-treated cells. 
~..~; mg dry wCSht/ml; ~HOQNO~, 6- lo -s M: 
optkal path length, to ram: temp(.rat,~re. 

297 ° K. 

Fill. 5. A~orpt ion spectrum change by iiluml- 
~ t i o a  in HC~NO-tnmted aerobic R. rmbrum 
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and the sharpening of absorption bands at low tempera tur~  have ..b~n ,,i,~erved in 
hem.e ~.proteins tt- 1,-,-. This r~ui t  indicates that  the redu,:tion of c - , , .~  c3~oc_hrome 
by anaerobiosis is inhibited by HOQNO. 

In the aerobic R. rubrum cells, the steady-statechanges of c3-tocllromes following 
the addition of HOQNO were similar to the changes observed in the at.robic R. spher. 
oides ceils (Fig. 4). This difference spectrum shows that.  in the presence of HOQNO, 
absorption d~rea~.d  at 4x9 m~ and increased at 43t m.;,, indicating that  the stead" 
state of b -ype cytochrome changed to a more reduced level and cvtochrome c showed 
a shift to a more oxidized level, as is the case in R. spheroides. 

Effect of HOQNO on the light-indu, ed absorption spectrum change 

When HOQNO wa.~ added to the aerobic sustx'nsion of R. rubrum, illumination 
caused an increa.~d absorption at 43I m~, and a decrease at 420 mt* (Fig. 5). This 
can be interpreted as a reduction of ~ type  cytochrome and an oxidation of c-type 
cytochrome by illumination when HOQNO is blocking the reaction t,f these two 
heme components. Cytochrome of c-type is largely r~duced and b-type cytochrome 
is mainly oxidized in aerobic R. rubrnm or R. spheroides cells in the dark 18.~9. In 
the presence of HOQNO (in the aerobic cell.~), c-type cvtochrome L~comes m,,re 
oxidized and b-type more reduced. But there is -till enough reduced cvtochrome c and 
oxidized cytochrome b to permit observation , l  the light-induced change shown in 
Fig. 5 in aerobic HOQNO-treated ceils. 

DISCUSSION 

It  has been found that HOQNO and antimycin A art, effective inhibitors of light- 
induced phosphorylation of the chromatoph'.)res isolated from phot.synthetic bat- 
teriaS-L Their effects upon the absorption spectrum of cell suspt ,a.,ion~ wc~e studied 
in this paper. The inhibition cJ cvtochrome c reduction (by anaerobi,L~is) by the ad- 
diton of HOQNO or antimycin A t,, anaerobic sustx, nsions indicates that the electron 
transfer s ~ t e m  is blocked at the dehydrogenase side of cytochronw c. It  was also 
sho~m that cytochrome c becomes more oxidized and cvtochrome b more reduced 
when HOQNO is added to aer ,  bic su~,ixmsions. It  was noted that the illumination 
of an aerobic suspension in the presence of HOQNO induces reduction of b-type 
cytochrome alld oxidation . f  c-t.vpe cytochrome. Thir~ is an interesting phenomenon 
since it would repr, ' . . t . t  one of the c r ~ s . v e r  points for the light-induced response 
observed in intact celts, u~ually the light reslxmse affects the comp~ment, similarly: 
they are all oxidized, a.  in the cam • of the typical anaerobic responselt ;  or if the cell~ 
are treated with phen::lmercuric acetate, one component, cytochrome b, is reduc~.l t 
Our present results suggest that the cyt~chromes c and b are located on the photo- 
synthetic and respiratory, electron transport chain and tl:at the e-type cytochrome 
is closer to the photochemical oxidizing site and to the terminal oxidase, while the 
b.type cv~ochrome is nearer to the photochemical reducing site and to the dehydro- 
genaws. It  i~ indicated, too, that the site of actiott of these inhibitors is at, or close to, 
the site of the oxid~¢.ic.~-t ~luction reactitm of these txro heine protein components. 

Our recent data  on photophosphorylation under ~ashing and contSt~uous illumi~ 
nation suggest that  electron transport at the site of acti,~a of these inhibitors is rate- 
I'~miting in the dark  process of phot~ynthet ie  phosphot3"lation'. 

BmckJm. B.opkrL .L.r~, ~ (t96.~i t7-z l  
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To o b s e r v e  t h e  effect  of  H O Q N O  or  a n t i m y c i n  A o n  t h e  a b s o r p t i o n  s w c t : ~ m  

c h a n g e  in  t he  d e n s e  su':W--n~ions '~f in ta . : t  ce!!~, h i g h e r  c o n c e n t r a t i o n s  of the~:- :,:.,~:: :: 
. . . . . .  p h o s p n o r y l a t l t q i  ,~f ' were  n e c e s s a r y  t h a n  for t h e  i n h l h i ; i o n  ,*f p h o t o s y n t h e t i c  " " - '  t!~.'. 

i so l a t ed  c h r o m a t o p h o r e s .  I t  was,  h o w e v e r ,  n o t i c e d  in t h e  s t u d y  of  t he  e,.Cfec:t '~ <,' ~i-.,.. 

r e a g e n t s  o ' .  p h o t o p h o s p h o r v l a t i o n ,  t h a t  t h e  m o l a r  r a t i o  o t  t h e  reager ,  t s  to  ba~.:~,.ri.;- 

c h l o r o p h y l l  (or p ro t e in )  wag more  i m p o r t a n t  in  d e t e r m i n i n g  t he  d e g r e e  of iui~,ibit io- 

t h a n  t h e  a p p a r e n t  con_cent ra t ion  of  t h e s e  i n h i b i t o r s  m. I t  is  n o t  u n l i k e l y  t h a t  in  t h e  

i n t a c t - c e l l  e x p e r i m e n t s ,  t he  local  c o n c e n t r a t i o n s  of t he se  i n h i b i t o r s  in  tl-,c e l e c t r o n  

t r a n s p o r t  s y s t e m  are  in a c o m p a r a b l e  r a n g e  to  t h o s e  in t h e  p h o s p h o r y l a f i o n  expe r i -  

m e n t s  w i t h  i so la t ed  c h r o m a t o p h o r e s ,  t h o u g h  m u c h  la~g~,r a m o u n t s  of t h e  i ~ h i b i t o r ~  

a re  used  in t h e  f o r m e r  case. 
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SUMMARY 

I. By means of fluorescence and absorption spectrophotometry the kinetics 
and rate of light-induced reduction of phosphopyndine nucleotide reduction were 
studied in intact cells of RhodospiriUum rubvum and Rhodopseudomonas spheroides. 
The bacteria were _grown and studied in orgamc nument  media, containing either 
malate, butyrate, acetate or succinate as substrate. 

