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K!N&T!C STUDIES or TI:!E THO LIGHT REACTIONS .Il~ PHOTOSYNTHESIS 

I. o. Kunt~. Jr~" and Molvi'n Calvin 

Lawrence Radiation Laboratory, Laboratory of Chemical Biodynam!e~hh 

and Oepnrtl'llent of Chemistry;. Univo:rs!ty of California, Berkeley, California 

Abstract--The decay kinetics of the photo-induced absorbance 
'" 

changes in red and gre0n algaa are very aens1tivc to the wave-

l~n$th of the actinic light. A four to tenfold increase in 

half-decay timo ia noted ln going from short wavelength (550• 

650 mu) to long wavelength (> 700 mv) excitation. The slow 

decay rates :.p:vodueed by long wavelensth. light can be enhanced 

wl th a sto.ady background of short wavelength light. A rela-

tlonship between initial decay rates and 02 evolution rates la 

described. This relationship allows £ direct correspondence 

between these spectroscopic studies and the."red-drop" and 

"enhancement" experiments of Emerson. 

*National Science Foundation Fellow, l9el~64 • ·' l 
.J <. 

\~;~ 
**This work was sponso~ed, in part, by the U. S~ Atomic Energy Commission. 
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INTRODUCTION 

The presence of moro than one photochemical reaction within the 

photosynthetic mechanbm has been ;?Ostulated since tho onhancemo.nt 

experiments of Eme~on (13). A variety of physical and chemical measure• 

ments related to photosynthetic activity have supported this picture of 

int~raeting light-driven reactions (21,9,16,26,15.22). In recent years 

such experiments have been carried down to the spectroscopic level. The 
;~ 

photo-induced absorbance changes ~ssociated with chlorophyll (20)• cyto­

·ehromes (10,33,27), and ~uinone (l) have revealed that the steady-state 

level of theae reactive into:r:mediates is closely associated with the 

color of the actinic light being employed. In general, alterations in 

tha concentrations of·reactive species would be expected to result from 

differences in the rise and/or decay kinetics associated with the photo­

reactions. The present paper describes experiments designed to study 

changes in the kinetic patterns associated with various wavelengths of 

actinic illumina.tion. Preliminary results of scme of th~s~ studies 

have been presented earlier (5). 

EXPERIMENTAL 

Materials. Chlorolla eyrenoldosa was grown in continuous culture 

as described in Ref. 2. Chlorella ellipso!dea, Scenedesmus obliquus, 
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tJ.nd Por.phyridiu:m cruontu.'ll were grown ·in cotton-plugged 125 ml flasks. 

Chlorolla ~as grown on modified Meyers' medium (4) 1 Scenedosmus on 

Lynch's medium (~), and Porphyri~ium on artificial s~a water. Cultures 

· were ti'ormally used resuspended in groNth medium to an optical density 

of 1. 0 - 1. 5 in the Gao chlol"'phyll band. Deeause of the dif'f'(!r0nt 

·growth conditions and gro~th rates, no particular care was taken to 
. . . ~ 

us0 cultures of the same age. However,. the experiments de:scribed below 

were reprodueiblo.from culture to culture regardless of age. 

Chloroplasts were prepared by stand4~ techniques (31). Dichloro­

phenyldimethylur.aa.~( DCMU) was purchased from du?ont d~ Nemours, Wilmington, 

Delaware. 2,6-Dichlorophenol-indophenol (DCPIP) was purchased from 1< & K 

Laboratories, Jamaica, H. Y. 

Instrumental. .The spectrometer employed for the light~dark 

absorbance changes has been described in detail elsewhere (2Q.·). It employs 

a continuous averaging technique (18) to achieve high sensltivity (lo-5 

optical density urilts) as wall ao fast time response (lo-4 seconds). A 

~lock diagram of the spectrometer is shown in Figure 1. The analyzing 

beam of tho spectrometer was produced by a 500 mm Bausch ~nd Lomb mono­

chromator equipped with a 500 watt tungsten projection bulb. W~ u$ed a 

~ mm slit (3 mlJ bandwidth). The light intensity was kept as ·low as 

feasible by controlling the source voltage. As shown in the figure, 

the analyzing and actinic beams are at riaht angles, illuminating a 

four-sides-clear l em quartz cuvette. One actinic beam was formed by 

.~ similar Bausch and Lomb monochromator operated .with 3-5 mm alits 
. ' . . 

giving a 10•15 ml! actinic bandwidth. , We used a 150 watt tungsten lamp 

as a second actinic source. In some experimen~s it. provided a con­

tinuous "bac)q;round" li&)\t which wo.s focl.loed on tha owne face o~ the 

(. 
;- .r 
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'· . 
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·'sample cuvette as the .fix'St. actinic hc:am. Mal"row .band interference 
.. 

