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KINETIC STUDIES OF THB TWO LIGHT RBACTIOVS IN PHOTOSYNTHESIS

I. D. Kuntz, Jr.t and Maelvin Calvin

Léwrence'Radiaticn Laboratofy, Laboratory of Chemical Blodynamics#®

and Dep&rtment of Chemistnyi.unIQapsity of California, Berkeley, Califorala

' Abstract--The decay kiqgtiés of the.phofo-induced‘absorbancé.

. changes in red and gremﬁ algae aré‘very nensifive fo the wave-
length of the actiﬁic iight. A four to tcnfcld 1ncrease in ‘
half-decay timo iz noted In going from short wavelength (550~
650 mu) to long wavelength (> 700 my) excitatlon. The slow
decay ratas pvoduced by long wavalength light can be enhanced

»with a steady background of short wavelength light. A rela-
tionship between initial decay rates and Oy evolutién rates la
described‘ This felatiﬁnship allows & direct.corresgondence
between ‘these spectroscopic studles and the. ”red-drop" aud

. "enhancement" experiments of Emerson.

W
-

#Natfonal Sclence Foundation Fellow, 198)-84, s
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INTRODUCTION '
The presénce éf more than one photochemical reaction within the
photosynthetic machanism has been postulated since the enhancement
‘experiments of Bmeraon'(la). A variaty of physicai and chemical measure-
menta related to photosynthetic activit& have supported this pleture of
intéracting light=drivan reactiona (21,9,16,26,15,22). In recent years
such expariments péve been carried down to the spectroscopic level. The
photo-induced adbsorbance ch;nges associated with_chlorophyll ¢20), cyéo—
"ehromes (10,33,27), and quinone (1) have revealed that the steady-state
"level of these reactive intermediateavis'elosaly assocfated with the
color of the actinic light belng employed.' In general, alterations in
tha concantrations of reactive specles would be expeeted to-result from
differences in the risevand/or decay kinetics associated ﬁith the photo-
reactlions. The present paper describes experiments designed to study
changés-in the kinctiq patterns associated with varlous wavelengths of
actinic illumingrion. Preliminary results of some of these studies

have been presented earlier (5).

EXPERIMENTAL

Materisls, Chlorella pyrenoidosa was grown in continuous culture

as described in Raf. 2. Chlorella eilipsoidea, Scenadesmus obliquus,

. 28T
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_ and Porphyridium cruentum were grown in cotton-plugged 125 ml flasks.

Chlorella was grown on modifiad Meyers' medium (4), Scenedesmus on

Lynch's medium (3). and Porphyridium on artificial sea water. Cultures

" were hbrmally used resuspended i{n growth medium to an optical densify

of 1.0 - 1,5 in the 680 cﬂlorophyll Sand. Because of the different
‘;growth conditions and growtb rates, no_particulag'cépe was taken to

use cultureé of the agma'agﬁ. Howevar,~thebaXparimenté described below
vere reproduciblc'fium culturs fo culture regardless of age.

| Chloroplasts ware prepafed by standard techuiques (31).. pichloro- |
phenyldimefhyluéeaA(DCﬁU) wag purchased from duPont da Nemours, Wilmington,
Delaware. 2,G-Dichloropheﬁol-indophenol'(DCPIP) was éurdhasea from K & X |
Lébovatofies, Jamaica, ¥, Y. - | |

‘Instrumental, .The spectrometer employed for the light-dark

absorbance changes has been deseribed in detail elsewhere (2&). It employs
a ¢ontinuo§s averaging technique (18) to achieve high sensitivity (1073
optical donaify,units) 23 wall as fast t;me response (10~ seconds). A
‘ block‘diagraﬁ of the spectrometav.is shown in Figure 1. The analyzing

~ beam of the épeéfrometar was produced byléfsbo mm Bausch @nd‘Loﬁb mono-
chromator equipped with a 500 watt tungsten projecficu bulb, We used a
1 om slit (3 mu ban@width); The light 1ntensity‘waa kept as low as
feasible §y controllingltha ;ource voltage. As ahownvin‘the figure,
the analyziug and ;ctinic beams are at right angles, illumiﬁating a
four-sidea-cleaf 1 om quartz cu&ette. One actinic beam was foﬁmed by
& sinilar Baﬁsch and Lomb monbchromator operated.withlans mm alits
giﬁiﬁg a i0~15 mu #ctinig bandwidth."We Qsed a 150 wétt tungsten lamp
as a Qecond actinic sour;e. .Invacma experim&u@s it §éovided ﬁ con=

tinuous "background" light which was focused on tha same face of the

‘
+
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ﬂ‘ggﬁéle'éuvette as the first actinic beam. MNarrow band interference
‘iffilteré (Baird-Atonic) and sultable Corning color 3138309 weré used' to .