~-. Upon infrared irradiation of moderate intensity (2-Io. zo -I Einstein/see. cm-') 
of wavelength 86o m~ a large pool of p)widine nucleotide was reduced. However, the 
kinetics indicated a high efficiency only during a short period after onset of illumi- 
nation. After 5-3 o sec the calculated rate of photoreduction of p)Tidine nucleotide 
gradually decreased to much lower values. The kinetics and rate of reduction were 
about the same for different substrates. 

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

4. Pvndine nucleotide reduction was either not inhibited, or only partially in- 
hibited, by 2-heptyi-4-hydroxyquinoline-N-oxide and fluoroacetate. 

5- In Rhodopseudomonas the action spectrum for bacteriochlorophyll fluor- 
escence was proportional t~, that of F}a-idine nucleotlde reduction, which indicates 
that only one pigment s.w, te'n i, present in purple bacteria. 

I N T R O D U C T I O N  

Durin~g the last few ,,'ears, evidence ha:~ accumulated that the reduction of phospho- 
pyridine nucleotide (TPN or DPN) is one of the inlportant react to~ in photc~.~yn- 
thesis. A light-induced reduction ol PN was demonstrated tn intact algae and photo- 
synthetic bacteria I -# and :n c~ll-Sree preparations ~Jf photosynthetic orgaaisms44 

Abb~viatlons PNfHL (rc~u~edt pht~phopyndine nuck~ude ; It( ~QNO. -'-heptyl-4-hydroxy- 
qumoline-N-oatde. 

* ~ ~ l d ~ :  Nieuw~eeg m~t ~ ~The Neth~m:lm 

B~oc~lw Biopky~ .4eta, ~ ,,m~.t~ 22-"b 
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T!'hs reduction was found to proc~d,  both in intact cells and in extracts, with a high 
quantum efficiency 7-t''. 

Recent investigations indicate that the photosynthetic process (the reduction 
of CO z and producti,m of 0~), in chlorophyll a containing organisms, involves the 
cooperation of two photochemical reactions, which are driven by two different photo- 
chemical pigment s:,.~terrls'-" (for further references see ref. 13). 

The action spectr,~m and kinetics of the light-induced reduction of PN in the 
blue-green alga, A nac),stis 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. F~uorometric and absorptiometric measurements indicated at, efficient photo- 
reduction of PN in intact RhodospiHllum rubrum and in Chromatium ~,8, ~5 

A comparison of the it:itial kinetics of PN-reduction, and of cytochrome-oxi- 
dation, indicated a roughly equal rate per eqmvalent 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 c were 
simultaneously o.,ddized6,t*,~L However, experiments of STANIER et al. ta suggested 
to these authors the hypothesis that  in R. rubrum the action of light during photo- 
synthesis in the presence of CO 2 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, bursa-ate and succinate into cell material. 
Acetate (at least in the absence of bicarbonate re) and butyrate  were converted mainly 
to poly-fl-hydroxybutyrate and most of the succinate to a polysacchaxide. In agree- 
ment with earlier findings t°.tl only little 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. LOSADA ~ a/.~, 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 in t~vo, 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. RhodospiriUum rubmm and Rhodopseudomonas 
spt~oides. 

Th~ re~u!t~ of these experiments, which are based on spectrophotometric methods 
tt~ed previou.¢v in this laboratory are presented in this paper. 

MATERIAL A N D  M E T H O D S  

R. rubmm, strains x and 4 was grown eithel in peptone or in syaathetic media. 
The bacteria in peptone medium, which :,,ntained z % peptone (Difco) and 

o.5 % NaCl, were grown, either in sterile, c o m p ~ c l y  filled, glass-stoppered flasks. 
or else with constant bubbling of N t. at  75¢-3o ° and at a light intensity of about 

hix. supplied by incandescent hlmps. 

Brad.re. B~kys. .4~.  66 !m63) zz-$6 
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The bacteria Ln synthetic media were grown at 3o: and about 4o00 lux. These 
media were basically tLe same as that described by COHEN-BAzIRE et ~zl. ~,  except for 
a higher concentration of NaCI necessary for growing ,~,o~11;- 4, ~-,,~-~ ,,,'~- ,,:ff~,~n, ~ . . . . . .  
concentrations or organic substrates. Stock solution No. 2 of the above authors was 
replaced by a solution containing x9o g of NaCI and 53-5 g of NH,C1/I and adjt,~t~d 
to pH 6.8 with N a O H  Before autoclaving, I g of L-glutamic acid and either I. 7 g of 
.sodium acetate, 1. 5 g of sodium but?rate, 1. 5 g of UL-malic acid or I 5 g of sodium 
succinate were added to I 1 of the medium, and the pH was brought to 7.0 ~,ith NaOH. 
These media will be referred to as "acetate", "butyrate", "malate" and :,actli.at~ 
medium. The bacterial suspensions were gassed usually with N,-CO 2 (05:5) Strain 
I "also grew well in malate and acetate medium gassed with Nz only. 

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

Unless otherwise stated, the bacteria were har~-ested by centrifugathm at 
iooo / g, and tesuspended, usually in fresh growth medium. Yhe concentration was 
dete:~lined as volume percent wet cells after centrifugation in a Tromsdorff tube. 