. ,' .. ·filters (Baird-Atotnic) and suitable C~ming color glasses were used· to 
' .,. 

:~ .. select the desired· wavelengths. The photomultiplier tube wa~· protected 
.complementary · 

/. :~)from the actinic Ught with/filters. Typical .filter half-band w.idths. 
./ .. :··· .. 

:_,.were s-10 mu. · 
·!:.·· 

,., 
·Relative light intensities were measured with a silicon cell 

. . ··~· ~ 
. . 

.. :<(Hoffman Type 1.20 CG). ·. Maxim'um incident 'intensities were of the order 
~ ., . . . . . . ·~ . '. 

~ . . . ' 

· .:. of 10,16 quanta/s~c/em2. · 

·. The averaging, t,aahniquc.·~qui~s a repetitive· signal~ This wall 

con~en~ontly provided by modulntins the monochromator aetini~ light by 
I 

me.ans '.of. a shutter (phosphox:- bronze) . dri v~n by a e~~rclal stepping . 
I • • . ' . • ' ~ . ' ' . • • 

motor (Cedar E!l.gineering, Mim~ea.polis •. ttlnn. • Model SS-1100). This · 

' 
motor.moves in U5° steps on· application of.a suitable trigger pulse. 

. ' 
Tranai t times are 3 milliseconds. · The draul try was arranged. so that ., ~ . ' . , ... . : . . 

,• I ' • 

succesai.ve trigger pulses drove the motor alternatively eloekvise and · 

coW'ltercloo~w!sa. · · 'rhus the shutte~ :.first blocked the_ actinic light beam 

and then• on a trigger,· it moved rapidly to''an: "open" position •. A second 
. ·: . . . . . ' . 

tx-igger pulse rest"o~ed the shutter to,. hs:'orlglnal.' closed position. Com-
. . , •, . . . 

. ~erytal. pulse generators 'were us~d :<i1~dela ;151 and ''l62,.·.Tek~ronix,. 
. . f . . . . . . . : • . 

Beaverton, Or~gon).' · .. · . · ·· ' I ,. 

\ t' I I 

Thll shutter provides 0~5. ~ '2.0 ,millis~cond risa· .or .. ·deeay. times 
, l' J • 

(depending. on beam g6ooet.ry· and .:tho d:riv!~g, e~nt. supplied ·to the 
• ,· ' ' ." : I ' I • ' • l ' ~ ' •: 'f 

motor) •. Jittex- is ,less 'than l iitilli~eeond. · ... The '"light on" and "light 
, ·• :. 7 \ . . 

offn times can be independently, adjusted to .·hav~ d~rations from ·a f.ew '· 
• • ' • ' • ' f ' • ' ' ' I I 

millif:leeonds to lndef!nit~ly lo~g. : ~ecaus·e· i't hai? ~ small ·.n~er of. ·. :. ,.,;;,!' 
.- ·~ ' • t . . ,~:fJ 

moving parts, the . step pin~·· moto~ should have a long · iife·. It· has been . ' '{· . 
. . ~ . ; . 

I. 

' ,. . '• 

,• ,r I '" :'; 

,I 

. f 

.. : 
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, ·.used for many ·thousands of operations without noticeable change in per-. 

formance• The drivs circuit is shown in Figure 2• It was constructed 
. ·. 

~ . .. ' . 
·, locally 11 closely .following the manuf'.aeturar's suggested circuit •.. : 
~· . . . ... . . . . . . . . 

