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be increased more than four times when saturating amounts of

_THE PHOTOCHEMISTRY AND KINETICS OF ELECTRON TRANSPORT AND THE p]astocyanin and ferredoxin-NADP reductase were added. THe rate

PIGMENT SYSTEMS IN CHLOROPLASTS'_ - of the DPIP Hill reaction was increased more than three times by

Alexander 55‘“‘“3”"9 Sun - added MgC]2 and p]astocyaﬁin, but not by ferredoxin or ferredoxin-
Laboratory of Chemical Biodynamics ‘
Lawrence Radiation Laboratory
University of California
. Berkeley, California.

- - NADP reductase. The rate of thev[HZO + NADP] reaction with

saturated ferredoxin can be furthEr increased more than three

July 1971 ’ times when both plastocyanin and ferredoxin-NADP reductase were
added. ‘ _
ABSTRACT The effect of antfﬁycin A on the [ascorbate ¥ DPfPH;-NADP].
From the studies of electron-transport reactions of spinach reaction was studied for mole ratios of antimycin A/chlorophyl1
chloroplasts, we have been able to demonstrate that the quantum _ from 0.02 to 2.0. It was found that the photoreduction rate of
.requirements'aré 1.0 + 0.05 at the waveTengths above 700 nm of . NADP was always slowed down and therefore the quantum requirement
actinic light and 1.5 - 2.5 for wavelengths .from 620 to 680 nm of this system was increased, even at the lowest concentration of
when the photoreduction of NADP By chloroplasts was measured ' antimyc{n A studied. This concentration is much Tower thén the
either aerobically or anaerobiéal]y in a 3-(3,4-dich10ropheny1)- T value of antimycin A/chlorophyll = 0.33, at which the cyclic
1,]-dimethy1-uféa (DCMU) poisoned sysfem when ascorbate and 2,6- photophqsphorylation is reported to be completely inhibited but
dich]oropheno]indopﬁeno1~(DPIP) were present as electron donors. non-cyclic photgphosphorylation is not affected. We interpret
The quantum requirements are 1.0 + 0.05 in the‘wave1ength range o the effect on the effiCiencyLOf non-cyclic electron transport of
from 630 to 660 nm of actinic ]ight'when the photoreduction of '  > photosyétem I to fesu]t from a competition with cyclic e]e;trqn
DPIP by ch]orob]asts was measured with water as the'eiectron : _ flow, which has become accelerated through an uncoupling éction_of _
donor. Those of the photoreduction of NADP when HZO was used as the ‘antimycin:A. Ethang], the most commonly used solveﬁt.fof ihhibi;
electron donor are 2.0 + O.i in the wave]éngth range from 620 to. 3 tors like antimycin A, at concentrations lower than 1% in the
678 nm of actinic light. - reaction mixture, itself decreases the rate of the.photoreduction |
For each reaction, opt{mal dmounts of reagents and cofactors of NADP at high light intensities but does not chaﬁge the primary
were used, and quantum requfrements Qere extrapo]dted to zero _ quantum requirement of this system. Ethanb] i{s also found to have
'intensity. The rate of the [ascorbate + DPIPHy NADP] reaction can. .an inh{bitory effect at concentrationé abovye 1% in the reaction

mixture.
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The Emerson enhancement effect using red illumination supple-
mented by far red light is a characteristic phenomenon of photo-
synthetic oxygen evolution by plants and algae. It has been cited
as an important.evidence in support of .the mechanism of photosyn-

thetic electron transpokt involving two light reactions operating

in series. The present study confirms thg occurrence of enhance-
ment in isolated, broken spinach chloroplasts for the photoreduction
of NADP4 by water: [HZO + NADP] reaction. Far red light at 700 nm -
is supplemented optimally with wavelengths of 650 or 670 nm. Diva-

lent cations such as magnesium or manganese are shown to be required

" for enhancement to occur. The optimum concentrations of added

MgClé or MnC12 are about 7.5 mM; at concentrations below 3 mM en-

hancement is not obtained. The critical dependence on divalent ion

‘concentration is felt to be the reason why the enhancement pheno-
menon has not been: observed in some previous studies using broken
chloroplasts. A role for magnesium jon is proposed in which it

alters the structure of the active chloroplast membranes in a

manner which controls the transfer of electronic excitation between

the two photosynthetic pigment systems. These findings favor the
series two-light reacfion mechanism over the alternative parallel

- scheme.
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1. GENERAL INTRODUCTION

Literally, photosynthesis.means fsynthesis by means of light".
This tem is usua]]y,éppliéd only to the synthesis of organic
matter by plants in light. Pﬁotohynthésis creates lTiving matter
out of lifeless inbrgénic hateria]s, rep]ehishes the okygen in the
atmosphere, andbstores the energy of sunlight to support the life
activities of organisms. Its'discovery js the most important
chapter in the history of science. _

Early in this century photosynthes1s was usual]y described
Aby a single overall reactlon

o Tight.
€0, + Hy0

> (CH,0) + 0, (1-1)

(chlorop]asts)
In this reaction, C0, is absorbed and 0, is evolved by plants,

(CH,0) represents a basic subunit of carbohydrate, the main pro-

duct of photosynthesis that is stored in plants. In plants this

process occurs in organized subcellular bodies called fchloroplasts".

The energy needed for this reéction is obtained from light absofbed
by ch]orophyl]é in chloroplasts. In the 1950‘s, through the
efforts of M. Calvin et al. (Bassham and Calvin, 1952), the
chemistry of the photosynthetic CO2 fixatfqn in algae has been

almost fully elucidated. Two things are needed for this chemistry:

reducing power in the form of NADPH,, and energy in the form of ATP.

2

In 1939, Hill (Hi11, 1939) demonstrated that illuminated
chloroplasts can evolve 0, provided that a suitable electron
écceptor is preseﬁt. The reaction is a light-driven transfer of
electrons from H20 to the e]ecfron acceptor, which replaces CO2 as
the ultimate recipient of:photochemica1 redutiné power. The main .
singificance of the Hill reaction is that €O, reduction can be
separated from the photochemical paft of photosynthesis. - However,
Engleman (1883) found that photosynthetic bacteria could reduce CO2
at the expense of the light engrgy,'without the evéiution of 02,'
i.e. the evolution of 0, can be separated from photbsynthesis.

This means that there is a céntra]'phbtochemica]~event in photo-

" synthesis that can be separated from both end products the evolu-

tion of 02 and the ass1m1]at1on of CO2 The d1scovery of photosyn-
thetic bacteria (Engleman, 1883) which do not evolve oxygen, but
Still use sunlight to assimilate CO,, led Van Niel (1931) to formu-
Tate phofosynthesis as the splitting of H0 to yield (H) and (OH):

M0 -2 Ms (H) + (OH) - ] : |
| 20+ 70 (1-2)

He suggested that 2 quanta are needed for a sing]e_photo]ytic act,
or 8 quanta for Oé-

In 1954, Arnon et al. (1954, 1957) found that illuminated
chloroplasts can reduce NADP to NADPH2 and phosphorylate ADP to ATP;f
both NADPH,, énd ATP are needed for the carbon assimilation in the
Calvin cycle. Since then the photoreduction of NADP and the phos-

phorylation of ADP have been considered as the central photochemica]»
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- events in photosynthesis. we call the physical part in chloro- -
) piasts, where this photochemicai event occurs, the electron
transport'chain The‘mechanism of this eiectron transpOrt chain
and its reiated reactions have become a maJor topic in photosyn-
”} theSis research for the past decade Physical and chemical
| approaches to this topic have been 50 extenSiveTy expTored that it
ATS beyond one' s abiiity to know aii aspects of photosyntheSis in
detail today. But a SCientist in the field shouid aiways be
acquainted with.a]] the up-to-date developments 1n'thTS field.
After a survey of the'Titerature—in the past decade, I feelvthat
‘the field of photosyntheSis today shouid be cTassified into the
following categories ) primary photochemistry and energy
transfer, (2) electron transport mechanism,_(3).structural aspects,
(4) photophosbhoryiationvand_ion transport, and (5) oxygen evolu-
tion. The research of this‘thesis is primarily cencenned_with the
primary photochemistry, energy transfer‘and eTectron transport
mechanism A brief summary of the present knowiedge of . photosyn-
theSis is given as follows.
(1) Primary photochemistry and energy transfer
- The purpose of research.in this area is to understand the
meChanism by which photons are first absorbed by chiorophy]is,
~transferred to different Tocations in the chiorop]asts and then
- transformed to chemicaily stabie forms of energy. Emerson and
~ Arnold (1932) measured the 02-evoTution in Chlorella in response
to brief (10 sec). flashes of Tight. These experiments showed

‘that maximum. yield per flash was. about one 0, evolved for every

4

~ 2500 Chl molecules present or about 300'Ch1 molecules per quantum

absorbed (suuposing 8 quanta per one molecule of 02 evolved as ‘

-'_discussed before) These experiments suggest that Chlorella con=

tains photosynthetic units Each unit conSists of a. chemical

reaction center served by 300 "antenna" Tight harvesting Chl mole-

B 'cuies. Quanta of energy absorbed anywhere in the Tight harvesting g

Chl's are collected effICientiy by ‘the reaction center, where they.

are converted into the first stabie products of photosyntheSis In =~

the last decade, “evidence has accumuiated which shows that.an essen-s.

tiai part of the reaction center is a speCial form of Chl a _) or ?f

‘Chl a.in a specialized environment aSSOCiated WTth a smai] ‘number

of nniecuies that can be oxidized or reduced (Ciayton, 1962, Kok

1951) ~In 1961 Kok found a pigment in higher pTant chToropTasts .
which exhibited reversib]e Tight induced absorption changes at-

430 nm and 700 nm. This pigment, termed P700 behaves as a one—
eTectron transferring agent in the dark WTth E ' of +0.43 volt.

The reduced form of the moTecule is stabie in the dark, is oxidized
upon illumination WTth far-red light (PS I) and its reduction by |
Tight of short waveiength is inhibited by DCMU. -This is conSidered.
as reaction center I (RC I) Kelly and Sauer (1968) demonstrated '

' _that there are two effective photosynthetic units of different

sizes in spinach chloroplasts, one is a PS I unit containing 445

'ChT moiecuies ‘the other is a PS II unit assoc1ated with 55 Chl

moiecuies (Piease see the definition of PS I and PS II in the

foliowing,section,) The trapping moiecuie_for PS II has not been

» fulTy characterized.

L
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There have also been a number of hypotheses discussing the
mechanism of the transfer of the abso}bed energy from antenna Chl
molecules to the reaction centers. It is generally accepted that
the migration of electronic excitation energy is the mechanism by
~ which the energy reaches the reaction center (Franck, 1962;
Rabinowitch,'1957)., The détai]ed meghanism of reaction centers
and the mfgrationAof electrqhic eﬁcitation energy -in the photosyn-
thetic unit (PSU) are fhe subjects of much current research.

(2) E]éctrqn transport mechanism

The research in this area is to understand how an electron is
derived frbm HZO’ transferrgd through the electron-transhort chain
and finally accepted by NADP. It was shown (Hoch and Martin, 1964;
.Sauer and Biggins, 1965) that the guantum efficiency for photo-
reduction of NADP with far-red 1ight when H,0 served as the electron
donor was much lower than with red-light. On the contrary, the
quantum efficiency for thé photoreduction of NADP with far-red
iight approached one quantum per electron transferred whén ascor-
bate (+ DPIPHZ) served as the electron donor. Since far-red light
has been shown to be absorbed.almost exclusively by photosystem I,
but red Tight absorbed by both PS I and PS II, these ekperiments
suggest that the [H20-+ NADP] reaction requires the participation
of both PS I and PS II, while the [ascorbate + DPIPH2 - NADP]

reaction requires only photosystem I 1ight. Govindjee et al.(1962,1964)

demonstrated that the rate of NADP reduction by chloroplasts illu-
minated simultaneously with red and far-red light was higher than
the sum of the rate of the same chloroplasts .{lluminated separately

:by red and far-red light. Mathematically, enhancement values higher

RateR +FR” RateR + RateFR

than one indicate a cooperation between the two photosystems, and
therefore have been interpreted as indicating the participation

of ‘both photosystems. However, the absence of an enhancement

~effect for the [HZO + NADP] reaction has also been reported (Gibbs

et al., 1963; McSwain et al., 1968). Together with the evidence
that PS II.may comprise two rather than one short-wavelength Tight
reactions (Knaff and Arnon, 1969), Knaff and Arndn-proposed that
there are fhree light reactions in chloroplasts, two‘in PS II i.e.
PS 11a and PS 1Ib and ene in PS I.  Whether PS I and‘PS‘ll behave
cooperatively and how many light reactions theré-are:én:chlovo-
plasts have been amoﬁg‘the hoét coﬁtroversia]'topics,in the past
few years.

(3) Structural aspects of chloroplasts

The'photosynthetic unit (Emerson and Arnold, 1932) is a physio-
Togical unit of function defined by experiments with intact plants.
Thomas et al. (1953) attempted to find the morphological expression
of the physiological photosynthetic unit. They found that chloro-~
plast Tamellar fragments as small as 100 % in diameter were still
active in the Hill reaction. The shadow-cast preparation of iso-
lated chloroplasts (thylakoids) lamellae under the electron micro-
scope revealed a repeating structure on the inner surface of this
membrane. These repeating structures are called quantasomes {Park
and'Biggins, 1964).  The quantasome particle is 180 R by 160 ﬁ and
100 R thick, with a molecular weight of 2.1 x ]06, and contains
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about 230 Chl molecules. It s considered the morpho]og1ca1 unit

corresponding to the physiological photosynthet1c unit.

The Tight phase of photqsynthe51s is performed in the internal

_nembraneS'(thy]akoids),of chloroplasts. This means that either
PS'T and PS II are an"integral part.of the‘membranes,:or they are

structures which are intimately associated with the membranes.

Another approach to'the_understanding of the molecular organization

df the photochemical systems“is to fragment the'membraneSgse]ec-
tively so as to release specific components or compléxes of the
photdsynthetic'eieetron transport chain, and to study the proper- .
ties of thé isolated comblesz. Using digitonin and differential
centrifugation,tBoandman and Anderson (1964) fragmentedvth]oro-
plasts end separated fragments of varying size and with different_
proportions of Chl a and ChT_Q,' The 1arger‘fragments‘which were
sedimented by ‘forces of 1000 g for 10 min (D-1) and 10,000 g for
30 min (D-10) had Tower Ch1 a/Chl b ratios (2.2 - 2.4) than the

' chioroplasts (Ch] _]Ch] b=2. 8)5 whereas' the smaller fragments o
sed1mentab1e by 144,000 g for 60 min (D-144) had amuch higher
ratio of Chl Q/Ch] b =6.0. D-1 and D- 10 were active in. the H111
reaction withheither ferr1cyan1de or trichlorophenolindophenol as
oxidant, but rates of reductlon of NADP were cons1derab1y be]ow
those obtained with ferr1cyan1de or tr1chlorophenol1ndopheno]

_D-]44 was completely 1nact1ve 1n the Hill reaction, but it reduced
NADP at a-high rate 1f supp11ed with an electron donor. ' ascorbate +
DCIPHZ" and with an enzyme preparat1on conta1n1ng ferredox1n and

some . ferredoxin-NADP reductase and p]astocyan1n,. The small

8
?ragments had the photochemical properties of PS I, whereas the.
1argezfragments were enriched in PS II.

To aVojd'unknownvartificial'effects introduced by detergent,

_Sane et al. (1970) used a French press to disrupt spinach chloro-

plasts by shearing_and:subsequently fractiqnating the fragment

" with fractional centrifugation. The Chl.a/Chl b ratio; absorption

" and difference spectré, cytochrome and Mn distrihutibn, P700 PR

content and photochemical activities of these fractions are

remarkably similar to’digitonin'fractions obtained by Anderson

'and Boardman (1966) Electrdn-micrographs obtained:by‘thin-
sect1on1ng, freeze fractur1ng and deep etch1ng of the French press

fractions showed that the P$ I fraction or1g1nated from stroma

1amellaevend possib]y-end grané membranes , whereas,thé-PS 11

fraction originated from the grana regions. This led them to

suggest that there arertwo kinds of PS I: one present»in,stroma

Tamellae end physicaliy_separated from PS'II, and a second PS I.
present in grana regions dnd probably in closer association with-

PS II. The PS II fraction they obtained has both PS I and P$ II

' activity and the enrichment'in PS II activity is merely due to. loss

:'of stroma lamella conta1n1ng on]y PS I.

