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SUMMARY 

The association of the F'.ioto-induced electron paramagnetlc resonance signal in photo- 
synthetic tissue w~.'th the necessity for the presence of chlorophyll is demonstrated 
with a variety of mutant  organisms, This is taken as additional evidence of the direct 
electron-transfer reaction from andJor to chlorophyll as the primary quantum con- 
ver~:on step. 

I. INTRODUCTION 

The two pigment molecules found in all photosynthetic organisms are the chlorophylls 
and the earotenoids. We have studied mutant  strains of photos)nathetic organisms 
in which one or the other of these ubiquitous molecules was missing in order to 
detern, line their possible connection vAth the E P R  which can be photo-induced in 
photos3nathetic materials generally. A strong dependence of the photo-induced EPR 
on the presence or absence of these molecular species should shed some light on the 
role in photosynthesis of the unpaired electrons responsible for the resonance. 

Tb.e carotenoid-less strain studied was a blue-green mutant  of Rhodopseudomonas 
spheroides wbich was supptied to us by l)r. R. Y. STAGIER. It has been designated 
UV 3x, and is obtained by subjecting the wild type (z41 c) to ultraviolet radiation. 
Although caroter.-.icts, as such, are absent in the mutant,  there Js present a molecule 
of similar structure. This is a eolorle.~ Cm polyene, phytoene ~. The nmtant grows 
photosynthetically, and exhibits physiological behavior which differs from that of 
the wild t ~ v e  s, s. 

The chlorophyll-less strain was a yellow mutant  of Chlamvdomonas reinhardi 
supplied to us by Dr. R. SAGZk. Several different mutant  str~in~ were- u~d  (~,~r 
Section III) .  This mutant  does not grow photos.~qnthetically. It  grows in the dark, 
synthe:iizing only a few pe.r cent oI its normal chlorophyll complement. When exposed 
to light, chlorophyll synthesis is accelerated, and alter ~x~ral hour: the mutant  is 
completely greened. 

Al~-~vmtion: EPR. electron ~ r e s o ~ .  
" Pn~meot aKldre~: ~ c - ~ t  of Pb~¢~, Americar, Univer~ty. P~trut. Leb~.~o~ 
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In Section I I  we discuss the differences in the EPR behavior noted be tw~n  
the wild t'¢pe and the carotenoid-less mutant  of R. spheroides. In Section I ' I  the 
chlorophyll-less mutant  of Chlamydomonas is considered. Our experiments ~xe con- 
cerned with the period during which this mutant  greened. The EPR ampL rode, as 
well as the behavior of several other physiological variables, was followed during the 
time of greening~ The c-nclusions which follow from these experiments are discussed 
in Section IV. 

II. CAROTENOID-LESS MUTANT OF R.  spheroidcs 

A comparison of the EPR in the wild typ~ and the ultraviolet mutant  of R. spkeroides 
is difficult to make when the cells are ix good physiological condition in aqueous 
suspension. The difficulty arises from the fact that  the EPR amplitude is a compli- 
cated function of light intensity, oxygen concentration (when present in trace 
amounts), time, and perhaps other as yet undetermined variables. This situation does 
not arise from properties peculiar to these two bacterial strains, but is common also 
to CMorobium thiosulfatophilum and +o R. rubrum (the bacteria we have studied most 
under these conditions). 

The observed behaxdor is represented schematically in Fig. z. When light energy 
is absorbed at a rate which is fast compared to subsequent recovery reactions in 
the cell, the equilibrium concentration of unpaired electrons becomes small. At 
sufficiently high light intensities the unpaired-electron concentration is reduced, in 
a u , . c  w. ,~ .  u~pe, .~ on the light intensity, to a level which is not detectable. 
Behavior at any given light intensity can be approximatel:., reproduced after a dark 
period of about 0.5 h. 
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Fig. X. Schematic representat ion of  the behav io r  of the photo- induced ~'-PR in whole  R. vubrum 
in gooo p~,~-sio:.:,:;i.,'ai condi t ion as a funct ion  of l ight  i n t ens i t y  and  t ime.  I t < I z < 1 , .  Dashed  
curve  (Is) s!:e:,7 induc t ion  p h e n o m e n a  Frequently observed  af te r  long da rk  periods.  At  r i gh t  

intensity I t is changed  to ] t wi th  no in t e rven ing  da rk  period. 