Errors• The reproducibility of the data in these experiments is 

·· limited by coherent noise,· low frequency .noise, and ehangea !~·the blologi• 

cal· material• In practice, proper triggering ·and 'the. usc of stable po~er. · 
... 

tJupplles pla.ee ·the eiectronlc ·n~isc l~vol well beiow the "biological noisatt .~ 

Typ}~~al .limits on the day-to-day r~producibility of magnitude and rate data 

are tlO%'~· and t3ot· respectively for samplos of comparable' preparation and 
.· ~··· . . . 

treattt~ent. Undoubtedly • variations in the physiological state of tb.e . 
·. · .. 

organislUS are P.rinclpal eoro:>ononts. producing these 'fluctuations and wil.l 
- . 

ult.imate:tly require specific invosti~adon.. Thoro is the presumption that 

·these fluctuations. do not .reflect·· day-to-day alte'rations in- the b.:ts!e 

quantum conversion apparatus. Th!o presurnpti<:m is, of eours~, open to 

experimental test., 

RESULTS 

I. Doeay Kinetics a.s a F\lnction of Excitation Wavelength 

Our first experiments wore designed .to measure the rise and decay 

tim~s of the major. absorbance change banda . .ts. a· function of the wave­

length of the actinic llght. · Figures 3A,B and 4A.,B shO\ol typical absorption 

spoctra and light-dark differenee'spectra for Chlorelia and Porphyridlum 

eroantu.m.tr Ho background illumination ((!xcept for that provided by the 
. ' 

wc.nk analyzing beam) waa used. Actinic flashes were bright enough to . 
·' 

. saturate the absorption changes at each· actln.!c w~velength up to: 710 rniJ. 

~~e found that, in general. the x-ise kinetics wero insensitive to exciting r:· . . .,..,; 

~See al$o·Ref~rencos 33, 7, 19, 10. · 
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wavelength.. On the other hand' the do cay Jd.netics of the absorbance 

changes showed a pronounced and uniform dependence on the color of th~ 

actinic boam, quite apar.t from any effects of intensity. Excitation 

with light of w3velengths loneer than 700 mp, which we will henc~forth 

call "hv,t'! produces much alower d~cay kinetic~ than does short wavelength 

actinic light, "hv2'' (550·630 mll for Porphyridium; 600•600 mJ.A for 

Chlorella and Scenedesinus). Som~ typical examples of these kinetic 

offocts ere shown in Figure 5. u1\ction speetratt whic.'1 plot reciprocal 

half life or initial decay rate a:~ a function of exciting wavelength are 

giv~n in Figures 6 and 7. In the ease of PoEPhyridiuo (Fig. 7) tbe 

action spectrun indicates that light absorbed by the chlorophyll a and 
. -

that absorbed by the phycobllins participate to different degrees in the' 

reaction studied, an observation well-documented by oth~r types of experi-

menta (12). · Table I summarizes the time for half decay for the absorbance 

changes we have studied to date. We conclude that the initial decay rat~s 

of the absorbance chsnges are a strong function of exci tlng wavelength t 

the rates fall sharply in tho reg!on.of 700 m~ • 

. II.· Effect of Background IllUlllination ·on Decay Kinetics 

In view of the relatively slow decay ra~es,produced.by hv1 , an 

obvious experiment is the effect of a background ,of hv2 on the kinetics 

produced by a flash of hv1• This experimont is a logical analog to the 

Emerson "Enhnncemant" experiments (13)., ·we findt as Emerson did with o2 

·evolution, .that.· the slow d~cays associated with h\11' excitation are 
? 

< 

speoded up in the pX'!as~nce of a continuous background illumination of hv,et 

The most pX'Onounced effect ·wAs seen with the cytochro:'ne bands in Porphl:, ,·,~, 
\.,~;;· 

· ridiurn (Fig. S). Our preUm1nary oxpe~iments suggl.lst that the time for 
. . ! . . 

*The few exceptions to this statomont will be,d!scussed in a sepnrate 
publication (23). 

' I • ' 
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Table I. 

Decay Kinetics as a Function of Actinic Wavelength 

------:!.""""'· -~r-~~1--"""!'""....., ......... ---=-:-~-~"':'"':!!"""':'--..,,-~>-~,..·~-Dotact ng Ass gnment or Time for half ,d0cay ,\sec. 
Wave~ength Absor~anao 

Organbm (mp) Chnngett h,v2 excitation hvl excitation P.'· 

311-0 

~05 

422 

Chlor'Olla ~ 405 

425 

430 

520 

Chlorella pyr., 3~0 

. 425 

432 

475 

520 

Reduced PN 

Oxidized 
aytochrom~ (f?) 

