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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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~assumes any legal responsibility for the accuracy, completeness, or usefulness of any

“information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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~ ABSTRACT

The1photoreduction of cytochrome ¢ in the presence of ihtacf

: spihach.ch10rop1asts-occurs:with a high quantum efficiehcy. using
rédutéd‘frimethylégfbéhzoquihohe (TMQHZ) as reductant and in the
_présence‘of'34(3;4-di¢hlorophehy1);1;1Adimethylurea~(DCMU):,'Thﬁsv
reaction has a requirement of 2 quanta absorbed per electron trans-
ferred to cytochrome g_for exciting light in the wave]ength region
ffbmiézo to 680 mu. The quantum requirement then falls fo 1 quantuh
per.electron atlw3ve1engths greater thaﬁ 700 mu. These_results con-
fifm the coficlusion of Vernoh and Shaw [Vernon, L. P;} and.Shaw, E. R,

~(1965), Biochemistry 4, 132] that this oxidatidn-réduction reaction

is mediated by’cHToroplast pigment systém,I'Tn'fhé‘preSencé of DCMU.
The’qUantum'requirementfbf unity observed at.1ong wavelengths shows
' fhat the reaction probably occurs wifh'thé maxiﬁum efficiendy _ |
obtainable, | |

| The'eva1uatibn'of the action spectrum for cytochrbme ¢ reduction
fogetherﬁwith thaﬁ for the chloroplast Hi11’rea§tion [Sauer, K., aﬁd

Park, R. B, (1965), Biochemistry 4, 2791], which is probably photb-

catalyzed by pigment system II,.strbnglv squests that there is no

‘appreciable transfer of electronic eXcitéﬁibn energy between the two

&
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pigmentisystens invspinach chloroplasts. Tne two light‘reactionsr'
appérently.interact on1y at tne chemical_level of photosynthetic
electfcn transpont A mcdel is presented which rationalizes this
conc]usaon by separat1ng the two p1qment systems on oppos1te sides
of the ch]oronlast 1ame11ar un1t.

~ From stud1es of photosynthet1c partial react1ons in f]ashlng é
511qht,t1t has been poss1ble to est1mate the concentrat1on. relative
to chlorophy]]. of the react1on centers or of the pools of inter-
mediates close]y assoc1ated thh photosystems I and II, Relat1ve1y
long flashes (6-100 msec) of satqrat1ng red light 1nd1cate‘a func-
tionaT'nnit for cytochkome ¢ reduction by TMQH in the presence of
DCMU correspond1ng to 1 equ1v/445 chlorophylls. for photosystem I.
_Simllar 1]1um1nat1on patterns for the Hi11 reaction using 2,6-
dlchlorophenollndophenol (DCPIP) and/or ferricyanide led to a
maxlmum reductwon of 1 equwv/55 chlorophylls for photosystem 17 --
‘about é t1mes sma]ler than the System I un1t These results are
consistent wtth the presence cf a pool of endogenous intermediate
eTectrcn‘ecceptors in the Hi]l react{on. and‘suggest'that_Very shert
(10‘4.sec) flashes would prcduce evidence for a primary rate-limiting
component'in_sma11er'concentraticn. There is a small difference in
| thesresults; dependfng on whether ferricyanide or DCPIP is used.as
‘_the Hill oxidant.

The effects of variation of light intensity, flash duration,
repetition frequency, chloroplast and substrate concentrations and
: phosnhory]étibn cofactors and uncoup]ers sunpcrt the existence of
- a relat1ve1y 51mple k1net1c scheme--a rap1d light actlvation followedv

by a slower f1rst-order dark recovery—-for each photoreactton. For
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| lona f]ashés, the rate-limiting stép for the dark reaction regene-
rating System I activfﬁy has ‘a first-order rate constant of 13 sec”!
at room_temperature, That for Sysfem II, a1;o first order, is ca.
30 secf‘,_but is reduced to one-half this value in.the absence of
?hosphorylation cofactors and the phosphorylation uncoupler, methyT-

émine.j Both of these rate-limiting stepé appéar,to result from

compdnénts;endqgenous_to the broken chloroplasts.
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I. PHOTOSYNTHESIS - HISTORICAL DEVELOPMENTfV

PhdtéSynthesis can be thbught of as a series’6f'protesses‘whefe-
bj'1ivinq ofganisms dri@e biochemical reactions by COnvePting light
enerqy to chem]ca] enerqy More specifica]]y; photosynthésis as it
occurs in a]gae and h1gher p]ants can be summar1zed by the equation

h ! N
+H 0 —> (CHZO) + 10, (q) (1-1)

2 (9)
where (CHéO)x represents a basic subunit of carbohydrate, the mafn
product of photosynthesis., This equation represents the combined
work 6f many eighteenth and nineteenth century workers who showed
that when the chloroplasts of higher plants are illuminated with sun-
1ight; they assimilate carbon dioxide and water énd etolvé oxygen.

| | B1ackméhn (1905, 1911) studied the dependence of green plant
vphotosynthesis on:temperature, light intensity and Cozyconcentration.
He concluded that photosynthesis exhibits characteristics of both
photochemical and chemical processes. The photochemical pkocesses
are dependent on the lfght intensity but not on the temberature or
CO2 éoncentration, while the chemical processes do-not~kequire light
but are sensitive to changes in the temperature or the CO2 concen-
tration, |
The discdvery of photosynthetic bactéria (Engleman, 1883) which |
do not evolve oxyjen, but which use sunlight to assimilate COZ' led
"~ Van Niel in the early 1930's to formulate a theory of photosynthetic

enerqy conversion based on a comparison of bacterial and green plant
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photosynthesis. Van Niel (1931) suggested that the aone equation»
of photosynthesis represented a photolysis of water., In this formu-
lation, the reduced species formed by the photolysis is associated
with the methanism for the reduction of COZ; while in hioher plants
 the oxidized moiéty foacts to form oxygen. Photosynthetic bacteria '
' oahhot'réaffange the oxidized product to form oxygen, but instead :
reouire'a suitable oxidizable substance such as‘HZS.to reduce the
oxidized mOiefy} Thiskis éonsistent with the evidence of Blackmann
suggestioo a'pffﬁary photoact fo]1owed by subsequént‘dafk chemical
events, R |

" Support for this scheme was provided by Ruben gg_gl.‘(1§41) who
shOwedjfhat water rafher‘than 002 is the source of oxygen libérated
ddrinq ohotosynthesis.rkThis was acéomp]ished by usinq']BO-Tabeled o
CO2 or H20 and not1ng, by means of mass spectroscopy. hat the photo-
synthet1cal1y 11berated O2 conta1ned the tracer only when the water
was labeled | | | |

On the other hand, the b1ochem1ca1 pathway involved in the f1xa-

tion of the reduced mo1ety was completely explored by Calvin and co-
workers during the early 1950's (Bassham and Calvin, 1957). Using
radioaotive carbon (]4C) they were ab]a to map the fate of labeled
carbon dioxfdé during a]gal.photosynthésis.  This assimilation'process
was found to be cyclic, involving sugar phosphates and requiring the
energy of 2 NADPH2 and 3 ATP for each 002 reduced to the level of
'-carbohydrate}. The corresponding mechanism of 02 evolution fkom ah
;'oxidizedbmoiety has not been elucidated and is the subject of much

current research.
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| EmerSon_and.Arnold (1931, 1932) studied the photosynthetic evolu-
tion of oxygen by the aﬁga. Chiorella in flashes of light of 107 sec
ddrafion'from a neon dfscharée tube. They found that the maximum -
‘oxygen yield per unitvof‘aBSOrbed”light enerqy from f]ashing light
was greatly increased over the'maximum yield obtained from continuous
i]]ﬁhination; Atisaturating intensities they found that in a ;ingle‘
f]ash‘one oxygen molecu]é was evolved per‘2500 chlorophyll molecules.
This maximum efficiency of oxygen evolution per flash was found to
“occur whén the 1fght f]ashes were separated by at least 0,02 sec at
25°C, - From‘thése results they proposed the existence of a photosyn~
thetic unft of about 2500 chlorophyll molecules which cooperate in
'the‘evolution of'bne oxygen molecule, and that a slow'dark step of
0.0éﬁsec (rdoh'iémberature) is associated with the function of this
unit; A more comﬁiete discussion of photosynthetic unfts cah be
found in Chapter III,

The experiments discussed so far present a model of photosyn-

thesis tH&t involves three'pakts. The aspects of this model are

i]]qurated in the diagram bé]ow.