ifscleéf the'desireé:wavelenyths. ‘The photomultiplier tube waa protected |
o _complementary’
'j{from tho actinic light with/filters. Typieal filter half-band Width9~

jﬁ;ware 5-10 mis,

I

Relative light 1ntensities were measured with a sllicon cell

}ft(ﬁoffman Typa 120 ca). Maximum ineident intenaities were of tha or&er ;

i

*E of 1016 quanta/sec/cm2

| Tha avaraging teohniqua requires a repetitiva slgnal. This was
' convepieutly providad by modulating the monochremator actlnic 1ight by
- means of a shutter (phosphar bronze) drivan by a commercial stepping -
: motor (Cedar Engineering, Hixueapolis, Hinn., Model SS-llOO). This-

. motor moves in uso steps on’ application of ¥:} suitable trigger pulse..

i !

zransit times are 3 milliseconds.' The ciruuitry was arranged s0 that
"successiva tri?ger pulses drove the motor alternatively clockwisa and
counterclockwise. Thus the shutter flrst blocked the actinic light beam

and then, on a tvib?er, it moved rapidly to an “ooen” position. A second
trigger pulse restored thn shutter to its origlnal’closed position.« Comm

V

,»Jmercial pulsa generators Were used (Modelsflsl and 162, Taktrouix, '

I ‘ o ‘
B@avcrtcn, Or@gon). ‘f”' , . . 1 g " T !

Tha shutter orovides 0.5 - 2 0 millisecond rise or decay times‘
’(depanding on beam geometry and the driving current supplied to the
. motor). Jitter 13 less than 1 milli»econd. The "light on" and "lipht

. off" times can be independently adjuated to have durations from a few

¢

" milliseconds to indeflnltcly long Because~it has a small'number of .. fﬁif

T

movinﬂ parts, the steppinr motor should hava 8 long lifé. Altfhas been .



CL Dacay Kinetics as a Functlon of Excitation Vavelength v

nlt,oj :

'-used for many thousands of oper&tions without noticaable change in per~_

fevmance. The drive. circuit is shown 1n Figure 2, It was constructed ,

filocally. closely following the manufacturer'a euggested circult;

Errors: The reproducibllity of the data in these experiments is

oy

" 1limited by coherant noise, low frequency.noise, and changes i{n the biologi- .

g cél“materiéla In Qraéticé, proper triggering'aad'the use of stable pouep _ 5

R

: Supplies placo ‘the electronic noise level well below the ”biological noise" b

Typical limlts on the day to-day reproducibllity of magnitude and ratae data
are £10%% and *30% respect;vely for samplas of conparable preparation and

treatment, Undoubtedly, varintions in the physiolOgical state of the.‘

‘ organisms are prineipal compononts producing these fluctuAtions and will
‘ultimately requirc specific invos;igation. There 13 the presumption that

’ 'thesé'fluétuatiohé_do not feflect»day-to—day altdr&tions in-the basiec

quéntum converéion'appaﬁatus. This presumption is, of course, open to

exparimental test..

RESULTS . . oL e

Our first exparimants vare designed to measure ‘the rise and dﬂcay
times of *he major ahsoroance change banda as. a function of the wave-

lenzth of the actinic light. Figures 34,3 and uA,B show typical absorption

: spcctra and 1ight-dark difference’ spectra for Chlorella and Porphyridium o

' cruantum.ﬁ Ho background illgmination (except for that provided by the
" weak analyzlng beam) was used. Actinic flashes #ere'brLth enough to. .

| saturate the abaorption chnnges at each actinic wavalength up to: 710 ke,

£,
!9"
.

+

We found that, 1n general, the rise kineties were inaensitivc to exciting

t
+

D

IS

%“See also References 33, 7, 19, 10. -
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ﬁévelength.* On the other hand, the décay kinetics of the absorbance
:changes showad a'prbnoﬁnced and uniform dependence on the éolor of the
actinic beam, quite spart from any effects of intensity. Excitation ‘
| with light of wavelehgths longer than 700 mu, which we will henceforth

call "hv;% produces much slower decay kinetles than does short wavelength

actinic.lighf, "hvy" (550-630 mu fpr Perphyridium; 600-680 myu for

" Chlorella and Scenedesmus). Some typlcal examples of these kinetic

offocts are shown in Flgure's. "Action spectra” which plot reciprocal

 half life or initial decay rate as a functlon of exciting wavelength are

.-glven in Figures 6 and 7. 1In the case of Porphyridium (Fig. 7) the
. action spectrum indicates that light absorbed by the chlorophyll & and
that ab orbed by the phycobilins participate to different degrees in the;
reaction studied, an observation well-documented by other types of experi-
,.mants (12), - Table I summarizes the time for half décay for the absorbance
| cﬁaugas we have studied to date. We conclude that the inltial decay rates
_of the>abaorbance oﬁanges are a strong fuqctlon of exelting vavelengthx
the rates fall sharply in the iéglon-of 700 mu,
SIT. Effect. of Background Illumination on De;aylxinetics-

