
UCRL-16104 

University of California 

Ernest 0. 
Radiation 

lawrence 
laboratory 

THE HILL REACTION OF CHLOROPLASTS--ACTION SPECTRA 
AND QUANTUM REQUIREMENTS 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
Tech. Info. Division, Ext. 5545 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
Califomia. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



~ "· :1· .. 
_,., '.5 ..... ~ : 

·~! 

·~l-"··· , .o:::r 

' .u."' ·, 
' 4 

Submitted to Biochemistry 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

.AEC Contract No. W -7405-eng-48 

UCRL-16104 

THE HILL REACTION OF CHLOROPLASTS- -ACTION SPECTRA 
AND OUANT.UM REQUIREMENTS 

Kenneth Sauer and Roderic B. Park 

May 1965 

'!"·-·' 



0 

... 

·.'·' 
.'< 

.. 

.,, '' 

:~ 

. ' . . * 
THE HILL REACTION OF CHLOROPLASTS-ACTION SPECTRA AND QUA.NTU!'1 . REQUIREMENTS 

Kenneth Sauer and.Roderic B. Park 

Depru;-tments of Chemistry .and B9tany, and Lawrence Radiation Laboratory, 

University of California, Berkeley, California 

Chloroplasts isolated from spinach carry out the photosyn

thetic Hiil reactio~ yielding molecular oxygen ydth quantum 

· requirements as , low as 2 quanta per electron transferred to 

2,6-dichlorophenolindophenol or 3 quanta p~r electron trans

ferred to ferricyanide. . Factors which ·favor. an efficient 

reaction with lovt quantum requirements are (1) low incident 
' ' ' 

· lii?;ht intensity; ( 2) the presence of . adenosine diphosphate, mag

nesium ion and phosphate; (3) addition of a phosphorylation un-... .. . . . ' . 

coupler, such as methylamine; (4) optimal initial ferricyanide 
. . ' 4 ' ' 

concentration ·(~3 .x 10- moles/liter); (5) ·excitation wavelengths · 
. . I . ·. . 

between 640 and 660 miJ; and ( 6) · the use of you.-.g ( 4-6 week oid) ·. 

· spinach leaves grown under vlinter day length and temperature 

conditions. '' 

· .The quantum requirerr;(;;nt as a function of wavelength for bot~ 

Hill oxidants is reasonaoly independent of wavel~ngth from 635 to. 

· 660 mJJ, but shows .a. marked increase ( 19-fold) sta..-rting at wave._ 

· · · ·: len~hs greater than 690 :niJ. The ·action spectrum. of' th6 dill 

reaction is ch_aract~ristic of pi@llent system 'II, including chioro- · 

phyll E_ and at· least part of chlorophyll §:.• No significant enhance-

ment was observed for DCPIP1 photoreducti~n whem 650 l'Ylll .. light was ·· 

combined with 688 mlJ light. 

* ' . ' 
'The work described in this paper was sponso~d in part by the. u. ~.;. Ator:-iic· 
Energy Conmtssion. · .. : 

'' ' 

.J. Aobrev1at1ons : OCPIP • 2 , 6-<iiohlorophenoJJ.neio!)hanoJ.; · OCMU, 3-( 3, 4-d.ichlorophenv l) 
-1,1-dimethyl\lrea~ · 
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The results are shoi<m to be in accord with a two-pigment 

system mechanism of photosynthesis in which there is no trans--.. 
( . . . . .. .· 

fer of electronic excitation energy from one pigment system·to 

· · the other. Evidence ·is presented that chemical intermediates 

on the pathway -to oxygen evolution may have _lifetimes of many 

seconds. 

. ; ~· ... 

Chloroplasts isolated from higher plants are. capable of carryirJ.g but the 

. photochemical evolution of oxygen from water using a variety of oxidizing·.· · 

agents such as ferricyanide, quiriones, dyes such as 2, 6~dichlorophenolin'do- .. 
. . . 

phenol and, under appropriate circumstances, nicotinamide adenine diriucleotide 

phosphate (Hill, ·1937; l93~; Holt and French,. 1948; Amon. et al., 19S7). This . 

... reaction; known as the. Hlll .reaction, is of interest because it produces a 
;._,· 

substantial conversion of light energy into chemical potential and because its . 

mechanism is belieyed ,to .be related to at least part of the energy conversion 

pathway C?f photosynthe~is. 
. . : ~ . 

The Hill rea~tion has been studied under a variety of experimental con- · · 

ditions. It can be coupled to the photophosphorylation of adenosine diphosphate 

. to adenosine triphosphate . (.o.:inon et al. , .195.8; Avron .. and .. ~?:gendorf; ·1959) , and 

the rate of the ferricyanide _Hill reaction· leading .to oxygen evolution is knoi<m 

.._ . 

.. _to be- enhanced in the presence of the phospho'rylation. cofactors and/or substances· · 
! . 

which are potent·uncouplers of phosphorylation~(Arnon et al., 1958; Krommann . . . . . 

et al. , ·1959 ;_ Go~d, 196o) • · . Tne wave iength dependence of the.· Hill reaction 

. ' , .. 