The know]edge of the structure of ch]orop]ast ]ame11ae enab]es |
us not on]y to understand the b1ochem1ca1 and ‘photochemical |
funet1ons of the chloroplast in relation to its structure, but. -
also to formulate a'mddé1 explainfnd the interéction between PS I
and PS II. Anderson and Qoardman'(19665 suggested that their re--

sults on the digitonin fractionated chloroplast. Yamellae Were in
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support of the Hill-Bendall's series scheme of PS I and PS II.
But Sane et al. (1971), based on the results from the French-pressed
and fractionated chloroplasts lamellae membrane, suggested .that
PS I in stroma is separate from and operates in parallel with PS IT.
and PS I in the grana region. The stroma PS I and the electron
transpé}f chain in grana Wi]] be coupled .if there is an electron
carrier existing between thgm (Pafk and Sane, 1971). How this
coup]ing.occurg and the propérty'of the electron carrier are the
subjects of future research. _ '

{4) Photophosphorylation and ion transport

That light energy ébsorbed'by a photosynthetic system could
lead to the esterification of inorganic phosphate into ATP was .
first demonstrated by Freﬁke] (1954) with bacterial chromatophore
fragments, Arnon et al. (1954) were able to carry out the. same
reaction with chforop1§sts. Two types of photophosphorylation
have been discovered in isolated ch]orop]ésts, i.e. cyclic and
non-cyclic photophosphoryiation. In a cyclic photophosphory]ation
the absorption of radiant energy generates only ATP and neither a
reductant nor an oxidant is produced (Tagawa et al., 1963). It is
insensitive to DCMU and proceeds more efficiently in far-réd'light
than_fn'red_]ight. Thus it is generally considered that cyclic
photbphoSphory]étion is as50ciated with PS I alone. In non-cyclic
photophosphorylation an added electron acceptor is reduced, oxygen
is evo]Qed and ATP is' formed simultaneousiy. The electron acceptor,
which catalyzes the non-cyclic photophosphorylation, could either

be NADP, ferricyanide, DCIP or cytochrome c (Avron, 1967). The

10
participation of PS I and PS II in the photoreduction of NADP by
isolated chloroplasts, but only PS II in the photoreduction of
ferricyanide (Avron, 1967), suggested that the site of non-cyclic
photophosphorylatibn might be in between PS I and PS'II, as shown
in Figure 15.

It has been suggésted (Chante,,1956; Slater, 1953, 1966) that
phosphory1ation in chloroplasts, mitochondria, and bacterial
chromatophores is linked to the electron transport chain by a
“high energy" chemical intermediate. Ion movements observed with
electron transport activity have been considered as gecondary or
competing events aSSociated,With tﬁe dissipation of an as yet uni-
dentified high energy chemipal intgrmediate (~) linking electron
transport to phosphorylation. Direct evidence for the existence H
of this chemical intermediate is lacking. Mitchell (1961, 1966)
has proposed an alternative hypothesis involving fon movements
directly'in phosphorylation. His "chemiosmotic" proposal suggests -
that electron transport and phosphorylation are coupled indirectly
through an electrochemical potential resulting from a gradient in

the -concentration of protons and other ions established across the

- membranes involved in the electron transport sequence of organelles

such as chloroplasts. Electron transport creates thié electro-

chemical potential which, in turn, is partly consumed in the forma-

tion of ATP. In 1963 Hind and Jagendorf (1963, 1965) discovered
+- : . ;

that H' influx occurs in response to the 1ight-induced electron

transport of chloroplasts and that a pH gradient induced by acid-

base washing of chloroplasts generates ATP in the dark. Their
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studies also showed that the kinetics of an indirectly measured :

- intermediate of phosphorylation (X )s produced upon 111um1nat1on

of ch]orop]asts, resemb]es qua11tat1ve1y the kinetics of- H trans-~

‘]ocat1on in ch]oroplasts. At the present stage, the‘ev1dence
shows that ion movements,'and»in parttcd]ar H+umovements,pare

_direct]y Tinked to phosphorylation intthat the buildup otﬂthe_
‘e1ectrochemica1 potential resulting'from H* movements across mem-
branes of chloroplasts suppiy the energy required_for-the:synthe-
sis of ATP. ' | |

The major COncept of-photosynthesis today is primarilyvgene-“

rated from the 1nterpretat10n -and hypothe31$ of the above exper1-,

mental ev1dence There are some other 1mportant approaches to

the probTem.of photosynthes1s, such as the f]ash-11ghtgstud1es on

the oxygen evolution (Allen and»Franck, 1955; Jo]ibt,gtsgl.; 1969;

" Kok et al., 1970), analysis of_photosynthesis using mutant strains
of algae and higher plants (Levine, 1969), isolation of bacterioé,

'ch1orophy117protein (01son éE.El-: 1969), etc. Because these .

“topics are not relevant toithe study in this thesis, they are not

~ discussed here.

12

11 QUANTUM REQUIREMENTS'FOR THE TWO LIGHT REACTIONS IN

SPINACH CHLOROPLASTS

u;,'lﬁiﬂgv AL Introductton'

The mechanism of the:electron_transport'Scheme in_photosyn- j*7
thesis has been extensively investigated.since the discovery of -

the Hill reaction (Hil11, 1938). In early experiments, Emerson

and - Lewls (1942 1943) found a sharp- decrease in the efficiency.

of photosynthesxs with act1n1c llght of wavelengths longer than
685 nm for both’ Chlore]la:and Chroococcus (the Red.Drop in effl- ‘

ciency). By adding a weak background of green Ilght to the ﬁar-red
Tight, Emerson et a] found that the comb1ned wavelengths produced
higher photosynthetic rates than the sum of those for the two -

Tights used separate]y. The concept of enhancement and two- 11ght

~reaction (or Z scheme) thus arose from these experlments (H111w
" and Bendall 1960) There are two contrast1ng p1ctures of the
organization and function of the ch10rophy11 p1gment Systems, 1 e

" whether PS I and PS II are operattng independently or cooperat1ve1y.‘

This problem has been considered:both at-the level of the electronic

' -excitatton“energy_transfer and at the level of the electron trans-.

port mechanxsm
The the f1rst of these, Myers and Graham (1963) proposed the

"separate package" mode], 1n wh1ch each 11ght reactlon is thought

_:vto be associated. w1th 1ts owWn array of 11ght—absorb1ng plgment
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molecules, and no communication at the level of electronic exci-
tation fransfer is permitted between the two arrays. It is as if
the two light reactions, each with associated pigment systems, are
physica]]yvseparéted'frbm one another. However, Duysens and Amesz
(1962) proposed the fsﬁi]]over" model, in which the pigment arrays
are stif] distinct, but electronic fransfer'js perﬁitied between
them in ordgr to make up for defiéiencies in the activation of one
or the other light reactions. The series two-light scheme of Hill
and Bendall requires that both 1ight reactions be driven at equal
rates for optimum overall photosynthetic efficiency. An extreme
modification of the fépi]]over“ hypothesis, in which a major por-
- tion of the chTorophy]] pigments is commen to both photosystems,

has been proposéd by Avron and Ben-Hayyim (1969}. 1In this common
- pool one finds a?], or nearly all, of the bulk pigments absorbihg
in the red region; i.e. at wavelengths shorter than about 680 nm.
A common feature of all of the models is the assignment of far-red
~{x > 700 nm) absorption ainnst exclusively to PS I. - This is

thought to be responsible fok the "red-drop" in the qﬁantum yield
of photosynthesis at long wavelengths.

At the level of the electron transport meehanisﬁ, the guestion
is how many quanta are required to transfer one electron from HZO
to NADP, which is the basic photosynthetic electron transporf
reaction, .as discussed in'the first chapter in the text.

Recently Avron (1967) has reviewed that two quanta, one from
each of the photosystems I and 11, are reQuiréd to- transfer onéte]ec-

tron from H,0 to-BADP' for aperating: both-photosystens:i and II in-a
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cooperative way, and one quantum is required when reduced DPIPH2
(ascorbate + DPIPHZ) is the electron donor for operating photo-
system I alone. In an alternative hypothesis, Arnon (1967) pro-
poses that only one quantum is required to transfer one electron
in each of the above photo-induced electron transport reactions
and that electron transfer from H20 to NADP or ferredoxin is dfiven
by photosystem II alone. His 1atest'hypothesis (Knaff and Arnon,

1969) suggested that there are three light reactions involved in

" photosynthesis;. two are in photosystem II or short-wavelength

light reactions, and one is in photosystem I or Tong-wavelength .
1ight reaction. The mostvdiréct way to test these hypotheses is
to measure quantum requirements and.alse the action spectra of the
various photosynthetic reactions. Unfortunately, the quantum re-
quirement values reported pfﬂvioué]y were always highef than the

values predicted by either of the hypotheses (Schwartz, 1965;

_ McSwain and Arnon, 1968; Sauer and Biggins, 1965; Sauer and Park,

1965). No-conclusion could be reached, as it is always possible

to argue that the ch]orop]asts under investigation were partially

' inactivated.during preparation and thas resulted in artificia]ly

" high quantum requirements. Therefore, we feel that ﬁuantum require-

ment measurements need to be investigated again under improved ex-
perimental conditions.

The "separate package" and "spillover" models can also he

tested experimentally in a similar way by which they predict dif-

ferent results. One approach is to make careful measurements of

quantum yields at different wavelengths for each light reaction
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operating in the absence of ‘each other. According to.the "separate
: packagef hypothesis.‘photons absorbed by the pigment system of the
' functioning‘Iight'reaction‘can be used pnotochemica]1y, and those.

photons absoroed hy tne pigments of the non-operative photosystem .

Wil necessarily be wasted. The latter Wi?j'result in'f]uorescencevf»'

or heat; but never in*any phot0chemistry, By contrast, in*thev‘
"spiliover" hypothesis, photons aosoroed'in either pigment system
have, by virtue of the possibility of electronic exc1tat1on transfer,

the potent1a] ab111ty to do photochemlstry As po1nted out 1n a ;‘
| previous publication (Ke]ly and Sauer, 1965) , the “separate package"_
hypothes1s requ1res that at a given wave]ength of activat1on the .
sum of the quantum yields for the two 11ght reactions measured
separate]y (ﬁI + ¢II) can never exceed 1. 0 equ1va]ents (e1nste1ns
absorbed)” 1. Accordlng to the "sp111over" hypothe51s ‘the sum of
quantum yields may exceed 1.0, andrmay approaeh a limiting value
of 2.0 in the case of perfectly efficient.eiectronic excitation
transfer. | " o

Until recent]y, such studies of quantum y1e1d spectra have not

produced conv1nc1ng evidence of sums exceedlng 7. 0 (Kel]y and Sauer,

'1965- Hoch and Martln, 1963; Sauer and B1gg1ns -1965) . Unfortunate]y,“

this result was not conc]us1ve as it was again possible to argue -
that the chloroplasts under investigation were partlally, and artl-»'
ficially, inactivated. Now Avron and Ben-Hayyim (1969) have pre-
“sented experimental findings in whith‘the.quantum yie1d.at 640 nm-
for the fericyanide Hi11 reaction, probably associated solely with

photosystem 2, is 1.0 and that for DCMU~blocked photoreduction of
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'NADP by ascorbate/DPIPHé, a pnotosystem I reaction, is about:Q.S;

With diquat or FMN as the electron acceptor, even higher values -

were reported Because these resu1ts appeared to be in conflict

- with f1nd1ngs previously reported from this 1aboratory, we under- .

took a new study of this quest1on

It has been reported. that ferredox1n is easily ox1d1zed in:
the air -and that the cyclic, but not ‘the non~cyclic, photophos-
phorylation is inhibited at Tow concentratdons of antimycin A »
(Tagaua et ai., 1963), desaspidin-(Arnon gt»gl:, 1965), and 2,4~ -
dlnltropheno] (Tagawa et'al., 1963) For example, 10. ug of anti-

_myc1n A per 100 ug of . chlorophy11 (a ¥ b) in the reaction mixture,
or ant1myc1n A/chlorophyll .(a + b) =M0.165 1nh1b1ts_95% of the
“cyclic photophosphorylation, but the efficiency of fon-cyclic. .

photophosphorylation'is not affected even at doubleothis c0neen-

tration of ant1myc1n A (Arnon et al., 1964). Therefore, we used - -

anaerob1c cond1t1ons for the [asconbate + DPIPH2 -> NADP] react10n -

to prevent the leak of electrons to oxygen v1a ferredoxin. We

' also- eXpect that ant1myc1n A may 1ncrease the quantum eff1c1ency
of non-cyclic NADP reduction if it behaves as an inhibitor to
- block the cyclic electron flow at low concentrationslof’antimycin-A.'
JOn the other hand, if-antimyeinuA'serves‘as an~uncoup1er of cyclic .
‘ photbphospnorylation, it may function as does metnylamine (Saver

.andvéark,.1965) in providing a bypass for electron flow that serves

to speed up the rate—}imiting step-in the cyclic pathway. If:the
cyé]ic and.non-cyc]ic pathways-compete for photosystem I photons,

then the uncoupling aetionzof ant{myCin A shoulduindirectly cause

-
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a decrease in thebrate of non-cyclic electron flow and an increase
in quantum requirements should be observed in non-cyclic NADP
reduction.

In this_chapte}, we present the action spectrum of the quantum
vequirements of the [ascorbate + DPIPH2 4-NADP], [H20'+ DPIP]
and [H20 -+ NADP] reactions under our hodified reaction conditions
and the effect of antimycin A andfethana], which is the most
commonly used solvent for inhibitors, on the electron transport
chain. - An a]ternati?e aéproach,to the above questions can be
made by investigations of the Emerson enhancement effect on iso-
.lated-ch1orop1asts. Results of such studies, which generally con-
firm the conbiusions reférred to above, are the subject of the

next. chapter.

cpm . By Qﬂgﬁeria] and Methods

(1) Spinach and preparation of Ehloroplasts

Spinach (Spinacia oleracea var. early hybrid No. Z) grown in
vermiculite in a grdwth chamber under contro]]e& conditions similar
to those of Sauer and Park (1965): 1light intensity approximately
3200 f-c in 10 hr light/14 hr dark ;ycles, temperature ca. 18°C,
]eéves harvested six to eight weeks after germination. _

In o}der to obtain the maximum photochemical capability, the
spinach leaves were picked two to six hours after the start of the
illumination cycle in the growth chamber and just before the isola-

tion of chloroplasts. The leaves were rinsed with cold distilled
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water and ribs were removed, then stored at -20°C for 10 min.
Ten g of leaves were homogenized between 10 to 15 sec in 50 ml of
0.5 M sucrose, 0.1 M tricine, pH 7.6 buffer in a Waring blendor.

The resultant homogenate was strained through 8 layers of cheese-

~ cloth and centrifuged at 200 g for 1 min. The supernatant was

then centrifuged at 1000 -g for 10 min and the precipitate was re-
suspended in 1 ml of 0.5 M sucrose,KO.OS M tricine, pH 7.6, and
Stored>at Ofc. A1l the above procedures were carried out at 0°C.
The best activity of the chloroplasts could be obtained within

6 hours after isolation.

(2) Reagents

NADP was obtained from P-L Biéchemica], Inc.,. Milwaukee,
Wisconsin; DPIP and tricine from Sigma Chemical Co;,_St. Louis,
Missouri; ethanol {200 proof) from Commercial Solvents Corp.,.
Terre Haute, Indiana; antimycin A and sodium ascorbate from Cal-.
biochem, Los Ange1es, Calif.; sucrose from J. T. Baker Chemical
Co., New Jersey; DCMU from duPont de Nemours, Wilmington, Delaware;

nitrogen directly from the liquid nitrogen tank obtained from

- Pacific Oxygen Co., Qakland, Calff.

(3) Apparatus and light intensity measurements

Experiments were carried out using a modified Cary Model 14
spectrophotometer, as described by Sauer and Biggins (1965).f0r
photoreduction of NADP, and by Sauer éhd Park (1965) for photo-
reduction of DPIP. Measurements of Iight intensity were based on

secondary standard lamps obtained from the Nétiona1 Bureau of
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‘Standards, Washington; D,C.; in the same way as Sauer and Biggins
(1965). The quantity of light absorbed by'bh]orop]asts was

. measured using the same me;hodﬁasisauer and Biggins (1965);_-

~(4) Preparation‘of ferredox1n‘ NADP reductase and’ p]astoeyan1n '

Ferredox1n was prepared from commercial’ splnach accord1ng to

the procedures of Tagawa ‘and Arnon_(1962). The ratlo of absor-

bances at g;g;ﬁﬁﬁuf purified ferredoxin was 0.445. NADP reductase - -

and p]astocyanih were isolated in the same preparation as was ferre-

doxin (Tagawa and Arnoh,_1962), but NADP reductase was fractionated

from the DEAE cellulose column at the.eancehtratienkof (€17).=-0.12

mole~g” !

and plastocyanin-at (C17) = 0.26 mo]e;zf]i Both NADP
reductase and pTastocyanin'wereuused without'further purification;

with ammonium sulfate.

(5) Reection mixture

The reaction mixture,for the [ascorbate + DPIPH, > NADP] ‘_
 reaction, contalned ‘the fo]]ow1ng in umo]es/m] “tricine (pH = 7.5),
| 45; MgClz, 7. 5, DPIP 0.053; DCMU, 0:01; sod1um ascorbate, 5.0;
| . NADP, 0.67; ferredox3n, 100 ug/3 m], NADP reductase, saturat1ng
' amount or not added; p}astecyenin, saturetihg'amount_or not added;
antimycin'A varied; ethanol, varied; antimycin A was disso]ved'in
.ethano], ch]orophy]] 40 p§/3 ml. )
. The reaction mlxture for the [Hy0 | DPIP] reaction contaxned

_the fo]]ow1ng in ymoles/ml:- tricine (pH = 7.5), 45, MgCTZ, 4.5;

DPIP, 0.053; p]astocyan1n, saturat1ng amount, chlerophyll, 40vpg/3'm1.

The react1on mlxture for the [HZO > NADP] reaction’ conta1ned N

‘the fo]lowlng in pmoles/m1. tricine (pH = 7. 5) 45 MgClz, 7.5;
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ferredoxin, 200 ug/3 ml; NADP, 0.67; NADP reductase, séfureting

amount; p]astocyenin, saturating amount; ch]orophy]l,i40';g/3‘m1;

(6) Preeedures for obta1n1ng anaereb1c cond1t1ons

. Three ml of react1on m1xture was prepared in-a small. test

- tube (0.5 x 6 cm). .The.chloroplasts\were added-tpAthe'reaqthn.'

mixtures in the dark. The test tube was covered with a tight.
rubber cap and shaken well.  The reaction mixture was flushed with
nitrogenrwhile-shaking for 2 min. The.nitrogen_waS'passed through
syringe-needles_penetretihg the rubber cap on the.test tube. The

reaction mixture. was transferred quickly with a nitrogen-fluShed-

© syringe lnto two cuvettes, on which rubber caps had been tied finnly

with str&ng and f]ushed w1th n1trogen through syr1nge-need1es for

_2 min. These procedures were carrled out in the dark.