'IAVQiew of fhe relatively slow decay rateg, produced. by hvi, an
obvioua experimsnt is the effact of a background of hvy on the kinetics
produced by a flash of hvl.' This experiment is a logical analog to the
Emerson “Enhancemant" experimenta (13) we find; as Emerson did with 02
--evolution, that. the slow decays associated with hv1;excitat10ﬁ are
" gpeeded up in the pr@sence of a continuous background lllumination of hvg,

The most pronouncad effoct was sesn with tha cytochromn bands in Porohz~ -QQ

pidium (Fig. 8). Our preliminary axpeniments auggast that the time for W

#The few exceptions to this atatement WIll be discuaaed ina separato
publication (23). : :
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Tzble 1

Debay Kinetics as a Function of Actinic Wavelength

. . ) Dotecting  Assignment of . Time for half decay (sec) . =
Wavalength  Absorbance ’
Organiam (ou) ~Change® hvy excitation hvy excitation
- . . . LY
Porphyridium 30 Reduced PN - .2 (.3-~-.,7)
N o ' 405 . Oxidized | .
: . L - CytOChromQ (f?) ,015 28
422~ Reduced ' ' .
. cytochrome (£?) .01 16
Chlorella elp. %03 . Depends on execitation : .
B o © wavelength®™.: sovrd (,05)0% («28)%%
‘425 Chlorophyll, cyto-
: chroma (?) ' : B
(8&8 Ref, 33) X o «02 T W21
430 " Chlorophyll - 02 .21
820 ? (see Ref, 22) .07 .28
Chlorslla pyr. 340 Reduced PN , | 07 T .30
T 425 - Chlorophyll, cyto=-
i chrone (?) o
(see Ref, 33)  #07 +36
432 Chlorophyll .09 o284
475 Quinone complex (32); :
S carctenoid (8) . : .08 25
chlorophyll b (??) :
520 " : N .28
560 ) .Cytochrome (?)
850 Chlovopbyll b 5??) , »
(cee Refs, 20,%2) .08 : .16
o ' Scenedesmus - 520 Quinone -complex (32)3 o '
r . ‘ - - .carotenold (§) .08 .18

¥Thie 1lst reflects the current literature Dut 15 not intended to provide . ;.
"definfitive" assignments. Aside from the specific works cited, the =
reader is referred to Refs, (2),(20) for general discusaions.

%%The signal polarity iz a function of excitation wavelength (3ee Refs, 23,
33). Hence .these time constants may rafleot different compounds and hence
may not ba diractly comparable, ,
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half decay for the uas and 422 me bands 1g inversely proportional to the

aackground intensity. A similar but smaller effect was measured for the

} 520 =mu band in Chlorella and acaredesmus. Fork has recently reported

l

qualitatively similar results for the 590 ny absorbance change in Chlorella

" and in Ulva (8); Rumuarg has also reportad systems in which decay rates

\were enhanced by using a second flash of light in place of a coﬁtinuous

background (29).

: GENQRAL REMARKS

Effacts of DCMU,. . Excitation with either hvy o kva in the presence

- of 10“5 M DCHU, yields similar kinetics aﬂd signal magnitudes to those

produced by hvl in the unpoiscn@d systam (Fi 9).

::CthPODlBSt and Quantasome Preparations. Spinach chloroplasts and
-

quantasomes (28) were studied under a variety of reaction conditions,

These included untreated fresh chloroplasts and leaf homogﬂnaté,'chloro~

plasts in dill reaction nixtures (ferricyanxde or DCPIPY and triphospho-

pyridina nucleotide (TPN) reduction systems, using eithsr-aéo or DCPIP-

ascorbate as electron donor (31). MNone of the broken leaf fractions showed

rise or dacay kinetics that were influenced by the color of the actinie

‘ 1ight (Fig. 10),fa1though scctions of the .whole leaves from which they

were mada ahowed the genoral behav‘or repovted for graen algae,

Intensity Dependenca.' A detailed atudy of the lzght intensitv do~

pandauaa of the absorbanca change kinetica is in preparation. The results
these

of interest hare aret (1) rice and decay kinetics in/green and red algae

ahow soma intensity dependence, the initial riss ratas are directly -

ralated to intansity (not necessavily linearlj); (2) tha effects daacribeé

i in this papar are most pronouncud at high actinic 1ntenalties~ (3) taken

as a whole, these intensity effeots are net aufficient to axplain the

3
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. results ascribed to actinic wavelength,