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

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

In most experiments, PNH fluorescence was measured by means of an apparatus 
similar to those described earlier Lz, but equipped with two monochromators in 
order to select the desired wavelengths for excitation and emission of fluorescence. 
The fluorescence excitation rad:ation 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 5oo-W incandescent projection bulb and ~ith absorption and inter- 
ference filters (half width Io-15 m#), or by means of a mono~'hromator and xenon arc. 
The intensity was measured by 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 zo -t  
Einstein/sec-cm'~; unless otherwise stated the wavelength was a band around 800 mt~. 

The experiments ,', "e usually carried out at r,~,m temperature (about 22 ~). 
The absorption of the bactei'ial suspensions was measured with opal glass placed 

behind blank and sample vessel ts to minimize the effects of light ~attering. A scat- 
tering correction was made by subtracting the apparent ab.~rption at 06o m# (where 
no absorption by plant pigments occurs) from the meast,.red absorptio, at other 
wavelengths. 

The quzmturn requirements reported in thi.~ paper were calculated, in a way 
described previously ~t. from the rates of the light-induced absorption changes and 
from the number of Einsteins absorbed/see in a gtven ~olume. N,, correc.¢ions were. 

for optkal "f~ttening" efIects or for de~iation.~ from Beer's ia~ ~, m. t*; calcu- 
lation and measurements indicated that these effects together gave a deviation which 
did not exceed 5-xo % fia" the Rh¢~ospirillum suspensions used. 
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RE-~I_'L To, AND I \ " I E ~ V i < L T A I I O N  

The identification o.[ P N  H 

Intact,  living cells of R. rubrum, suspended in a suitable medium, show on 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 z6o-39 o mt~ (see ref. 2) were Iound to be similar to those of 
enzyme-bound DPNH. This indicated that  the fluorescence changes upon infrared 
illumination 3f Rhedo_pirillum were caused by an intracellular reduction of PN. 

We found, that the kinetics and the emission sp~ct~ ~ai~ of the blue fiucrescence 
changes in R. vubrum, strain 4, were independent of the wavelength of excitation for 
radiations of 280 mr, and of 34 ° mr*. This gives further evidence that the changes in 
fluorescence are cattsed by PNH. 

On the basis of fluorescence measurements, it cannot be decided whether DPN 
or TPN was reduced: in agreement with earlier experiments of LOWRY el al.'* we 
found that 'the fluorescence spectrum and fluorescence yield of a I -mm layer of a 
6.3" lO -4 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 flee PNH'*. 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 m a ~ m u m  absorption may be 
somewhat shifted, but tke height of the absorption maximum is little changed'*. 
Furthermore, the shape of the fluorescence excitation spectrmn t indicates that  .:n 
Rhodospirillmn no substantial shift of the absorption maximum occurs. However, 
measurement of PNH by means of its absorption (cf. ref. 9) is less specific, because 
reactions of cytochromes and bacteriochtorophyll also give rise to absorption changes 
in the ultraviolet. 

Fig. I A shows some typical recordings of ultraviolet absorption changes occurring 
upon photosynthetically active illumination. Strain x of R. rubrum was used in these 
and the fohowing 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 mp, a slow phase and a fa~t one (b~ ~f np~s i t e  sign at 315 mp) 
are distinguished upon darkening, while at 340 m# only a slow change is discernible 
The total absorption difference (a) is the sum of both components. 

Tk~ di~,=~,~ace 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. 2A. The 
appio~dmate spectrum of the slow abs, wption change, curve c, is obt',dned by taking 
the difference of curves a and b. Fig. 2 B shows_" .similar 5dfference spectra measttra-ad 
under difftrent experimental conditions. I t  c'~n be seen that  the spectra marked c 
of Figs. 2A and 2B are approximately propGrL~,,nal to the absorption spectra of 
DPNH or of TPNH. The shape of the spectra indicat~ that, at 330-340 mt~, intex- 
feting absorption changes caused by substances other than PNH are small. The fast 
absorption changes at other wavelengths are probably caused by light-induced 
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oxidations of cytochromes and of b.acteriochloro~h;-ll m. They are reiativek" small 
at 37 ° m/~, which wavelength was applied by CH.*.'ZCE A.';~ OLso.x~as a reference. 

The similarity of the kinetics of the blue fluorescence and (,~ tile increase in 
absorption at 34o m/~ gave further indication that the light-induced absorption 
changes ,-t 34o m/z are mainly due to the r_m-~_uction of PN. This similarity was 

RHODOSPIRILLUM ; RUB~UM 

I A =  2 ° tO "3 
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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. I B. The small differences between the two curves are probably camped by a 
difference in the optical geomet~" of the apparatus and bv a limited reproducibility 
of the experimental conditions. 

Fig. ; .  A, Recordings ,,l the  k ine t ics  oi changes in 
absorp t ion  in the near  ultraviol<.t upon i l luminat ion  
of 48 L _. ,  . . . . . .  t ,~,~ _ • . ,  .-~U,Lul~-~ c,, ,~r,.dospzrihum rubrum, grown on 
ma la t e  mtxtium. The bacter ia  ,vere examined  in fresh 
g r o ~ t h - m e d i u m ,  in a concen t ra t ion  of 2 0o wet  cells 
in a i - ram vessel ~letinie i l lura inat ion was provided 
by. a band ar{.mcl 838 ml l  of an in t ens i ty  of 6.4" l o - '  
Einstein/s.~: .  cm i. O n ~ t  of i l lumina t ion  is indicated 
by an  upward  po in t ing  arrow and da rken ing  by a 
downward  p~>inting one. B, A compar ison of the 
k ine t ics  of changes  in absorp t ion  and fluorescence 
of a 4 % suspension upon  i l luminat ion .  "i'he fluo- 
rescence expressed in arbitrar3" units,  wa~ exci ted  
by l ight  of 334 roll and measured  at  450 my.  The other  