hv

ch]oroplasts

- oxidized species o . reduced species

K0 . 0. - co

AR 2 2 (00

-~ First, light quanta are converted to chemical eneray by chlorophyll
in a cooperative photochemical process which yie1ds;0xidized and re-

_duCed'species. co, is. not involved in the photochemical events but
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is‘assimilated by a dark, temperature-sensitive reaction involVihg
the.reduced product'of:the pnotochemistry., Finally, oxygen is evolved
tn_another eark tempefature-dependent process. fn VanvNiel's formu-
lation, the o*idizedvahd reduted moieties would be the products of ,
Ithe "photolysis" of water catalyzed by higher plant chloroplasts. For
}bacter1a1 ohotosynthe51s, the water wou]d be rep]aced by a hydrogen-
donor substrate that would be oxidized 1nstead of the water. |
Up until the latev1930 $ most photosynthetic research had been
pertbrmed on whole plants; leaves, or whole cell a]gae. A signifi-
cant step‘was"made by Hill (]939) when he showed that illuminated
: chloroplasts can evolve 02 provided that a su1tab1e ox1dant is present.
This "H111-react1on 1svpromoted by ret? , ferricyanide, qu1nones and v
vby'redQEfble dyes such as DCPIP, The.H111 react1on is a partial
reaction, ihﬁthat COz'is‘replaced by artificial electron acceptors
as ultimate reeipients of photochemical reducinq nower, Thus._on1y
'part of the overa]l photosynthet1c pathway is ut111zed | |
H111 was unab]e to demonstrate that CO2 could funct1on as the
oxidant in ch]oroplasts, but subsequent work by Arnon et al. (1954)
showed that indeed, isolated ch]orop]asts can fix CO2 and that they
~are the s1tes~of thevl1ght dependent format1on.qf NADPH2 and ATP. |
. Trebst El.él} (1958) demonstrated further that the production of ATP.
and NADPH2 is assoctated with the chloroplast lamellae, while the
nrocess of_CO2 fixation occurs in the ch]orop]ast matrix region, or
stroma. Fﬁnal]y. the physiological oxidaht, NADP, was found to he
effective only when a so]uble'enzyﬁe. photosjnthetic pyridihe nucleo-
tide reductase (PPHR) (San Pietro and Lang, 1958) was added back to

the photosynthetlc membrane.
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Arnon gt_gl.}(1§57. 1959) demonstrated that phbtophosphory]ationv
is coupled to the ferricyanide Hill heaction and to NADP reduction
~accompanied by ‘oxygen evolution. They also showed that in the
presence of.phenazine methosu]fate or vitamin k, there is another
type-bf photophosphorylation which'occurs without oxygen evolution.
The latter type hes been termed cyclic photophosphorylation anu the

fOrmeh, acconpanted by oxygen evo]ution; has been terned non-cyc]ic
photophosphorylation. These.prucesses of oxygen evolution, ATP for-
mation and NADP reduct10n 1nvo]ve ox1dat1on-reduct1on reactions that
are qenera]ly termed pnotosynthet1c electron transport because they
involve the photocatalyzed transfen of electrons from water to NADP
‘and beceuse-they'ére'similer to the oxidative electron transport
‘processes of mitochondria. |

' Studves of the quantum eff1c1ency of photosynthes1s as a function
of wave]ength of act1n1c 11ght by Emerson and Lewis (1943) showed that
wavelengths 1onger than 670 My were quite inefficient even though
these wavelengths erevwefl'within the abserption bands of the photo-
synthetie nigments; .This‘is known as the red drop phenomenon,
Emehson et al. (1957) showed that this low efficiency of far red
'1ightvcou1d be increased by superimposing light of shorter wavelengths,
'and this eftect has been termed‘Emerson enhancement. These results
‘ indicated that not all light-absorbing piqments are'fully effective
_in promot1ng photosynthes1s. but that cooperat1on between d1fferent
sets of these p1qments partwa]]y allevwated this 1neff1c1ency.

_TheAresu1ts suggest that there are at least two types of photo-
reactions and 5n 1960, Hi1l and Benda11, considering the possible

role of cytochromes f and 96‘1n cdnjunction with their positions in



.
oxidative e]ectron transport,'proposed a scheme invo]ving_two photo-
reactions.f Subsequently Duysens et al., (1961) noted by means of a
differential ebsorption'spectrophotometer that a's;type cytochrome'in

Porohyridiumicruentdm was:oxidized by 680 my 1ight and reduced by

560 mu Tight. The results were 1nterpreted as ind1cat1nq the 1nter-v
actionﬂof at least two light react1ons. These authors 1abe1ed the
pigments ahsorbing at 680 mu and causing the oxidation as System I,
thie those'absorhing"at 560 mu and photocata]yzing the reduction
vwere-termed'System II. They also showed that oxvaen evolution inhi-
b{tors suchias DCMU preventeo the reduction of the cytochrome, indi-~
catfng that System II is associated with the oxidation of water.
1The$e'hasic ideas and some subseqoent work are illustrated'in
thure 1, Whichlis a schematic representotion of a current “hypo-
thes1s of qreen plant photosynthet1c electron transport involving
’ two 11ght reactlons operat1ng in series., This scheme 1ncorporates
the basic idea of Van Nie] ‘that oxidized and reduced species are
formed in the photochem1ca1 events. The two vertical arrows repre-
sent the energy supplied by the two d1fferent photoreactions. Light
absorbed by System II results in the formation of a strong oxidant, '
:yh1ch can oxidize water (bottom of System II arrow), and in the for-
'mation of a weak reductant. The dashed line in the f1gure represents
vthe electron transport_chatn that connects the weak reductant of
System Il with the weak'oxident formed by absorption of qdanta by
System 1. }The strong reductant formed by System I can then reduce
NADP through the enzymes of PPNR, Partial reactions can be envisioned
as external subStrates interacting directly with COmponents'a1ong theh

- electron transport chain, i.e., accepting|electrons at the top of
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Figure 1. 0x1dat1on reduct1on diagram of the two light reaction -

scheme for photosynthet1c e]ectron transport, Inc]uded are in vitro-

redox potentials for some of the 1mportant components and some of

the reagents to be used in this study



System I (rep]acing'NADP),‘or’donating‘or accepting~e]ectronsvat'a
site between the two 1lght reactions. A partia1'reactionvoonatinq
electrons instead of" HZO at the bottom of System II has recently
been reported by Yamashita and Butler (1968).

A]ong w1th Flgure 1-are listed various redox comoonents and
‘their lﬂ,!lEEQ ox1datnon-reduct1on potent1als.‘ Caut1on must be taken
finfinferring the jg;gilg ordering of these components from their in
!itgé’oXidation-reduction potentials. The ordering presented here
is basfcaliy &ependent'on'the mutant studies of Gorman and Levine
(i965 1966, 'and'LeVine and Gorman. 1966), in which the effect of
the absence of one or more of these components has been stud1ed on
various part1a1 reactlons.-

The correlat1on of structure and funct1on in the h1qher p1ant
ch]oroplasts, as in the work of Trebst et al. above, has-led to
e]ectron‘microscopy”studiespof the internal chioroplast lamellae
which.contain the apparatus of photosynthetic quantum conversion and
’ electron transport. ‘Park'and Pon (1961), investieatinq the structure

of sonlcated chloroplast 1ame11ae, found that the fragments seemed
to have a granu]ar-appearance.and, in some cases, ordered arrays of
; particles, These particles appear to be in the interior of the mem- -
'brane and are visible when the outer layer of the membrane is torn ‘
avay 59 sonfcation, The dimensions}of the particles are 185 R x
'TSSVR x 100 & thick. A current discussionbof Ch1orop1ast membranef
subunits, particularly as eluc1dated by the technique of freeze
-etching, may be found in Park and Shumway (1968)
The lamellar fragments are active in quantum conversion and they