'· 
' 

.. , 
<: 

'· .. 
;_ 
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I 
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corresponds very closely to the absorption spectrum ot; photosynthesis (Chen, 1952) , ... i: 
. I 

except at wavelengths longer than 680 fill. where the ·quantum requirerrent shows a -~ . , ... . 
pronounced increase·· (Biggins and Sauer, 1964) • The quantum requirement for ·the 

ferricyanide Hill reaction· at 675 fill decreases sharply with .decreasirig light .. . . . 

intensity and extrapolates at zero light ·intensity· to a v:alue of 2 quanta per · 
./ .. 

electron transferred to the oxidant (Lumry et ·ai. ,. i957)·. · 
. . : 
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In this study the absolute. quantum requirerrent for the Hill reaction has 

been studied as a function of several interacting parameters: light intensity, . 

wavelength of excitation, the presence of phosphorylation cofactors and of a . 

\ phosphorylation uncoupler, and the growth conditions of the plants ~m \'lhich 

... 

chloroplasts are obtained. The intensity· dependence of the quantum requirement· 
. . . 

of the Hill reaction is found to be virtually removed by the addition of either 

ADP, ·Mg++ and phosphate or .the phosphorylation :mcoupler rrethyl amine. QUantum 

requirements extrapolated to zero light intensities, however, are independent of . ' ' -

whether the phosphorylation cofactors or methyl amine are present, re~ess of 

the wavelength or· the exciting light. These zero-intensity quantuin requirements 
' ' 

are very close to 2.0 quanta per ele·ctron transferred to DCPIP (3.0 quanta per 

electron for ferricyanide) from 6 35 to 660 m1-1. The quantum requirements. increase 

at wavelengths longer than 690 m),.l to greater than 20 quanta per electron at 730 mp. 
' 

. The action spectrum for the Hill reaction is characteristic of a pignent system 

containing chlorophyll £ and part of the chlorophyll ~· The .results are consis

tent with a two-pigment system mechanism of photosynthesis in ~ch· there is no 

interaction .between the piegrent systems at the level of, electronic excitation. ~-·. 

Evidence is presented· that intermedi~tes 9n .the pathway: to. oxygen evolution rra:y .. 

have 'lifetimes of 'many seconds·. 
. '. 

EXPERIMENTAL PROCEDURES. 

Preparation of Chloroplasts.~- Chloroplasts prepared from spinach obtain~ 
•. ' I • , • 

frpm several sourc~s :.were compared. For most 'or the 'work report~d here, ~eaves' . . 
·of Sninacia oleracea, var·. Blo~msdale, were o~tained from plants grown from seed 

in a gr~Ath chamber. Plants were grown in soil under a 10 hour ph?to-period With 

80°F. day temperature and 55°F. night temperature. Plants were harvested bet\-reen 

4 and 8 weeks following germination. Typically, 10 ~ of leaves were homogenized 
. . . 

f~r 20 seconds in 50 ml of 0.5 r:tsucro~.e, -0.1 !;i(K)P04 ~ ?H 7._4 bUffer in a micro 

\ . 

:I 

: i 
;·I 

:: 

\ .. 

:· 
.. 
,, 
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Waring blendor attachment. 'llie resultant homogenate was· strained .through. s·layers 
~ I 

I 

of cheesecloth, and centrifuged according to Park and Pon (1961) to isolat~ once-

• ·washed chloroplasts. Tnese, chloro:nlasts were suspended 1n 3 to 5 ml of o·.,:5 M sucros~~ 
. . . I - . 

O.o5M(K)P04 1 ·pH ·7:·4 ·arid stored ·at 0°C. until used. In sore cases corrirrercial spinach, 

fully gro'Nl'l, was used for the. sample. material. These instances are noted in the 
•) 

.text. 

Reagents.- Stock solutions of ferricyanide, ferrocyanide and DCPIP (K&K . 

Laboratories, Jamaica, New York) were always prepared freshly on the day of the .. · 

·experiment. The stock. DCPIP solution was prepared in 0.05 M(K)ro4· buffer at 

· · · pH 7. 45, arid the concentration was confirmed by absorbance rreasurerrents after · .... ·· 

the undissolved dye had been removed by centrl•fu.::,oa.tion. · ?be extinction coeffi

cients ~f ·Armstrong (1964) were used. ADP was obtained from the Pabst Brewing 

Co., MilNaukee, Wisconsin, and DCIYIU from duPont de Nemours & Co.,, Wilmington, · 

Delaware. ~thy~ amine hydrochloride was dissoi~~d in distilled water and ti..o 

trated to pH 7.4 wit~ dilute NaOH. 