' DISCUSSION -

It is'intefeéfing té note thét; regardless of the detailed mechanism
involved, much of tha data presented in this paper can be convaniently
summarized in terma §f the Emerson "red-drop“ and "enhancemént“Aaxééri-
ments on 05 evolution (19,13). To make this comparison, we need only

assume that the rate of Oy evolution i{s directly related to the steady-

state rate of elegtron flow through a series of reveraidle raedox reactions.

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

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

_assumptions required to relate rates of 02 evolution to the rwactlou rates

.- explain the alterations in'thé}steéay#state'concantrations of photo=

of electrOﬁ transpovg 1ntanmudxates is given in the appendix. These assump-

tions are not particularly restvictive, and would be consistent with most

propoaed mechanisms for photosynthasis.

Thus, we intorprat the drop in initial decay rates observed at long
axcitation wavalengths (Figs. S, By 7, Table I) as reflecting the same
phenomenon that Emerson obsarved when he found that the rate of 0; evolu~
tfon in farofed light was much slower than in iight of éhorfer.uavelenyth.
Furthermoro, we feel tha incraase in the "farurad" initial decay rates
when a short wavelength background light is added (Fig. 8) is closaly
related to the "enhaneoment" of 02 evolution rates in similar experimants.
Finally, the alow decay ratea observad for DCMU-traated algaa (Fig. 9) are
consistent with the marked inhibition of 04 evolution in thess cages.

We feel that the changes in decay rates involved ara large enough: to

active intermediatas'mgntipnéd in the introduction (29,10;33,27,1,21).
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Tﬁis ia particulévly true of Porphyridium where the “enhancement" in

"decay ratés één bé quite striking.
o . The corraspondenge with the EmarééﬁQ{QXperimenta lends $ﬁ§p§rt to
twe of our m;jor coneclusions: | | |

(1) Two br more light=-driven reactfions hava-been demcnstratediat,
Jthe spectroacopic lével in terms of kinetic behavior of the optical
' dénsity changes sbsorbance.

(2) These 1igb reactiona can Interact with one. another,

. Qur atuuy can also poin* to.the mode of the interaction between the‘

two light reactions:

fS) Genefallrvspeaking,'the pbbducts‘of the light reaction interact
~ with each other at the level of "dark® rac&véry réacticns; ‘This follows
from our primaiy Qbéetvation that the major differedce between "hyy" aﬁd
"hvy" excitation is a difference in decay rares rather than rise rates.
An eveﬁ.moré direct demonstration of the‘tfpe of interaction arises from
" the "two~ligﬁt" éx;erimenta where thére was a'speed~up in the decay
;_reacfions produced by hvy when'hvé uéé added as,background light.

| (%) The whole cell environment geems to be required for the efficient

interaction'of tha two-light systems because chloraplast preparmtions which
: wérc phyaioiogically active for TPNHZ formatlop or Killvreactiona did not
" show any 6f‘the whol@ éali effects daacéibéﬁ:abOQe.
The conclusions reached here concerning the phetosy;thetic mechanism -
‘{ have, for the most part, been reached 1ndapendently by cther workers . using

Tfmany-diffcrcntvtechniquess Observatxons of these types are most frequentlyf

- used to support the broad outlines of tha Hill~Bendall machanzum (17)

;

" #Rumberg (29) has reportad a epecially tr%atad‘chlcroplast éystom‘which
doen show opactroscopic Intersctions of two light reactions. The ramsons
for the diffarence between"his system and ours are not glear.
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"which postulatesvtwo lightireactions cooperating In geries with eaqh'
other. Rather than devéloping,this poiﬁt of vlowlfﬁrther, We will 61scuss;
briefly two aspects of this work which require scme effort to fit lato

;tge Hili—Bendallvpictura. | | o

| First, in connection with tbe enhancement experiment shown in Fig. 8,

- 1t should be pointed4out ”410)%'? that tha fastest decay tim& observed

" in the double irvadiation expnrimant (40 nilliaaconds) i= conaiderably

longer ihan the 10-~20 millisacond dacay produced by 560 my excitation
alo&%ﬁ Furthermore, the absorbed intensity of 560 myp light used as
background illumination in thls experiment was fifty times‘tﬁat of the