support'COé;fiXation in the presence of added stroma (Park and Pon,
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1961). Lémellak fragmenté(consisting 6f'aBOut eight of thése parti=-
cles were fbundlto contain DCPIP Hill reaction activity or reduce
NADP when PPNR was added. Thus, the integrity of the cdmp]ete chloro-
p1ast‘1amé11ae is uhnécésSary for quantum conversion. Because of this
feature that aggregates of these particles can convert lfght enerqy |
to chemical potential, they were named “quantasomes" (Park, 1962). |
Thfsjphbtoéctivity led Park (1962),td suggest that the quantasomé may
be the mbrbho]dgical équivqlént of the physiological photosynthetic
| unit first suggested by Emerson and Arnold (1932).
" The photosynﬁhetfc unit is today envisioned as an orderéd col-
_.TeétiOh 6f étruétural'lipid; proteins and pigment molecules which
function together to collect and trdnSfer.light'quanta to reaction
centers or traps;'ﬁAlso aésociated with the photosynthetic unit are
thévoxidation-reduction compbnénts'of the electron trénsport chain.
Av]ist 6f the 1ipid and protein composition of the chloroplast 1amé]]ae
can‘be fodnd in Park and Bfggins’(1964).‘ They conclude that there are
: éppréximatély 230 chlorophyll g_énd Q_mo]eculés aséociated with each
qdahfaﬁomé’hnit.b The.réaction'centers appear to contain ch]orophy]]
mb]ecu]es which are in some way different from the bulk pigments of
the photosynthetic unit., The exact nature of this difference,ié not
khown_but evidence suggests that the reaction‘cehtek is a chlorophyll
associated with other molecules such as quinones or cytochromes; or
that the reaction center chlorophylls are unique becausé of agqre-
gation to form dimers or because of a Specfal‘fnteréction with the
surrounding 1jpo-prote1n matrix. At the reaction centér thé‘energy .
of ﬁhe ébsorbed quanta is used to separate oxidized and.reduced

species rasulting in the storage of chemical potential.
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Kok (1961) fdund:a pigment which exhibfted reversible light in-
duced absorption changes at 430 my and 700 my. This pigment, termed
P200+ behaves as a one-eiectroh transferring agent in the dark with

an E] of 40.43 volts. The reduced form of the molecule is stable in

the dafk,‘is oxidized Upon illumination with far red light (System I)‘ f

and its reduction.by lﬁght of short Wavelengths is inhibited by DCMU.
Witt gt;él} (1961) found that’P.7OO is oxidized by System I light more
rapidTy than ahy otﬁer component in the electron transport chafn.
and fh all 6ther ways, Pyqqp exhibits characteristics consistent with
the role of“a‘moleCUle located'in the reaction center. Specufatien
based on 1ts absorot1on changes suqqest that th1s molecule is a
spec1a{ chloronhy]l molecu]e and that its ox1dat1on is the f1rst re-
dox react1on promoted by the absorbed quanta. A similar trapping
' molecuieifor System II has not been.charactetized but the recent
report by Dbkihg et al., (1967) suggests that they have found absorp-
tion chanqes which can be attr1buted to a System I1 react1on center
and that 1nformat10n on the funct1on1ng of the System I1 trap w111
be forthcom1ng. o |

The comp051tion of the bu]k pigments whwch can excite the two '
,photoactse1s the subject of some specu1at1on. Because far red 11ght
is eniy efficient in System I, the long wavelength absorbing pig-
hents are thdught to be entirely System I'pigments.' Duysens (1952)
showed that quanta absorbed by accessory'pigments in?algae (those'
~ other than chlorophyll a), such as phycocyanin or phycoerythrin. can
transfer their excitation energy with Qery great'efficiency_(>9Q%)_
to cause7chlofophy11 g_f]uorescence,l_ln fact, light absotbed by

these phyvcobilins and then transfefred to chlorophyll a was fOUnd to
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be more eff1c1ent in promoting ch]orophy]l a fluorescence than light.
absorbed by ch]orophy]] g_jtself. Subsequent stud1es (But]er and
'Bishbp,-]963) have shown that almost all ch]onophy]l f]uorescence at
room tempenatufevis emitted.by System II chlorophyll, Thus, it is
thought that'accessory piéments; such as phycobilin in algae and
éh]orephy11 Q in plants a]onglwith~part of - the chlorophyll ggake‘pri-
*marily”invo]ved.in pigment system II. ‘ | |

The neture of the relationship of the nhotosynthetic pigments
to the electron tfansport ehain”of photosynthesis is the major con=
cern of the material presented in this thesis. Chapter 11 presents
a Study of the wavelength dependenee'of the quantum efficiency of é
, Systeva bhoteneaetfon,'in;order'to characterize further the pigment
system“responsib]e for quantum conversion in System I, Comnarison
" of this action speetrum with one for a System Il photoreaction'may'
.then'yield infonmation about the functional relationships between
the p1gments wh1ch absorb for the two photoreact1ons.

Chapter 111 descr1bes a study of System I and 154 part1a1 reactions
in f1ash1ng light. ‘Through these experiments information can be ob-
tained concerning'the photosynthetic unit sizes involved in each of
the two photoreéctions. Also, kinetic measurements can be made of
some of the‘hasic‘rate-limiting processes of the photosynthetit
-eTeetron transport chain. A concluding sectipn presents a brief
summany.of these'results and relates them to the evera]] concept of

the photosynthetic quantum conversion process described ébove.
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I1. -QUANTUM EFFICIENCY MEASUREMENTS OF CHLOROPLASTS

A. AQuantum Efficiency. of Photosynthesis

The'OVEféli reaction of equation I-1, the.redyction.of €0, to
Y(CHZO) and the evd]utibh.of 02; are processes that involve the tfags-
fer of four electrohs per molecule, The free energy of one equivaf
lent 6f (CHéO);'as sugar, {§'118'kc51s greater than that ofvone mole ; -
of C02;' However, more énekgy will be required to drive this photo-
chémicéi procéss,:dUe to sbme éﬁergy Toss in the evo]utfon of 0, and}
the'héceésitynbf;én ehergy bérriér of some kind to prevent the imme-

_ dfaté recombinatidn'bf fhé photoproducts. The total energy require-
ment hasbbeen estimatéd to be>§185 kca]s (Clayton, ]965).'.An.ein$tein
of 675 my quanta has'én energy of 42 kCa1§.* so four einsteins would -
. yiela dn]y'168'kéals; even if a 100% efficient photoproéess could be 3
found. v _

i Most of the éar]y.quantum efficfency measurements are based on
manométric data of 0, and CO2 exchange. These studies show a quantum
‘requirement of 6 to 12 hv/CO2 except the WOrk of Warburg and coworkers._'
.whfch have. consistently yielded values of 2.5 to 5'hv/CO2 (see |
Rabinowitch [1951] for references and a discussion of this contro-
versy), Rebeated efforts to reproduce Warburg's resu]tﬁlfn other
laboratories have failed, and from the above thermodynamic restric-

tions we can rule out these low values from serious consideration.

*For a discussion of the actual free energy of a quantum available to
the photosynthetic apparatus, see Ross and Calvin (1967).
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It is seen ffom Figure 1 that a series formulation of a two Tight
reaction scheme wou1d require one quantum as a minimum to transfer
an electron through-each_photoreaction;a,InIthisicase,'the trans- -
fer of four‘electrons from water to NADP would require the sum of‘
éight quanta to drive the four elettrons through.both photoreactions.
This vé]ue is quite‘cbnsjstént With the quantum requirement me§sure-
ments above. | -

" As noted before, action spectra fqr photosynfhesjs (O2 evolu-
tion) exhibit a ﬁfed-drob" or inefficiency in the fér red wavelenqth
tail of chlorophyll absorption. Measurements of the action spectrum
for the'“nofmal"%feduction of NADP by chldrop]asts with water as the
éleCtFon'donOr‘(Black et al., ]963; Hoch and Martin, 1963; Govindjee

Vggigl., 1962;:Saﬁer'and Biggins, 1965) in general confirmedAthe shape

Il

of the red drbp action sbectrum.' _ %
Measurements‘of tne action spectra for the DCPIP ané NADP'H111
reactions (Chen, 1952} Biggins and Sauer, 1964) again sh?wed this in-
ef%icienéy for waveiengths longer than 670 mu. Since the Hill féacq
tion is a bérfial photofeaction invdlving oxygen evolution, we_céh
see from Figufe 1 that'it must uti]ize pigment systevaI. Studies
on a photosynthetic mutant lacking P00 (Givah and Levine, 1967) (i.e.
“lacking a System I trapping center) still carry on appreciable Hill
activity (using ferricyanide, DCPIP, or:Efbenzoquinone as'the‘electron
acceptof), indicating.that these Hill reagents_can}accept e]ectrons_oh
the electron transport chafh between the two photoacts, ngis, coupled
with the fact fhat‘]ongﬁave absorptioﬁ is kndwn tovo*idfze 9700, indi-
cates that both ovefa]l photosynthesis and the Hill reaction with the

above reagents exhibit action spectra consistent with the pigment
_ |
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absofption of photosystem II. The quantum requirements of both the
ferricyanide (Lumry et al., 1957) and the DCPIP Hill reactions (Sauer
and Park,']965) in mdnoehromatic light in the wavelength region 640-
6?0 My decrease with decreasing light fntensity and‘extrapolate at
zero 1iqhttintensity to a value of 2.0 quanta per'e1ectron trans-
ferred to the ox1dant:.x |