(Z) Measurement of chlorgphyll concentrations

The measurements of total chlorophy]] concentration (Tagawa and

Arnon, 1962 -Stra1n and Svec, 1966) and chlorophy]] a and b concen-

' tratlons are accordlng to the f0110w1ng equat1ons, where the chloro—

f-phy]]s are in 80% acetone so]utlons

Chl. (E + b) ug/ml = 29 x (6652.nm) . : ;{} (1)

ch] g,(ug/ml) = 11.63 x"(A665 B 2'39'(A649 nm)-‘ (@) },
ohl b (wyml) = 2011 (Regg nm) 2508 (Agge ) - (3)

Tbtal Chi (iag/ml) - 6.45 ,(AGGS. )+ ”'7‘2.(‘“549-,,".) )

where A the absorbance of the ch]orophyl] solut1on -in 80% acetone -

at a part1cu1ar wave]ength A.
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C. Results

1. PhotOsystém I. [ascorbate + DPIPH2<$ RADP] reaction with no

plastocyanin or NADP reductase

Typical time course for the photereduction of NADP. The typi-

cal time course for the photoreduqtion of NADP in high Tight inten-
sity by isolated chioroplasts for fhe [ascorbate + DPIPH2 + NADP]
reaction is éhoﬁn in Figure 1. The trace shows a rapid inifia]
burst just after turning on the actinic light. This suggests that
there is a reservoir of e]ectrons that can be rapidly transfgrred
via photosystém I, and thaf the rate-limiting step is then the re-
plenishment of this reservoir by the ascorbate/DPIP coupTe. The
second portion of the slope is a stratght line, corresponding to
the steady-state photoreduétion of NAbP. in this system. There is
a rapid small reversal at the time of turning off the exciting
light. This may also indicate that the backward oxidation of NADPH

in the dark to the reservoir is rapid.

Primary guantum requirement. The relationship between the

quantum requirement for the photoreductibn of NADP and incident
intensities is plotted in FigUre 2. The primary quantum require-
ments are obtained by extrapolation to zero incident intensity. In
most cases the quantum requirements obtained from the steady state
of the photoreduction of NADP at different intensities lie fairly
well on a straight line. The quantum requirements obtained from

the rapid initial sjope were plotted separately. Thay also 1ie on

“"a straight line, but with a smaller slope. The primary quantum
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Figure 1. Typical time course for the photoreduction of NADP by
isolated chloroplasts in the [ascorbate + DPIPH, NADP] reaction.
The reaction mixtures -are given in the text, but plastocyanin.and -
NADP reductase were not added. Actinic light at 678 nm; incident
jntensity 3.0 nanoeinsteins-cm 2sec”!; chlorophyll concentfation
13 ug-mi~!. The molar absorptivity for HADPH at 340 nm is

6.2 x 10° g-mole l-cm™'.
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" Figure . ionshi \ the quantum requirement for
Figure 2. Thg relationship betweeﬁ . quantum require

NADP reduction and incident intensity in the.[ascorbate +-DPIPH2+

NADP] feaction; no p1éstocyanin or NADP reductase added. Circles:.

obtained from the steady-state rate; triangles: obtained from thg _

rap{d initial phase. Illumination and chlorophyll concentration

as in Figuré 1.
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' requirements at zero intensity, obtained from either initial rates

or steady-state»rates, are identical.

Action spectrum. The action spectrum of ‘the quantum require-

- ‘ments for the bhotoreduction of NADP in the [ascorbate + DPIPH2 >

NADP] reaction without the addition of any fnhibftors‘or ethanoi,
is_given as cUrvéA iniFigure 3. Curve'A-shows c]éariy that the _
quantum requirements at wave]engtﬁs aboyé'700 nm.are near.].O. The
presence or absence of air does not make ény difference in the_'

quantum requirements or in the rate of NADP photoreduction in this

.syStem.

'Effect of ferredoxin. Ferredoxin is a non-heme brotein and
has one of the most negative redox.potentials in cH]brop]ésts (Arnon,
1966). It is Known to be readily water-soluble énd essential to: the:
electron'transport‘thain. The»rate of pﬁotoreduction of NADwaas
almost zero when_no férrédbxin'was added to the reaction mfkturé
together with the isd]ated chlbroplasts.‘ If other factors were not
fate—]imiting, such as light intensity, DPiP énd NADP concentfations,
etc.,vthe rate of_bhotoreductioﬁ of NADP increased from aRgsq o /min =
0 to,04062 as‘é‘1inear funﬁtion of'ferkedokiﬁ concentrations froﬁ
zgfo to 40 u9/3 ml of reaction miXture; The photoredhctfoﬁ rate of -

NADP saturatgd'at‘about AA§40 n_m/rm‘_n‘='0.'084 wheh'the_ferredoxini

.'concentratién'yas 80 yug9/3 ml of reaction mixture or higher. In our

reaction mixture 100 ug of ferredoxin in 3 ml of reaction mixture -
was used. ' '

‘Effect of ethanol. ‘In‘general, efhahd} at concentrations. less

than 1% of the reaction mixture decreases the rate of photoreduction

of NADP, i.e. higher quantum requirements at higher light intensities,
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QUANTUM REQUIREMENT (einsteins/Zequivalent)

XBL 704-5168
Figure 3. Action spectrum of the zero-intensity quantum requirement
of photoreduction of NADP in the [ascorbate + DPIPH2-> NADP] reaction,
with no plastocyanin or NADP reductase added, with or without ethanol
or antimycin A. Curve A: normal sample without adding any inhibitors
or ethanol; the Timits of deviations and the curve are shown in the
graph as —+— . Curve B: samples with added ethanol at concentrations
= 1%; the limits of deviation and the curve are shown as —s-. Curve C:
samples with added antimycin A dissolved in ethanol. The concentration
is antimycin A/chlorophyll = 0.02; the limits of deviations and the
curve are shown as — J——~
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but it does not change the zero-intensity quantum requirement of
the reaction. In Figure 4, for example, curve 1 is the normal
sample without the addition of ethanol; curves 2 and 3 are.the
samples with the addition of 10 p1 and 20 ul of ethanol to 30 ml
of reaction mixture respectively. These curves exhibit almost the
same zeroQinteﬁsity quantum requirements (from 1.85 to 1.97) within
the experimental errors, but the added ethanol increases the quantum
requirements at higher intensities and the slopes of the curves in-
crease Qith the increase of ethanol concentration even when it is
1% or less. For example, the slope of curve 1 is 3.3 but that of
curve 3 is 4;5. When the concentration of ethané1 is higher than
1% of the reaction mixture, the rate of photoreductioh of NADP be-
comes irregu]ér and thus no reliable data can be‘obtained.

The action spectrum for the zero-intensity quantum requirements
of the [asﬁorbate + DPIPH,~> NADP] reaction with 1% or less ethanol
added is shown as curve B in Figure 3. Compafed with curve A, the
quantum requirements at different wave]engfhs, with or without
ethanol, have almost the same values éxcept that there are somewhat _
larger deviations when ethanol is added to the sample.

Effect of antimycin A. The effects of antimycin A, from the

concentration of antimycin A/chlorophyll = 0.02 to 0.62, on the
quantum requirements at different intensities are shown in Figure 5.
We found that antimycin A always inhibits this reaction, i.e. an
increase in quantum requirement at all concentrationscof antimycin A
and all intensities of actinic Tight studied. Even at the concen-

tration of antimycin A/chlorophyll = 0.02 we found antimycin A
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QUANTUM REQUIREMENT (einsteins/equivalent) -

INCIDENT: INTENSITY (nonoeinsteins/cm2 sec)

_ XBL 704-5164
Figure 4. The effect of ethanol on the ‘quantum requirement of the |
.photoreduction of NADP in the [aécokbaté + DPIPH, '+ NADP] reaction,
where p]astocyanﬁn»and NADP reductase Were ndt added. Incident
Tight was at 640 nm. Circles: no_etﬁanol added; X's; 10 A ethan61/3fm1

of reaction mixture; triangles:HZQ A ethanol/3 ml reaction mixture.

QUANTUM REQUIREMENT (einsteins /equivalent )
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INCIDENT INTENSITY (nanoeinsteins /cm? sec)

. : : XBL 704-5167 -
Figure 5. Effect of antimycin-A on quantum requirements of the: - ' o

[ascorbate + DPIPH2 -+ NADP] reaction, where no p]astoéyanfn or. NADP | _ .
reductase were added. _Actinié'1ight was at 700 nm. Open circles: -

no antimycin A was added; closed_circ]es: anfiﬁycin A/ch]orophyll =

0.02; open squares: aht{mycin'A/chlordphy11 = 0.2; opeh triéng]es:

antimycin A/chlorophyll = 0.62.
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showed a clear inhibition of this reaction. But it has been re-
ported (Arnon et al., 1964) that non-cyclic photophosphorylation
accompanying the_[HZQ + ferredoxin/NADP] reaction is not inhibifed

even at a concentration of antimycin A/chlorophyll = 0.33, which

js 16-fold more concentrated than the concentration of antimycin A/ -

chlorophyll = 0.02.

The action spectrum of the zero-intensity quantum requirements

for the [ascorbate + DRiPH2 -+ NADP] reaction is shown as curve C in.

Figure 3. In most cases the samples with added ethanol have the
same primary quantum requirements as the normal samples at the
wave]engfhs from 630 nm to 720 nm. :However, antimycin A (p]ﬁs
ethanol) always increases the zero-intensity quantum requirements
for the photoreduction of NADP, even at tﬁe Towest concentration
studied,-

Highzconcentrations of antimycin A, antimycin A/chlorophyl] 2
2.0, completely inhibits the photoreductionvof'NAaﬁzof”the
[ascorbate + DPIPH2 > NADP] reaction. No measurable rate of photo-
reduction of NADP could be obtained at these concentrations.

The effect of oxygen. It was thought that part of the elec-

trons transported by photosystem I in the [ascorbate + DPIPH, -+ NADP]

reaction would 1eak_to oxygen via ferredoxin. For this reason, the
reaction was studied under anaerobic conditions. Experiments
showed, on the other hand, that the presence of air had no effecf
on the rates of reaction or quantum requirements. Apparently the
léak of electrons to oxygen in this system is negligible under

the experimental conditions.

; 30

2. Photosystem I: [ascorbate + DPIPH2 > NADP] reaction using

saturating amounts of plastocyanin and NADP reductase

Plastocyanin. Plastocyanin is a copper-containing protein in
chloroplasts, and is water solubie. It may serve as the electron
carrier between PS I and PS IT (Park and Sane, 1971). Adding back
plastocyanin to'the épfnach chloroplasts preparation may restore .
part of what was Tost during the isolation process. If other
factors, such as light intensity, ferredoxin concentration, etc.,
are not rate-limiting, the rate of photoreduction of NADP in the
{ascorbate + DPIPH, - NAD?] system can be increased more than two-
fold when optimal amounts of plastocyanin are added. The relat#on-
ship between the rate of fphotoreddction of NADP by this éystem
and plastocyanin concentrations is shown in FigureJG;

Ferredoxin~-NMADP reductase. Ferredoxin-NADP reductase is

another .. ."- water soluble protein in chloroplasts and is essen-
tial to the e]ectfon transport chain in photosystem I (Avron, 1967;
Arnon, 1966). With optimal concentrations of ferredoxin and
plastocyanin, the rate of photoreduction of NADP can be increased

further. The relationship between the rate and the NADP reductase

- concentrations is shown in Figure 7. The rate of- NADP photoreduction

(AA at 340 nm/min) was 0.16 when no plastocyanin or NADP reductase
was added, increased to 0.12 when optimal plastocyanin was added,
and to 0.22 when both optimal plastocyanin and NADP reductase were

present. The final rate with optimal plastocyanin and NADP reduc-

tase is almost four times greater than the rate without these

additions.
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‘ " PLASTOCYANIN CONCENTRATION
(relchve mis of plastocyanin soluhon cdded)

XBL 7012- 5497

“igu 6. The 1nf1uence of plastocyan1n concentratlons on the

rate of photoreduct1on of NADP in the [ascorbate + DPIPH2 + NADP]

react1on The reaction mixture is given in the text.

P]astocyan1n

_'was usolated from sp1nach follow1ng the method given..in-the text

The abso]ute concentratlon of p]astocyan1n is unknown.

Tight was at 678 nm.

Actinic

'PHOTOREDUCTION RATE OF NADP (AA at 340 nm/min)
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FERREDOXIN —NADP REDUCTASE-CONCENTRKﬂON
(relative; mis of reductase solution added )
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19u 7. The influence of p]astocyan1n and NADP reductase concentrations
on the rate of photoreduction of NADP in the [ascorbate + DPIPH,-» NADP].
reaction. Curve 1 shows that the rate of photoreduction of NADP can be
increased by adding NADP-reductase alone. Curve 2 shows that the rate can
be increased further when both plastocyanin and NADP reductase are added.
Plastocyanin and NADP reductase were isclated from spinach following the

method given in the text. Both absolute concentrations were unknown. The

reaction mixture is given in the text. The actinic light was at 678 nm.
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The rate of the photoreduction and primary quantum requirements.

If we compare the results in Figure 1 and Figuré 7, ‘the rate of
photoreduction of NADP in the [ascorbate + DPIPH, NADP] reaction
is approkimate]y AA 340 nm = 0.09 min~! at the highest intensity

~of the actinic light. ~Under comparable conditions the rate can be

increased to 0.42 if saturating p1astogyahin and ferredoxin-NADP
reductase are both added. However, the increased rate does not

give a lbwer primary quantum reqﬁirement,at zero intensity of
actinic Tight. Comparihg the results shown in Figure 2 and Figure 8,
the quantum requirement ét the highest incident intensity, i.e. 3.0
nanoeinsteins cm'2 sec'] is 9.5 if no plastocyanin or NADP reductase
'is added to the reaction mixture, but it is 4.2 .when the system is
saturated with NADP reductase and plastocyanin. Extrapolated to
zero intensity of the incident Tight, ‘they both have the same value
of the'.brimary quantum requirements, 2.4 + 0.1.

Action spectrum. The primary quantum requirements at zero

intensities at the wavelengths from 620 nm to 720 nm for this
reaction are almost theAsame as those without the addition of
plastocyanin and NADP'reductase, shown as curve A in Figure 3.
Therefore, they are not presented here again. The quantum require-

ment of 1.0, namely, one equivalent of NADP reduced by one photon

._absorbed, can also be obtained when the actinic light is at 700 nm

or longer.

ASCORBATE + DPI PHo—>NADP

©
(4us)pAINba / paquosqp Sua4sula)
INIWIYINDIY WNINVND

o

3

2_sec”') at 678 nm

2

INCIDENT INTENSITY (nanoeinsteins—cm™

reduction and incident inten-

5> NADP] reaction with saturating plastocyanin and NADP reductase.

The rel

Figure 8.

ationship between the quantum requirement -of NADP photo

sities in the [ascorbate + DPIPH

Incident Tight was at 678 nm.

XBL 7012-5491
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3. Photosystem 11: [H,0_» DPIP] reaction

pH Oependence. In order to obtain the optimum rate, the photo-
" reduction of DPIP was studied from pH 6.0 to 9.0, using 45 mM .7

trici nev as the buffer.t The’"dependenc‘e of  the- photoreducti'oh"‘-rate 0.3 o C HZ.O —>DPI P

e? DPIP*ontthe pH 1sushcuﬁ ins ngure 9. These results were ob-. . .-

.7}“>

tained from: Five* to: seven’ h ependeut‘experimnnes at eathpH.:
Because thé absorbance of DPIP changes with pH (Armstrong, 1964),

- we cbmpare'on1y the measured rate of change of absorbance at 580 mm.
As . shown in Figure 9, the optimum rate of photoreductlon of DPIP is
- at pH 7. 5 : oo

DPIP Concentration. Since DPIP has an absorption max i mum at

600 nm with a broad spectrum.in the visible region, 1t will d1m1n1sh
‘the effective absorption of chloroplasts. Therefore we tried to .
'fihq the optimﬁm DPIP conéehtration.'which‘w111.not screen the ab-.
_ sorption of chlprOPiasts too much, but will approach saturation asi.
a substrete. The concentration-dependent rate of photoreductioh of

. DPIP is shown in Figure 10. The corrections for the screening by

PHOTOREDUGTION RATE OF DPIP (AA at 580 nm /min)

DPIP at different concentrations on the acfual«absorption of chloro-

plasts were not made at this- point; the measured changes of absor-

bance at 580 nm were taken direct]y as the rate of photoreduction

, of'DPIP As shown in Flgure 10, the rate increased almost. 11near1y
- XBL 7012-5496

from AA at 580 nm/m1n =0 to 0.4 with Jincrease of pPIP concentrat1on
"5 mole-g~1. " The rate reached a maximum at aA . - Figure 9.

from zero to 1.6 x 107, The - dependence -of photoreduct1on rate of DPIP on pH.
-1 The results were obta1ned from five to seven independent experi-

at 580 hm/min = 0.5 when DPIP concentrat1on was 2.67 x 10 mole-g

A similar observation was found previously in this laboratory (Kelly ments “"der comparab]e conditions. The reaction mixture is given

in the text, but no plastocyanin was added. Incident light was at

-2 =1

‘and Sauer, 1968), that the rate of photoreduction of DPIP in flash _ _ ,
: ' o o : 678 nm with intensity 3.0 nanoeinsteins-cm “-sec™ ..
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HoO —>DPIP
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DPIP CONCENTRATION (pM/ml)

XBL 7012-5499

Figure 10. The phqtoreduction rate of DPIP by chloroplasts as a
function of DPIP concentration. The reaction mixture is given in

the text but no plastocyanin was added. Incident light was at 678 nm.
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light experiments was dependent on the DPIP concentration. The

maximum flash rate was obtained when the DPIP concentration was

2.7 x 10'5 mo]e-l‘] which was almost the same as we found in this
experiment. At higher DPIP concentrations, eyg., 6.0 x 1075 mole-2”t,
the maximum rate remained constant in flashing~1ight-experiments:ibut
decreased about forty percent -in this experiﬁent, This phenomenon
might be due to screening of DPIP on the.effective absorption of
chiorop]asts, which was not predominant in flash light experiments,
because the light intensity was saturated and not the rate-limiting
factor. But under the continuous illumination condition, the photo-
reduction rate of DPIP, aA 580 nm/min = 0.51, which was more than a
hundredfold higher than that in flash light experiments, was very
much light-intensity dependeﬁt. When the DPIP concentration was

increased from 3 x 10~ to 6 x 107 mole-z”!