Reduced 
cytochrome (f?) 

Depends on excitation 
wavolength~':;'~ ;' ~ r.~,,~_. r) 

Chlorophyll, cyto­
chrome (?} 
(see Ref. 33) 

Chlorophyll 

? (see Raf. 22) · 

Reduced P.N 

Chlo:-ophyll, cyto­
chrone (?) 
(see l{ef. 33) 

Chlorophyll 

Quinone complex (32); 
carotenoid ( 6) · , 
chlorophyll~ (??) 

,, 

SGO Cytochrome (?) 

650 

Scenedesmus · 520 

.Chlorophyll~ n?> 
(oae Refs. 20·.·~2) 

Quinon~ complex (32); 
cnrotenoid (5) 

.• 2 

.ol 

.02 

.02 

.07 

• 07 •' 

.07 

.09 

~08 

.07 

.• os 

.os 

(.3- .7) 

.26 

.21 

.:21 

• 30 

.36 

.24 

.25 

.28 

.16 

.16 

j;Thie list reheats the curr:ant literature but ls not intended to provide:; 
i•definitive'• assignments. Aside from the specific works cited, the 
reader is ref'arr~d to RefD. (9),(20) for general discussions. 

**The signal polarity is a function of exelt'ation wavelength (see Refs. 23, 
33). Hence .theae time constants may rofleat different compounds and hence 
may not be directly comparable. 
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half decay for the 405 and 422 miJ banda is !n.VIlr3ely proportional to th0 

l1ackground intensity• A similar hut smaller effoct ~1as measured for the 

5?.0 mp band in Chlor.ella and Scenedesmus. Fork has Ncently reporte<l 

qualitatively similolr results for the 590 m~J a-bsorbance ehan.ge in Chlorall.a 

and in £!:!!_ ( 8). Ruml;,cr,g has also reportQ.d systeme !n which decay rB;tes 

;. were ·enhanced by ur;ing a sacond flaah of light ln place of a continuous 

background (29). 

GEN t!RJ\L RE!1iRKS 

E::'fects of DC!-IU. Excitation with ei tl~er hv1 01. .. hv2 in the p!"Jsence 

of lo-S !1 DCHU. yiel<i~ "similar kinetics and siznal mMJn.ttudes to those 
. -

. produced by h~i in the unpoiscned system (Fig. 9) .• 

·'Chloroplast and Quantas·ome PNp.:tra.tions. Spinach chlox-oplasts and 

quan'tasomes {28) l-tc:tre .studied undel" a val"iety of reaction conditions. 

these includrad untreated fresh chloroplasts and leaf homogenate • chloro­

plasts in Hill reaction mixtures (ferricyanide or DCPIP) and.tl"ipbospho-

pyridine nuc::leotide.('l'PN) Nduction systems• using either H20 or DCPIP­

as¢orbate as electron donor (31). Non$ of the.broken leaf ~actions showed 

rise or decay kinetics that were influenced by the color of the actinic 
' 

light o·.tg. 10). although sactions of the ,lfbole leaves from which they 
. . 

wex-e mado showed the general behavior r-eported for green a.lgae., 

. lp~~nsity Dep~nd~nee •.. A detailed study of the light intensity de• 

pendenoe of the absorbance change kinetics !s 1n p~paration. The results 
these 

of interest here are: (1) rise and decay kinetics in/green and red algae 

.BhoW $omo intensity dependenoe• the initial rise. rates are directly. . 
· . . ., . f:'' I. 

related to.intendty c'not necessarily lina:attly); (2) the cffacts deacribeJ;::;;, 

in this paper aN· moat pronounced at high 'actln.!c intensltil!s; (3) taken 

4G a whole, these intonaity offeotc ere not sufficient to o~plo1n th~ 
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results ascribed to actinic vavelangth • 

. DISCUSSION 

It i~ interestin6 to note that, regardless of the detailed mechanism 

involved, muah of the data presented in this paper can be con~niently 

summarized in terms of the Emerson "red-drop" and "cmhnnccmant". experi-

s:nents on o2 evolution (1~~13). To mak0 thia comparison. we need only 

a~sume that the rate of o2 evolution is dir~ctly ~latad to the steady-

state rate of electron flow through a series of rov~rsible radox reactions. 