Vernon and Zaugg (1960) showed that NADP.is reduced even in DCMU-
poisoned ch]qroplasts (1nh1b1tien of System II or oxygen evolution)
when'ascefbate and catalytic amounts of DCPIP'are added, This then
represents e partial'reactioh other than a Hill reaction, In this
reection reduced DCPIP acts as an electron donor for System I by
reaeting direct]y'With a cbmponent ih the electron transport chain
between the two systems. The partia1 reaction is thus activated only
by System I. | A

| Actwon spectra for the NADP reduction w1th DCPIP/ascorbate have

been obtalned by Hoch and Mart1n (1963) and Sauer and qug1ns (1965)
These resu]ts conf1rm that far red 11ght (1 >680 my) is more eff1c1ent
_.1n photosystem 1 as compared with near red light., At wavelengths
greater than 700'mu these workers obtained auantum requirements v'
_avereging aroundIZ.O (quanta/electron transferred to NADP) with
values as 1qw es 1.5; If these pigments do indeed transferveXcita-,
- tion energy only to System I, then one’would expect values as Tow as
1 quantum/electron transferred in a System I partial reactioﬁ (assum-
ing thewvalidityvof an overall quantum requirement of 8 hv/Oz)f

In 1965, Verﬁon and Shaw demonstrated that the photoreduction of
cytochrome ¢ by whole chloroplasts is stimulated by tﬁe addition of .

'various[hydroquinones, including reduced trimethy]7B-benzbquinonevf
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(TMQHz). This stimulation is only'partfa]]y decreased in the

presencé of DCHU, an.inhibitor of oxygen evolution by ch]oroplastsf
This_finding suggesﬁed to Vernon and Shaw that these hydroquinones
‘serve as electron donors fbr‘tﬁe long wavelength pigmént system I of
chloroplasts,' We undertook to determine by means of 1ts action;spec-
trum.whether:this photoréductfon is indeed é System I'reaction;and, if
so, to see if this reaction would exnibit an efficiency‘of one quantun/
_electroh transferred in the long wave]enéth région. In addition, in-
formation could be obtained about the Spectral'absorptidn of pigmént
system I and pernaps on the functional organization of the bulk pig-

ments.

B. Characteristics of fhe.Cytochrome g_/TMQH2 Reaction

Verhbn and Shaw reported that in the presence of TMQH2 there is
a slow reduction of cytochromé ¢ by cihloroplasts 1n the dark, In
order to study a light driven process involving these two components,
the charaéteristics of this dark reaction must be determined to see if
-any corkectidné to the']ight-initiated'photosynthetié Eeactions willl
be necessary. The dark reaction was found to proceed at about the
- Same. rate invtne‘presence or absence of chloropiasts,_which suggested
a direct interaction between cytochrome g_and'TMQHz. Below, some asj"'
pects of tnis dark reaction are'explored, |

Preparatioh of TMQHZ. TrQ obtained from Ka&w Ldboratories, Inc.

(Jamaica, New York), is a yellow crystalline material of low melting
point which sublimes into long needles.. The crystals are waxy at room
temperature and not clear or well defined. About 100 ma of TH) dis-

' solved in 10 ml of dietnhyl ether is placed in a sma11 separatory
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funnel. Small amounts-(wl ml) of a solution containingLSOOImq‘of
sodium dithionite in 20 ml of distilled water are added to the ether
solution and shaken. The reduction of the qUinone‘by dithionite‘ causes
the solution to bleach noticeably, and dithionite addition.is contfnued
unt11 the ye]]ow color is completely removed |

The remainder of the procedure is performed 1n subdued light 1n
order to decrease the cdances of ohotocata]yzed a1r ox1dat1on. The
water 1ayer is removed and the remaining ether solut1on evaporated to
dryness by gentle heating. The resultant, s]1ght]y ye]]ow1sh so]1d is
theh sublimed onto é'coldfwnger by gentle heatlng to form long, thin,
clear crystals of‘TMQHZ. SubTimation is continued until some of the
yeTTow méteriel also starts to sublime, V(An increase in ye]lowness of
the evaoorated solid was hoticed during resublimation, dehoting a par?
tial reoxtdation'to TdQ in air.) The overall yield of‘clear crysta]s

w1th no yellowness was about 35%.

Cytochrome ¢ extinction coeff1c1ent. Horse,heart cytochrome c was
obtained from Sigma Chemical Co., St. Louis. The sample was found to
cohtain a considerable amount of water, and so it was dried to constant.
weight,in a.vacuum desiccator over Mg(C]O4)2. Figure 2 shows the -
spectra obtained when samples of the dried cytochrome in'phosphatev
so1ution et pHv7.5 were oxidiied with'ferricyanide'and reduced_with
E dithionite. The.vaIUes obtained for the extinction coefficients at
‘the maximum of the a-band (549.5 myu) are given be]ow 1n‘Teb1e'1 (ih

-1 en1) which also includes a comparison with

. ' red-ox _ 4 ;. L
11terature values. The value Begpg 5 s 1,9 x 107 is in good agree-

~units of 10+4 g=mole

ment with those in the literature, and is used throuqhout'this-work.
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Figure 2. Absorption spectra of oxidized and reduced cytochrome ¢

isolated from horse heart at room temperature.
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Tab]é 1

Cyt c extinction . This ~ Paléus & Massey
coefficients work Neilands (1950) (1959)
e ,red . 2.62 2.7 | 2,99
549.5 mu o ’ .. : a . e ]

ox .. - : )

5549.5 My | 1 0.73

A€ red-ox ' 1.9 _ 1.9 2
549,5 mp o ,

Concentration effects on rate of dark reaction. The effects of

pH.'coﬁcentfations qf éy;ochrome'g_and TMQHZ; ahd of the.addition of
other substances in the chloroplast reaction mixture were Studiédvto
see what facfors affect the dark reaction. The final reaction mixture
contained about 2.6 x 105 M cytochrome cand 4 x 10'5‘ﬂ_TMQH2 unless
othefwisé noted, ‘The reaction was fq]]owed by observing the.formation
of reduced cytochrome g;by_its absorption increase at 549;5 My fh a
Céry Modg] 14'spectkophdtometef. The TMQH, was iﬁjected into the
cytqch§0me3£_5010tion to start the reaction. | o
| If Qas found that the.reaction rate varied with pH. Three bdffers
(phosphate. tris, and tricine) were used at‘Q.lo M concentration to'v}
VVary the pH from 6.3 to 8.8. Table 2 below shoWs a summary of the
result;. |

Figure 3 shows the change in cytochrome ¢ absorbance as a func-
tion of time for various pH's. From this plot; first order rate
constants were calculated by the half-1ife method. Using the diffe- ,-"
rential method of kinetic order analysis, a plot of the 1ogari£hm of

the initial velocity versus the logarithm of the OH™ concentration
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Figure 3. Rate of cytochrome ¢ reduction with TMOH, in the dark at
various pH's. The ordinate is the Togarithm_of the: quant1ty (chanqge .
in absorption at 549.5 my at infinite time [A ] minus the change
at time t [Aksg 5]). Thus the difference on tze graph between two
points at a givén pH represents the absorbance of the amount of
cytochrome ¢ reduced during the times associated with the two points.
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Table 2

: Initia]_Rate _?1 3 3

‘Buffer ~ pH (AA/min) (sec” )10 _ OH 110
Phosphate  6.30 0,002 0,100 | 0.20
Tricine = 6.8 ., 0.0246 1.08 0.724
Phosphate_._o 7.25 ‘}. 0}0319.‘,» a7 s
Tricine  7.65 049 535 4.47
Tris 818 030 135 151
Phosphate  8.80 . a1l 68 631

is giveh‘in ?igure'4.‘ The reaction is seen from the slope of thi$
plot to'bé‘firét order in hydroxide ion. Figure 3 also shows that
the feéctioh déviatés from First order at pH's greater than about 8,
squestlnq ‘that another mechan1sm becomes important at higher OH”
_concentrat1on. The fact that the 1n1t1a1 velocities at these higher
oH s st111 correspond to a first order reactlon, points to a possible
act1vat1on by one of the products of the slow step.