, the screening effect
of DPIP was also more than doubled. Thus, both-the-¢ffective abzorp-
tton .of chloroplasts .and the rate decreased considerably.

Magnesium chloride. Both magnesium and chloride ions are essen-

tial for photosynthesis. As in gther reactions involving the transfer

of a phosphate group (McE1roy and Nason, 1954), Mg++ is required for

. phosphorylation by chloroplasts (Arnon, 1958). The chloride ion,

replaceable by bromide but not by other anions, was found to be
essential for oxygen evoTution by isolated chloroplasts (Warburg,
1949; Arnon and Whatley, 1949). We found that the rate of the
[H20 -+ DPIP] reaction:could be greatly enhanced by adding appro-
priate amounts of magnesium chloride. The results are shown in

Figure 11. The maximum photoreduction rate of DPIP, in the presence
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\
W
w

of 6 umo]e-ml'] of magnesium chloridg, was about sikty_percentll.
greater fhan the rate in thé absence of .added magnesium Ch]oride.»

P]astocxénin. Since plastocyanin has been‘imp]iqatéd;jnlnoh-

XBL 7012-4901

cyclic electron transport from water to NADP (Katoh ggigl,,VIQGSi;- :
Katoh gg_gl,,-]96§; Gorman gg.gl,;>1966),;and also is partly water

concentration.

soluble; we investigated its effect on the rate of_photoreduétion _;ﬁg'f
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of DPIP in the [H,0 » NADP] reaction. Figure 12 shows that the .

rate of photoreduction of DPIP is increaéed more than7fdrty.percenf

when saturated pIastocyanid is ‘added. After optimizing all the - -

Incident 1ight was. |

above conditions, the ratg of photoredu¢tion of - DPIP was increased=m

more than threefold:from AR at 560 nm/min = 025 to 0.78.
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MgClp CONCENTRATION (pM/mi)

Ferredoxin and NADP redhctése. Both ferredoxin and NADP feduc-.:u)‘

tase were investigéted as to their{effects on the photoreduction of =

Ho0 —>DPIP

“DPIP by the'éhlproplasz, Each of these componenfs was added;
éeparate}y or togefher,’dt dffferent concentrations to the reactidh;~
mixture. No significant improvemenf of the photoreduction rate of ...
DPIP was found when lower concentrations of either'or.botﬁ ferre;
doxin and NAQP.réduétase_were-addeq.('A small dgéreasejih tﬁe rate
occurred when highér.;oncentrationé of either br both of them were .
added. _Apparently'tﬁey are nof iﬁVQlyed in tﬁis.part‘of,thévelec—-: .

tron transport chain.

-~ Action spectrum oflthe.quantUm'requiiement. When the rate of

photoreduction of DPIP was optimized, the quéntum-requirements of

The relationshiplbetwéen the rate of photareduction of DPIP and MgCl,

(] - - ‘ .<¢i o o o O this reaction wéfe measured in the same way as those in the [aécpr-t
o . L ‘ o bate + DPIPH, - NADP] reaction. The action spectrum of the zero-
(ww/wu-08G 1o VYY) didd 30 31vd NOILONA3YOLOHJI T T o , AR ,

o . intensity quantum requirements is shown in Figure 13.. These .are

The reaction mixture is given in the text; no plastocyanin added.

at 678 nm with intensity about 3.0 nanoeinsteins-cm™2-sec” ..

0
0]
0]
Figufe211.

‘ average values from the best five to seven ihdependent exberiments
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Figgre_lz. The relationship betWeen the photoreduction rate of
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its absolute concentration is unknown. Actinic light was at

678 nm.
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Action spectrum of the quantum requirements of photoreduction of DPIP for the [HZO -+ DPIP]

The reaction mixture is shown in the text.

Figure 13.

“reaction.
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of a tota] of more than fifteen. Quantum requirements of.T.O +0.05
were~obtained’from 630 to 660 nm of actinic light. . Highen_values
were nbtained wher the actinic light was at 670Anm.or.1onger wave-

lengths.

4, Photosystem.(1'+ II)t_d[sz > NADP] reaction

Optimum rate of photdreduction of NADP The rate of photo-

reduction of NADP in th1s system, as. in the other reactions, ‘s

) very much dependent on pH, the concentrat1on of magnesium ch]or1de,'

p]astocyan1n, ferredox1n, and NADP reductase method of preparat1on

of chloroplasts and the age of the splnach Similar experiments”
have been carried.out as those.ln the [HZQ ~ DPIP] reaction to
optimize the'reactipn'natekofythe'system; The pptinumrconditiens
have been obtained and.used as tne standard reaction mixture given
in the Materials and Methods section. Addition 6f*nagnesium'

chloride, terredoxtn,_p]astocyanin, and NADP }eductase are a1] re-

‘ quired for rapid rates in .this reaction. The optimum rate of photo- .

reduction of NADP by water was obtained from pH 7.0 to 8.0, with a
maximun_at pH 7.5, which wasbused in our experiment. The rate of
the reaction when saturating fernedoxin was added-wasv20-fojd more
than the rate when no'ferredoxin was added. w&;h the optimum con-
centration of Mgctz, 7.5 pmoles-ml'],’the rate could be increased .
about 30 percent from AA at 340 nm/m1n 0.065 to 0.090, over the

rate when no MgCl2 was added

With the optimum concentratlon of M9012 ferredoxin and pH the:

photoreduction rate of NADP of the reaction was more than doubled
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by adding saturating NADP reductase, and more than trip]ed byv.

' adding beth saturating NADP reductase and plastocyanin.

Action spectrum of quantum requinements. The action speetrum
of zero—jntensity_quantum'requirements for the_[H20 > NADP]f :
reaetion.is shown in Figure 14.. 0n1y the.optimized conditioné for
the reaction have been used'fbr obtaining these-quantum require-
ments. dThe_resu]ts_shown in.Figure 14 were the average va]ues of )

the best f1ve to seven 1ndependent experIments of a total of more

- than f1fteen Many times when ch]proplasts ‘were- not very active
'  we WEre'not ab]e to obtain these low quantum requirehents The

quantum requirements from 620 to 660 nm and at 678 nm-are very

close to 2.0 + 0.1, and they are slightly h1gher at 670 and 690 nm.

: The_pnotoreduction of NADP by this reaction becomes very lneffl-

cient-when the‘actinic ]ight is at 700 nm or 1dnger wave}engths.

The normal course of photosynthetié'electron transport in
higher plant chloroplasts leads to the reduction of NADP to NADPH
and the oxidation of water to molecular oxygen. ‘A current version
of the mechanism of this-proqess, based on the series twb-]ight

reaction scheme origina]]y,proposed by Hi11 and Bendall (1960)_and

' “elaborated for the [H,0 + NADP] reaction by Losada et al. (1961),
is shuwn in Figure 15. DCMU is a potent inhibitor of tne reduction
‘of NADP (Bishop, 1958) and this inhibition can be relieved, in

..part; by the addition of the couple DPIPH, plus -ascorbate (Vernon
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mixture is given in the text.



and Zangg, 1960). Based on the action spectrum of quantum require-

_ ments, Hoch and Martin:(1963) and Sauer and Biégins (1965) sug-

gested that the~photoreduction of NADP+ in the [ascorbate +_DPIPH2 +>

NADP] reaction is associated soiely with Tight reaction I. In the
_absence of'DCMU,;the oxidized_torm oftDPIP serves as an electron’.
-acceptor for the’ch]oropfast Hil]'reaction,hieading to the photo- .

oxidation of water to molecular oxygen. This reaction has been

assigned to light reaetion II a]one,-on the bas’is of_action spectra - )

and the absence of enhancement-in the presence of long wave]engths,_].

of 11ght, but. it has not been possib]e to ru]e out the . poss1b111ty 7
that 1ight reaction I part1c1pates as well A detailed_d1scuss1on
of th1s question was glven by Sauer and Park (1965) Therefore,

we used the [H20 + NADP] react1on for the study of photosystem

(1 +.11), the [ascorbate + DPIPH2 NADP] reaction for photosystem'

I, and the [Hzo - DPIP] reactlon for photosystem II. However,
'based on the study of cytochrome b559land.C550 at Tow temperaure
and the absence of enhancement effect, Knaff and Arnon (1969)

suggested that there are two Tight reactions in'photosystem I,

which is the on]y energy source needed for the [Hy0 ~ NADP] reaction,

and one light react1on in photosystem I, wh1ch only carries out
cyclic photophosphorylat1on. These two d1screpant hypotheses need
_careful measurements on quantum requirement and_on enhancement
effect of the above three reactions. 'They will be discussed in.
the next section. _ - . » |

.~ As shown in Figure 3, a quantum requ1rement value of 1.0 for
the transfer of one e1ectron from ascorbate/DPlPH2 to NADP is ob-
tained at the wave]engths above 700 nm of actintc 1ight. Ne taker
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this to mean that non-cyclic electron transport from ascorbate to

NADP is the only reaction occurring under these conditions, .if
_the hypothesis is correct--namely, one photon is required to trans- -

. port one e]ectron in photosystem I. This suggests that photosystem

I requires only one photon to carry out the photoreaction "Since

. ch]orophy]l b probably has neg11g1b]e absorpt1on above 670 nm, -
‘the 1ight absorbed above 700 nm is due to ch1orophy11 a on1y~

This 1nd1cates that photosystem I is. strongly associated w1th
ch]orophyll a.and a]so suggests that above 700 nm photosystem II

has 1ittle absorption.- Other studies have found that va]ues for
_ the Chl a/Ch]'b ratio of the photosystem IT particles obtained,

_us1ng d191ton1n or. trlton treatments, range from 2 0 to 2.4, and -

for the photosystem I fract1on from 4.5 to 7.0 (B]ack and San P1etro,
1963; Anderson and Boardman, 1966; Anderson, Forkvand Amez, -1966;
Schwartz, 1967). Thornber et al. (1967) found that photosystem I
particles had”a:Chl é/ChJ'g_ratio as high as 17. Boardman and-~

_Highkin (1566) notedfthat a barley mutant lacking Chl h had unim—
© paired abi]ity'to reduce NADP The ev1dence supports the 1dea

that photosystem I particles contain- pr1mar1?y Chi-a.
It is known that NADP/ferredox1n is a phy5101091ca1 e]ectron :
acceptor and consequent]y its reactlon mechanism must be very

specific.> It has been demonstrated (Nelson and Neumann, 1969)

“that NADP, NADPH and ferredoxin can competitively form a complex. N

with NADP reductase, which mediates the electron transfer from:

reduced,ferredoxin to NADP. This specific mechanism_permits NADP-

to receive electrons only from the end of the electron transport
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chain that is closely associated with NADP reductase, and thus

prevents NADP from receiving electrons directly from photosystem

"1I, of which the electron sourceAis cut completely by DCMU under

our experimental conditions. Theréfore, the photons: absorbed by
photosystem fI at wavedengths from 620 to 690 nm cannot be utilized

and the energy absorbed will be wasted unless there is an electronic

excitation transfer from photosystem II to photosystem I. The quan-

tum requirement va]des between 1.5 and 2.5 of this reaction at
wavelengths from 620 690 nm strongly suggest that this electronic
excitation transfer from phbtosystem II to photpsystem I is very
inefficient. |

Arnon et al. (1964) found antimycin A to behave as an inhibitor

“to the electron transport chain of photosystem I, even at concen-

trations as Tow as antimycin A/chlorophyll = 0.02. Cyclic, but not
ﬁon—cyé]ic, photophosphorylation is reported to be blocked at this
concentration. wé ihterpret the effect on’the efficiency of the non-
cyclic electron transpdrt of PS I to result from.a competition with
éyc]ic electron flow, which has becdme accelerated thrpugh an un-
coupling action of‘anfimycin A. Ethanél, a commonly used solvent for
reagents like antimytinvA, is also found to have an inhibitory
effect af_Canentrationﬁ above 1% in the reaction mixture at‘higher
light fntensities, but it does nbt change the zero-intensity quantum

fequirehent for the [ascorbate + DPIPHZ-» NADP] reaction. The con-

“centration of ethanol, which was used as the solvent for antimycfn

A on the zero light intensity quantum requirement, should be solely

due to antimycin A itself, not due to ethanol.
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The quantum requirement of photosystem II, or the [H20 -+ DPIP]
reaction, is close to 1.0 at the wavelengths from 630 to 660 nm. of
actinic light. If the hypothesis, j;é;_dne quantum requirgd to
carry out the photosystem Il reaction, is correct, these gquantum
requirement values strongly suggest. that photons absorbed by chloro- -
plasts from 630 to 560 nm can be used by photosyStem II very effi-
ciently. The photons originally absorbed bykphotosystem I in this
region should also be transferred to photosystem 11, probably by aﬁ
electronic excitation transfér.process. When the actinic wave-
lengths are 670 or 678 nm, quantum requirement values of 1.7 to 2.3
are obtained. This means that photons absorbed by photosystem I in
this region cannot be transferred to photosystem II completely.
Thereforé part of the photons absorbed by photosygtem I is wasted
and quantum requirements fof the [H20 - DPIP] reaction higher than
1.0 are obtained. The quantum requirement of photosystem I1 becomes
much higher when the actinic light is beyond 690 nm, apparenf]y

because the photons absorbed in this region have insufficient

enérgy‘to activate light reaction II. On the basis of the results

of the present study, where quantum yields of 1.0 equivalent-
{einstein absorbed)'T are observed for the [H20 + DPIP] reaction -
using actinic wavelengths from 630 to 660 nm, we can now unam-

biguously assign this reaction to light reaction II alone. If

" "both light reactions were involved, then-at least two absorbed

photons would be required for each electron transferred and the
quantum yield would never exceed 0.5 at any actinic wavelength. .

From the analogous results of ‘Avron and Ben-Hayyim (1969), the
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ferricyanide Hi]t reaction can also be assigned to Tight reaction
IT alone. .In_our studies of the,DPIP Hi1l reaction, the absence

_of'any effect resulting from the addition.of ferredbxin and/or._‘,
_ ferredoxin-NADP reductase supports the asstgnment'to light ..~
" reaction II. ’ ‘: . o .

' Quantumfrequirement va]ues close to 2.0 for photoSystemf(17+ .
I1), the [H,0 + NADP] reaction, are obtained when the actinic 1;ight.'
is betueen 620 and 678 nm. Because we have‘optimized the eXperi- e
menta] conditions of th1s reactlon in a similar way to those. of
the other two reactions, and a1so the chloroplasts act1v1ty 1n thls
react1on should be as act1ve as in other reactvons Thus the-dlf- "

ference in quantum requ1rement va]ues of these three react1ons :
‘should be due to the d1fference in electron donors of the [ascorbate .
' + DPIPH > NADP] and the [HZO > NADP] reactlon “and a1so due to the
~ difference in- e]ectron acceptors of the [H 0+ NADP] and the [H20~+'
DRIP] react1on Thus the quantum requ1rement values here do sug-
gest that two quanta are required- to transfer one e]ectron from
water to NADP {or PS (I + II)_reactton) but only one quantum 1s
required to carry out the "[asco'rbat_e + DPIPH, > NADP] or PS T
_.reaction and'the-[sz > QPIP] or_PS I1 reactjon'respectjvely{ ‘ |
The etfect of added plastocyanin in increasing_the rate of

electron transpOrt in the [HZOL’ DPIP] reaction at moderate 1ight3

1ntens1t1es suggests that the DPIP accepts electrons c]ose to
’ photosystem I-in broken ch]oroplasts. Presumab]y added plasto- -
Cyanin is relieving a rate-limiting step in this reaction under.

conditions where light is not limiting. .This:observation'is L

. Sauer, 1968)..

' - thought to occur between photosystem IT and plastocyanin.