The removal of oxygen to approx, xo -4 7I with purified argon does not alter the 
generat behavior. The presence of oxygen gene[ ~lly enhances the maximum photo- 
induced EPR amplitude achieved at a given light intensity, and alters the. rates of 
the reactions subsequent to light absorption so that  it takes higher light intensities 
to reduce the unpaired-sp/n concentration to a level which is no* detectal~.e. It is 

that  the presence of oxygen inhibits the usual light-dricen reactions in photo- 
synthetic bacteria4, 8. It is lik~_ly that  oxygen reacts with the bacterial apparatus at 
several po/nts as an electron sink. 
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Induction phenomena were frequently ,~[=*e_~'ed if the s~mp]e had L~ee~n aHewed 
to stand in the dark for some time (order of 0.5 h - -dashed  curve of Fig. i). These 
phem, mena were not observed alien the light intensity was readjusted after an initial 
illumination at  a different hght intensity (right portion of Fig. t). New light intensities 
served only to alter the kinetics of the processes internal to the cell. 

We have a t tempted to stabilize the observed E P R  in two wa~s. 11, n~ ~.k,~: 
method whole cells were dried in an oxygen or nitrogen atmosphere. The sample 
material was a relatively thin film of dried cells on a rod or a flat plate. In these 
samples the photo-induced E P R  light saturates in the usual wa3 4 and is stable in 
time. In the second method, chromatophoreg were prepared from the whole cells and 
observed in aqueous suspension. (The general method of preparation has been de- 
scribed elsewhere 7. Both the wild and the mut-,~* R. or,,~,o/des required I2 min 
sonication in that  step of the procedure.) Relatively stable E P R  signals were observed 
in chromatophores prepared from both the wild type and the carotenoid-less mutant.  

In the remainder of this section we shall compare the behavioral differences 
noted b e t w ~ n  the two strains in these two stabilized sample materials. 

The differences noted are of a secondary nature. Photo-induccd EPR ' s  of ap- 
proximately equal amplitude are observe: in dried whole cells or chromatophores of 
both strains, although the chlorophyll concentration in the wild-type cell was, on 
the average, at least twice that  of the mutant  cell s . The resonance g-values are the 
same within experimental error (g = 2.oo26 was measured). The line widths were 
the same within experimental error. (After approximate correction for modulation 
broadening ~ a value of I I .2  ± o. 4 Gauss was obtained.) The behavior of the kinetics 
uf ii~c and decay u[ the photosignal as a function ot temperature is the same in 
both strains, and parallels the behavior observed in R. rubrum 6. 

The forms of the action spectra, taken with chromatophores of the respective 
strains in suspensions of low absorbanc3 a, appear to show one difference, but this is, 
perhaps, not surprising in view of the differences in their absorption spectra. The 
absolute form of the action spectra is uncertain--i .e. ,  the relative amplitudes of the 
peaks observed in different spectra were quite variable. One possible reason for this 
arises ~om the fact that  the amplitude of the EPR observed at a particular wave- 
length decreases slowly with time. During the 6-8 h of intermittent irradiation re- 
qnired for the taking of a spectrum, the signal amplitude at a particular wavelength 
decreased in the chromP.tophores of both strains by as much as a factor of two. The 
rate of decrease was not constant in time, so that  even by taking every, third point 
at  the same wavelength this source of uncertainty could be only partially accounted 
for. The relative amplitudes in the final spectrum depended 2uite critically on the 
precise form asmuned for the correction curve. Moreover. only fair agreement was 
found between the co.,'rection curves deduce~ f,,,m following *wo separate wavelengths 
with time. We will thus present no complete acti.,n specta a. 

Keeping these restricticus in mind the action spectra in the two different strmns 
were mutually consistent in two respects. (x) .As has been found in other o~_~cally 
dilute ~ l m m i o u s  of photosynthetic materials 7. the long-wavelength maxima of the 
action spectra fell on the long-~ravelength maxima of the respective absorption 
~lmctra. In the case eft the wild type of R. splswoid~ there is evidence of the complex 
structure of this ~ band in the action spectrum, but, as has been ren~lmd,  
the relative ~ of these maxima do not repeat consistently. (a) The action 

B(oc~m B ~ y s .  ~4cuJ. 6~ (t063} tSo-n87 
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s-^.+ . . . . . . . .  g . . . . .  u,, ni~ . . . .  , i~ ,h~ carotenoid region of the absorption spectrum. 
The t)~pe of difference noted is shown especially well in the data reproduced in Fig. 2. 
In the wild type the concentration of unpaired electrons inc-eases as the carotenoid 
band is entered, while in the carotenoid-less mutant  the conctntration falls in the 
same spectral region. 