Reaction Mixtures.- For the ferricyanide Hill reaction, .the standarq reaction 

mixture' contained· the following. in lJill.Oles/mi:. potassium . phosphate, pH 7. 45, · 35; 

sucrose,· 350; pota.Ssium fe~icyanide, . 0. 26; potassium ferrocyanide, 0. 26; methyl 
. ' 

amine hydrochloride or sodiuni. .chloride, 10.0. For the indophenol Hill :reaction,· 

· the standard reaction mixture was the , s~, except that 0. 03 lJ!llOles/ml. of DC PIP 

was used in place of the ferricyanide and ferrocyanide. A'>Sl.lff~cientc;amount .of the 
. . .. - : ·• 

chloroplast preparation was added in the dark a.t: the start of each measurement to 

give an absorbance ~f chloroph;yll at 678 m~ of O. 3 toO. 7 (1 em path). Each. e;ic~ 

perirrent · Nas perforrred usipg 2 m1 of reaction· mixture whlch was di vlded betNeen. . . .. 

the sample cuvette.and the reference cuvette ~the spectrophotometer. 

of these conditions are noted in the .text. · 

Variations , · . l 
y.' 

Apparatus·~- Experiments were carried out using a: Cary model 14 Spectropho

torreter modified· so that the absorbance of t.he Hill:· oxidant could be monitored 

. ,,: 

. \' ". 

.. ~ .. 
. ' 

'il · . 
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" continuously v;hile the . sample was being irradiated from the side vii th longer 

·t.,ravelength light. Tn~· basic techniques have been described. elset'lhere (S~uer and 

I 

"' 

... 

Bir;gins, 1965). . Ferri cyanide concentration was monitored at 420. mlJ. ( E: 420· .;; 1000 . 

· · 1-mole-l-cm-1) using a br~ad-band interference filter in front of .the photomul- . 

tiplier, and DCPIP concentration was monitored at 580 mlJ. (e:
580 

== 19,800.1-mole-1-
1 . 

em- at pH 7.4) using a Corning 4-96 filter. 

As in the previous study, the cuvettes used had four clear sides and a 

rectangular internal cross-section 3 rmn x 10 inm. The measuring beams passed 

. through the 10 mm path length and the actinic light incident at right angles on 

the sample cuvette traversed a_ 3 mrn light path in the reaction mixture. Light 

intensity rreasurenents were made using a calib:l>ated silicon solar cell (Hoffman, 

TYPe 120 CG) placed at the site of the cuvette, and corrections-for ~flection 

losses were applied. · The inner filter effect was taken into acco1)11t in calcu-
I 

lating quantum re9-uirements for the DCPIP Hill reaction (Biggins and Sauer, 1964). 

RESULTS 
. . . 

Lig,ht Intensity, !\'!ethyl Ani.ine and· Phosphorylation Cofactors.- The. ··ferri-
. . \ 

cyariide Hill reaction shows a linear increase in quantum require merit I'd th in-

creasing incident light intensity, as was. first shown by Lumry, Weyrynen and : . ' . . ' 

Spikes (1957). The dependence is very similar to that observed for NADP reduction,· 

reported previously (Sauer and Biggins, 1965) • · The presence of rr:ethyl ainine, ·a . ' . ' . 

phosphorylation uncoupler, at ~oncentrations of 10-3 moles/1 ~r of ADP, Mg++ 

and Pi or both together serves largely to. remove the intensity·dependence. As· 

seen iri .Fig. l, the ~resehce of methyl amine. (or of phosphorylation cofact.ors,' not 

shown) has no effect ·on the quantum reqUirement extrapolated to zero light inten-

sity. In other words, light saturation in th~ Hill reaction.occurs at much higher 
• • • 0 • 

1iltensities when phosphorylation either oc.curs rapidly or is uncoupled. 

Fig. 2 shows that a similar effect of methyl amine occurs for the indophenol 

Hill rea.otion.. In. the absenoe of the unooupler • the intensity dependenoe of the 
, .. 

. . 

. 
t 

. I 
! 
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quantum requirement is less pronou.YJ.ced · than is the case for the ferricyanide Hill 

reaction. This may be a reflection of the fact that oxidized indophenol itself 

is a strong phosphorylation uncoupler (Gromet-ElhaDan and Avron, 1963; 1964; 

Shen · et- al. , 196 3) • The addition of DC!'v1U, ·a substance knm-:n to inhibit electron . 
' ' ' 

transport leading to oxygen evoluti~n, vJas 'found to increase the quantum .require-

ment for ferricyanide reduction over 100-fold at .678 m~ at a DCMU concentration 

of l.9'x lo-5 m~les-liter-:-1 , both in the presence and absen,ce of methyl amine~ 

Comparison. of measurements made using a nurrber of qhloroplast samples prepared 

by identical procedures.either from growth chamber spinach or from mature spinach 

obtci.:tned col11l'J)2rcially showed the latter: to berwch less reproducible than the' 

former. Preparations from commercial spinach :t:requently e.xhibi ted qu,antuin 

requirements three or four times as great as the low values observed uniformly 

for grovrth chamber sp:l?ach. Tnere appeared to be no consistent correlations Nith 
I , 

season, condition of the leaves, etc.' The effects of light intensity and phos-;-

phorylation uncouplers. were always observed with the commercial spinach as \'lell 

as with the growth chamber:- .spinach, however. 