- wasted and will. appear only as fluorescence or heat.
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_consistent with the finding that methylamine, an uncoupler of non-

cyclic photophosphorylation, also serves to accelerate electron
- flow in the [H20 + DPIP] react1on (Sauer and Park, 1965 Kel]y and =
The site of non- cyc11c photoohosphory]at1on is '
We =
believe that the int]uence;of'added p]astocyanin;on;thtsisystemiII_'
reactton indicates that DPIP accepts e]ectronsreither diréct]y
from p]astocyan1n or e]se from an adJacent e1ectron transport 3
component whose ox1dat1on state is controlled by p]astocyan1n
_Asseciated w1th each of the two photosynthetIc react1on cen; :
ters is an array of 11ght absorang or antenna pigment mo]ecu]es
(chlorophyl]s a and b and caroteno1ds 1n the case of h1gher
p1ants) Many models have been proposed to descrlbe the arrange-
ment of these mo]ecu]es (Duysens and Amesz, 1962 Myers and v
Graham, 1963; Avron and Ben-Hayylm, 1969) In one-model,-the" |

separate package"‘hypothes1s, each pigment molecule is asso- .-

_ciated with one or the other of thetlight reactions and nQVCO"ﬁUnif'

: cation, by way of electronic excitation transfer, ts_permittedﬂ

between them.. As a consequehcefof this model, photons-absorbed
by a particular pigment molecule can be transferred'only_tonthev.
reaction center.of.its own pigment system. If that reaction:.

center happens not to be functioning, then the excitation will be

- If we measure

the quantum yields at Tow tight intensities, yhere'the arrival of

- photons is rate limiting, for each of the light reacttonsvoperatingl .

" separately, then according to the "separate package!rhypothesis theif-
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sum of the quantum yields at each wavelength should not exceed
1.0 (Kelly and Sauer, 1965). In Table I we present-the zero
intensity quantum yields at several wavelengths between 620 and
720 nm for the [ascorbate + DPIPH2~+ NADP] reaction attributed to
photosystem I and‘for the [H20 > DPIP] reaction attributed to
phbtosystém II. The.sums of the two quantum yfe]ds at each wave-
length are given in column 4. 'Although the sums are reasonably

close to unity at long wavelengths (670 to 710:nm) they exceed

unity by 45 to 60% in the shorter wavelength range (630 to>660 nm)

of activating light. Light reaction II itself has a quantum yield

near unity in this wavelength range, and the quanium yield of
1ight reaction I is around 0.5. 4These results, together with
those reported previously by Avron and Ben-Hayyim (1969), are
clearly inconsistent with the fsepar;te péckagef hypbthesis and
suggest that it is no Ionger_penab1e. _

An alternative model, thé “spillover" hypothesis, tncludes
the possibility that excitation présent in one of the pigment

systems may, if it {is not needed there, be transferred to the

other reaction center and used there. The efficiency of transfer

may depend on the wavelength of activation, on the conditions of
the reaction and on fhe rates of -competing excitation-Joss pro-
cesses. In an extreme version of the “spillover" hypothesis,

proposed by Avron and Ben-Hayyim {1969), the distinction between

the two pigment systems disabpears (at least at all but the Tongest

wavelengths) and photons absorbed anywhere in the antenna may

,,u]timateiy reach either type of reaction center. It should be

TABLE 1
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Quantum yields extrapolated to zero intensity for NADP reduction by

[ascorbate + DPIPHZJ and by water and for the DPIP Hill reaction

of spinach chloroplasts at various wavelengths.

Quantum yields (equjva]ents/einstein absorbed)

A {ascorbate + | g
(nm) | DPIPH, - NADP]| * [H,0 > DPIP] [H,0 ~ NADP]
¢ 0 oy tépg 81 £.10)
1620 | 0.67 + 0.04 3 0.50 40402
630 | O:6T % 0:08 | 1:00+:0:08. | 1.61'+0.08 | .0.50.+ 0202
640 | 0.53+0.04 | 0.95+0.05 | 1.48+0.09 | 0.49 + 0.02
650 | 0.51+0.03 | 1.00+0.04 | 1.5 10;03 0.50 + 0.02
660 | 0.50 +0.03 | 0.96+0.05 | 1.46+0.08 | 0.48+0.03
670 | 0.43+0.03 | 0.63+0.05 | 1.06 +0.08 | 0.45 + 0.05
678 | 0.38+0.11 | 0.56+0.06 | 0.9 +0.17 | 0.50 + 0.03
690 | 0.61+0.04 | 0.44+0.03 | 1.05+0.07 | 0.43 +0.08
700 | 1.00 +0.05 | 0.25+0.03 | 1.25+ 0.08 0.79 + 0.03
710 | 0.96 +0.05 | 0.18+0.03 | 1.14+0.08 | 0.16 + 0.01
720 | 0.96 + 0.05 | |
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recognized that proximity of a given antenna'pigment molecule to
a reaction center may be important in determ1n1ng the probab111ty
of transfer of 1ts exc1tat1on part1cu]ar}y ‘where the time re-

. qu1red for all of ‘the necessary transfer stéps to-occur is com-
'parable w1th the ch]orophyl] f]uorescence lifetime. These
v'spll]over mode]s, in common with most others assume that the
Tongest wave]engths of activating 11ght involve photons w1th
insufficient energy to act1vate the reaction center of 119ht
reactlon 1. ' o
If there i§ a 51ng]e plgment system absorblng in the red
reg1on (630 to 660 nm) and -if both types of reactlon center can

receive exc1tat10n from.th1s p1gment system, then we m1ght expect

the quantum y1e]ds for both 11ght reaction 1 and for llght reaction

IT to be ‘the same for these actfn1c wave]engths Our measurements a

show, however, that the quantum y?eld of 1lght react1on II 1s

" about tw1ce as ]arge as that for 11ght reactlon Iin the réd .
region. This suggests that the two types of reaction centers-are
not. synnetr1ca]]y d1sposed with respect to the antenna plgments
when react1on center I is not operatlng because of the absence of
‘SUItab]e e]ectron acceptors (NADP-and/or ferredoxln) all exc1tat10n
in the red region is able to be” trapped and ut111zed for llght
react10n tI photochemlstry On the other hand when llght ': :
reaction‘II is blocked'hy‘DCMU, on]y-half,the red photons abso}bed

are capable of producing electron transfer in light reaction 1.

ewe_know that'this is not due to inactivation of system I reaction ;t

centers, because they are fui]y effective for Tong Wave1eh§th 5

photons (700 to 720-nm).” Also, in order to account for a quantum
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' _yield of:0.5 at short wave]engths for the [HZO-* NADP] react1on,.

- where both Tlght react1ons operate in series, it is necessary

to assume that the,photons absorbed are_part1t1oned equa]]ylbe-;_

. tween'the two Tight reactions and that each. Tight reaction.is -

ab]e to use essent1a11y all of the-excitation that 1t recelves

One measure. of ‘the fate of exc1tat10n not utilized by l1ght

_ reaction I is. the f]uorescence assoc1ated with photosystem II.

Th1s fluorescence, ‘which has an ‘emission spectrum that 1s consis-

tent with 1ts orlg1n in photosystem II pigments, has: been 1nter-

_preted as contalnlng a "llve" portlon and a’ "dead" portion
' (Clayton, 969) The "]1ve" portlon 1s seen to conpete vnth

,photochemistry carr1ed out by 119ht reaction "I and attalns a:

maximum eff1c1ency when photochemlstry is saturated at hlgh 119ht
1nten51t1es “The "dead" portlon, on the. other hand, contrlbutes

a constant yield of f]uorescence that is 1ndependent of the state;'

of photosystem II. If this indeed is the case,.then'it‘is unlikely .

that the “dead" fluorescence comes from the same sxte as 1s respon—v

sible for the "]IVE“ f]uorescence and. for photochem1stry _The

“dead" fluorescence. may come from a non ~functional. trap or. from -

the antenna plgment molecu]es themselves In either case, it
.represents a constant leakbof exc1tatjon_energy fromwthe ch]oro=3

- plast membranes. The addttion of DCMU,.which blocks photosystem

" II light reactlons, causes the "Tive" fTuorescenCe.to-rfse'toaits"
_ maximum value Th1s suggests that DCMU does ‘not c]ose the traps i
' ofi]ight reaction II as energy_s1nks : In fact they appear to

. operate just as‘effjciently\in this respect in the presence.or 1n:‘
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the absence of DCMU. This observation is difficult to reconcile
with our quantum yield measurements, for virtdal]y all of the
short wave]engtﬁ ﬁhotons are trapped by Tight reaction II in the
[H,0 ~ DPIP] reactioﬁ in the absence of DCMU, whereas in the
presence of DCMU in the [ascorbate + DPIPH, > NADP] reaction at
least half of these short wavelength photons must reach Tight .
reaction I. Yet the maximum yield of “Tive" fluorescence from

photosystem II 1s the same in both cases.

Perhaps the simplest way &round this apparent inconsistency

is in the a]ternative‘model of Avron and Ben-Hayyim (7969) in
which a control mechanism determines the fractionbof excitation
that reaches each reaction center. This control mechanism is
under the influence of factors.which differ from one set of
reaction conditions to another. Théymosf'1ike1y candidates for

this factor are the redox potential of the system and the concen-

trations of addedvcofactbrs. Experiments by Murata (1969) suggest

that Mg++ concentration plays a role in excitation transfer among
thévantgnna pigments; hbwever; the effects observed here could
resylt from a complex interaction among several -such components.
Additional results reported by Avron and Ben-Hayyim (1969), where
flavin mononucleotide (FMN) or diquat are the electron acceptors
for the photosystem I reaction, show that in these cases 640 nm
photons are fully effective in produc{ng electron transfer. This

contrasts sharply with the [ascorbate + DPIPH, ~+ NADP] reaction

and is further evidence that some control mechanism is determining

the fraction of red light excitation that is available to photo-

systém I.

58
In summary, the results of quantum yield measurements for
the separate photosystem I and photosystem II reactions show
that s simple separate package model for the antenna pigment
molecules is inconsistent with the experimental findings. The
variability of the fraction of photons in the red region of the
spectrum that is available to each of the reaction centers suggests
the presence of a contro] mechanism that regulates electronic ex- )
citation transfer among major portions of the antenna pigment
moTecules. The invgstigation and identification of the mechanism
of this "controlled spiilover" hypothesis will be an important

field for future research.
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I1I. EMERSON ENHANCEMENT IN BROKEN SPINACH CHLOROPLASTS

A. - Introduction
In Chapter II, we addressed the question of the number'Of'
photons requlred to carry out PS I, PS II or PS (I + II) react1ons
In thlS chapter we report experiments des1gned to answer the

. question whether PS I and PS II are both requtred to transfer

electrons in a series fashion in the [H,0 -~ NADP} reattton (AVron;:f

1967 Sun and Sauer, 1971 Hoch and Martln, 1963; Sauer- and B1gg1ns,-,

1965). An a]ternatlve mechanism has been proposed by Knaff and

~ Arnon in wh1ch both of the photosystems operate in independent.
.pathways and only PS 11 (PS. IIa + PS IIb) is tnvolved in the

[H,0 - NADP] reaction (1969) Tnsboth- reaetions electrons are -
. transferred from water to NADP s ]eadxng to oxygen evolution and 1}
the reductlon of NADP to NADPH The phosphorylat1on of ADP to- . ,.
ATP can be -coupled to the [H20 > NADP] reaction. - '

In Chapter 11 we reported that the [ascorbate + DPIPH > NADP]

reaction, characterlst1c of PS I, requlres on]y one quantum of
,T1ght at 700 nm or 1onger wave]engths in order to transfer one.
‘electron from DPIPH, to NADP in the presence of DCMU (Sun and
Sauer, 1971). The [H20 - DPIP] Hill reactlon is characterlst1c of
'PS II and requ1res on]y one quantum of 630 to ,660 nm. ]1ght to
transfer one e]ectron from water to DPIP, prov1ded that the

reaction ‘conditions are adjusted to give efficient spﬂ]over_of_‘
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excitation from P I to. P II. The [HZO'f NADP] reaction-requires

two quanta from 620 to 678 nm to transfer one electron from H20'

to NADP under the same conditions favor1ng sp1110ver {Sun and

Sauer, 1971) However, it is impossible on the basis of action

spectra7and quantum requirement measurements a]one to answer the e
question of . whether the [H 0 - NADP] reaction is. driven by PS (I + -
I1) or PS (IIa + IIb). One way of prov1d1ng conc]us1ve ev1dence

that the [H20 »»NADP] reactlon involves PS (I +_II) is to demon-

. strate the occurrence of. the Emerson enhancement effect for this

react1on in. chlorop]asts

U51ng who]e ce]]s of Ch]orella and of - Chroococcus Emerson

~and Lew1s (]942 1943) found a sharp decrease in the eff1c1ency
of.photosynthes1s with actinic light of wave]engths 1onger.than '

.685 nm (red drop in eff1ciency) By’adding a weak background of

green light to the far red 11ght Emerson et a1 (1957, 1958) :

 found that the comb1ned wavelengths produced higher photosynthet1c

rates than the ‘sum of the rates for the two ]1ghts used separate]y
The series formu]at1on 1nv01v1ng two 1ight reactions gained support
from these experwments (HiN ‘and Benda]], 1960). The basic idea
was that far—redmlight, absorbed predominantly by PS 1,.cou]d_be '
supptemented or "enhanced" by adding 1ight that was preferentia11ym“

absorbed by PS II. Th1s enhancement has been demonstrated to ‘

" occur in-whole- ce]]s or 1ntact Ieaves in a wide var1ety of oxygen-»

'ev01v1ng organisms (Emerson, 1957, Emerson et al., 1950, 1957;

Govindjeeband thinOwitch, 1960; Myers "and French;-1960; Gibbs

et al., ]963; Mayne and Brown, 1963).‘>Neverthe1ess} it'was,argued
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that the origin of enhancement in whole cells is not in the pri-
mary light-driven electron transport reactions, but is a conse-
quence of feedback loops ih the dark reaction involving the
requirements of CO, fixation for NADPH and: ATP. NADPH is produced
via non-cyclic electron tfanSport and ATP is produced, at least in
part, via cyclic electron flow invo]v*né only PS I. In order to
resolve the origin of enhancement, it is recessary to find out
" whether enhancement 6ccurs in isolated broken chloroplasts, where
CO2 fixation is notvcoup]ed and only a primary light reaction
effect would be observed.

The occurrence 6f significant enhancement.in‘the [H,0 - NADP]
reaction by isolated broken chloroplasts has been‘reported by
Govindjee et al. (1962, 1964), Gordon (1963), Joliot et al. (1968),
and Avron and Ben-Hayyim (1969). On the other hand, Gibbs ggfgl.
{1963) and McSwain_and'Arnon (1968) studied the reductibn.okaADP+
(and of ferricyanide) by H20 in isolated ch]érop]asts and found

no measurable enhancement. The lack of enhancement was interpreted

as indicating no cooperation between PS I-and PS II. .Arnon (1967)
proposed that either the [ascorbate + DPIPH2.+ NADP] or the

. [H20 + NADP] reaction is driven by a single Tight reaction, PS I
for the former and PS Il for the latter. The_hypothesfs was that
on]y-one‘phpton per‘e]ectron transferred was reqﬁired in each of
these reactions. It was subsequently modified in the 1ight of the
behavior of a new photoreactive chloroplast component €550 (1969).
The latest version of this hypothesis (Knaff and Arnon, 1969) sug-

.gests that three Tight reactions are involved in photosynthesis;
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two are in PS II and are short-wavelength 1ight reactiqns, and
one is in PS I and is a long-wavelength reaction. The hypothesis
also states that there is no direct cooperation between PS I and
PS II, and only PS II (a + b) is involved in activating the basic
reaction of photosynthesis, i.e., the [Hzo + NADP] reaction.

In the present study we present further evidence that Emerson
enhancement does occur in broken spinach chloroplasts for-the
[H20 + NADP] reaction. We havé also found what we believe to be
the reason why some laboratories have been unable to observe en-
hancement in isolated chloroplasts despite apparentvaextensive
and painstaking efforts. The discovery of the cause of this
variability in turn uncovers an important new phenomenon relevant

to photosynthetic control mechanisms.

B. Materials and Methods

(1) Spinach and preparation of chloroplasts:  same as described
in Chapter II.

(2) Reagents. = ,
In addition to those chemicals described in Chapter II, man-

ganous chloride was obtained from J. T. Baker Chemical Co.,

Phillipsburg, N. J., and trizma base from Sigma Chemical Co.,

St. Louis, Missouri.

(3) Apparatus and light intensity measurement

The apparatus for menitoring RADPT reduction, based on a Cary

14 spectrophotometer, was similar to that used in Chapter LI.
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Actinic:lidhts from two identical monochromators (Bausch‘and Lomb,
500 rm, redehlaze grating) were brought to approximate focus on
the same side of the'c0vette in the sample beam. ~Apart from the -

converging lenses and an intermediate mirror'in ohe beam, each

monochromatic beam was supp]emented w1th appropriate short-wave]engthA

cut off filters (Sauer and Biggins, 1965) The intensities of the .

actinic lights were measured as in Chapter 1.

(4) Reaction mixture and prgparation of ferredox1n, NADP reductase

and p]astocyanin

The reaction mixture of the [ascorbate + DPIPH2 > NADP] _
reaction, of the [HZO -+ DPIP] reaction and of the [Hzo_f NADP] -

reaction Were the same as desCribed in'Chapter 11 except for those; :

.stated spec1f1ca11y in the text under spec1a1 conditions Saturating<

amounts. of p]astocyanin were added to each of the three reaction
mixtures and saturating ferredoxin and ferredox1n NADP reductase v
were added to the [H20 + NADP] and the:[ascorbate + DPIth + NADP]
reactions, except for those cases stated speCifically in the text;v
Ferredoxln, p]astocyanin and NADP reductase were prepared from

commercial spinach as described “in Chapter II.

AC;1>Resu1tS

1. [H,0 + NADP] reaction and enhancement studies

The.rate of photoreduction ofiNADP as a'function of incident

intensitx, As described in Chapter II, the quantum requirements

for the [,0 » NAD#] reaction increased gradually as a linear
- ) . N - ( . .