condi t ions  were the  same as in Fig. iA• 

] ' ~.O0osP,~,LLu.' ' . u - . u . '  ' I 
] _ . .~_ L , ~ . T  . , ~ u s  o*~K / ?o 

m ' A ~ • B • 0 

. " . . . . . .  I 

l l O  i i t O  l l iO l lO  l l O  l l O  " i  

Fig. z. A, Difference spec t ra  of tal the m a x i m u m ,  and  Ib) the rapid,  chatigl" in almsolption oi a 
$ ~ t u i m l  of Rhodo~pirtl;Jm :tgbt.~m, s t ra in  t .O'own in mtLI te  tt<t~i~um, l ' h e c h a n g c  c ~ a -  b 
r e l y  be t a k e n  to  be +die maKni tude  of the  ~o~- cl.mge~ The phmDes mad condi t ions  are the  tutme 
I-I ~ ill Fig I A. Fu r the r  d e t a i l t  are  graven m the  text .  B, The same difference spectr~, bu t  
o b t l i a e d  w ~ h  a 1 %  ~ of a 48 h < u l t - r e  of RJk~ospirlIlwm ~ m m ,  growm m p~ptone 

emined ira a m e d i u m  cont~dning but~Tate atom p h o ~ i t e ,  in the  prt-m~re M N+ CO t '0.$:5! 
The tmtqaenm~m was  i l i n m i l u l t t ,  d by a bar.d ground 860 t ap  of 6 . z - t o  t Eins te in  ~ c - c m ' .  
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Kinetics of light-induced reduction aml oxidation ~f P N  in Rhodospirillum rul~uni 

Fig. 3 shows typical  recordings of the  absorpt ion changes occurring a t  . , Io m v  
upon infrared i l luminat ion of Rhodospir i l lum grown, and resuspended,  in mala te  
medium. Follom5r, g an induct ion period_ of one second or more, a rap id  accumula t ion  
of P N H  occurred As shown in the  top  curve,  af ter  i l luminat ion  for about xo see the  
amount  of P N H  in the  cell' slowly diminished.  Upon darkening,  a reoxidat ion  of 
the  accumulated  P N H  occurred, and  gradua l ly  the  amount  d ropped  to appr -x i , ' na te ly  
the  same level as before i l lumination.  When the  sttspension was left in darkness  for 
I rain or more, the same sequence of evcnts  was reproduced again.  A re la t ive ly  la: ge 
amount  of PN could be reduced in the l ight :  af ter  a few seconds of i l luminat ion  of 
sufficiently high in tens i ty  the concentra t ion of photoreduced P N H  in the  cells was 
approx,  c . I  of tha t  of bacteriochlorophyii .  

RHODOSPIRILLUM RUBRUM 

PN RIrDUCT ON 

J.,o-. //,.' \ 
~.- 

t a ,  

Fig. 3. Kinetic.~of PN-induced changes in absorbance at 340 mp in Rhodospirillum rubrura upon illu- 
mination for different periods of time with light ot differing intensity. The bacteria were grown for 
48 h and examined in malate medium in a l-ram vessel, the concentration ot wet cells was 4 °,o. 
"[he wavelength ot the actinic light was 860 mt~ and the intensities applied were 2.1 x io-. 
Einstein/sec'cm t for the lowest cun'e and 5.6 x xo -~ Einstein/see-era* 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). 

F rom the da t a  in Table I it  appears  tha t ,  af ter  i l luminat ion periods ranging 
from 6 to 30 sec, the rate  of reoxidat ion of P N H  is, for a given sample of Rhodo-  
spirillum, approx imate ly  propor t ional  to the amount  of l ight-reduced P N H  present  
in the cells, and  is independent  of the other  exper imental  parameters ,  such as the 
in tens i ty  and dura t ion  of i l luminat ion.  Measurement of the  oxida t ion  ra te  a t  different 
tempera tures  indicated a re la t ively  small t empera tu re  dependence  of the  react ion 
coi'resl~lnding ,,, a~, : :c t ivat ion e n e r ~ '  of about  3000 cal . /mole in the  range of i ° to  
37 °. The da t a  suggest that  P N H  is oxidized in a dark  react ion b y  substances  present  
at  an approx ima te ly  constant  concentra t ion (perhaps in large amount) .  Since the  
ra te  of the  reoxidat ion  can be measured b y  shu t ' ; ng  off the  l ight,  the  to ta l  ra te  of 
photoreduct ion of PN can be obta ined  as the difle.~ncc between the  slopes of the  
curve before and a l t e r  darkening  (see Fig. 3)- The t i n t  t op  recordings show tha t  
this  ra te  is apprec iab ly  higher after  5.7 sec of i l luminat ion ( third ret:~ndlt~) than  a l t e r  
11.7 or  28.5 sec. "Fne small  "ovtnshoot"  which is observed in the  th i rd  recording upon 
darkening  is left cu t  of considerat ion here and will be discussed below. 
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D A R K  O X I D A T I O N  O F  P N H  A F T E R  I L L U M I N A T I O N  O F  R h o d o s p i r i l l u m  w u b v t ~ m  

The measurements  were done with malate-grown R. rubrum. Samples No. ] and N~. 3 were taken 
from two, different, 48-h cul tures;  ,No. - was taken from a 24-h culture. The ,_-xp<-nmt-n~al ~un- 
di t ions were the  same as in Fig. IA. The t ime required for lowering the  concentrat ion of photo-  
reduced P N H  to  half the  value of t ha t  upon cessation ~f ~Jctinic i l luminat ion is given as the  first 
half- t ime of the  reaction. The second and third half- t ime indicate the  t ime required to lower t r e 
concentra t ion  by  a factor  of 2 again Th~ wavelength of actinic i l lumination ~ as 86o m!l for samples 
No. r and No. z, while for No. 3 it was 838 m u. The light intensit ies are gixen in IO --t Eins tc! ,  l" .r 

sec • cm t. 