Initial Concentrations of Ferricyanide aDd Ferrocyanide.-- In view of the 
' . - . 

observation by Lumry and Spikes (1957) that the rate of the ferricyanide·H~ll 

reaction_ is dependent on the initial concentration of ferricy~de, v1e examined 

this reaction parameter in the presence of the phosphorylation w1coupler, methyl 

amine. Our observations were, in brief,_ that an optimum ferricyanide concentration · 

for this system occurs around 2.6 X 10-
4 

moles-liter of .. ferricyanide. ·At half 

this initial concentration rates were·about 15% less, and at:2-l/2 or 5 times 

greater concentration they were about 30% less. 

Brewer and Jagendorf (1965) have observed a preseryative effect resulting . 

from the use of equimolar ferrocyanide/ferricyanide in the initial reaction mix~. 

ture. We did not observe .. any noticeable improv~ment in quantum requirement 

resulting-from-the addition of ferrocyanide initially; however,. there did seem 
.' ' 

to be much less scatter in the results when· ferrocyanide_y;a,s present._ For this 

'·. '. 

I .... ' 
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reason we included it in the reaction mixture for all the ferricyanide Hill 

reaction studies. 

The rates of .the ferricyanide Hill re.action were generally rreasured during · 

the first 60% of conversion of the available oxidant. In a test experiment at a 

·single light intensity, the rate of the . reaction Has found to be nearly constant 

to over 90% conversion. For both the Hill oxidants studied, a slow back reaction 

·was observed in the dark following illumination. This bacl{ reaction vras generally 

greater after a large fractional conversion of the available oxidant. Experiments 

were designed so that the back reaction v1as always sig}1ificantly less· in magnitude · 

than the photoreduction, and appropriate corrections to the fo~~ard rate were. made.· 

. The extent of the back reaction· varied_ in an incoherent. fashion from one chloro

plast preparation to another, and often for successive experiments with a single . . . . 

preparation. Frequently no back reaction at all was observed. 

Action Spectra.:_ As irl the previous study. (Sauer and Biggins, 1965), quantum 
' ' . 

requirements measured over a 10-fold range of incident monochromatic lig~t inten-

sity (the overall range of intensities used was 0. 04 to 3. 5 nanoeL'1steins-c~2 ~sec -l) 

were extrapolated to zero light intensity. These zero-intensity values are plotted 

against wavelength of the exciting light in Fig. 3 for ferricyanide and for indo,... 

phenol as the Hili oxidant, using the same chloroplast preparations in each case •. 

·Results from three different chloroplast preparations are shoV~n; in each case ' 

methyl amine was present in the reaction riti.xture. With DCPIP as the Hill oxidant, . 

a 'quantum. requirement of 2. 0 ·quanta per electron transferred to. ·DCPIP was ob-

served repeatedly in the wavelength region 640 to 660 m~. This requirement in-. . . . 

creased to 3. 0 near 680 m~ 'and then increased sharply at '~ave lengths longer than 

690 m~. The same general behavior was observed for the quantum requirement of 

ferricyanide reduction by spinach chloroplasts; hovrever, the quar1tum requirements 

were uniformly 20 to 40% greater than for DCPIP reduction. Monochromator wave

length bandwidths of 7 m\J were used for most of the re.sults reported in Fig. ·3. 

.) 
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In one experi.rr..ent, _the effect of bandv..ridth was studied at 690 m)J. This is- at; .the 

steepest point of the absorption spectrum, Nhere the consequences of a broad 

bandwidth would be expected to.be most pronounced. The measured quaYltum require..::· 

ments differed by only 10% When a 10 ffi!J bandwidth VlaS compared With one . Of 17.5- m\.1 • .-.! · 

'IVm-'ltlavelength Studies.- Experim=nts were carried out to determine lvhether 

the DCPIP Hill reaction of chloroplasts exhibits two-wavelength en.}).ancement effects

of the type described by Emerson et. al. _ (1957). _ Prelim:L"larY studies were carri_ed 

out using 650 m\.1 and 688 ffilJ. waveleni;ths as 1.
2 

and '-p respectively. The t1.-..ro 

bea~ were combined using a half-silvered mirror and were incident on the reaction 

mixture from the sa.rre direction. 'lne experiment l-vas conducted by presenting first 

one wavelength to the sample, . then adding the second_ and then removing the first. 