: approx1mate]y 3. 0 nanoelnsteins-cmz-sec

. of enhancement effect. Only very‘active'ch]oroplasts,-as in. ..
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‘ function of the incidentp]ight_intensity within the range studied.'

_The quantun requirements at 650 nm and the rates of phdtoreduttionﬂ

of NADP" at 650 nm and 700 nm within this intensity. range are

shown in Figure 16 Incident light intensities from zero to _ . o
1 vere used in the study . - T
Figure 16, were iused.

Patterns of sequential presentation of two actinic: 119hts In

'order to obv1ate p0551b1e biases, we examined four different

sequences of presentatian_of the actinic 1lghts. _(A) First {1lumi-

nation with a'red iight (650 nm) to'obtain ‘the rate of ‘the reaction,_'

i ‘ RR’ at 1nten51ty IR, dark. 1nterva1 (ca 3 min) until the rate of .

the back reaction became constant. lllumination with 700 nm light

of 1nten51ty IFR to obtain a rate RFR’ 111um1nation with red light

of 1nten31ty I,, added to the far-red light, giving the rate R
R FR#R"

This pattem is designated [RR, Reps RFR+R]'- A typical time course_ .

. of these rates is shown in Figure 17. - (B) Using the notation -

adopted above, we then modified the actinic 1]1um1nation to prov1de .
the sequence [RFR, RFR+R’ R] (C) A third pattern. used was .

[Rp FRS RR’ RR+FR] (D) A fourth pattern used was [RR, RR+FR’ Repd-

The objective of using these different patterns was to demonstrate

that enhancement can be observed regardless of the order in whiCHr: L

"the.actinic.wave]engths are presented.

Several different measures-of enhancement are used in. the

literature on this Subject_(Deirieu and Kouchkovsky, 1971). In.

order to facilitate comparisons with Other_resu}ts,'we have
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Figure 16. Quantum requirements at 650 nm (o) and the rates of

’photbreduction bof NADPY at 650'nm (D) or 700 nm (a) in the [H20->
NADP] reaction by broken chloroplasts (CP-suc) as .functions of the

actinic light intensity. The reaction mixture (Solution A) is
given in the text. The rate of napp* reduction was measured as
the chénge in absorbance at 340 nm per unit time. Chlorophyll

concentration 27 ug/ml.
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Figure 17. Typical time course for the photoreduction of NADP* by broken
chloroplasts (CP-suc) in the [H20v+ NADP] reactibn using two actinic
wavelengths. The reaction mixture (Solution A) is described in the

text. The illumination pattern [RR: Regs RFR+R] is illustrated in

this experiment; incident intensity of far-red light at 700 nm, 2.3 .
nanoeinsteins-cm'z—sec']; incident intensity of red 1ight at 650 nm,

1.4 nanoeinsteins-cm'z—sec'1. Chlorophyll conconetration 27 pg/ml.
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calculated enhancement ratios based on a portion of our results

in three d1fferent ways accord1ng to the fol]ow1ng equatlons

R o S .
E FR+R R Ry, = the rate of ‘the reaction
" e ‘With red actinic 1ight alone.
E - Reen ~ R h Rep = the rate of the reacti
2 ——-—qu——-—— where FR e ‘reaction
w1th far—red ]1ght a]one
R

b Rere
3 rqg;figkg

when both red and_far-red~Iights

Were incident stmultanequs]&;

The rates of ‘the reaction obtained with a s1ng1e samp1e are used to

‘calculate the enhancement values E]. E2, and E3 The enhancement

values shown in Tab]e IT were obtained using an 1nc1dent light 1nten-

sity, I R’ about 1. 4 nanoelnstelns ~cm 2-sec -1

2.3 nanoe1nste1ns ~cm 2-sec ] at 700 .nm. At these 1nten51t1es, RR

at 650 nim and IFR about

is near]y four times greater than RFR’ and the value of E] is s1gn1-v
ficantly larger than E2 or E3 At lower re]atlve 1lght IntenSItwee,
- at 650 nm, when the demon1nators become sma]]er, va]ues of E, or,

At 1ower relat1ve 11ght intensities at 650 nm, when the denomi-
nators become smalier, values of E2 and E3 close to 2.0 are obtained.
Because values of E], E2 and E3 are. essentially. descr1b1ng the same
enhancement phenomenon, we: have chosen E] as the preferred para--
-‘meter to character1ze the. enhancement effect. for the remalnder of
this study. ' ‘ _ l '

In Table III the va]ues of E] are shown for the four d1fferent

‘'sequences of 111um1natlon descrlbed above The E, values thatned

FR+R = the rate of the reactton'
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- TABLE II S | ) |
- ENHANCEMENT CALCULATED AS Eys Ep or E5 FOR THE [H;0 -- NADP] REACTION -

BY CHLOROPLASTS
Spinach ch]orop]asts (CP-suc) in tr1c1ne, 45 mM, pH 7 53 MgC]z, 7.5 mM;

“plastocyanin, ferredox1n and ferredox1n-NADP reductase .added in

_ saturat1ng amounts’. - Exper1menta1,cond1t1ons as in Flg 717.? Il]uminationf; X

pattern: - [RR; RFR‘ RFk+RJ"' Incident ihtensities “1.4 and 2.3 nanoe1n-
steins-tmz-sec'J at 650 and 700 nm, respective]y. Def1n1t1ons of E],

E, and E, given in the text.. .

* Rate of NADP+:Reduction R

sample) A-winlat3eomm | B - E,  E;
Reso  Rooo Ryooeeso |
1| 017 0.036 0391 ) 243 138 1.3
2 | 0.107 0.0305 0.182 206 .42 1.32

‘3 | 0.0 0.0240 0.162 | 2.66 1.41 . 1.33




TABLE I

IT
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ENHANCEMENT. OBTAINED USING DIFFERENT PATTERNS OF ILLUMINATION |

FOR THE [H,0 ~ NADP] REACTION BY CHLOROPLASTS

. .Reaction conditions as in Table II, but with diffeiént i]]umina-.

tion pathrns, as indicated. R, rate of NADPf reduction,

AA-min”

1 at 340 nm.

Sample

ITluminationcPattern.

(A)
- IRgs Regr Repagl

®
[Reps Repens Rel

Res0-  Rz00 Ryooesso B

Ri00 Rroovs50 Reso By

jo.110 0.0288 0.18 2.64

70.0288° 0.186 0.105 . 2.84

2 ]0.105 0.0276 0.179 2.71 | 0.0284 0.189 0.109 2.82
-3 0.100 0.0282  0.172 2.58 | 0.0284 0.182 0.105 2.74
Il]hminafion-Pattefn
(c) (D) o
Sample [Rpps Rps Rpepgd [Rg> Reeprs Rppd
 {Rr00 - Reso Resorr00 E1 | Reso Resorroo Rro0 . E4

1 |o.02884 0.002 0.181 3.13 | 0.002 0.181 0.0294 3.02
2 0.0278 0.090 0.181 - 3.27 | 0.101 -0.181 0.0284 2.83
0.0279 0.095 0.186 3.28 | 0.709 0.187 0.0280 2.81

as described in Table II.
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in the illumination sequences (A) and (B) are very similar, but
E1vof (R) is always slightly smaller than that of (B). The E]

values obtained in the illumination sequences (C) or (D) are al-

_ ways larger than those obtained in (A) or (B). Therefore, the

illumination order (A) is the most conservative way to measure
the .enhancement effect among the four. We use this as the stan-

dard illumination sequence in our subsequent experiments.

‘Absence of enhancement with two actinic 1ights at 650 nm. In
order to confirm the absence of unsdspected contributing effects
iﬁ'the enhanéemeﬁf study, we carried out tﬁe following control
experiment: We first illuminated the sample with actinic light I
at:700 nm and actinic light 1I at.650 nm, to obtain the E]>vaiue,
Then we changed the wavelength.of the
actinic light I monochromator from 700 to 650 nm and cafefu]]y
adjusted its intensity to about'0;3'nanoeinsteins—cm‘z-sec—],,
which gave the same rate of N_ADP+ feduction as when the actinic

Tight I at 700 nm was 2.3 nanoeinsteins emZ-sec™).

We then re-
pe&téd the experiment and obfainéd Ey 1n the sameAway_as described
before. The onjy.difference~is that actinic 1ight I in the first
case is at 700 ﬁm and in the second case is at 650 nm. The

resu]ts are shown in Table IV. The enhancement value Ey obtained

_with actinic Tight I at 700 nm and II at 650 nm is 2.4-to. 2.6.

But E, is less than 1.0 when both actinic lights I and II are at
650 nm. Apparently there is an enhancement effect in the former
but no such effect in the latter experiment. Because the rate of

the reaction is not quite a Tinear function of the incident light
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(TABLE IV

ENHANCEMENT E] WITH TWO ACTINIC LIGHTS AT DIFFERENT OR AT THE SAME
WAVELENGTH FOR THE [H 0 - NADP] REACTION BY CHLOROPLASTS

Reaction cond1t1ons as in Tab]e II. : Wave]engths of 111um1nat10n are
1nd1catedl1n-the‘tabTe: .Three'chloroplast’samp]es were measured and
twelve measdrements'on each'were made successively.in the erder:of"'

presentation. R, rate of NADP reductlon AA-min } at 340 nm.

sample | Re50 R7oo Rrooveso | Er | Reso | R'eso [Resorsso

1 0.095 |0.0307 - 0.174 '2.59 0.09 | 0.0321] 0.130 0.90
2 - | = | -] - | 0099}0.0314| 0.128 |0.91
3 | 0.005 [0.0288] 0.168 | 2.53 | 0.091 | 0.0302 0.117 |0.86

1 ] 0.092 {0.0287] 0.165 | 2.54 0.090 '040311 ;o.1lsf‘.o;885
2 | 0.093 [0.0286| 0.162 [ 2.42 | 0.090 | 0.0301] 0.115 |0.84

3 | 0.089 |0.0274| 0.157 [2.46| 0:090]0.0296] 0.M13 [0.78
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'intensjty, as shown in Figure 16, the "enhancement" ratio is ...

'found to Se somewhat Jess than 1.0 when the two actinic lights .

are both at 650 nm.

Repeatab111ty of the enhancement effect in. the [HZO - NADP]

'reactlon The rate of the react1on and the red/far—red enhancement

effect are. c]ose]y corre]ated with the activity- of the chlorop]asts
When the rate of the. react10n is w1th1n 20% of -the rate shown in
Figure 16 under identical experimenta] conditions, the enhancement:
values} ],Jare~very-repr9duc1b]e, 2,4 +0.3. The rate of the

reaction. decreases steadily, but sTowTy;'nhen_the,same sample is

iTTdnnnated repeated]y:i-For-Sample 1 in Tab]e'IV the rate of’the
g reactxon is AA340 nm/mln = 0.095 at the first 111um1nat1on, it de-f

creased to 0. 090 at the 10th 111um1nation H1gh 11ght 1ntens1t1es

_and long 111umnnat1ons tend to decrease the rate of the reactlon
" more rapidly than do- Tow ]1ght intensities and short 111um1nat1ons.
”Ch]oroplasts studled 1mmed1ate1y following 1so]at1on tend to. re-- .

_ta]n,thelr act1v1ty better than do those that have been stand1ng

bin the dark at 0°C'for 6 hr In our exper1ence when the chloro- v

'pTasts are fresh and their act1v1ty is h1gh the rate of the
.react1on does not decrease more than 20% of the rate at the f1rst )

{1lumination dur1ng_the course of an exper1ment Tasting 30 min.. A .

typical exampTe‘is shown in Table v. The rate ‘of the reaction was
AA340 nm/min 0.117 at the first 111um1nat1on, 1t decreased to
0.095 at the 10th illumination. Nevertheless, E; at the first -

_{1lumination is 2.43, and it is 2.33 at the 13th. When the rate of
the reaction]decreased'totAA340 /M0 = 0.086 .at theriﬁth L
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REPEATABILITY OF THE ENHANCEMENT EFFECT FOR THE [HZO -- NADP] REACTION

BY CHLOROPLASTS

- Reaction conditions as in Table II. The order of the 18 measurements on

a single chloroplast sample was top to bottom in each column, then left

' to right. R, rate of reduction of NADP+,_AA‘min'] at 340 nm. I7lumina-

tion patterns as described in the text.

Measurement Index Number
I1Tumination

Pattern 1-3 4-6 7-9 10-12 13-15 16-18
R650 0.117 {0.111 {0.107 {0.095 0.088 0.086
R700 0.03050.0305 (6.0237 | 0.0253 | 0.0230 0.0247
R700+650 0.191 |0.188 (0.159 | 0.154 0.137 0.128.

(A) E, | 2.43 [2%83 282 38233 “138.13 | 't.70

(B) E] ) -12.63 ]2.45.:12.73 2.60 2.20
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illumination, E] decreased to 1.70. We disregard the result
when the rate of the reaction decreases below AA340 nm/min =

0.095; i.e., 20% below the rate at the first illumination.

Comparison of the enhancement effect with different chloro-

plasts and reaction mixtures. There are two major differences

between our experfments and those in which the enhancement effect
fails to occur (Gibbs et al., 1963; McSwain and Arnon, 1968).
Chloroplasts isolated in NaCl (CP-NaCl) were used in those studies,
whereas we used chloroplasts isolated in sucrose (CP-suc) in our
inftia] studies (Sun and.Sauer, 1971). The second difference is
in the reaction mixtures. Therefore, we investigated the enhance-
ment effect with different reaction mixtures and using both CP-suc
and CP-NaCl. We cail our standard reaction mixture Solution A.
The second reaction mixture, Solution B, is after McSwain and
Arnon (1968). The three major differences between Solutions A
and B are:
Solution A: Tricine buffer, 45 mM, pH 7.5; MgCl,, 7.5 mM;
(ADP+P1) not added o
Solution B: Tricine buffer, 33 mM, pH 8.2; MgClz, 1.7 mM;
(ADP+Pi), 3.3 mM
We examined the effect on the enhancement for each chloroplast
preparation and for each reaction mixture in turn. The results are
shown 1in Tab]e VI. We find that (P-suc and CP-NaCl were equally

active in Solution A with saturating plastocyanin (PCy) and
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TABLE Vi
ENHANCEMENT. FOR THE [H20—> NADP] REACTION BY CHLOROPLASTS IN DIFFERENT REACT ION
MIXTURES ' ORI '
,Chloroplasts in Solut'lon A [Tricine buffer, 4S nﬁ, pH 7 5 MgClz. 7.5 mM. NADP s
0.67 mM] or Solution B [Tricme buffer, 33 nﬂ, pH 8.2; MgClz. 1.7 nﬁ, ADP + P'I,

3.3 aM; Naopt ». 3.B mM], and for both solut1ons, ferredoxin, 'saturating; plasto- -
cyanin (PCy), saturating or not-'adde‘d; ferredo‘xin-NADP*‘reductase (Fp), saturating

or not added. Enhancement values determined for reactions in "normal® solutions'

A-and B are given in columns (l) and (5), respectively Alteratxons of the
"normal‘ solutions, as indicated in ¢olumns: (2) (3) (4), and (6), (7) (8)

. were done singly. not conpounded Enhancement values E] are tabulated, illum'i -

nation pattern (A).

. ! ' N Solu%iogrA ' F ‘ Solution b
. c“f’"”".““ : ’i’ uaim.il. ol 8.2 +(ADP+PL) 1HSCI%.~¢5 ‘Iornal pH 7.5 ‘—(ADP+?1) MgClz
CEemmationl | gy | @ @@ [ ® @ o :57(§>mx_‘
cd 232 1.62 1.80 E 0.92 :-0.24 %0.63 L 0.3 $2.09
| + 1z {1 1460 {0.2510.26 0.27 z.23
@-suc .| - |2.26 |1.59 | 1.62 0.4 0.36 10,32 | 0.3 2.1
" e - — - e
19 043 1.37_3’0.34  §’9.37 io;za , ?.o.ae. Eigas- -
- |15 020 1 1.20 1 0.3 170.210.63  0.53 »51;35
1.36 |0.24 | 1.14 1 0.68 | 0.32:0.16  0.96 2.41
. : el o
. | 2.63 |1.8 | 1.80 [0.95 [i0.98 0.8 | 1.08 - 2:03 .
_ o + f2a3 (15| 1.6 0184‘ 2‘0.74‘E0.68 D o.se é;ﬁés
 cp-NaCl 2.3 |1.78 1.54 11,02 i 0.63 | 0.62 ? 0.86 'j;ilsa
: (202 {157 | 1,68 §0;93'§§0.55f0;74 116 iz,za:'
j - g 2.59 ;{72e '1.52" 1.06 2;0.64 ?o;az é 0.84 -_'iiss,
I j2.3 {1 157 |o.ss Ho.76 0.64 l 0.53. - 1.94
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ferredoxin-NADP reductase (Fp). The enhancement_values-é] are all .-
in the range 2.3 + 0.2, as shown in column (l) of Table VI. When
Solut1on A is not supplemented with PCy or Fp, the CP-suc are not-

so active as in the former condition (Sun and Sauer, l97l), and -

_E],was ca. 1. 5 However, CP-NaCl are as act1ve in. both cond1t1ons,_f

" and E] values are 2.4.+ 0. 3. Itis poss1ble that-the NaCl 1sola-
tion process produces better retent1on of endogenous PCy and/or Fp
Because the enhancement effect could be demonstrated with both
CP-suc and CP- NaCl the discrepancy in the enhancement results
cannot be due solely to the difference in the chloroplast prepara—
tions. ‘ _ ' o

Next, we exam1ned the enhancement effect -using CP-suc or CP--
NaCl {n either Solut1on A or B. The results are shown'1n columns

(l) and (5) of Table vi. We f1nd that both types of chloroplasts

: exh1b1t enhancement 1n Solut1on A w1th or without PCy and Fp, but.

no enhancement is obtalned when the same CP -suc or CP-NaCl prepara;*,_..,

tions are used in Solutlon B ewther with or without -PCy and Fg.
These results clearly slow that the critical factors controlllng
enhancement res1de in the.three differences between. Solut1ons A
and B. When we change the pH from 7.5 to 8.2 or add (ADPtPl),1n -
Solution A [colunns (2) and_ (3)1, the values of E; decrease to

1.4 - l 9 but enhancement is still ev1dent ‘When we change the
WpH from 8.2 to 7.5 or do not add the (ADP+P1) in Solution B
[columns (6) and (7)], the E] values were below 1.0, and no en~

hancement could be observed. When we changed the MgCl_2 concen-

tration,froml?.s mH to 1.67 mM in Solution A'[column'(4)],ﬂwe'find'
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that all E, values decrease to 1.0 or below. On the other hand,
when we change the MgCl, concentration from 1.67 mM to 7.5 mM in
* ‘Solution B [column (8)], the E; values ihcreased from below 1.0 to
" about 2.0. These results c]eérly'shoﬁ that a highgr concentration
of'MgCIZ, 7.5 mM, is necessary for the enhancement effect in the

’ [H20 » NADP] reaction using broken spinach chloreplasts.