Ligkt D~r. l ton o] Hall-t ime for P N  H ,. ~ : £dtto~t ~ ~x,, 
ill~mlm~irmt 

Sample  No. i ~ t ~ ' t t y  ¢~ct/ Fzvst ,qec,,~d 

] ]0 .3  12 5 .0  4." 
] 1o.3 -'7 4 .5  4 .0  
l 5 .6  o 4.2 5.5 
z 2.]  ]o  4 .7  5 .o  
z 2.I 3 ° 4,]  4 .,~ 
2 Io. 3 13 3,0 3.6 
2 5.6 I I 3 .2 3.5 
3 5.8 9 3.0 3-3 
3 2.] 22 3 .~ 4 7  

Third 

3.6 
3.8 
4 ° 

Quantum requirement of  P N  reduction in different media 

T h e  q u a n t u m  e f f i c i e n c y  o f  t h e  r e d u c t i o n ,  i.e. t h e  n u m b e r  o f  e q u i v a l e n t s  of  P N  

r e d u c e d  u p o n  a b s o r p t i o n  o f  o n e  l i g h t  q u a n t u m  wa_~ calcul~*,~d f r o m  t h e  mea~nr f ,d  

d i t t e r e n c e  b ~ t w e e n  t h e  r a t e s  o f  a b s o r p t i o n  c h a n g e  b e f o r e  ah-I  a f t e r  d a r k e n i n g ,  a~ 

d e s c r i b e d  in  t h e  p r e v i o u s  s e c t i o n  ( s ~  reI.  9). A spec i f ic  a b s o r p t i o n  coe f f i c i en t  o f  

6 . 2 2 / c m / m M  a t  340 mt~ (see  re t .  3x) wa_~ a p p l i e d  fo r  P N H .  F ig .  4 g i v e s  t h e  q u a n t u m  

e f f i c i e n c y  o f  t h e  r e d u c t i o n  o f  P N ,  o b t a i n e d  a t  t h r e e  d i f f e r e n t  l i gh t  i n t e n s i t i e s ,  a s  

a f u n c t i o n  of  t h e  t i m e  o f  i l l u m i n a t i o n  - f  t h e  s a m e  s u s p e n s i o n  a s  t h a t  of  F ig .  3. 

04~-- R HODOSPIRILLUM RUBRUbl 

P REDUCTION 
/ 

: , x . , o ,  I 

a ! " , , x .  2 ,  i 
' . I  i I t ] I 

o i ~o ;~  , o  , s  * o  
~'lt,~. SEC 

Fig. 4 The q u a n t u m  eflicie~cy oi t ; 'e  reduction of PN in malate-grown Rkcdospzwillum rttbrum 
as  It functima of t he  d u r t t k m  of i l lumination,  meaatured at  different l ight intenmtie5 (expressed 
in 1o 4 E m s t e i n ~ c .  cmt).  The exper imental  condi t ions were the  same as m Fig. 3. SoK-d squares, 
e irck,*  l a d  ~ w e r e  o U t a i n e d  b y  measuring the  slope of the  recorddng before and adter 
d ~ r k e m q  as  ~ l x d  in t he  text .  0 - - 0 .  a ~ l  L ~ A ,  caku la t ed  for  t w o  recordings from the  
m e m m r e d  mlope d u ~  i l l e m i a a t i o =  a t  the  t ime i..,~icated and  from the  ra te -coMtxnt  of the  d a r k -  

o x k l a t k ~  of  PN H. 
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The light-induced chang~ in absorption and fluorescence, of bacteria grown and 
sttspended in acetate, but~Tate or succinate medium were partly similar to those g r o ~  
in malate. Like with bacteria grown in malate medium the rate of reduction of PN, 
and the amolmt ot reduced PN, reached a maximum after some seconds of illununation 
and then gradually dropped to much lower values. However, for bacten~ - town in 
butyrate medium a rapid red action was observed immediately after onset of illumi- 
nation. Bacteria grown in buD-rate, transfe~ed to an inorganic medium and ~uppiied 
with Hs-CO 2 (95:5) for at least I h, reduced PN at a rate w'aich 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 I 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 differ- 
ently gr,~wn bacteria: quantum requirements for Rhodospirillum grown in malate 
and butyrate are summarized in Table II.  Table I I  and Fig. 4, which show a decrease 
of the quantum efficiency after prolonged illumination, give data obtained for rel- 
atively short pericMs of illumination (of the order of x rain or less). Experiments ot 
longer duration suggested a much lower rate of light-induced r~lucti_on o.* PN after 
prohmged illumination ,,f moderate intensity. After several minutes of illumination, 
in many experiments, no measurable absorption decrease was observtd upon 
darkening. Sometimes small absorption shifts were observed, but it is uncertain 
whether these were caused by PNH or by another compound. 

T A B L E  11 

~UA.~TUM REQUIREMENT X'r DIFFERENT LIGHT INTENfsITIES 
OF LIGHT-INDUCED REDUCTION OF t ' N  ON Nkodospirillum rubrum 

B a c t e r i a l  c u l t u r e s  g r o w n  in  b u t y r a t e  o r  m a l a t e  m e d i u m  for  p e r i o d s  ot  -'4 h o r  4 8 h w e r e  u s e d  it: 
a 4 % s u s p e n s i o n  c o n t a i n e d  in  a i - r a m  vesse l .  T h e  t i g h t  i n t e n s i t i e s  a r e  g i v e n  in IO-* E i n s t e i n  p e r  
s e c . c m  2. T h e  n u m t ~ . r s  b e t w e e n  p a r e n t h e s e s  in  t h e  l a s t  t h r e e  r o w s  i n d i c a t e  t h e  d u r a t i o n  of  t h e  
p r e c e d i n g  i l l u m i n a t i o n .  :ks d e s c r i b e d  in  t h e  t e x t ,  t h e  q u a n t u m  r~'quir~-m~'nt,: .c;ere c ~ c u ! a t e d  f r o m  
t h e  s lope  of  t h e  c u r v e s  of a b s o r p t i o n  a t  34 ° m a  a g a i n s t  t i m e  i u s t  be fo re ,  a n d  a f t e r ,  d a r k e n i n g .  