We can convert our kinetic data into rates of electron flow if we measure 

the initial rates of .the dark reactions. A detailed discussion of the 

assumptions required to relate rates of 0:? evolution to the reaction rates 

of electron tr~nspol"t inte•:~udlates is given in the appendix. These assump-

tions are not particularly restrictive, and would be consistent t4.l:th most 

propomed mcchattisms for photosynth'bsis • 

Thus, we interpret the drop .tri initial dacay rates observed at long 

excitation WttV$lengths (Figs. 51 6 1 ' ' Table I) as reflecting the same 

phenomenon that Emerson observed when·he.found that the rate of 02 evolu­

tion in far-red light was much slower than iri light of shorter wavelength. 

rurthermo%'0,. we feel the increase in the "fa;;_red" initial decay rates 

when a short wavelength background light is added (Fig. 8) is closely 

related to the ''enhancement" of 02 evolution rates in .similar experiments. 
. ' . ' 

Finally, the slow docay rates observed for.DCMU•treated algae (Fig. 9) are 

consistent with the marked i.nbib!.t.i.on of o2 tWolution in these cases. 

We feel that the clumgeSJ .tn dec.ay rates involved are l.arge e.nough:: to. 

explain the alterations in· the. steady:..st.a.te cone~ntt>ations of photo- · 

active intermediates inentionod in the introdueti.on (2~ 110;33.27 11;21). 

.... 
~!:.: J ' 
-~· 
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This is particularly true of P.orphyrldlum where the "enhancement" in 

decay rates can be quite striking • 

·~ ' 

. The corraspon<lence with the Emerson:'i : oxpct•iments lends l!llJt>J?Ort to 

two of our major conclusions: 

(l) Two or more light-driven reactions have been demonstrated at. 

the spectroscopic level in terms of kinetic behavior of tha optical 

dcmsi ty chanr.as absorhance. 

(2) These light t~aetions can lnt~raet with one another. 

Our atudy can also point to the mode of the interaction between the 

blO light reactions: , 

(3) Generally npenklng, the products of the liuht reaction int~ract 

with each othev at t£H~ level of "dark'1 recovery reactions.; This follows 

from our primary obset"'fntion that the major difference between "hv1" a.Tld 

"hv2" excitation is a difference in decay rates rather than rise rates. 

An eva~ more direct demonstration of the type of interaction arises from 

th$ "two-light" experiments where there vas a speed-up in the decay 

reactions produced by hvl whom'hv2 was, added as background light.; 

( ~) The whole cell environment !N~ems to be required for tho effici0nt 

interaction of the two-light systems because chloroplast praparations which 

ware physiologically aet~ve for TPNH2 formation or Hil~,reactions did not 

ohow any of,the whole call effects desQribed above.~ 

The conclusions reached here concerning the photosynthetic mechanism 

have, for the most part, been reached independently by other workern using 

used to support the broad outline~ of the Hill-Bendall maohanbm (l7) 

.· *Rwnherg (29) has repot'ted a specially t~at~d. chloropla~t ~ystarn which 
doea ahcw oJ)oetroaeopie interactions ot two light NA.otions. Tho ronoons 
for the difference between··;h{§ system and ours are not cle!U". 
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whicl1 postulates two light reactiona cooperating in series with each 

other. Rather than developing. this point of vlow further 11 we Will discuss . 

briefly two aspects of this work which require some effort to fit into 

the Hill-Bendall picture. 