In other experiments the order. was. :reversed. If the three rates· me2..sured are 

designated R1, R12 and R2 ~- where the subscripts refer to the wavelengt0s as 

_indicated above, · then a sensitive measure of enhan_cement is given by the · ratio 

OUr observations averaged to 1.03 + 0.08 for this ratio for a series 
• - ! 

of nine experirrents. There was no ~ignificcint effect resUlting from a three-fold

variation of the intensity -of either wavelength of light. The intensities chosen 

were such that the ratio R2/H1 
varied from 0. 05 to L L Our pre linunary con

cl~sion is that, within the experimental uncertainties, there is no F~rson 

enhancement for the reduction of DCPIP_by spinach chloroplasts. 
·: . ,., 

Very Lov-r Lir-;._'1-)t Intensities.- In _several experiments the quantum requirerrent 

· for the indophenol Hill reaction remained constant even when the incident lig.}).t 

intensity v.ras reduced to less than 0.1 nanoe~stein~cm-2-sec-1 • Results of one 

such experirnent at 650 m\.1 are sho1,n:·in Fig. 4. _ At the -lowest intensity studied; 

0.040 nanoeinstein-cm-2-sec~1 , a ~uantum require~nt of 1.94 quanta per electron 

"tras obtained. The reacticm rate \·las compared with dark rates il'!ll'1'ediately before 

and after the measure~ent of the rate· in the· light~. The conditions of the experi-
,. ·, 

rnent were such that. 3L 6% of the incident light was absorbed 'in the 3 mm illumi-

I -,. 

li 
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nation pathway: 8.0% by the chloroplasts and 23.6% by the indophenol. This 

corresponds to an absorption of 0.0106 nanoeinstein/sec by the chloroplasts per 

ml of the suspension. The absorbance of the chloroplast suspension alone Has 0.361 

at 678 mJJ for a l em pathlength. 'vle have previously' observed. that when chloro

plasts are·extracted with 80% acetone-20% water the absorbance of the extract at 

662 ·mJJ is· identical (~ 1%) to that,_ of the. chloroplasts at 678 mJJ. Using the 

extinction coefficients of McKinney (191+1) and assuming a chloropr.yll ychloro-
. . 

phyll b ratio of 1601:!.70 (Park a."'ld Biggins, 1964), we cq.lculate a chlorophyll a 

concentration of 4. 7 x lo:-9 moles/ml and a chlorophyll b concentration of 

2.05 x 10-9 moles/ml in the chioroplast suspension desc~ibed above. Therefore, 

at the lowest incident intensity studied, eac~.chlorophyll (a or b) molecule ab

sorbed a lip-)lt quantum on the average of once every 630 sec. If one assUJn2s. that 

the chlorophyll molecules in a photosynthetic unit operate in concert and further, . 

that there are 230 chlorophyll (a and b) molecules in. such a unit (Park and Bi&:,'"'ins, 
- . - - . 

1964), then each photosynthetic unit absorted: aquantum on· the average every 2. 7 sec. 

Since. a minimum of four electrons are required from water for each oxygen molecule 

produced, and since the measured quantum requ.i.rement pe~ electron .transferred w~s 

about 2, indicating that only half the absorbed quanta lead to photochemical events, ' 

~his. rrearis that about . 22 sec would be required to produce an oxygen molecule.·. at 

each photosynthetic unit without measurable· loss in efficiency •. The presence of 

very long-livedinterrnediates is suggestedby these calculations, unless the ."photo

synthetic units" in turn act cooperatively, or the unit is much larger than that 

. above. 

DISCUSSION 

~be occurrence of a linear dependence of the quantum requirement for a photo

chemical reaction on incident light intensity is indicative of a rate-liini ting . 

dark reaction (Lumry and Rieske, 1959; Sauer and Biggins, 1965). At high light 

intensities an increasing fraction of absorbed quanta are quenched and do not lead 

.( 
. ~ 

t 

' 
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to the no:rma.l photochemical products. 'l1he present study s0.ggests that this rate-

limiting step is closely associated with the site. at 'Hhich phosphorylation is 

coupled'to the electron tr2's~ort chain. A simplified scheme illustratin~ these 

interactions is given in Fig. 5. Chlorophyll molecules excited by lig.l-)t Vlill 

normally reduce substance X to x- by sowe unspecified mechanism.· A rat2 li~itL~g 

reaction between x- and Y is postulated to be coupl~d to the phosphorylation step, . 
,. 

regenerating oxidized X· in a form such that it can be reactivated by the next 
. .. . 

light ·act. Tne reduced product r is· ultimately: oxidized by the terminal electron 
. . . 

acceptor, e.g~ ·rerricya~de~ If the total pool of substance X is of limited size 

and the 'reoxidation. of x- is sufficiently slm..;' then at high light intensities .. · 

. - ' most of it will occur in the reduced form X • There is little X present to react 

\dth the repeatedly excited pign)2nt molecules •. These will be quenched by some 

· dissipative .process and produce an increase .in the ot:served quanttLrn requirement.·· 

for the Hill reaction. The rate-limiting step becomes more rapid when the phos

phorylation ~o~actors ADP, 'I11g ++ and phosphate are present, or when the phos:phory-
. ' . . . . 