One further difference in behavi6r wa~ observed, l ~ e  photo-induced EPR in 
the mutant  is more easily saturated with microwave power than is the resonance 
in the wild t)l~e, indicating that  the immediate environment of the electron is affected 
by the absence of caretenoid~ ~°. 
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Fig. 2. Port ions of the action spectra determined for chromatophores  from the wild type (A) 
and the ultraviolet m u t an t  (B) of R. spheroides, showing the different forms observed in the 

carotenoid region of the absorpt ion spectra. 8- I0 ts quanta /sec;  ioo Jk band  width. 

I I I .  GREENING OF CHLAMYDOMONAS MUTANT 

This experiment was difficult to carry out in that  the mutant  reverted several times. 
In all, three different yellow Chlamydomonas mutants  were used, Strains 2o52 (" 
63o3 D, and 64I 5 C, each obtained from Dr. R. SAGER'S laboratory. Results obtained 
from the three strains were consistent with each other. 

Two procedures were followed in readying the cultures for the start  of the 
~eening experiment. At first, 6 2.5-1 culture flasks containing I 1 of acetate growth 
medium n were inoculated. The cultures were then allowed to grow in the dark until 
the cell suspension was sufficiently dense for the requirements of the experiment 
(usually about 2 weeks). The 6 flasks were then exposed to uniform illumination 
(about 7oo ft candles), aud the synthesis of chlorophyll commenced. At the time of 
exposure to light each flask had been developing independently for approx. 2 weeks. 
In order to obviate culturing differences in the later repetitions of the experiment 
the tlaik gi,,,~th took place in x large volume. At the end of the developmental period 
this volume ,vas divided into six and exposed to uniform illumination. At the time 
of exposure to light the chlorophyll concentration was on the order of 5 % t,f its 

-final value in the fully greened cells. 
One of the 6 volumes was h~:~ -sted n,:,~ediately upon exposure to light. The 

remaining 5 flasks were harvested at  3-h intervaK following the first one. This interval 
spread the harvesting periods equally over the time tmcemary for the greening.to go 
to  completion -,nder the conditions use(. Portions of each volume of harvested cells 
were used in several separate experbnents. Chlorophyll concentration (a plus b) was  
determined spectrophotmncCxically u. The ratio of chlorophyll ~ t c ~ y l l  b was 
constant (of the order of x) during the greening. The rate of oxygen evolution was  

B~+ibm. ~ e l , y + . . . I d , .  66 (x963+ ,~"--,87 
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determined for two aliquots from each stage of greening by  manometry. The cell 
suspensions for this determination were very dilute (o.o32 rnl of wet packed cells 
in 3 ml of NatCOa-NaHCO s buffer), and the light intensity was 5 - Io  times greater 
than that  used for greening. The temperature was 22 °. The maximum oxygen evo- 
lution rates recorded were of the order of I3 ° #xnoles Of/rag chlorophvll/b 

A rate of carbon fixation was also determined at each stage ot gret-nix.g bx 
measuring the atnount of 14CO= uptake in 2 rain ts. Again the cell suspension was 
dilute (o.o32 ml wet cells in I ml of Na~COs-NaHCO 3 buffer), and the light intensity 
and temperature tile same as that used in deterw2i,ing oxygen-evolation rates, On 
o n e  O C C ~ t ~ l O I ]  t l l t ~  _~dLLUi 1 !  U I  L ~ I  t ~ v l l  J t l ~ c l t . l V i l  ~AILu ~A~ • ~L ~ o  y . . . ~ . ~ . .  ~. . . . . . . .  . . . . . . .  

reactions was followed by metilanoiic extract ,~f the cell~ a ,d  chromat~;~,rapV, ic 
analysis l=. The cells harvested at time zero--  i .e. .  with minimum chlorophyll content-  
fixed carbon only into compounds typical of dark carboxvlation reacri,)ns The 
subsequent samples fL,(ed carbon principally into carbon-reduction cycle inter- 
mediates l~. 

Finally, an equilibrium EPR amplitude was determined. In contrast to the above 
metabolic experiments, this determination was made usi,ij dense cell suspensions. 
In the early stages of greening the density was lin,ited by the volume of cells available; 
in the lat ter  stages the cells were only diluted from the wet packed condition to 
the extent necessary to insert them ~ath ease ia,o the aqueous suspension cell. White 
light was n ~ d  in all phases of the experiment, and in this latter phase it was of 
saturating intensity (equivalent t,o iot7-~o zs quanta/sec of 7oo-mF light~. Approx. 
6o % of the white-!igbt energy was absorbed in the o.oz5-cm thickness of the first 
sample. This increased to about 8o ° o in the fully greened sample~ (.~ame thickness). 
Light in the chlorophyll absorption bands was essentiaUv completely absorbed in 
the third and subsequent cultures harvested. 