Dependence of enhancement on the MgCl, concentration. We re-

ported in'Chapter II that the rate of photoreduction of NADPY in
the [H,0 + NADP] reactiqﬁ is dependent upon the MgCl, concentration.
| Further studies now indicate a comp]ex*re1atfanship between the
6ptima1 MgC’l2 conCentratién,aﬁd the wavelength and intensity of the
actinic light. The results in Figure-18 (upper cﬁrves) show thaf
the rate of the EHZO + NADP] reaction reaches its maximum at 1.5 mM
MgC'I2 when the incident actinic light at 650 nm is 1.40 nanoeinsteins-

2 1 ' '

cm “-sec”', but the maximum rate of the reaction occurs at 7.5 mM

2 1

MgCl, when the actinic Tight at 678 nm is 2.4 nanoeinsteins-cm”
The enhancement effect of far-red (700 nm) -1ight on red (650 nm)

Tight for thel[HZO > NADP] reaction of broken chloroplasts is also

a function df the MgC12 concentration (Figure 18, lower curve). No

significant enhancement is observed when MgC]2 is below 3.0 mM.

Enhéncemenf reaches a maximum ét_7.5 mM MgC12 (E].= 2.4 +0.3),.

which is the same concentration of MgCl, that gives a maximum rate,

Rg7g> Using 678 nm Tight alone: At higher MgCl, concentrations

(up to 15 mM) both the rate of the [H,0 > NADP] reaction at 678 nm

and the enhancement vaiﬁe decrease. The similar dependence. on

- MgCl, concentration of both the rate and the enhancerent effect

-sec .

78

0.20
n
c
' |E 0.15
E
(@)
<
2]
3 olo
0.05 } 4 :
30 B ]
R700 + 650 ~ Reso
| R700
2.0 .
L'J‘—‘
1.0 =
0 | - l | »
0] 5 10 i5 20
MgClo, CONCENTRATION (mM)
XBL 716-5254

Figure 18. Effect of the MgC1, concentration on the rate (A, upper curves)
and on the enhancement E]_(B, lower curve) of the [H,0 ~ NADP] reaction by
broken ch]orop}qgts (CP-suc). Experimental conditions as described in

Figure 17, except MgC]2 concentratipn'varied; incident intensity of 678 nm

‘light, 2.4 nanoeinsteins-cm 2-sec™). Vertical bars show standard devia-

tions of replicate measurements.
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suggest that these two features arise from a common origin
affecting the state of the broken ¢hloroplasts.
Dependence of enhancement on MnC]z, NaC] and sucrose. Because

2+ 2+

'_of the well known ability of Mn" to rep]ace Mg in enzymatic

react1ons (D1xon and Webb, 1964), we 1nvest1gated the: effect of

MgCl, {(as a rep]acement for MgC] ) on the rate and the enhancement’
2 2

‘effect for the [H20 + NADP] react1on As shown in Figure 19, we
find that MnC]2 dup]1cates the behav1or of MgC] (F}gure 18) in
both respects _ . : .

 The effect of NaCl on the rate and enhancement of the [H20~+

NADP] reaction is shown in Figure 20. The rate increases from

8A340 py/Min =

B340 p/Min =
centrations.

0.14 at zero concentration to the'maximum

0.25 at 75 mMNaCl,

then decreases at higher con-

The enhancement:ratio E].a]so increases from 0.5 +

0.1 at zero concentration to.1.1'+ 0.1 at 75 mM NaCl and decreases

at higher concentrations.
ment are affected by NaC] concentrat1on no enhancement s1gn1f1-
cantly greater than un1ty cou1d be observed throughout the range
0 to 350 mM. '

We also studied the effect of sucrose, in lieu of MgCl,, on
the rate and the enhancement of the [H20‘+ NADPj reaction. The
rate of the react1on is about AA340 nm/mm = 0.17 + 0 02 under
the exper1menta] conditions descr1bed tn Figure 20, at sucrose
concentratlons up to 125 mM No enhancement effect. (E] < 1.0)

can be observed in this sucrose concentrat1on range. At sucrose

Although both the rate and the enhance— ‘

" by broken chloroplasts
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025 - T

and on the enhancement E] (B,

MnCl, in place of MgCl,.

e
€ 020 =
E
O.
< -
<;7,
q 0.15 —
0.10 b +—
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R700+ 650 ~ Reso
R700 |
.20 ~ —
LLT!
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'Oo"- 5 o~ 15 20
Mn012 GONCENTRATION (mM) '
o xeuls—szss .
-Figure 19. Effect of the MnC12 concentratvon on the rate (A, upper curve)

“lower curve) of the [H,0 - NADP] reaction
Experimental conditions as in F1gure 18 except
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015,
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XBL716-5256
Figure 20. Effect of the NaCl concentration on the rate (A, upper
curve) and on the enhancement Ey (B, lower curve) of the [H20-> NADP]
reaction by broken chloroplasts. Experimental conditions as in
 Figure 18, excépt NaCT in place of MgCl,, R
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concentrations higher than 250 mM the rate as well as the enhance-

ment ratio decrease markedly.

Dependence of enhancement on Tight intensity. The effect of
the intensity of red light (630, 650, or 670 nin) added toca fixed
intensity of far-red (700 nm) light in producing enhancement}is
shown in Figure 21. With reference_tovthe intensity dependenée of;
the rate of reaction at 650 nm shown in Figure 16,Athejenhancement:
value increases as long as,thé rate of tﬁe reaction is in the rela-
tively 1inear region of intensity dependence. The enhancement
value starts to decrease as the rate of the reaction approaches
light saturation at higher intensities. The enhancement effect

reaches its makimum; E, = 2.4 + 0.3, when the red 1ight incident
2_ ol

2

. . When the red
1

at 650 nm is 1.4 - 1.8 nanoeinsteins-cm “-sec”

Tight at 670 nm is 1.2 - 1.4 nanoeinsteins-cn™?-sec”', the maximum
is E; = 1.8 + 0.2, When the red light is at 630 nm, the max imum

enhancement effect cannot be reached, as shown in Figure 21. It

' presumab]y occurs at higher incident Tight intensities than those

we studied.

Figure 22 shows the alternative enhancement ratio, E2 as a

function of the incident 1ight intensity, Ip, at 650 and 670 nm.

_ At high intensities both RFR+R and RRiére very large compared with

RFR’ and the enhancement ratio E2 is close to 1.0. As the actinic

‘light inténsity, LR. is lowered,vthe denominator decreases faster}

than the numerator and the enhancement E2 increases. MWe observe

Jimiting values for E, of 2.0 and 1.6 at low Tight intensities

when the red actinic light is at 650 nm and 67Q nm, eespectively.
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Figure 21. Dependence of-the enhancement E] on actinic light 1ntens1ty
of red light for the [HZO-#-NADP] reaction by broken ch1orop1asts

= (R700+R - RR)/R700. Experimental cond1tions.as 1n_F19ure ]7,'
except the 1nc1dent red 11ght intensities IR are varied from zero to
-1

3.2 nanoeinsteins-cm 2-sec The "three curves are for red 11ght at

630, 650 and 670 nm, respect1ve1y, as 1nd1cated
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Figure 22. Depehdence of the enhancement E, on actinic light inten-
sity of red light for the”[H20-§ NADP] reaction by b}oken chloro- -

plasfsf. ‘ (R700+R 7760)/RR° Experinenta]-conditions as in
Figure 21. . '
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Action spectrum of enhancement. We find positive enhancement

when red 1light at any wavelength from 620 to 678 nm is coupled
with far-red 1ighf at 700 nm, but the intensity dependence is dif-
ferent at each wavelength. Figure 23 is a plot of E] values
measured under conditions of approximately equal absorbed intensi-
| ties at several wavelengths from 620 to 690 nm. We find optimal
enhancement at 650 and 670 nm, where the values are E,=2.4+0.3
and 1.8 + 0.25, respéctive]x; A minimum occurs near 660 nm (E] =

1.4 +0.2).

Enhancemenf viewed as an effect on the quantum requirement for

red 1ight. In the traditional scheme for interpreting the two
light requfrement of electron transport in chioroplasts as a PS (I.+
II) reaction, enhancemeni can be viewed as resulting from a defi-
ciency of hhotons enfering PS I when only a single wavelength of
actinic light in the region 620 to 678 nm is used. Throughout this
wavelength range we observed zero-intensity quantum requirements

for the [H20 = NADP] reaction close to 2.0 photons absorhed per
electron transferred (Sun and Sauer, 1971). When far-red light,

which activates primarily PS I, is added at sufficient intensity

that PS I is no longer strongly rate limiting, we expect to observe

a corresponding decrease in the quantum requirement for the utili-
zation of red Tight. The_quantum requirement under enhanced con-
ditions can be expressed by the ratio IR(absorbed)/(RFR+R‘- RFR).
A comparison of ‘the quantum requirements under normal condi-
tions (650 nm Tight alone) with those under enhanced conditions

(650 + 700 nm light), as defined above, is shown in Figure 24 .over
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Figure 23. Activation spectrum of the enhancement E} for the [HZO-*
NADP] rgaction by broken chloroplasts. E] = (R700+R - RR)/R7OO‘
Measurements made at approximately equal absorbed intensities (1.15
+ 0.15) nanoeinsteins-cm” -sec”! of red 1ight at wavelengths from
620 to 690 nm. Absorbed intensity 0.37 nénoeinsteins cm“3-sec']

at 700 nm for all measurements. Other reaction conditions as in
Figure 17. '
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Figure 24. 'Quantum requirements under norma] (o) and under enhanced
(a) cond1t10ns for. the [H20 + NADP] reaction by broken ch]orop]asts |
Reaction conditions as in F1gure 21. Def1n1t10ns 1/¢650 (normal) =
Isso(absorbed)/RGSO; and I/¢650(enhanced) = 1650(absorbed)/

(R700+650 = R700)*
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a reﬁge of incident intensities iR' The intenéity of‘far-red ]ight‘
used (2.3 nanoeinsteins-cm'z—sec'] incident) did not saturate the
[H20 -+ NADP] reaction-by jtself (Figure 16); it was sufficient to
achfeve onTy 15% of the saturation rate for the [ascorbate + DPIPH2 >
NADP] reaction, which.does not involve the participation of_PS'II. i

' At Tow intehSities'of red_]ight, a significant decrease iin the |
quanteﬁ requirement of the'[H20 + NADP] reaction occurs in the en-
hanced versus the normal condition (Figure 24). The. quantum require-:
ment under enﬁanced conditions>approaches a value of 1.2 1_0.2

-1 at zero intensity of red (650 nm)

einsteins absorbed-equivalent
Iith: This apparenf increase in efficiency for red light is due to

the utilization of the far-red light in PS I. At higher intensities

"of red light, the difference between the two quantum requirements

disappears. The explanation for this disappearance is probably the

same -as that for the behavior of E2 shown in Figure 22.

2. Photosystem 11 [H20 ~ DPIP] reaction and photosystem I [ascorbate
+ DPIPH, > NADP] reaction | |

The enhancement va]ues,,E]_or Ez,-in the [H20 > DPIR]'reaction
are 1.01 + 0.05 from 620.to 690 nm at various incident 1ight inten-
sities with which a background 11ght at 700 nm at 2.3 nanoe1nste1ns-e
cm 2—sec -1 was coupled. - Thus, no appreciable enhancenent effect nor . »
any d1fference between the normal and differential quantum require-

ments is observed for the photoreduct1on of DPIP, in conf1rmat1on

of previous studies in our Taboratory (Sauer and Park, 1965).
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For the [ascorbate + DPIPH2 + NADP] reaction run in the
presence of DCMU the observed enhancement ratio is always less
than unity. The values are a strong function of the intensity
of the red.]ight, as seen for 650 (squares) and 670 (circles) in
Figﬁre 25. This behaviof can be shown to be a result of the
approach toward saturation of the rate of_the reaction with in-b
creasing intensities of red light alone. Assuming that 650 nm
photons, which are partitioned about equally between the fwo
photosys tems underlthese reaction conditions, are only half as
effective as 700 nm photons and utilizing the linear dependence
of the q@antum requirement of the reaction as a function of intenQ
sity of red light (Sun and Sauer, 1971), it is possible to caleu-
late E] ratios which take into accolnt the approach to saturatjon |
for the two wavelengths together.' The agreement between the experi-
mental points and the calculated curves (Figure 25) is good evidence
that, within‘experimehtai uncertaintiés, there is no two-wavelength

enhancement for this reaction. -

D. Discussion
‘The occurrence of the Emerson red - far-red enhancement effect
in isolated chloroplasts has been the subject of repeated studies
(Myers, 1971). For the EH20'+ NADP] reaction, which is the prin-
cipaT focus of the present study, definite enhéncement has been
reported by Govindjee et al. (1962, 1964), by Joliot gﬁ_gl. (1968),
and by Avron and Ben-Hayyim (1969). On the other hand, Gibbs et al.
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Figure 25. The enhancement ratio E] as a function of intensity of
red light absorbed for the [ascorbate + DPIPH2 + NADP] reaction.
Measured values using red light at 650 nm (u) or 670 nm (o) at
various intensities supplemented by far-red light at 700 nm and
constant absorbed intensity (0.43 nanoeihsteins-cm'3-secf1). The
curves are calculated assuming no actual enhancement, but taking
account of the approach to saturation of the reaction by red 1ight
alone. Chlorophyll concentration 13 pg/ml.



91
(1963) and McSwain and Arnon (]968).reported no measurable en-. |
hancement for the same reaction.' . Qur studies suggest that the
concentration of oivalent catfons (e.q., M92+) in the reaction
mixture is the principal controﬁ]ing factor in determining whether

enhancement can be observed.

The results summarized in Table VI show that enhancement values

can be affected by (1) aiterations in the chloroplast preparation
-procedure, (2) the add1t1on of p]astocyan1n and ferredoxin- NADP*
reductase, (3) the pH of the reaction m1xture and (4) the add1t1on
of ADP and inorganic phosphate Nevertheless, each of these . '

factors can be overdome. and enhancement can always be-restored_in

the presence of 7.5 mM MgC12.’ By contrast, we have been unable to . -

find any set of reaction conditions which will give enhancement
when the divalent cation concentration is below about 3 mM. In-
retrospect, the lack of agreement in the literature reports-on

chloroplast enhancement can be understood largelynon this basis.

Govindjee et al. (1962, ]964) and Avron and Ben- Hayy1m (]969) ‘were

2+

ab]e to observe enhancement using Mg*® concentrat1ons of 7 5 and

27 mM, respectively. N0‘enhancement was observed by Gibbs g__gl.

(1963) or by McSwain and Arnon (1968) us1ng Mg concentrat1ons of

2 and 1.7 mM, respectively. The results of Joliot'et al. (1968),

who did observe enhancement in the presence of only 1 mM Mg s are

the only ones that do not correlate in this way. It may be that
there is some synergistic effect involving theihigh concentration
of othér salts (0.05 M phosphate buffer + 0.1 M KC1) that distin—

guishes the reaction conditions of Joliot et al. (1968) from

92
those of Gibbs gt_ 1.

(1963) and McSwain and Arnon (1968). This
possibility remains to be investigated. ‘

‘As shown in_Figyhes»]B and 19, added divalent cations produce
an optimum not onjy in the enhancement effect, but also in the
ve]ocity.of the [H20 »'NAbP] reaction in red 1i§ht alone, It -

might be argued that the absence of divalent cations serves,only |

~to slow down the rate-limiting step that reSu]ts in light inten-

sity saturation. In th1s view, the absence of enhancement at zero
added d1va1ent 1on would be the fortu1tous result of a compensa-

tory decrease in E] because of the closer approach to 11ght

_ saturation in the absence of”added divalent cations. Figure 21

shows eXampIes pf«the decrease‘of E] as saturating ]ight inten-

" sities are approached. hThe results of McSwain and Arnon (1968)

argue against this interpretation of the divalent cation-effect,'
however. At Tow (1.7 mM) ~concentrations of added MgC]2 they
found no enhancement to occur over a wlde range of incident 11ght
1ntenswt1es, such that the. overa]] rate, R650+700’ varied by as
much as 9-fold. Furthermore, added NaCl is able to increase the
rate-of the [HZO - NADP] neaction (FigureAZO) even somewhat more
effectively than added Mgclé or MnCl,, but no enhancement values
significant]y'greater than 1.0 are observed using NaCl. It is
apparent from- these nesults and those using added sucrose_that
the occurrence of enhancement depends on something more specific
than the tonic or osmotic strength of the medium.