In order to dissolve TMQH2 Tn water, it is dissolved first in
ethanol or‘methanol ond this soiution is injec;ed into the reaction
'mixtUre. ‘The final reaction ﬁixtureAusua11y cohtains about 1% of
- the a]cohol; However, evenvin these two solvents, TMQH2 is on1y

s)ightly soluble and quite difficult to dissolve. .A1so. any §olutionﬁ
| of TMQH2 s]ow]y oxidizes in air to TM) and turns yellow. Thi§ Tow
solubility and air oxidation Make it impossible to determine accufately
.fhe concentration of TMQHZ. Values of the relatiVe concentration of

- TMOH, at pH 7.5 of about 2, 4, and 8 x 10'5 M 1nd1cate that the
reaction is also first order in THOHZ.
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ORDER OF TMQHZ/CYT ¢ DARK 'REACTION |
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Figure 4. Determ1nat1on of the kinetic order of the dark reaction
w1th respect to hydroxide by the differential method. The slope

of 0.9 suggests that the reaction is first order in hydroxide.
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'Similar'two-foidavariatiOns Showed that dependence of the

reactwon on cytochrome [ concentrat1on is also first order, Further-
more, the fo]]ow1ng cond1t1ons had no appreciable effect on the
' k1net1cs of the dark reaction at pH 7.5: variation of the ethanoT
concentrat1on (two fold); use of different buffers; exclusion oF
:oxygen 1n the solut1on (by purging with n1trogen), and the add1t1on
of DCMU (10'6 M), methy]am1ne (10'3 M), fresh chloroplasts (Aggg 1.0)
in the dark, or heated chloroolasts'(GO C for 5 m1nutes) either in
the dark or 111um1nated with broad band red light. ..

These results suggest that the rate 11m1t1nq stepn of the react1on_
is affected by the concentrat1ons of OH", TMQH2 and cytochrome Ca
The mechanme may involve the abstraction of a hydroqen»frdm TMQH2

by OH™, perhaps through an equilibrium such as
TMQH2 + OH® e HOH + TMOH

In ahy’case; the resultant reduced'trimethyT quinone species reduces
cytochrome c.- Of importance to photoreduction experiments with
chloroplasts,is the fact that none of the materials listed above
which are normally present in the reaction mixture affect the rate
of the dark react1on. | _

From Figure 3 it can be estimated that at oH 7.5 it will take
-ahOut»lo minutes for the dark reaction to reduce all but 0,05 o.d.
units of the Cyt0chrome,g_used in that series of experiments, As
- the total photoreaction that we normally measure ihvoives 0.05 o.d.

units or about 1/10 of the cytochrome ¢, it would seem that the

Concentrat1ons g1ven are those to be used in the photoreaction mix-
ture. '
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-.photoreaction can be followed for about 10 minutes before the dank
reactlon will ]1m1t the rate of the photo-induced reduct1on of cyto-
chrome c. There is one other item to cons1der about the dark react1on,
énd that is how it will be compensated for when the photoreaction is
" being observed but th1s will be taken into consideration be]ow in
_Sect1on I1-C ' | [

DiScussidn} In this section we have seen that a dark reaetion
between TMQHZ.and cytochrome ¢ does existvand that it is dependent
on the pH of the reaction medium. This dark reaction ié quite rapid
at physioiogica1'pH's (about 7.5) where chloroplasts are most stable.
In the set of exper1ments to follow, which deal with quantum effi-
c1ency measurements. a pH of 7.5 was routinely used, allowing about
_10 minutes -of useful reaction,

It was found after these experiments were performed that chloro-
plaSté;‘isdlatedias‘in'Sectidn Ii-C, would survive a pH of 6,3 for
about 15'ninutes at full System I activity; and so, in a later set
of experiments diecussed in Chapter III, this pH was used; The pH
6.3:nas'tne:advantage'of_great1y reducing the rate of the dark
‘reaCtibn and 'so allowing longer experiments on the eame sample and
'reduc1ng the amount of compensation needed for the back reaction,
However, one is Timited at: this pH by the instability of the ch]oro-“

p]asts.

C. Quantum Requ1rements of the Qytochrome c/TMQH Reaction in the

Red Spectra] Region of Spinach Chloroplasts

Procedure, The rate of cytochrome E_reduction was obtainedfby

“continuously monitoring the absorbance of the reaction mixture at



24

549.5 hu (the a-band.maximum for cytochrome g)*whi]e the sample was
beihq irradiated from ‘the side with longer wavelength 1fqht. A Cary
Mode] 14 spectrophotometer with a modified Model 1462 scattered trans-.
mission accessory was used as described by Sauer and B1gq1ns (1965)
;jF1gure 5 shows a d1agram of the mod1f1cat1ons performed in order to
permit s1de 111um1nat1on of the samp]e cuvette. The cuvettes em--g
p]oyed have four c]ear sides and a rectangular internal cross section of
.3vmm x 10 mm. The actinic light is incident at right angles on the
samp]eeouVette,and,traversesAa,3¥mm.1ight‘path in the reaction mix-
ture,;hhileethe,Caryfs measuring beam passes through the 10-mm oath
length. » |

The actinic light was obtained from a Bausch .and Lomb monochro-
mator (red-bTezed grating) with supp]ementary cut-off filters (1).
Mohbchromator slit widths were routinely set at 3 mm, resu]ting in an
actinfc band width of 10 ma. Table 3 lists the cut-off filters and.

the wavelength region in which they were utilized.

- Table3
Wavelength Region (mu) Corning Cut-off Filter (1)
400 - 474 - 3458 + 4-94 o
475 - 555 | 3-72 + 4-94
" 55 - 579 | | 4-97
580 - 649 | T 3-68
650 - 684 | o 2458
685 - 699 | .68
700 - 719 I 2-58 + 4-77
720 - 740 e 2458 + 759

5740 T 7-69
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FILTER (2)

CARY 14

SPECTROPHOTOMETER PHOTOMULTIPLIER

CUT-OFF FILTER (1)

ACTINIC LIGHT ,K

: : - MUB — 2802
- Fiqure 5, Diagram of the sample compartment of a Cary Model 1462- -

Scattered-transmission Accessory showing modifications a]loWinq side

:111um1nat1on of the sample cuvette. The cut-off f1lters (1) are used
to select the actinic wavelengths, while the fw]ters (2) prevent the

actinic light and chloroplast fluorescence from interfering with the

spectrophotdmeter measuring béam;



=26~
An opaque barrier prevents the actinic beam from illuminating the
reference cuvette, Another filter (2) was attached to the front of
the photomultiplier to prevent the a;tinic light and chlorop]ést
‘fluorescence from 1ntérfering with the spectrophofometer measuring
5beam. Table 4 ]fsts:these'fiiters, photomu1£ip1iers, extinction cd; _

‘éfficienté and measurihg anelengths_fof the cytochrome c¢/TMOH

. _ 1 , 2
reaction studied here and for two other photoreactions to be_dis-
cusSed later.. The 0 to 0.2 optical density slide wire of the Cary
was used and the recording chart speed was varied according to thé

reaction rate.

Table 4
: : : . Extinction

L .- Cut-off. - Photo- Coefficient. Wavelength
Reaction  Filter (2)  multiplier (liters/mole-cm) (mp)
Cyt y . | | v |

TMGHZ - Corning 4f96 RCA 6903 - 19,000 . 549,5
pceIp - oo : . Y 19,000 o

Hill quning 4-96 RCA 6903 {pH 7.5) 580
Ferricy-- - Baird Atomic

anide Broad Band Dumont : '

Hi1l Interference . 7664 1,000 420

Filter #2

| Light intenéity measurements., . Incident light intensities were
detected with a silicon solar cell (Hoffman, typé 120CG) and ﬁeasured
by a millimicrovoltmeter (Model 149, Keithley Instruments..C1eveland).
The_wave]ength dependence,of tﬁe efficiency of the siiicon cell was -~

determined by comparing its output when illuminated by a Bausch and
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Lomb 500 -mm grating monochromator (300 watt tungsten source) with
that.obtained from a Reeder thermopi]e (Model RBL-500-M, C. M. Reeder
Co.. Detr01t) ‘with the same light source. The thermopile was pre-
v1ous1y ca]ibrated w1th a standard 1amp (National Bureau of Standards,
Washington, D.C. ) Inten51ty measurements were corrected for reflec-
tion loss at the cuvette side which was measured to be 5% throuqhout
the wavelength region of actinic light.