Sampk" LIgM mt,'n~tty ~ t~mum rcq~irerae~! (kr/,-~t~w. / and 
dstration of d l ~ i m a ~ a  [$rx/ 

1, l { u t y r a t e .  -" d.  9. I 7 .0  !o; 5-5 !15) 
I, B u t y r a t c ,  z d. 5-3 4 .3  (o) 2 .9  (3t O z !9"1 
I, B u t y r a t e ,  -' d o.t~i 1.7 (o! 1.5 (4i 3 5  ( !o7  ~ 
", B u t y r a t e ,  2 d.  -t.7 4 .0  (o~ z .5  16~ 4.3 (i8~ 
z, B u t y r a t v ,  -" d .  o .S7  7.3 loi 3 .5  (ICj z .9  (45~ 
3, M a l a t e ,  t d.  9.¢, 4 -o (5~ 5 .3  (7~ 
3, M a l a t e .  I d .  2.5 5 . I  ~7~ 3-7 Ct2~ 4-4 t-'Ol 
3, M a l a t e .  t d .  0 . 7 6  9-5 (1)~ t 3 (24J 
4,  M a l a t e ,  z d .  5 .b  2.5 {02 4 - J  (12) 0. 4 t24i 

Redz~.,.on of PX by Rhodo~seudomomas sphtroides 
Experiment-." on changes in fluorescence and absorption of R. @ b ~ / c s  upon il- 

lumination indicated a similar mechanism of PN-reduction as o c c u n ~  with R. ndw~m. 

B r a d ,  re. B*~l,~ys. .'! ,,Jm. 06 (t965) 2 a - ~  
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The kinet ics  of this  reduct ion (Fig. 5) followed in principle the  same pa t t e rn  as and 
the  max imt tm efficiency observed was abou t  the  same as, wi th  Rhod~p i r i l l um.  We 
did  no t  measure precisely whether  the  ra te  of d a r k  reoxida t ion  depended only on the 
concentra t ion of P N H  as in Rhodospir i l lum.  Measurements  with bacter ia ,  grown on 
the  modified med ium of Cot~N-BAzmE for z days  (see m~T]~OIYS) ind ica ted  a qua n tum 
requirement  of ~-.2 and 3.r  pe r  equivalent  af ter  i l luminat ion for i i  sec and 36 see 
respectively.  The l ight  i n t ens i ty  was 27"  xo -~ E i n s t e i n ] ~ c .  cm t and  the wavele,a~h 
of i l luminat ion  was 838 m v  in these experiment$.  Exper iments  wi th  bacter ia  grow,, 
on mala te  m e d i u m  indica ted  only a re la t ive ly  low rate  of l ight- lnduced reduction 
of PN after  a prolonged per iod of i l luminat ion.  Upon i l luminat ion  ~5th light of S6o 
m/~ wavelength,  and  of an  incident  i n t ens i ty  of 3.8" xo -9 Einste in  sec. cm t, a max imum 
rate  of zeduction, as ind ica ted  by  the  ra te  of reoxidat ion upon darkening,  was ob- 
served at  about  7 sec. af ter  the  onset of i l luminat ion.  After  I min the ra te  was 27 %, 
and  af ter  55 min 15 °o, of this maximthm rate.  

RHO O0 PSEUDOidONAS SPHE ROIDES 

i . °  
AAw I 

Fig. 5- Kinetics of light-induced changes in absorption at 340 roll in Rhodopseudomonas spkeroides. 
The bacteria were grown and examined in the modified medium of COHE.~-BAzmx et al., as 
indicated in the text. Illumination was effected by a band arour.d 838 mt~. The intensit.~ was 
Io.9-1o -" Einsteintsec.cm t. Other experimental conditions were the same as those in Fig. 3- 

The quantum requirement of cvtochrome o~idation 

Measurement  of the  ini t ial  rate of l ight- induced absorpt ion decrease at 428 my. 
in Rhodospir i l lum indicated a q t :an tum requiremei , t  for cv tochrome oxidat ion  of 
about  3 to 4 quan ta  per  e%:tivalent upon i l luminat ion with light of 860 m#. This 
number  is only  an app rox ima te  one:  the measurements  were less accurate  than those 
ob ta ined  on reduct ion of PN because the  absorpt ion changes were smaller and  more 
rap id  than  those a t  340 me.. The q u a n t u m  requirement  was independent  of light 
in tens i ty  in the  range of 0.3 to 3-xo-* E ins te in / sec -cm t. A specific absorpt ion  coef- 
ficient n of 66 l /cm/mequiv.  (reduced minus  oxidized) for the  c.w~chrome was used : 
the  bacter ia ,  taken  from the same cul ture  as sample  3 of Table  I I, were grown and  
examined  in ma la t e  medium.  W i t h  but~ra te -grown RhodospiriUum, the  same as 
sample  2 of Table  I I ,  roughly  the  same quan tu m requirement  was indicated.  At 
x.3-xo -~ E ins te in / sec -cm z, the imt ia l  r a te  of increase in absorpt ion  at  428 mr, upon 
da rken ing  af te r  2 ~ec to  3o  rain of i l luminat ion was found to be about  twice as low 
as  the  ini t ia l  rate  of absorpt ion  decrease at  this  w a x ~ e ~ _ h  upon onset of i l luminat ion;  
a t  4am mt~ it  w ~  t.2 t imes  higher  than the  ~ rate.  

Pm i n t e ~ i o n  of  these results  is diffwuit because - f  the_ com.plicated react ion 

R ~ . m ~  B r ~ J  Act~, ~ ~J~$P z z - ~  
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kinetics~," and 'would require more experimemai data. Howe,~er, the experiments 
indicate that, in contrast to the reduction of PN, an efficient oxidation of cytochrome 
occurs immediately upon illumination, and that a high ttt:-nover-rate of c-, and 
.b-type cytochromes is maintained during continued illumination. 