lation uncoupler methyl· amine is added. Tnis latter su.bsta"'lce presurrably produces • 

a short-circuit for electrons at the site of coupling to·phosphorylation. Thus 

. the rate-limiting step, which otherw·ise leads· .to ·the strong dependence of quantum 
. . ' 

. requirement on incident intensity, is bypassed. The observation that the· intensity 

dependence is substantially less pronounced wheri DCPIP rather than ferricyanide 

is used as the chloroplast Hill oxidant .·is consistent 1dth .the. fact that the oxi-

.. dized dye is known. to be an effective·uncoupler of photophosphorylation. . " . ' .. 
Since the phosphorylat~on.of.ADP is an endothermic process under physiological 

. . 

conditions (~G' ~ 9 kcal/mole)., .it is necessary to drive it '\'lith a ste.p ·in the 

)> I 

.. 

J 

I ,· 
electron transport chain which is sufficientl~ exothermic to provide the necessary ~· 

free energy. Such a step. must be thermodynamically irreversible, in the sense· .. · 

"that the oxidized and reduced cofactors in the. electron tr~;port. chair1 (X .and Y 

5) are not directly coupled to· one another.. If they y..rere reversibiy; · : · · ... '' " 
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coupled to one another then a short-circuit would exist and it would be impossible 

for them to transfer energy to the phosphorylation cofactors. It is realistic to 

expect that such a.'1 energy-transferring step in the electron transport sequerJ.ce 

~r'lill be slow (rate-limiting) in the absence of the phosphorylation cofactors. 

The function of rrethyl a~ne : may then be i.'1 coupling the oxidized 

and reduced intermediates at the site .of phosphorylation in a reversible, or 

nearly reversible, fashion. Under these circumstances the energy is dis'3ipated 

in the short circuit caused by the rrethyl ~tne, a'1d the endothermic phosphorylation 

reaction cannot be coupled in. This removes the rate-limiting step, and causes 

the virtual disappearance of the intensity dependence of the quantu~ requirement. 
< .. • ' 

The quantum requirement for the Hill reaction extrapolated to zero light 

intensity exhibits a wavelength dependence characteristic of pigment system II 

(Duysens et ·al., 1961; .Duysens and ArreszJ 1962). (A siiPilar wavelength dependence 

has been reported· previously [Biggins and Sauer, 1964] but the magnitudes of the 

quantum requirements observed were mu~h larger~ · This resulted from the fact that 

those measurements were.made at a single, high light intensity at each wavelength. 

The results showed that the· addition of small amounts of DCPIP to the ferricyanide 
. . . 

Hill reaction resulted in an increase ·in quantum yield, which ;is in agreement with·· 
~ 

the present study)~ An optimal efficiency (minimal. quantum rtequirernent). is ob-. . . . l . . . 
served in the ~Tavelength region from .635 to 660 fill·· 

. ' This eff'iciency decreases 

gradually .at longer "VJavelengths and beyond 690 ~ll it decreases sharply, fall?-ng 

off 10-fold at 720 ffi)J. rrhe absorption spectru.~ of the pigment system responsible 

for the Hill. reaction can be obtained by rrultiplyihg the quantum yield. at each 

wavelength by the total-pigrrent absorption •. Some· justification of this approach 

· is presented, in view_ o{ a recent publication qf action spectra of the ferricyanide 

Hill reaction by Horio and San Pietro (1964). ·We believe that the approach of_ 

. those a)Jthors, in comparing percentage activity spectra with :~bsorption spectra. 

in order ·to determine .the relative photochemical effectiveness of various a?sorption 
• ' .~ I ' 

~. 
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reactions are occurring at less than half their optimal efficiency oHins to.losses 

in activity of the isolated chloroplasts. Nevertheless, until it call be demon-

. strated that the sum of the quiintun1 yields at 2-YlY vmvelength for a system I 

sensitized reaction and a systen1 II sensitized reaction is signific~1tly. greater 

than unity, there iS no indication from this source·that electronic energy transfer 

can take place in eitherdirection between the two pigment systems. ·The autnors. 

are not a>vare of any such evidence existing .at the present tirre. 

It is an explicit assumption of much of the published work on the Pill reaction 

·in photosynthesis that ,light absorbed by: pigment system II alone is responsible 

for the photo-rea~tion when ferricaynide or DCPIP are the oXidants. ·. Unfortunately, 
' . 

the measurement of action spectra alone will not decide the point in the case·of 

higher plants, contrary to the conclusion of Horio and San Pietro ( 1964).. . If 
. . 

both pigment systems must be activated~ then relatively high quaYJ.tum requirerr.ents 

would be. expected at long wavelengths where system. II absorbs weakly~ There is 

no corresponding spectral region in higher plaYJ.ts where system I absorbs relatively 

weakly' hence we have no sens~tive test· of 1tlhether it is inyolved ·. ·. ·., in a 