Absorbed intensity calculation. The method used to determine

the absorbed intensity is the same as that employed by Sauer and
Biggins (1965) and fdr which a complete discussion can be found in
Biggins (1965), An outline of the method is given below since an
accurate determination'of the actual absorbed intensity is necessary
for the calculation of the quantum yield of a photochemical reaction,

”The difficulty lies in the large'contribution of light scatter-
ing to the observed absorption spectrum of chloroplasts as measured
in a spectrophotometer. {Juantasome: aggregates. however, exhibit 1ess
scattering then chiordplasts. Quantasome scattering was found to be
Rayleigh scattering with an inverse fourth ‘power dependence on wave-
]ength; as measured in the wave]ength region 760-900 muy., At these
anelengths. no known pigment absorption is present. Thus, by extra-
polating the observed inverse fourth power dependence to shorter |
waveiengths, a'correCtion can be obtained to remove the contribution
| of scattering.from the observed quantasome spectrum,

_ Tp calculate the true absorption spectrum of a chloroplast sampnle,
the absorbance of that samb]e at 750 my is subtratted,frdm that at -
678 my, the chloroplast absorption maximum. This proves to be a qood

correction for ch]oroplast scatter at 678 my and yields a ualue'of
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the absdrbahce at this wavelength which is probably within + 3% of
the trué'absofbancé;*, Afﬁer normalizing the corrected quantasome
épectfumrto-i.o at 678 my, we can calculate the true absorbance of
the‘chloroplaSt éémple at aﬁy wave]ength by mu1tfp1ying the corrected
'chldropiést;abgorbahcé value at 678 mu with the normalized quantasome
Value at the desired Qéve]ength Sauer and Park (1964) discuss the
ev1dence that the tru; absorption spectra of quantasomes and ch]oro-
plasts are identical. Assuming that they are the same, we may then

use the above method to determine the actual intensity'abﬁorbed by

thevpigmehtS'of the chloroplasts,

' ChTorOp]ast'préparatidn} Chloroplasts were at first isolated
from fuf1y gfbwn éomﬁer6ié1 spinéch leaves, The results obtained
from'these'ch10r0p1asts. howéver. are Soméwhat variable, due prbbab]y_'
to'vakying agé and freshness of the leaves. More uniformity and
genéfé]]y higher activity was obtained from cﬁ]oroplasfﬁ isolated
- from six to,eight week-01d spinach plants grown from seed in a Qrowfh'

chamber (Sauer and Park, 1965) than was obtained from commercial

spinach., Spinacia oleracea L. var. Viroflay or S. oleracea var,

early hybrid no, 7 were used,

Following the suggestion of Biggins (1965), the destemmed leaves
were washed and refrigerated in a sealed bo]yethylene bag for an hour -
“in the dark before homogenization, Tﬁe actual isolation procedure is
.out1ined'in Figure 6. The pigmented material is kept.éold (0°C) and

in the dark as much as possible throughout the isolation proéedure to

*As determined by comparison with measurements of chloroplast absorp-
tion snectra using the integrating sphere method for scatterinq cor-
rection (Drury and Kelly, 1968). _
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'Figufe 6 . Isolation procedure for spinach ch]oroplasts fo]lowing the
| " method of Park and Pon (1961).

10 grams spinach leaves

|Add 50 1 0.5 M sucrose; 0.1 M phosphate, pH 7.5,
Grind 15 sec in micro-Waring blender; Filter
through 8 layers of cheeseé]oth. Centrifugg

200 x g, 5 min, 2°C,

| ¥ , |
Sediment (discard) = SuperTatant
" Cell wall, starch " Chloroplast Mixture

Centrifuge 800 x g,

15 min, 2°C
| o — | o
Sediment : ~ ".ovoSupernatant (discard)
~ Chloroplasts - Mitochondria, ribosomes

Resuspend: 40 ml 0,5 M sucrose;
0.1 M phosphate, pH 7.5.
~|Centrifuge 800 x g, 15 min, 2°C

‘ Sédiment | Supernatant (discard)

Chloroplasts . v
Resuspend: 3 ml 0.5 M sucrose;

0.05 ﬂ;phosphate; pH 7.5
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prevént phdtoQinéctivdtion of tﬁe chloroplasts.

’ Ch]ﬁfoﬁlésts'isolated in this manner are similar to Class II
chlorob1asts’or “Srbken chloroplasts" as defined by Spencer and Unt _
(1965), since phase microscopy shows these chloroplasts have broken
:or missing outer membranes. Ch]orop]aéts offthisétype are used here

because we do not want the reaction rate limited ?y diffusion pro-
- ’ ’ | 1 ! : . i

ceésés_of the chloropfast outer membrane. When dealing with a sub-

strate as large as cytochrome ¢ (M.W. 12,000), this diffusion effect
could be quité important. 7

'Chloroélasts isolated in this manner are found to:retain 100%
of their initial System I or System II photoactivity for four to

five hours after isolation. These results are summarized in Table 5,

Table 5 ‘

Time after chloroplast Cytochrome c/TMOH i,_ DCPIP
isolation (hours) % initial activit - HiN

| o w0 100
1 | 08 o

2 10 99

3 99 98

4 99 100

5 | 99 - 93

6 | 9% o -85

7 85 70

(Systém I_;ctivity was assayed as cytochrome ¢ reduction with TMﬂHZ,
using the standard reaction conditions outlined below, éndbsystevaI

 |
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activity waé assayed as the DCPIP Hill reaction according to the |
reaction cohdftiohs of Sauer and Park (1965). After isolation, the
chloroplasts were stored in the dark at 0°C, in 0,5 ﬂ;sdcrose and
0.05 M phosphate, pH 7.5, unti] added to the reaction mixture. These
results indicate that data taken during the first four to five;hours
after chloroplast isoiatioh'should pfove the most reliable. They
also show that System 1 activity as measured under these conditions
is more_stablé thanbihatvof'System II. |

Reaction mixture. The reaction mixture contained potassium phos-

phafe; pH 7.5, 0.05 M; sucrose, 0.5 M; and the following in umoles/
Titer: 'cytochfome c, 503 TMQHZ, 85; and DCMU, 0.9, (The TMOH2 and
pCMU wefe made up in ethanol §olutions. which were diluted 100- and
' 2004f01d, respectiVely, in the reaction mixture,) A sufficient
amount of;thé'chlbeplaSt preparation was added in the dérk at the
'stértlof each measurement to give an absorbance of ch]orophyi1 at

' 678 my of 0;3 - 0.7 for a 1-cm path. The dark reaction be tween cyto-'
chrome‘é’and fMQHZ nécéssitated a fresh reaction mixture (2 ml)
befﬁgwprépared foF each wavelength of exciting light studied. A1l
measurements were made in air, eXcept where noted. and at room tem-
perature, | |

Back reaction.v Thevreaction»systEm exhibits a faif1y strong

back reaction in the dark, fojlowing illumination, - The rate of this
back'reaction is proportional to the percentage'converéion of the
cytochrome c. Because of the known dark réaétidn between cytochrome
¢ and TMQHZ,’this apparent reoxidation of cytochrome_g in the dark
after illumination is attributed to the difference between the rate

of the dark reaction in the reference Cuvette and of that in the
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reaction cuvette, Since the photoreaction reduces some of the cyto-'
chromeig;in the‘reaction cuvette, its dark reaction rate:ie Tower
thanvthat ot the reference Cuvette, which has a higher concentration
' of’oxidtzed cytochrome c. This difference in rate of dark reaction
‘thus'causes an apparent'reoxidation of cytochrome!s_in the reaction

cuvette in the dark and leads to the'observation that the rate of |

the back reaction is Aroportiona] to the percentage conversion of
the cytochrome c. All photochemical rates reported are corrected
for:the'appropriate interpolated oark reaction by adding the averaqe
of apparent reoxidation observed before and after illumination to

the rate of photoreductlon. Th1s-correct1on is made posslble by the
prev1ous observat1on that the dark reaction between TW)H2 and cyto-
‘chrome c is unaffected by 111um1nat1on or the presence of ch]oroo]asts
(heated) h | |

Effect of heat1ng. A reaction mixture in which'the chioroplasts

had been heated to 65° for three minutes, cond1t1ons known to destroy
System I act1v1ty (Vernon and Zaugg, 1960 Rumbera and witt, 1964),
exh1b1ted no cytochrome C photoreduction when it was 111um1nated at -
680'mu, This is taken as an indication that the photoreduction re-
”,quires the jntegrity of the chlorop]ast structure'and-not just the
presence of the pigments in solution,

Photophosphbrylation. Methylamine is known to uncouple the

cthrop]ast Hill reactions from photophosphory1ation-and to 1owere

the quantum requ1rements for the Hill react1on at moderate light in-
tens1t1es (Sauer and Park 1965). In the case of cytochrome gnre--.
duct!on,‘however, methy]am1ne.(10 umoles m]']) had.no effect on the-

rates of either the photoreduction or the back reaction,
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The fact that'methy1amine hastno‘effect on the efficiency of
the‘photoreduction could suggestfthat the pathway for thié reaction
does not'invoIVe any of the sites of photophosphorylation. However,
the reaction mixtune contains ~1,5% ethano] which is renorted by
Ba]tscheffsky (1963) to be an inhibitor of phosphory]at1on. Thus
the above suggest1on concern1ng the sites of photophosphorv]at1on
cannot be substant1ated o