Inhibition by HOQNO and fluoracaate 

HOQNO (kindly given by Dr. J. W. LXGtlTBOWS, London), an inhibitor of cyclic 
photophe:.phorylation ~, ae, was found not to inhibit, or to in,hibit oilly in part the 
light 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 illumination, the highest concentration applied (1.2.1o -5 M) gave about 6o % 
inhibition; after 15 s ~  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. 

I . I ! 

o 
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Fig. 6. Relative rates of light-induced reduction of PN in a ,,-h culture of Rhodospirillum; ~'own 
in bu tyrate medium and measured in the presence of different concentrations of HOQNO. The o.3 % 
suspension was contained in a ~-cm cuvette; the light intensity was 4.5" Io-S Einstein/sec'cmt- 

PNH was measured by the blue fluoresence, excited by light of 340 rap. 

In the pre~nce of inhibitor, the reduction was less reproducible and more strongly 
dependent upon the preceding l ight-dark regime than with unpoisoned bacteria. 
However, in experiments with other samples of malate and butyrate-grown bacteria 
at most a partial inhibition was obser'¢ed even at a concentration of Io -6 M or higher. 

Fluoroacetate, an inhibitor of the aconitase reaction of the tricarboxylic acid 
c~,cle, 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 a~similation of all these acids, however is almost completely inhibited •. 

Measurements on the light-induced reduction of PN revealed only a slight inhibi- 
tion by fluoroacetate in the presence of malate, ac. *,ate or butyrate. For example, a 
concentration of x.6.xo -s M gave about 3o% inhibi,;3n of the maximum rate of 
PN-reduction by malate-grown R. rubrum and did not inht~,it acetate-grown bacteria; 
a concentratinn of 5" t o 4  M fluoroacetate inhibited the reduction of PN by imtyrate- 
grown bacteria by about 2o %. The experiments were performed with a 48-h cu!htre 
of bacteria, at a light intensity of 3.0. xo-* Einstein/sec-an t. The bacter;al . o t . ~  
was incubeted for at least 40 nun with fluoroacetate before ~ t .  



Aaion-spec~m of tie reduaion of PN and of baam~Morophyll-fluorescence 
In red and blue-green algae it was found that  the action-spectrum of chlorophyll- 

fluorescencemis different fr,~rn that of PN-reduction ~ or of cytochrome-oxidation ~*, J~,~. 
I t  was cL:,chided that  the fluorescent chlorophyll a belongs m ~ t l y  to a photos~mthetic 
pigment system which is different from that causing both the reduction ol PN and 
cyffochrome oxidation. To determine whether the active absorption by the different 
types of bacten'ochlorophyll and by  the carotenoids is the same in effecting ligi,.t- 
induced PN-reduction as in exciting bacteriochlorophyll fluorescence, points of the 
action spectra for both light processes in R. spheroides were determined. In order 
to minimize uncertainti: "¢ due to light absorption b'," the pigments and to keep self- 
absorption of chlorophyll-fluorescence small, a dilute suspension (".7 %) contained 
in a I-ram vessel was used and the fluorescence was fil*ered by a filter transmitting 
above about cy,~o rot: The deteeting photomultiplier faced the same side of the vessel 
as the incident beam. 

i ! 1 I t / 
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Fig. 7. A comparison of the efficiency of light ~,f .lifie~rnt wavelength.~ h, t,,u.H,g thv reduction 
of PN and bacteriochlorophyll-fluorescenee in Rh(~lapseudomona, spheroldes. The bacteria, grown 
and examined in bu tyra te  medium, were in a ~, 7 ~o suspension, contained in a l -mm quartz  vessel. 
The half-width of the exciting beams was at~,ut 7 mtL The fluore~ence tx,ints are the mean , f  
a t  least two measurements .  The reiative ef,,~-rlcies for both light proees~'s are gi~,_'n in nrhitrarv 

units;  the mean values at 5~,'o m/~ have been made to coincide. 

PN-reduction was mcasur¢,t a~, absorption increase at 340 m~. A monochromator 
with a xenon arc provided photosynthetic illumination. The same illumination wa,  

t • .  • • . _ r  _ . ~  I . . . . . . . . . .  f l i t  a p p l i e d  lOt e x c i u n g  oac t e i t ,  M_i:tt,roph5 l-fiu,,re-~en~ b u t  in  the.qe experiments "~'~ ',8"*"'~'" 

was chopped at 5 ° Hz. 
The results are given in Fig. 7. The points are plotted as the ,,eciprocal of the 

number of incident quanta per second required to bring about, in a certain time, the 
accumuiation of a certain amount of PNH, or to excite a certain amount o[ fluores- 
omce. I t  appears that  the action-spectra of both p r o c c s ~  are approximately 

to each other ~ the sFectrai regions were bacteriochlorophyll and the 
¢arotenoids almorb. This indicates that  in purple bacteria the same photochemical 
system of pignmnts ~ resl~nsible for both l:wocesses. 

The tetativ*ly high ~tcier .cy of carotenoids in eflecting bacteriocldorophyll- 
f l ~  is in agrzement with earlier nwasurements by GOEDXFER on the same 
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DISCUSSION 

The results reported in this paper indicate that, in R. rubrum and R. spheroid, s, 
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 presence ~f ,:arious 
organic acids acids as substrate. However, a high efficiency of the reduction is only 
observed outing a short period (about o.5 min) at  the beginning of an illu0~ination 
period. The available evidence indicates that, after longer illumine.tion, a considerable 
decrease of the efficiency occur .  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-inOuced ATP generation, but that  the reduction results from a 
photochemical oxidation-reduction process in the chromatophore. An indirect re- 
duction of PN, e.g. effectcd by ATP and a succinate-fumarate  couple, discussed 
previously as a possibility 15,4° would be severely affected by HOQNO, which inhibits 
cyclic phosphorylation. Further indication that the reduction of PN is closely con- 
nected 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 m, however depend upon, 
the kind of substrate used. Also the observation that  the rate of reduction is about 
the same in the presence of fluoroacetate in either acetate or butyrate medium and 
in the presence of H t, CO t and inorganic salts provides additional evidence. 