·given process. This is.exempl;i.fied by.the observation that the action spectrum 

for NADP. reduction using· water as reductant, where: . .aL·nost certainly both pigment· 

systems are involved, exhibits a pronounced increase in quaYJ.tuJn requirement at 

long wavelengths (Sauer and Biggins, 1965)$ very similarly to· the action spectra· 

for the Hill reaction of the present study and quite unlike the system I .action 

_. I 

' 

l 
~ [ 

1 
' t 

fl· 
spectrum for NADP reduction using ascorbate/indophenol as reductant in the presence . ' 

of DCMU (Sauer and Biggins, 1965). One consequence of the participation of both '~1 

piarnent systems in a give~ reaction is' the presence of enhancement effects) such 

as have been shO'wn for ove~all photosynthesis (Emerson et al. , 1957) • In the case 

. ! .. ) 
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of the Hill reaction there is a decided conflict in tl1e literature. Tl1e Emerson 

enh~cement has been reported by two groups: in one case for the Hill reaction 

using benzoquinone as oxidant.with intact Chlorella (Govindjee et al., 1960; 

Govindjee and Rabinowitch, 1961) and in the second for the ferricyanide Hill 

. reaction with isolated chloroplasts (Bishop and V.Jhittingha;·n, 1963). On the ·other 

hand, two other groups find enhancer!Ent to be absent for· the Hill reaction1 ur1der 

·conditions where enhancement could be observed. for overall photosynthetic oxygen 

· evolution 7for either Chlorella or plant chloroplasts using ferricyanide or benzo

quinone as oxidants (Mayne and Brovm, 1963; Gibbs et al., 1963). Furthermore, 

Fork ( 1963) has sho~m that far-red enhancement observed for transient endoe;enous 
' 

oxygen evolution iri the absence of ferricyanide can no longer be observed when 

substrate levels of ferricyanide are adde~ to the sa~ photosynthetic system. 

Our results must also·· be counted as negative evidence on the occurrence. of en-

·hancement in the. reduction of DCPIP by chloroplasts. The results are, however, 

preliminary and need. to be extended to a Hider variety of conditions and to be 

compare~ witn situations where en.ljanc.ement can. be clearly demonstrated. 

Long-lived intermediates have been sought in photosynthesis on nu.'Ts2rous 

\. 

occasions. There is much evidence from studies of absorption cha'1g;es, fluorescence 

transients, and alternating wavelength or intermitte11t illumination experiments 

to support the occurence of transient species ~~itl:i lifetimes of' rn.nny seconds. 
. / . . . 

It is much more difficult to demonstrate that these phenomena reflect·substances 

which participate directly in electron transport related to photosynthesis. 
. ' ' . 

, .. 

In our studies the high .sensitivity of our met.hod of following the chloroplast-. . 

sensitized photoreduction of DCPIP pe~its measurements to be·carried out at 

light intensities considerably. belovr those normally· used. · The observation that 
. I 

the quantum requirement of DCPIP red1,lction is constant dovm .. to these very lohl. 

intensities has.a direct bearing on this problem. T:'1e production of one molecule· 

or oxygen from water req~ires the tranafer of four electrons from water to tho 
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acceptor OCPIP, and each mol~c~le of DCPIP must receive b·ro electrons to becom2 

reduced. to the sta'qle product DC?H:iH
2

• If, as is generally as.sumed, the reaction 

requires at least 4 qua11.ta to .. transfer the four electrons, then at very lov; light 

intensities some ·of the intermediates produced may be required to have lifetirnes .·; 

of ma."1y seconds before the next quantu.rn is absorbed by ·the pip;ment system. The 

reaction 

is endothermic by about 4 x 0.60 volt-eqUivalents or 55 kcal/mole. Each einstein 

of red light contains only 40 kcal of enerf,Y; . hence !l it is impossible 'ener.e;etically' 

for the entire reaction to be carried out as a consequence of the absorption of a 
. . 

single quantu.il. A mechanism involving two quanta per o2 produced is energetically 

feasible. It would. re~uire the :formation of at least. one rretastable intenr.ediate 
·' 

in the process. The .calculations given above shov-r that from the results · of our 

. experiment this postulated intermediate would have. a lifetime of at least 11 sec 

at the lowest incldent:intensity.studied if the approximately 23q·chlorophyll 

molecules contained within a single quantasome act as a discrete unit.. If a 
. . 

minimum of· four quanta· are absorbed per o
2 

literated, then this lower limit' is 

increased' to 22. sec al1d at least three .distinguishable intermediate states are 

involve·d. 

Intermediates of such long lifetimes oug,."1t to be detectable directly using. 
. ' 

appropriate modern techniques, even though their steady-state concentrations· 

would be quite small~ If there is a set of such potential ~terrnediates ass~ciated 

. with each quantasome or ·"photosynthetic· tmi t", then under steady illumination· ax1 
. . . . . 

average of 1/2 to 3/4 of the total should be in one or another of the activated 

forms at any one tiine. . Indeed, the measurements of long-lived absorption cha"lges, 

fluorescence transients, et.c. may very well be rcfle.cting the presence of some of 

these intermediates. 