Two overlapping E P R  signals have been observed in chloroplasts and green 
a!gae ~ ,,, ~. Re~!ut ion of these two signals requires narrow magnetic-field m(Mulation 
amplitude (about 3 Gauss). This lowers the spectrometer sensitivity. In order to 
ob~rve  a photo-induced EPR at minimum chlorophyll concentration we have used 
a field modulation of IO Gauss which obliterates resonance line structure. Thu,, we 
can make no statement concerning the relative rate at which the two lines grow in. 
We can remark that  the observed EPR-line shape did not change during ~eening, 
that  the ratio of chlorophyll a/chlorophyll b staved constant during gr~ning,  and 
that  the two overlapping lines, although never observed at the end of 15 h. wer~ 
resolved in fully greened Chlamydomonas cultures a day or more after completion 
of greening. The E P R  amplitudes were in general larger in such cultures, pres,,mably 
due to  a s lowing of  kinetics with age. 

In all, three greening experiments were performed in which all of the above 
named determinations were made, and th_,~e were performed in which the measure- 
ment of oxylgen-evol:~tion r . t e  and a carbon-fixatkm rate were omitted. 

Our experimental results axe shown in Fig..i. In order to present them in one 
composite plot we have normalized each parameter  measured, making the maximum 
value observed lot each lmran~ter  in each greening experiment equal to I. In none 
of the three vaxiabi~ did the maximum necessarily occur at maximum ctdorophyli 
concentration. We have, in addition, omitted the experimental points for the curves 
~ n t i n g  the rates of oxygen evolution and CO= fixatton. The experimental 

B ~ & ~ , e  Biopkvs.  A.,fla. 66 (tq*.~! I~o.-I$ 7 
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variation in the~  determinations vat fed sufficiently to make the plo* confusing. Thus, 
average curves were constructed using the arithmetic mean of the curves obtained 
from the individual greening experiments. These curves, the rate of oxygen evolution, 
and the rate of carbon fixation are consistent with the results of similar experiments 
on the greening of etiolated leaves of higher plants 16,1~. 
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Fig. 3- The EPR amplitude, oxygen-evolution rate and I4COt-fixation rate as a function of ehloro- 
phx II (a + b) content during the greening of the yellow mutant of Chlamydomonas reinhardi. 

In Table I we list chlorophyll (a + b) concentration for two experiments as a 
function of time. In both experiments the c, lls were grown in I large volume in the 
dark, and carbon-fixation and oxygen-evolution rates were determined. This data 
allows the transferral of the information in Fig. 3 to a time basis, and also gives 
some indication of the experimental variation encounteted. 

The results shown in Fig. 3 may he expressed in the following statemem,:  (I) 
No EPR of any kind (dark or photo-induced) is observed in the chlorophyll-ie~ 
mutant. (2) As chlorophyll is synthesized it becomes possible to photo-induce an 
EPR signal in the cells. (3) The equilibrium EPR amplitude is not linear with chloro- 
phyll concentration; half of the EPR amplitude growing in with the last 15 % of 
the chlorophyll synthesized. It  is worth emphasizing here that we are looking at the 
steady-state concentration of unpaired electrons. This observed concentiation of un- 
paired electrons will vat 3 , with any variation of the kinetics of the processes by which 
the}' are utilized in the ~11, as well as with changes in the amount of light energy. 
absorbed. As mentioned above, the light-absorption step is saturated. (4) Photo- 
synthesis, as measured by the rate at which the carbon cycle is turning over and 
as i,e~ar~,:, by the rate of oxygen evolution, is maximum long before the EPR 

TABLE I 

C H L O R O P H Y L L  C O N C E N T R A ' t ~ N  AS A F U N C T I O N  O F  T I M E  

o 3 6 9 xm z5  

Relative chlorophyll (a + b) o.o 5 0.o8 0.20 0.80 0.84 i.oo" 

Concentration u,o 4 ~,.zj o.55 o.86 0.88 LOO'" 

• C o _ _ r i d s  to 2.7 mg chlorophyll (a -t- b) pet ml wet picked 
" " ~ u d s  to 3.2 mg chlorophyll (a + b} per ml wet packed 

B/o~i/.. B/op~s. A ~ .  66 (1~3) 18o-~87 



118~ G. M. ANDROES, M. F. SINGLETON, J. BIGGINS, M. CALVIN 

amplitude is maximum. (5) The steepest rise in the EPR-amplitude curve occurs in 
a region where both the oxygen evolution and carbon-fixation rates seem to be 
decreasing. 