I t  is possible that the light-induced reduction of PN, observed in intact cells, 
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*, IT, .i. 

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 I equivalent of CO t in the presence of various 
hydrogen donors by various photosynthetic bacteria including R. rubrum "t. Also the 
quantum requirement found for the oxidation of a cytochrome in Chromatium a 
(which was about I);  for the oxidation of bacteriochlorophyll u (3.2 or less): and for 
the oxidation of cytochrGme in Rhodospirillum (about 3-4, as reported in this paper) 
ace of the ~ m e  order of magnitude. This indicates thaL during the period of maximum 
e~cio~cy .a large part of the reducing equivalents or electrons which are produced 
by the p ~ a r y  photochemical reaction, reacts with PN. 

The kinetics of absorption- and fluorescence-changes upon darkening, as illus- 
trated in the third curve of Fig. 3. ~how that the reduction of PN goes on during 
a fraction of a second after the light is ~imt off. This indicates that  the reduction of 
PN is not a primary p h o t ( ~ n i c a l  proce~ ~ but that  PN ~ r edu¢~  in a "dark'" 
reaction with an unknown, reduced intermedmte (c/. ref. x5). The same is also in- 
dicated by the temlx.qratmeMependcnce ~ of the rate of reduction at h/t-oh light 
intemity. 

In connection ~ith the observation that  HOQNO v~,ly imrtially inhibits the 
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rtxluction of PN in intact cells, recent findings of Noz.~.KI d a2 ~t ~ f  imer,:~st, 
These authors report that the reduction of DPN in a chromatophore preparation of 
R. rubrum was inhibited by HOQNO in the presence of succinate but not in the 
presence o~ ~ small amount of the "unphysie.logical" cofactor 2,6-dichlorophenol 
indophenol, and of ascorbate (as oxidizable substrate). This suggests that in the cell 
a compound other than succinate is oxidized, or that the preparation of the 
chromatophore w~s damaged or was deficient in some catalyst or substra*~ 

After prolonged illumination of intact cells, little or no reduction of PN was 
observed, in spite of the fact that the bacteria were su.%pended in media in which 
rapid growth, and thus photosynthesis, occm-red in continuous light, and that the 
turnover of cytochrome still occurred at a high rate. This does not contradict the 
hypothesis that the major product of the light reaction is ATP, generated by cyclic 
phc~sphorylation. 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. 
o.I of the amount of bacteriochlorophyll (on a molar basis). Reduction-rates of about 
5" Io- :  to IO" IO-:/,moles of PNH//,n~ole of bacteriochlorophyll/sec were observed; 
these rates are about to times higher than those reported in cell-free preparations 
(o.5-1.5" Io -t/ ,moles DPNH//anole bacteriochlorophyll/sec)*, ] .?.*l. 

The mechanism which slows down the reduction of PN after a short time of 
illumination is difficult to underztand. It has been stated that the bacteria "need" 
only little light-driven reduction of PN for photosynthesis 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 ener~" 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 
acc-.Lmulation of ADP, which s t imalat~ cyclic phosphorylat~on, 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 extract 6. It is 
also possible that the rate of cyclic phosphorylation is increased, and that of r~duction 
of PN decreased, because the first reaction is stimulated by az~ accumulation of 
oxidized compou~-.ds, produced in the light. This accumulation could be caused by 
a relatively too slo,¢ ,ktrk reaction of, e.g., an oxidized c~ochrome. Some support for 
this hypothesis is given by the gradtJal accumulation of oxidized cytochrom~ which 
was observed upon continued iUumination of intact R. eubrum**,**, and which we 
found also under the conditions ol our experiments. A similar effect was observed 
for the light-i.nduced oxidation of bacteriochlorophyll 4a, 

Another possibility could be that  there is a second, much smaller, poolof PNinthe  
bacteria, which, mdike the large pool, has a high turnover-rate after a long period of 
ilhmMnation. This pool might cause changes in absorption which are too small to be 
identified and measured by the pt'esent method. This point is still being studied; at 
p t a m e m t t h e r e s e ~ o r w t  y:~a~klcon~-,~gevidence for, or against, the hypothesis. 

Since the flumesczm¢~ and absorption- spectra of TPNH and DPNH are the 
mine. it cannot be dec ide ,  h'om our ~ t ~ .  whether TPN or DPN is reduced 
i~ the intact cell. in oell.free systems DPN is reported to be reduced*, it, n. e: but 

there is some  conflicting e - ~  o,'1 this pointtt.**. 
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A s  s h o w n  in Fig.  7, in R. spheroides t h e  actis~ities of  l ight ,  a t  va r ious  se lec ted  

wavelength_% in ef tec t ing  t h e  r e d u c t i o n  of P N ,  a n d  in e x c i t i n g  bac t e r i och lo rophyU-  

f luorescence,  are a p p r o x i m a t e l y  p r o p o r t i o n a l  to e a c h  o ther .  This  i n d i c a t e s  t h a t  one  

pho toch~:n ica l  p i g m e n t  s y s t e m  is r e spons ib ie  t o t  b o t h  l igh t  processes .  Th i s  is in  

a g r e e m e n t  w i t h  t h e  h)3>othesis ~a, a t h a t  in p u r p l e  a n d  g reen  bac t e r i a ,  w h i c h  un l ike  

a lgae a n d  h ighe r  p l a n t s  are  unab le  t o  evolve  oxygen ,  o n l y  one  p i g m e n t  s y s t e m  is 

a c t i ve  in  p h o t o s y n t h e s i s .  
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