First • in connection· with the· enhancement experiment. sho1m in Fig. 8 • 

it should be pointed out~ 1'k'-',:";.,r·~ that the fastest doeay time observed 

in tha douhlo irradiation experiment (40 milliseconds) is considerably 

longar tha."l the 10 .. 20 millisecond decay produced by 560 miJ excitation 
(Fig. 5). · ·: 

alone/. furthet'more, tho absorbed intensity o.f 560 ml-f light' used as 

background illumination in this eKperiment was fifty times that of the 

.. 700 mlf flnsh. . Thus, there does not seem to be a simple quantum .. for-

. quantum interaction between red and gre~n light •. The simplest explana• 

tion consonant with the sarles ;~ mechanism is that nv2 drives both light 

reactions approximately equally, thus lenving very few excess quanta to 

couple ti'ith the flash of hv1• ·An alternative explanation ie that the 

coupling of tha two light reactions represented by this enhancement of 

·.decay rato is, in fact, a-o lne!'fic!ent proeess., 

Second, to.purau!! this latter argument a hit further, the chloro-

' ' 
plaBt proparations dP.scribed in th~ test, showlld good quantum yields for, 

' say, TPNB2 reduction with H20 •. But they showed none of the kinetic effects 

ascri~ed to the prasenca Of tWO c.OOf,H'!!'1J~!ng light reactiOn$, nor did they 

shol-t significant "~mh!9ncement" effects as mc.asured by TPNH2 reduction 

rates ( 30). These observations might te~d uS to conclude that ef'ficicnt 

photosynthosis could woll l:'C"ltU!'tl only .one pl1otoehomical renction. 
·, 

In conclusion, althQugh the c:iorrespond{mce de9cri.bed in this pnpar 

betwaen the'spectroscopie r.esults end the oxygen evolution exporimcnta is 



-ll• 

quite encouragl~1 both as a tool fo~ further study and as evidence that 

the absorb3.nce chanf~es are rather directly relnt$d to the photosynthetic 
. . " ~ : 

processes, it should be remembered that the mo"!eeular basis f'ol', and the 

imp-ortanc.e of', the Ernorson enhance~nent eff'ecta . ~s- 0till unknown. 

'. 

. . 

I • 

... 
: ,· .. 

. . . . . 

. . .. 

i . 

. -... 
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.Appendix T 

Consider an electron transport path~ay vhich transfers electron~ 

· from H20 ·to C02 •.. This t;>athway can include one or moN photochemical . ' 

reQctions as well as ~ number of reversible redOK couples. Assum~ that 

'there a~ no parallel alternative electron paths~ 

Let.ua apply two restrictive conditione, derived from experiment, 

to this syatem. 
··"··· ,· ·~ 

(1) After a sufficient period of illumination • .the system comes to 

steady•state. 

· , (2) At steady-state, ~he flow of electrons into the system (measured 

by 02 evolution).ls equal to the flow of electrons out of the system (C02 

uptake). 

The first cont:li tion requires tho intermediate concentrations to be 

constant, that·;·ia. at steady-state 2i c o, 
. . dt 

whe~ x = any inter~ediate. 

Another way of expraGaing this rastriction is to say that the sum of all 

reaction rates tending to create x will just balance the sum of all reaction 

rates tending to destroy x • 
. 'Tha second condition asserts thnt at steady-state the net electron 

. -
flow·anywhere in the non-branching·system is constltnt. Frorn this condi-

t!on, when the system is at steady-state• we can assert 

:. I: ~production 
',.dt . 

!II I: s. dest:r:-uetion = electron now rl'lte . 
dt 

(F.:qn. 1) . 

Thus, to measure· the rate of electron flow, we need either the steady-

state production rate or the stsady-stato destruction rat.e of the cleetrqn 
' . I 

transport intermediates. Since under ateady-atate conditions th~ro is nd 
,, i 

~·~'l!r~. 

net concentration chanr;c. of any intermediates, our sp0ct:rcmcopic m~thods • 
;''! 

eannot directly measure these rat~s. 
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However, for those intermodiates directly. .tnvolV~!d in 4 photochemical .. 

reaction, th~ cass.ation of illumination will drop tho .P~o~uction rate to 

zero as fa:n: as illu:nin.:l'tion b turned· off.. 'J:'hus, a mc.ssuru of: the 

initial rat~ of the destruction reaction will tell uo the steady-st~te 

electron flow rateG and thus, for these intermediates; the lnit~al rate 

of the dark roaction shoul<l bGI equal to 1:ha steady-state r<!lte of 02 avo­

lution. The samrl analysis holds for any intermediates connected to tho 

primary,quantum c~nversion products by reactions which ara fast with 

respect to tha rato of quant~~ input and to'thQ rata at whieh the light 

is turned off. 