IV. CONCLUSIONS 

The obvious conclusion to be drawn is that,  at least in the organisms studied here, 
chlorophyll must be p r e ~ n t  if the photo-induced E P R  signal is to be observed, whim 
the absence of carotenoids has little effect on the observed EPR. However, the action 
spectrum for E P R  production indicates that  energy absorbed by carotenoids may 
be transferred to chlorophyll for electron separation la. 

Tb¢~ . . . .  ~,-~,4r'le,,~.~. . . . . .  ~-"i°!d ~.*'~. ~,., "~7~_c~:C ] : ~ a t i o i ~  ~.oi~cerning the ~,.te ,'*~. *"e,, un- 
paired electrons. However, the rese t s  of the Chiamy'domonas experiment ~uggest 
that  the observed unpaired electrons may lie directly in the pathway of photo- 
s3mthesis. Light energy is absorbed by the chi~r~phyll. Assuming that, aside from 
chlorophyll, the photosynthetic apparatus of the mutant  cells is complete, one might 
expect that  during the early stages of greening the rate of photosynthesis, as measured 
by the rate of oxygen evolution, would be linear with chlorophyll concentration. This 
is the case in etiolated barley leaves ~7 and appears to be the case in Fig. 3. Following 
this stage of greening a t a t e  exists in which the- rate at which energy is absorbed 
is greater than the rate at wb,:ch it can be used in subsequent reactions. 

Photosynthesis in the cell is limited by factors other than ,t._~,~ cell's ability to 
absorb energy 16. The unpaired electrons in the various biological pools, presumably 
along the route of ener~" transformation, are only slightly" filled when the rate- 
limiting step precedes them in the sequence, and become considerably more populated 
when the rate-limiting step follows them in the energy-transforrx,,ation sequence. 
Several facts support this argument. (I) After approx. 8o ?g of the chlorophyll has 
been synthesized the oxygen-evolution -and carbon-fixation rates fall off slightly, for 
reasons undiscovered in this study. This is just tm ~egion in which the EPR amplitude 
rises most steeply. (2) On several occasions the oxygen-evolution rate of a sample, 
usually in the latter stages of greening, was particularly low. These points were 
considered as anomalous, and have not been used in constructing the curves of Fig. 3. 
H o ~ v e r ,  in these cazes the EPR amplitude was particularly high. (3) Experiments 
have been performed on C h ! a m v d r m u m a s  r e i ,  h .ard i  . . . . . . . . . . . . . . . . . . .  in xt-hieh ovvfro:~n evolution was 
completely inhibited using 3-(3,4-dichlorophenyl)-x,x-dimethylurea 1.. In these experi- 
ments the photo-induced E P R  ampiitude of the narrow signal ~-ith fast kinetics 
observed in fully greened cells (see above) was co.q~iderably onhanced. Thus, at least 
a portion of the observed, photo-induced unpaired electrons seems to be in the photo- 
.synthetic pathway. 
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THE EFFECT OF ULTRAVIOLET LIGHT ON 

PHOTOPHOSPHORYLATION AND THE HILL REACTION 
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Biochemistry Section, Weizmann Institute of Science, Rehovoth (Israel) 

(Received September i3th,  I962) 

SUMMARY 

I. PhotophosphotTlation and Hill-reaction activity of swiss-chard chloroplasts 
or chloroplast fragments were decreased by irradiation with short-wavelength ultra- 
violet light. 

2. Photophosphorylation was more resistant to irradiation than the Hill reaction. 
3- The presence of ascorbate during irradiation prevented the decrease in Hill 

reaction an~, photophosphorylative activity. Protection was more pronounced for the 
Hill reaction than for photophosphoryiative activity. Compotmd~-- containing SH- 
groups could not replace ascorbate; it is suggested that ascorbate protects mostly 
by reducing qm effective ultraviolet intensity, and in addition by exerting a specific 
effect on the chloroplasts themselves. 

4. By ultraviolet irradiation, it war possible to obtain chloroplast preparations 
which had lost the ability to perform the I~;ll reaction, but still possessed high ptmtc,- 
phosphorylafive activity. Such preparations w:,~¢ he useful in further research. 

5-The endogeneous plastoquinone of chloroplasts was shown 1o be destroyed 
by irradiation. 

6. The activity of irradiated chloroplasts was stimulated by the addition of 
plastoquinone. Howccer, a similar stimulation was obtained on addition of plasto- 
quinone to non-irradiated chloroplasts. 

BiocAim. BiopAy~. A ~ .  66 ( t ~ l  187~--so5 