A spec1a1 ro]e for divalent cat1ons has been proposed by

Murata (1969). He observed that re]atlvely lTow concentrations
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(2-3 mM) of Mg2™

s Ca2+ oran2+ served markedly to increase the
yield of ch]orophyl] fluorescence from chloroplasts at room tem-

perature. Added M92+ (3 mM) also served to decrease the quantum

yield (extrapo]ated to zero incident intensity)_bf.the [ascorbéte +

DPIPH2 + NADP] reaction activated at 480 nm, and to increase the
quantum yield of the [H,0 > DPIP] reaction--slightly at 480 nm,

but markedly when activated at 695 nm. It should be noted, how-

ever, that the hfghest quantum yields reported by Murata are less

than half those reported for the same reactions in Chapter II of

this report. Murata concluded on the basis of his findings that

the role of Mgz+'and other divalent ions is to suppress the
spillover of excitation energy. from pigment system II to pigment
system 1I. '

The alternative view, namely that added M92+ enables excita-

tion transfer between the two pigment systems, is supported by the

observations of Avron and Ben-Hayyim (1969) and of Rurainski et al.

{1971) that added MgC1, serves to increase significantly the
quantum yield of the [H20 -+ NADP] reaction extrapolated to zero .
light intensity. Under the a§sumption that excitation transfer
(spillover) between the two’ pigment systems tends to equalize the

rates of the two photoreactions, the increased quantum yields for

" the PS (I + II) reaction can be éxp]ained most readily if spill-

over occurs in the presence .of MgC]2 rather than in its absence.
Murata's own experimental findings can be rationalized satis-

factorily using this alternative view of the r01e~of M92+.

Spillover from P I to P II in the presence of divalent cations
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can account for (1) increased fluorescence yield, (2) increased
quantum yield for the [H20 -+ DPIP] reaction, aﬁd (3) decreased
quantum yield for the [4scorbate + DPIPH, ~ NADP] reaction.
Spiliover from P.I to P Il will be efficient only for excitation-
resulting from red light, where there is no energy barrier to
reaching the PS II trap. Spi]]dver in thfs direction might seem.
to be an un]ike]y process in competition with trapping within PS I.
Nevertheless, such spillover must occur in order to account for
the observed quantum yields of 1.0 for the [H20 -+ ferricyanide]
(Avron and Ben-Hayyim, 1969) and the [H20 + DPIP] {Sun and Sauer,
1971) reactions ugiﬁg red actinic wavelengths.

Shavit and Avrbn‘have reported divalent cation;dependent
shrinking and light sﬁattering changes by illuminated broken
chloroplasts (1971). Simi]ér results have been observed by
Murakami and Packer (1971). It is reasonab]g to suppose that
these conformational changes induced by divalent cations are the
basis for the effects on excitation transfer.

Models which account for the enhancement effect in the [H20 ->

NADP] reaction and for the dépendence on divalent cations can be

‘constructed using either Murata's interpretation (Model A) or its

" converse (Model B). The models differ in the role assigned to

the divalent cation and ih the restrictions placed on the relative
intrinsic absorptions (jgg,, in the absence of spillover) of P I
and P II in the red region from 620 to 680 nm. Table VII gives

a listing of the postulates of the two models.



TABLE VII

ALTERNATIVE MODELS FOR THE ROLE OF DIVALENT CATIONS IN ENABLING RED - PAR-RED ENHANCEMENT FOR THE [H,0 —

NADP] REACTION BY BROKEN CHLOROPLASTS

Model A

Model C

Model B

Same

“Eléctron transfer betwaen P I and PII 1.

1.

Electron transfer between P IT*and P I -

1.

. as

‘the presence of divalent

.

-OCcurs 1n

ogccurs in ‘the absence of divalent

cations; not in their absence. .

cations; not in their presence.

Same

2,

‘Intrinsic;ébsorbtﬁon,of P<Ii;fs equal .

.2;

,Intrinsic_ahscfption.of‘P-II.is‘greater

e

“as

to that of P I in the region 620 to

“ than that of P I in the region 620 to 680 nm. -

680 nim.

All three models:

Intrinsic absorntionvOf P 1 is greater than that of P II at wéve]engths longer than 690 nm.

3.

Excitation transfer, when fthis.allowed,_will occur predominantly in the'dtnectionhwhich'Will enhance

3

the activation of the reacticnfcenter.that;wou1d otherwise be rate Timiting.
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- (1968), and Delrieu and de Kouchkovsky (1971).

mentary far-red iight

‘There is no 1mba]ance to be rectified by far-red light.

96

-

AIn Model A enhancement occurs' in the absence of spi]]oveh

because P II absorbs more than half the photons in the red: region

of the spectrum; and P I absorbs preferentia]]y.in the faréhedQv

This is the trédftiona] view‘basic to the detailed mathematical
ana]yses_of Bannjster‘and_vrooman_(}964), Ma]kin.(]967),_w1t]iams.
In- the presence
of spillover_redf]ight is equilibrated betWeen_the.twc heacttcni
centers, and there is no_deficiency to'be'femedied by supple-

~ In Mode] B no enhancement occurs in the absence of sp11]over

(because the intrinsic absorpt1ons of the two pigment systems are-

postulated to be’ 1dentmca] in the red region of the spectrum..

_ bf_diVa1ent.c§tions;'which enab]es“spillover in’ this model; pro-

vides conditibns favOrinQ-enhancement” The'distributionfof red—
photon exc1tat1on between the two react1on centers, which 1s equa]

for red 11ght a]one, is altered 1n the presence of far red 11ght

via the spillover of some of the red excitation from P I to P II

~ This is in keeping with Posth]ate-4‘of‘Tab1e VI[rand resu]ts}in

the observed enhancement. That spillover is an efficient process’
in the enhancément.studies (hegahd1ess of the model considered)- .
is demonstrated by the resu]ts shown in Figure 24,'where‘red'

photons approach unit efficiency at low intensities-and in the

presence of supplementary far-red Tight.

‘Neither of the two models described above is entirely satis-

factory, and whichever proVeS'to be closest to the .truth will

vAdd1t1cn :
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require further modificétions as more is learned about the
related phenomena. We have already mentioned the apparent incon-
sistencies between Murata's interpretation of the role of divalent

cations (Murata, 1969) (incorporated into Model A) and the effect

‘of MgC]2 on the quantum yield of the [HZO - NADP] reaction (Avron

and Ben-Hayyim, 1969; Rurainski et al., 1971). In addition, it is

not clear why enhancement éhou]d not also be observed in the absence

of divalent cations under the postulates of Model A. Spillover
should permit a redistribution of red photons in the presence of

far-red Tight, according to Postulate 4 of Table VII, in which

case some enhancement would be expected. None is observed.

Neither the quantum yield of unity in red Tight for the [H,0 ».NADP]

reaction in‘the preSence of 4.5 mM_MgC12 (éee Chapter II)‘nor the
decrease in the quantum yield in the red in going.from 0 to 27 mM
MgCl, for the [ascorbate + DPIPH, - NADP] reaction (Avron and Ben-

Hayyim, 1969) can be recohci]ed with Model A. The alternative view

of Model B also has its drawbacks. The assignment of equal intrinsic:

absorbances in the red to P I and P II appears to:bé quite arbitrary

and difficult to reconcile with the different absorption spectra of

physically separated PS I and PS II fractions {Anderson and

Boardman, 1966; Michel et al., 1968). Both the pronounced depen-

~ dence of enhancement on the wavélength of red light (Figure 23) and

the increése in quantum yfe]d of the.[H20 + NADP] reaction upon
addition of MgCl, (Avron and Ben-Hayyim, 1969; Rurainski gg;gl,,
1971) are difficult to reconcile with Postulate 2 of Model B.

Neither mode] can account for the observation of Avron and Ben-Hayyim
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(1969) that the transfer of electrons from ascorbate to diquat or

FMN occurs with a quantum yield of 1.0 in either red or far-red

- light and is unaffected by added MgCIz.

In the third model (C), red Tight is assumed to be distributed

equally between P I and P II, and the [Hzo.* NADP] reaction pro-

- ceeds at an optimal rate in the presence of spillover (here Mg2+).

The observed quantum efficiencies of 0.5 + 0.01 at wavelengths from
620 to 660 nm in the presence of 7.5 mM of Mg2+ are consistent with
this picture, at least within experimental uncertainties. In tﬁe
absence of Mgz+, not only is the spillover unfavorable, but. the

biochemical rate-limiting step between two photosystems may not be

optimal and so slow that both absorbed red and far-red lights be-

- come largely wasted. Thus no enhancement effect could be observed.

Added M92+ is now considered to enable spillover to occur and

-allow efficient biochemical reactions.> In red Tight alone this

should lead to an increase in rate, since both photosystems were
being excited optimally in the presence of spil]over and the bio-
chemical reaction is optimal. In the pfesencé of supplementary
far-red light, the_édditionaf photons are predominantly available
to RC I. Thés produces a limitation at the point of excitation
arriving at RC II, which can be relieved via the spillover of some
of the'rgg photons previously entering PS I. Thus, spillover frdmv
P°I to PFII in the presence of divalent ions would account for the
enhanced rate of the reaction in comparison with the sum of the
rates using the two lights separately. In Tike fastion one can

invoke M92+ stimulated spillover from P I to P II to account for
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Murata's observations of {1) increased f]uOfescence'by-PS'Ii,
(2) increased efficiency of the [H,0 » NADP] reaction, and (3)
"decreased efficiency of the [ascorbate + DPIPH2 ~ NADP] reaqtion,‘

al resu]ting.froﬁ‘added M92+.

It seems clear thdt>further experimental results are required

_before all of these difficulties can'bé”resolved.‘_Recenf reports
that PS.I'actjvity may occur in two kiﬁgtica]]y.distinct loca-
tions in brokén ch]or0p1asts.(P§rk and Sane, ]971) need to be

considered in future models of ehhanéement and_excitation
transfer. ' |

Our findings are more cphg]ﬁsive'with respect to the pdra]]el

two photosystem hypothesis'df-Arnon et al. (1965) and as modified = .

by Knaff and Arnon (1969). The parallel hypothesis, by contrast
with the tradftioné]IZ scheme where the two Tight reactions
operate in series, cénﬁot be Féconci]ed‘with the observation of
fed - far-red enhancement using isolated broken chloroplasts fof
the [H,0 - NADP] reaction. The failure of McSwain and Arnon (1968)
to obsérve enhahcehent for this system, an Qbservétjon whiph.wés

an essentia] part of the jﬁstifi;atién of the paralie] mechanisﬁ,
is now seen to be probably the consequence of the low MgC12 con-
centration used in their expgriments;v Under their conditions, we
do not observe enhancement either. Qur sy#tem contained brokenl

chloroplasts, had no -added carbon sburce,%and did not require

“the components of phosphory]gfionvin order for-enhancement to be =

observed. Thus, it cannot be_argued'that enhancement oécurs only
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in‘ré1ief of -an imbé]ance of cyclic ahd non-cyclic electron
- flow with respect to the reqﬁirementsiof the carbon reduction
pathway f§r AT? and réductant. The simp]ést exb]anéﬁion_of
the results presented in this paper is that non-éyc]ic electron -
ﬁransbortafrom sz to NADP+ proceeds via two different light

nréactions.charactérized as PS I éhd'PSVII operatihg'in séries;
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IV. CONCLUDING REMARKS

_ There have been numerous important discoveriesvih photosyn-
thesis that have arisen frbm the study of cell-free systems in
this field. However, the brocess of isolation of ce]]-free'
chloroplasts has also infroduced many unknown artificial effects
to the sySfem. Since the standard prbcedures used’in various
laboratories are qﬁite different, many contradictory results due
to differént experimehta] conditions have been reported. Oné of
the most vi&id examples is shownvin_Chapter 11 of this investi-
gation. Reports of the presencé or absence of the enhancement
efféct fn the [H20—> NADP] reaction have caused a great confusion
regarding the mechanism of how PS I and PS I1 are operating. But
these contradictory results are merely due to the MgC'I2 concen-
tration difference. The discovery of the role of MgC]2 itseif
may be impqrtaﬁt to understand the mechanisms of éxcitation
eﬁergy transfer, ch]dfop]ast membrane conformation, and the

relation between PS-I.and PS II. But it also calls our attention

- to re-examining all present data with various experimental condi-

tions, eépecial]y those data where contradictions Jie.

The role of MgCTz'in the chloroplast membrane has become
increasingly important since the discovery of its effects on (1)
the increase of quantum efficiency at lTow light intensities

(Rurainski, Randles and Hoch, 1971), (2) the increase of PS II
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fluorescence yield (Murata, 1969), and (3) the control of_ the
énhahcement effect, as was discussed in Chapter III. We have
proposed two hypotheses, Model B and Model C in Table VII, on
the ekcitation energy transfer between PS I and PS II as well

as oh the enhancement effect. There are several ways to check

‘our hypotheses. The first is to measure the PS IT fluorescence

yield in the presence and absence of different cyclic photophos-
phorylation and PS I reactions at different MgC]2 concentrations.
If the presence of MgC]z‘prevents the excitation energy transfer
from PS II to PS I (Murata, 1969), we should expect that the

PS Ii'fluorescence yield of chloroplasts does not decrease even
if the cyclic photophosphorylation or PS I reaction is accelerated
by adding cofactors or electron donors such as PMS, FMN or
[ascorbate + DPIPHZ]. If the PS II fluorescence yield does de-
crease, the presence of MgC]2 must allow the excitation energy -
transfer between PS I and PS II; since the acceleration of cyclic
photophosphorylation or PS I reaction will then allow effective

competition for the excitation energy with PS II fluorescnece,

-we would expect to see the décrease of the PS II fluorescence

yield.
The second way is to measure the enhancement effect of the
[H20-+ NADP] reaction at different MgCl, concentrations with dif-

ferent red and far-red light intensities. The difference between

- Model B and C is that Model B suggests that the intrinsic absorp- '

tions of PS I and PS II in the red light region are equal, but
Model C suggests it is not. In the absence of MgC1, when the
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excitation energy transfer is not allowed as proposed .in both
Model B‘and'C,'Model C predicts that there js an enhancement
effect but Model B predicts no such effect. Our data showed
that no enhancement'effect could be observed in the absence of:j

_MgCIz, but.these eXperiments_were done only under one constant

strong far-red light intensity with various red light.intensities5

When the rate of the reaction of the [HZO > NADPJ-reaction is Tow

at zero MgC]é concentration, as shown in Figure 18, the_intensjty.

we . used in the study. may become'saturating, which hinders the en- -

" hancement effect. McSwain and Arnon-(1969) also showed no.
"apprec1ab1e enbancement effect of the [H20 + NADP] react1on
could be observed in the presence of 1 67 mM MgC]z ‘under a w1de
range of far-red and red ljght 1ntens1t1es, but they \never var1ed
the total ]ight‘fntensity with a constant R650 /Ryqq ratio in the
range from 4 to 6, wh1ch is the optimal rat1o to obtain the
maximum enhancement effect. The solution to this prob]em 1s to
examine;whether'theienhancement effect of the [H,0.~ NADP] - :
reaction cou]d.occur at low or zero MgC]é concentration at 1ow‘v.
total (far-red + red)'1f§ht'intensity with the constant ratio
650/R700 Y 4 ~ 6, under which the Tight 1ntens1ty js. not

saturat1ng ‘and the enhancement effect is optimal.

The th1rd way is. to measure the zero ]1ght intensity. quantum

requ1rements of the [HZQ > NADP] reaction in the-absence of MgClzv

in the red 1ight'regiOn We have obtained quantum requ1rement

values of 2.0 + 0.1 for the [H20 > NADP] reaction 1n the presence v

of MgC]z, wh1ch a]]ows the efficient excitation energy transfer

. of any unbalanced energy between PS I and PS II;'as proposed in

"to be equal to 2 0. 1n the absence of MgCl2 at any wave]ength from
-~ 620 to 678 nm. If the 1ntr1ns1c absorption of PS. 1 and PS II are .
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_ both Model B and C. If the intrinsic absorption of PS I and PS II

are equa] in the red light region as proposed in- Model B, we

shou]d observe the zero Iight intensity quantum requirements a]so '>,. b

not equal, and exc1tat1on energy transfer is not. eff1c1ent in

the absence of MgClz, as proposed in Mode] C, the extra energy

-absorbed e1ther by .PS I or PS II cannot be ‘transferred from one

to another-and thus becomes wasted. We should expect to see

“higher quantum requfrement values of the [H20 > NADP] reactfonif

in the absence'of MgC]é.‘.ModeI A a]so.predicts that .the zero
light intensity quantum requirements: of the [H20A+ NADP] reactfon
should be 2.0 in the absence of Mgtiz,_under which the efficient

-excitation energy transfer is a]iowed.' But'it a]so:predicts that

the quantum requirement vajues: should be higher than 2.0 in the

red 1ight-region in the presence of MgClZ,,which is)supposed‘td_

prevent excitation tranSfersin this model. Our data on quantum-

‘._requfrements'of the [H,0 » NADPj;reaction (= 2.0 + 0.1) have

already excluded this possibility. Rurainski EE.él:-(1971) found
that the quantum efficiency of the [H,0 +_NADP]'reaction with red-

g

- band actinic Tight did decrease at Jow and zero~MgC12 concen-

. trations. It is still worthwhile to examine the quantum"require—

ment of the [H20 > NADP] reaction at Tow_or zerofMgC12 concen-

tration'nith monochromatic'or actinic light from 620 to 678 an
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