Our maasurement of initial d·&cay rntcs is also justlfi~d for tho.~e 

caoe~ what'll tllu. decay rates ara proportional to the electron· flow rates 

rather than the ·equality de3c::rihod above (Eqn. l).' 

Genu•ally sp.eaking, the assumptions· involved here do :not impose 

severo restrictions on· a photoaynt~atic mec.hanbm. These mechanisms are 

consistent with mest of the proposed mechanisms for photosy~thesis (Refs~ 

20,25;11) and allow.us to draw a direct eorrespond~nce between our spectra-
•' 

scopic rasults and the "rad-dro9" ·and "enhancement" experiments of' 

Emerson. . ~' . 
. ' ..... 

, . 
'· 

. .. 
.· . \ : . 

'. :' .. ,. 
• f 1 

' 
., . 

··. ' '/ 

(. 
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Fig~.tre 1. Block dlag~am of spectrometer. · 

· Figure 2, Dr! V@ circuit for stepj)ing motor. txternal trigger pulses 

are ~quired, ~oe text. 
' .. · .. 

Figure 3A,:S• ···Absorption spectrum and light-dark differenca spectrum 

foX' Chlorolla colls • The absorption spectrum was obtained . 

in a C:1ry 11;M spectrometer .equipped with ·n Model 1462 scat-

tercd transmiasion attachment. The di f.f'il!'GnC<J t~pectru:l\ was 

obtain~~d usinG, Stlturatint; red (G00-720 mu) light oxcupt for 

dotted f.>ortions. \thich requtred s;)oci.al filter co:Winations. 

1. 

Figure ~A,B. Absqrption ripectrut9 and light-dark differencu spectrum . ... 

... 

.for Pcrphyridium cl.~uentum calls •. Conditions as described 

·in legend. f.or Figura 3A,B • 

. ·, 

'··Figure 5. ·_Representative decay kinetics inducod by different' a.ctinle ·. 
wa.vel~ngths. 

•' 

Figure s. Reciprocal times for half decay as. a function of actinic wave-
f. 

, lan~h'e:. 520 mli absorptl¢n change 1n' Chlorolla •. Part of tha 
" . •) ! ' 

··· . , . ·absorption spectrum is · !lhown for .refe~nce. · ~a xi mum value 
·.about 15 sec-1. ,· 

Figure 7. Relat! vc initial decay rates as a function of .actinic wave-
. I .• ' 

. . . . 
lenst]l. 422 miJ absorpti~n c:hango in Pori;hxr!dium. Par-t of 

• ;t 
the absorption ·spectr~~ is ·shown for reference. 

·.··Figure a. "Enhancement experiment". 
! . 

Flash 710 m1:1 . . Background 560 miJ. 

422 m~ band in Porphyridium. 
. ; 

'! 

Fi~;urc 9. ·r:rfeet of lo-5 · M DCMU on 430 miJ absorbance chango in Chlorella.; -
' . 
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·. Figure 10. Absorbance change J~ineties in various broken cell 't-eaction 

mixtures. Preparation of matarials and reaction conditions· 

are doscrihad in Ref. 43. 

. ' 

; . 

. ' 

,.· 
\' 
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.Porphyridium CELLS 
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KINETIC DEPENDENCE ON EXCITATION WAVELENGTH 
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"ACTION".'SPECTRUM FOR DARK REACTION 
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•ACT·ION• SPECTRUM FOR DARK REACT(ON 

422 m~ bon~ in porphyridium cells 
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EFFECT OF BACKGROUND LIGHT ( 550 mJ.I) UPON KINETICS 

0 

.INDUCED BY 71.0 mJ.I LIGHT 
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EFFECT OF DCMU 

CHLORELLA. CELLS 

Absorbonce Chonge at 430 mlJ I 0.0.·.0002 
Curve Actinic Wavelength 

a 660mJJ no DCMU 
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CHLOROPLASTS, DCPIP HILL REACTION MIXTURE 

ABSORBANCE CHANGES 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting bn behalf Df the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any informat~on, appa­
ratus, method, or process disclosed in thi~ report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the ext-ent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