To check whether phosphorylat1on does occur under the cond1t1ons
' during which the photoreduction of cytochrome ¢ is measured, a proce-
dure was employed that is a combination of the procedures of Whatley

and Arnon (1963) and Kamen (1963). The reaction mixture norma]]?
| employed was buffered by phosphate, pH 7.5, end the following rea-
gents added in umole/ml: ADP, 1,0; and'MgCIZ,v7.5. The reection
wés carried odt,in Stoppered vesselS»in an Aminco Warburg Apparatus
(Americén Instrument,Co.. Maryland). The intensity of illumination
proV{ded by:efght photof]ood'lamps was ebout 2000 foot-candles at
the Samnle. The reaction was carried out for 10 minutes at 15°C and ~
then stopped by add1ng tr1chloroacet1c acid. Norit A was then added
to adsorb the pyridine nucleotides from the solution. The Norit was |
centr1fuqed out, washed tw1ce with water, and then added to scintil-
lat1on fluid and counted in a liquid sc1nt111at1on counter,
| A comparison was made between the normal cytochrome E.reactionh.
nixture.COntaining an absorbance of 1.0 at 678 nu‘(]-cm path) of
chlorop]aste that had been heated to 65°C for' five mindtee. Both
samples were iI]uminated under the above conditions and assayed for

1abe1ed'ATP The two samples were both found to be within 2% of back- :v

'qround, indicating that photophosphory]at1on does not occur under the
exoer1mental conditions emp]oyed ' '
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Quantum requirement calculations. Quantum requirements were

calculated from the reaction rates corrected for the back reaction

and frbm the expérimentally determined value of the CytoChfome.g ex-
tinctibnicoéfffcient (Section II-B), "In some cases the inner fi]tér
éffect (as‘outiinéd by4Big§in§ aﬁd Sauer, 1964, using the method of
’Kling et al., 1§63) Qas'taken into account in the ca];u]atioh of'ab-
sorbed intensities. This correction is necessary for the DCPIP Hill
" reaction éhd for the cyfochrome E/TMQHZYreaction in:thé blue absorp-
tioh'regionb(4004500 mu). The actual calculations were performed by

'digfté1‘computer.

D.. Results

IntéhSity dépendehcé; The photoredubtion was studied as a funcfion ‘
of light intensity over a 5- to 30-fold range at each of 24 wavelengths
in the region from 620 to 740 my. _At each wavelength, thé calculated
QUantum requirements were found to increase with increasing incfdent
‘nghflihtensity; as shown ih-Figure 7. This behaviok has been:re-
ﬁo?tea pfev{oﬁsly by Sauer and'Bfggins (1965) and Hoch and Martin
(1963) for NADP photoreduction with DCPIP/ascorbate/DCMU and by
numerous workers'for various Hiil reactions, A simple mechénism
first,pkopogéd by Lumry and Rieske (1959) predicts the obsérved
1jneér rélationship; Using the notation of Sauer and Biggins (1965),

this relationship can be summarized in the equatiohf'
Q = »Q' ‘1 R o (11-1)

~ which designates the intercept of a plot of quantum requirement, Q,

versus intensity, I, as the intrinsic quantum requirement, 0., for

4
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CYTOCHROME ¢ REDUCTION BY TMQH,
WITH SPINACH. CHLOROPLASTS

at 642 my

0 } : } } } } } }
B at 720 my
2‘_— o
: o}
e
0 1 1 1 1 | C L N
o . o2 0.4 06 o 0.8
INCIDENT INTENSITY (nanoeinsteins /cm2 sec)
);ei.ee4-4|25

- Fiqure 7. Inténsity dependehce of the quantum requirement of the

~ cytochrome c/TMQH, reaction. The example at the top (642 mu) is at

a wavelength where both Systems I and II operate efficiently,’Whi]e '
the values at 720 mu represent a sample in the wavelength regidn.v

where only System I is efficient.
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’fhe reacfion ét zero intensity, and the slope, 1/kD, as a rate para-
‘meter of . the darklijmiting reaction, |

| The average vé}ues for this pseudo zero-order rate conStant'kD
obtained'by‘Sauér and Biggins were (1.6 1_0.7)'10'7 equiv;~2']-sec']a
for NI’«DF;+ reduction byEDCPIP/ascorbate in DCMU-po{soned‘ch]orop]ast§
and (4;8 :fi.7)'16'7 fpf‘the normal reactioh‘using HZO as electron
donor. As we have noted, the former reaction is ﬁhotocatalyzed by
.System'i,'while thé 1aiter Qses both Systems I and If. These workers
nbted tﬁét thé values indicate the normal reaction has a rate three
times faster than the DCMU-poisoned reaction.

Our data for the slopes of the éuénfum reqhirements versus ab-
sorbéd'fﬁténSity"gréphs foricytochrome_g reduction closely para11e1
those for the DCHMU system of Sauer and Biggins. We find that the 05-
served slopes are indépehdent of wavelength in the entire region
studiéd, When ave?aged for two separate chloroplast samples, values
for Kk of (1.6. +0.7)*10" and (1.5 +1.3)410"7 equiv. 2" esec™!
Were;dbtaihed. .TheServélues are in excei]ent agreement with those
-~ of tﬁe Syétehwl reacfion'of Sauer and Biggfns and suagests that these
'two reactions, which both require DCMU, are photocatalyzed by pigmeﬁt
system I and invo1ve the same rate Timiting dark reaction;

gytochrome._g/TMQH2 as a System I partial reaction. On the baéiS'

vof their observation that thg photoreduction of cytochrome c by TMOH2
in the présence of chloroplasts is largely DCMU-insensitive, Vernon -
and Shaw (1965) proposed that in the presence of DCMU the réaction

- is catalyzed by pigment system I. The action spectrum preséﬂtéd in
Figure 8 strongly supports their conclusion., The action spectrum has

a fairTy constant zero-intensity quantum requirement of 2.quanta
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SPINACH CHLOROPLASTS

T I
\ T Bt §
i 1 ] ] } L 1 | | 1 | l
620 640 - 660 680 700 .. 720 740
' A, mp B : :
MUB-6691

Figure 8 Action spectrum for the reduct1on of cytochrome c by
TMQH2 using spinach chloroplasts (two d1fferent preparat1ons)
The quantum requirements are va]ues obtained from extrapolat1ons

to zero light intensity at each wavelength,
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absorbed/equimelent of cytochmome ¢ reduced for wavelengths from 620 ‘
My t6'6é0 mu; At longer wavelengths there is a decreese in quantum N
requirement to 1.0 quantmm/equivalent at about 710 my, which remains
constant to 740 my. The very high efficiency (low quantum require-
mentj at weVelengths longer than 700 my is a chama;teristic feature
6f System I-catalyied meactions by higher plamt chtordplasts; It
-diffeks Etrong]y from‘the action spectrum of the Hill réactioh usinq
DCPIP ferr1cyan1de, or- NADD. where the quantum requ1rement is 2-3
from 640 to 680 mu and then increases as much as 10- fo]d at wave]enqths
1onger than 690 My (Sauer and Park, 1965; Sauer and Biggins, 1965).
The acttoh spectrum fot Cytdchrbme g_reductioh by ch]ordp]asts 1sv
’ sfmi]ér'tdzthose obtained for the ch]oroplast-eatalyzed,photoreduction
'bf NADP by ascdrbate, coup]ed with a small amount of DCPIPHZ,'and in
the presence of DCMU “a known System 1 react1on (Hoch and Martin, '
1963 Sauer and B1gg1ns. 1965).  Thus the cytochrome c/TMQH react1on :

can be assigned as a System I part1a1 reaction in spinach chloroplasts.

Effect of ferredox1n concentrat1on. One possible route for a

System I reductxon wou]d be through ferredox1n which is known to
accept_e]ectrons from System I (Tagawa and Arnon,,]962). vIn fact,

the H111~reaction using oxidized cytochrome ¢ as the electron accep-
- tor has been shdwn to require ferredoxin (Davenport and Hil1, 1960;
Keisteb and San Pietro, 1963), Chloreplasts prepared as in the pro-
cedure of Figure 6 lose most of their ferredoxin durjng isolation. "
as evidenced by their low activity in NADP photofeduttion Witheut
added ferredoxin. The experiments detailed in Table 6 below were |
nerformed to determine if spinach ferredox1n is requ1red for the cyto-

chrome c/TMQH2 photoreact1on.