• ·I 
i 
• I 

·; !' .· 
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Tvm alternative e)...'Pla'1ations of these low intensity eX!)ertments need to be 

considered. In the first place, if.there is efficient electronic energy tra'1sfer 

from the pip;n2nt molecules of one photo~>ynthetic tmit to those of neighboring 

units, then of course the nu_.rnber of absorbing molecules feeding energy into a 

single photochemically active site '.'V'ill be greatly increased end the necessary-

rrrinimum lifetime of the intermediates will be correspondingly decreased. There 

is as yet no direct evidence to support such long ra'1ge electronic energy tr~1sfer. 

Just the converse is indicated by the experirr.ents of Emerson and Arnold (1931; 

1932), Kok (1956), and others, which suc;gest that the photosynthetic units do act 

discretely and without cooperation.· St:tch long-range energy transfer would be 

111.ade highly u.11likely if it can be conclusively•shown ·that there. is no electronic 

energy transfer between the two pigr.Bnt systerrs within a single photosynthetic 

unit, as we have suggested above. 'f.he second case that requires consideration is 

the possibilityt};lat the photosynthetic units can· cooperate at the chenri.cal leveL 

This would occur if the intermediates produced are sufficiently mobile to migrate 

rapidly from one unit to ariother, or if coupling factors are available \~hich can 

·transpo~t the_chemical potential from one site to another • 

. It is important at this point to disting;uish between two different. types of 

long-lived intermediates which have been invokeO.-•.. · · .. , 'Ihe first gives rise to 

the intensity saturation for short light flashes followed by long d2.rk intervals, 

observed by Emerson and. Arnold and by Kok·. This intermediate, characterized as. X 

in Fig. 5, becomes deactivated in abo~t 30 m5ec at room temperatures. It has the 

proper CharacteristiCS to account for the intensity dependcmce.of the quant1..UYl 

requirement of NADP.reduction using water as reducta'1t (Sauer and BigGins, 1965) 

, 1 and for. the similar effect for the ferricyanide Hill reaction as observed in this· 

., 
) 

study. 'f:he second type of intermedi~t~ 1ray have· a much lon00r lifetime (>1 sec) 

and is responsible for the observation that· the quantum requirement for DCPIP 

reduction remains constant to very low light intensities~· This second class of 

I 
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· intermediates is fur·ther distinbtlished from· the first ~ that their decay is· · 

basically a photochemical process rather thaY1 a,darl:c reaction. As successive 

quanta are absorbed by the photochemical apparatus the first' intem.ediate is 

converte'd to a second, etc.· and eventually t6. molecular oxygen. The following 

· hypothetical· scheme illustrates this point 

· hv · hv · hv · 
2H2_Q_:.. __ -::,._ ·. A(H. 0 .QLI ) -----~ B . -----":::. C ( 0 • OH) 

'7 .• i2 7 (O.OH2) x 

, . 
nv . .._ 

---, .. 7 

;.1here A, B, C .are partially oxidized:,. ?table intermediates. on the ·way from ·wate.r 

·.·to molecular oxygen~ The actual intermediates present in the photosynthetic p;r-o-
' . ~ 

·cess need not involve oxygen atoms except. at the final step, of course.· Such 

int~rmediates will not limit the. Photoc~etnical rates, in gene~al, si~ce ·successive . 

light. absorption act's will ah~ays fir}d them ready to react. further. 
.,.., . 

. J.DUS, 

flashing light e:xperiments will n:ot .detect th~ir presence, and consequently thq · 

demonstration. of non~inte~-acting photosynthetic units by flas.hL"1g lig."lt. experi--

·merits· does not.contradict -the possibility_that:these photoreactiv~ intermediates 

' J'!l'iY migrate or cooperate over relatively great distances in the chloropla.St. 

Therefore, the evidence at hand wi.ll not permit us to rule on the possibility 

. that long-lived intermediates produced at one .Photqsynthetic uriit rr.ay rriigrate to 

another unit where they be~orne further.acti.vat.ed by .. light. on the .way to forming. 

molecular· oxygen· or Mly. reduced DCPIP.. ·rvri~~atlon of ·this type 1·muld serve to 

" I 

• "',.!· 

.. reduce appreciably the calculated. minimum possible lifetime of the proposed . 

intermediates •. One test of whether such mig~ation occurs can be made by examining. i 
. ! 

the dependence of the quanturn. requirerrent at low li~l!t . intensities for suspensions . . . i 

of small la.rrellar fragnents, vrhere the average P.ath between photosynthetic units. 

is drastically increasede ·ComParison of the calculated minimum life!;iines ·from 

such experirrents ·.~fith diffusion times ~in ·solut:i.on sh6'uld produce a>J:.ans\~er to·· 

the· 'question of V:rhether - · : .·, :.:.: . . ' 
••• : .... \ ••...• ! • : . : ~ 
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migration of active intermediates from one photosynthetic unit to aDother does 

occur. 
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