“ . 700 myu flash. - Thus, there does not seem to be a simple quantum~fore

- quantum interaction between red énd'green light. .The simplest explana-

tion consonant with the series ¢ mechanisn is that hvy drives both light
reactions’approximatalyvequally, thué leaving very faﬁ excess quanta to
couple with the flash of hvi.w-An alternative explavation is that the

‘ couplinﬁ'éf fha two light'reactiéns represented by this enhancement of

- decay rate 13, in fact, an 1ne9ficient process.,

Second to pursue this latter argument a bit furthpr, the‘chloro-
 .p1aat prcparationa dnscrtbed in the test showed good quxntum vields for,
say, TPNH, reduction with H20. . But they sbowpd none of the kinetic effects
: ascrlbed to th@ pr@seno& of two cocoerating light roactions, nor 4id they

; ghow sipni“icant "enhance ent’ sffects as measured by TPNH2 reduction

_rates (30).' These observations mlgﬁt lead us to concludc that efficient

photos ynthesls could well requi“e .only one photochcmical raaction.,

¢ IR

e et

~ In concluszon, although the correspondence deseribed in this paper %-

>

kS,

betwaen the spectroscopie results and the oxygen avolution experiments is 4



, «1l=
' 'Quite encouraging both as & tool for further study and as evidence tha?z
the absorbsnce c'han.ges are yatheyr dimctly mlﬁted to the bhotqsfnthq;:i_c
'.procosses, it‘ehould be remembered that the molecular basis for, and t};e

importance of, the Emarsen enhancement affects .is still unknown.
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Appendix "

Cﬁnsidér an e¢lectron transport'patﬁ;ay which tranéfeﬁs electrons
“from 820 tofC02., This pathwéy'can include'ohe or -moray photochgmécal ‘
'v’reactions aa‘well as a number of reversible redox couples. Assume that
;fthere are novparallel alternative electbon'paths;

Let us apply. two restrictive conditione, deriVed from experlment.
to th 8. syatem.f | t

) (l) After a sufficxent period of illumination, the system comes to

f ateady~statm. . | .

- (2) At steadyustate, the flow of slsctrons into the systom (m;ésurad H

- by 02 evolution) ia equal to the flow of electrons out of the system (c02

uptake). ‘ ‘

The first éondition requires the inxermbdiafefconcentrations to be

A . o . HEC Y

‘constant, thatris, at steady-state %%_e 0, where k_ﬂ any intermediate.
Anofhér wéy'of'expfesaing this‘rastriction is to say that the sum of all
reaction rates tending to crc&te X wi t balance- the sun of all reaction
rates tending to dastroy X

The aécond'conditicn asserts that .at étéady-state the net electron
flow anywhare in the non-branchinv system is constant. From this condi-
tion, when tha systen is at steady-state, vwe can aesevt

L EE,production = I g%.cestruction = electron flow rate. (Eqn. 1)

!

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

-vstate production rate or the btsady-atata destructxon rate of the electvon

transport intermediates, Since under ateady~state ccnditions there is na»f
T

net concéntration changa 0f any intermedlates, our spectroscopic methods fﬁ

cannot directly measuve these rates.
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Howeveyr, for those intermediates éirectl} invo;vad';n_& ?hotpchemiCAI;:
reaction, the gessgtion.of illumination will drop the_prongt}un rate to
zerc as fast as‘illumination is turned off. Thus, a mgssura‘of the
initial rate of the dastnu&fion reaction wiil'tell us the steady~-state
electron flow rates and thus, for these intermediates, the initial rate'

of the dark reaction should be equal to the steady-state rate of 9, ovo~

lution. The same analysis holds for any intermediates connected to the .

primary=quéntum conversion products by reactiona which are fast with

respect to the rate of quantum input and to the rats at which the lizht

' i3 turned off.

SOur Qaasurehenf of initial dzcay rates {s alse justifiad for thoge
cages whare the d;cay rates ars proportional to the eléctrod'flow rates
rather than the nqualxty deacribod abova (an. 1).

Generally speaking, the assumpticns ;nvolved here do not imvoan
severe restrictions on a photosyathetic mechaniam, These necnaniqms are

consistent with most of the proposed mechanisms fcr photosynthnsis (Refs.

20 25,11) and allow us to draw a direct correspondence between our spectro»

scopic results and the "rad-droo" and "enhancemant“ experiments of

Emcrson. L . L
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'This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of 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 information, appa-
ratus, method, or process disclosed in this 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 extent 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.
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