}

' o . . . m
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Table 6
Cytochromé E.Reduétion as a Function of Ferredoxin Concentration at
Various Light Intensities (broad band red 1ight A>640 mu). Rate of

TA'Reduction Given in Units of AA549.5/min X 10'3

Reaction Mixtufe Contains: Relative Intensity
- 0 120 500
a) Chloroplasts as normally pre- : o
pared o 5.1 15.8 26
b) Chloroplasts washed twice in |
distilled H,0 before sus-
~pension in reaction mixture 4.8 16.2 24
c).Ch]oroplasts as. normally pre- _ N
pared + ferredoxin: 50 ug/ml 5.0 15.0 25
d) Chloronlasts as normally pre- .
pared + ferredoxin: 100 ug/m1 = 4,1 - 1N.7 - 19.7
e) Chloroplasts as normally pre- ' | _ o
- pared + ferredoxin: 150 pg/ml 2.5 7.9 '_]1.7
f) Same as e) but solution made : :
- anaerobic with N, v ' 4,3 10,0 18.1

The question of a ferredoxin requirement for the cytochrome c/
TMQH2 reaction has beenvappfoached from two directions. First,
: chloroplasts as théy'were normally prepared were washed twice in |
‘ disti]]edeater to remove as much of the soluble componentsvas pos-
sib]é.' This tfeétment should remove any residuai ferredoxih in the
chiofoplésts. Table 6 shows that this procedure does not appreciably
alter the rate of the cytochrome ¢ photoréduction, indicating that

the reaction proceeds in a deficiency of ferredoxin.
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Secondly, fenredoxin was added in order to seelif its presence}
'stimu1a$ed_the'rate.of"cytochrome c reduction. The table shows that
high concentrations tend to inhibit cytochrome g_reduction. The last
experihent'shons that this inhibition is removed to some extent when
oxygen ds exc1uded from the>reaction system.. This!is consistent.with
the observations of Black, et al. . (1962), that ferredoxin~mediates a.
a photofeducticn of oxygen by chloroplasts, Thus it would appear
that ferredox1n-med1ated reduction of oxygen competes with the pro-
cess of cytochrome'g reaction in aerobic solutions where the ferre-
7 doxin concentration is high. However, under the normal reaCtion
condi tions added ferredoxin is not a requlrement for cytochrome c
photoreduct1on. o

Dependence on monochromator slit w1dth In Figure 8 there

appears to be a sma]l peak in the curve of the action spectrum at
the wavelength maximum of the ch]orop]asts 678 my. This apparent
-inefficiency of chloroplasts in their most absorbent wavelength
region was»most pnzzling until ne began to consider possible sources
- of instrumenta1 error. Figure 9 presents data on the dependence of
the observed quantum requirement on the monochromator sl1t width of
the actinic 11ght at 680 My |

This fiqure suggests that the h1qh quantum requirements obta1ned
in this region result from the monochromator half-height band width
cf 10 my routinely used in these and previous studies. In this
particular region of the spectrum, the sample is appreciab]y.more
trangparent to ligiht in the wings ot the band of wavelengths incident
on it than to those near the center; Measurements were made at

several wavelengths in this region to determine the extent of this
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QUANTUM REQUIREMENT DEPENDENCE ON
- MONOCHROMATOR SLIT WIDTH

at 680 my

L | c ' L |
Q'so I 2 3 4 5

MONOCHROMATOR SLIT- WIDTH (mm)
XBL 684-4126

‘Figure 9.  Effect of mqnochromator‘sﬁt width on the relative
quantum requirement with 680 mu exciting light. The filled circles
dehote ‘r‘ela,ti.vé qdantum reQuiremehts obtained with the' cytochrome 5:_/
| TMQH2 reac_tion and the un.fiHe‘.d circles denote tvhose obtained using |

‘the DCPIP Hill reaction,
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erroc. At the absorption maximum, 678'mu, the quantum requirement
at zero band Width (extrapolated as in FigureAQ) is about 16% Iess
than the value obtained with 3 mmAmonochromatorls]it'widths. fhe
effect falls off on e1ther side of ‘the absorption max1mum, amount1ng

to a decrease of on]y about 2% at 660 and 690 My

: D1scuss1on. The,quantum requ1rements for the cytochrome c/TMQH

‘react1on are un1form1y 1ower than those obsecved previously for NADP
reduction using ascdrbate/DCPIPHz, and»We feel that the former are
more fepresentative of the optimum photochemica] potential of pigment‘
systemvl; The'higher quantum requirements for NADP reduction by as~
COrbate/DCPIPHZ probably reéu]t:fcom the presence of a cyclic as well
as a noncyc]fc pathway:for this reaction. Cyclic photophosphorylation’
is mediated both by ferredoxin, which is an essential cofactor for the
NADP'photoredUCt{on by chloroplasts (Taqawa et a1.. 1963; Arnon et al.,
v1964), and by DCPIPHZ/ascorbate (Gromet-E]hanen and Avron, 1963; Shen :
et a]., 1963) Thus it is poss1b]e that cyclic e]ectron flow may '
compete with NADP for e]ectrons from System I K

| Quantum y1e1ds (rec1procals of the quantum requ1rements) extra-
polated to zero light intensity for the cytochrome_g reduction and

for the DCPIPrHill reaction (Sauer and Park, 1965)'are given in

Table 7 for the various wavelengths of exciting 1ight. Included in

the tab]e are both the observed values and the values when corrected
‘for the effect of monochromator slit w1dth
| Figure 10 shows activation spectra obtained by.the technique'of
: Sauer and'Park (1965) of multip]ying’the}zero-intehsity Quantum

y1e1ds at each wave]ength by the norma11zed total absorbance of

sp1nach chlorop]asts. The act1vat1on soectra ebtained in th1s way
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Table 7

Nuantum Yields for Cytochrome 5_Reduction’by TMQH2 and the DCPIP Hill

Reactibn ofvSpinach Chloroplasts at Various Wavelenqths

'wévelength . Observed . . Corrected for S1it Width
{my) peyt  gDCPIP deyt OCPIP _ gcvt + gNCPIP
622 0,50 0.50 . -

630 0.50 0.50
635 0.50  0.44 0.50 0.4 0.94
639 0.50  0.49 0.50 0.49 ©70.99
642 0.50  0.50 ! 0.50 0.50 1,00
648 0.50 © 0.51 ok o 1.01
650 0.49  0.52 | 0.9 0.52 1.01
653 S 0.49  0.51 ! 0.49  0.51 1.00
660 0.48  0.48 0.49 0.49 0.98
666 0.48  0.42 0.50 0.46 0.96
670 ~0.47  0.39 0.53 0.44 0.97
675 0.46  0.38 0.54 0.43 0.97
678 0.46 037 | 0.55  0.43 0.98
680 0.48  0.36 0.57 0,41 10.98
683 0.53 0.60
685 0.58  0.30 0.63 0.36 0,99
690 0.72. . 0.26 0.73 0.28 1.01
695 0.83  0.18 0.83 0.19 1.02
700 0.88 0.13 0.88 0.13 1.0
704 0.94 | )
710 1.00  0.08 100 0.08 1.08
720 1.00  0.08 1.00 0.08 1,08
730 1,00, 0.04 1.00 0.04 1.04

740

1.00
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1.0 + o ‘
~ ACTIVATION SPECTRA o
. SPINACH CHLOROPLASTS i‘
) |
08 . . ) oo ‘ | i
‘ points represent ‘
- sum of two
activation spectra : .
Chloroplast Absorption
- 06— Spectrum -
04

Cyt. [
Reduction

0.2 ' \
Hill Reaction
DCPIP -

|
.740

620

© 'XBL 684-4127

| Figure 10, .Absorption spectra of pigments responsible for cyto-

chrohe _g)reductiorivby_TMQH2 in the presence of DCMU (open Circles,‘
1owef solid curve) and for the DCPIP Hill reaction [filled triangles, |

and the dashed curve; data from Sauer and Park (1965) corrected for

_slit width'dependence] by spinach ch]oroplasts. Upper solid curve -

gives the normalized absorption spectrum of spinach chloropTaSts.j

corrected for light scattering (Sauer and Biggins, 1965). The upper

filled circles are the sum at each experiménta] wavelength of_the

two éctivation'spectra below.
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‘répresentithe;absorption spectra of the "activejpigmehté,“ i.e., that
'pdrtioh of the total pigments responsib1e>for the sensitization of

thé bartiéulafuphofdregétion being studied, The maiimum of the cyto-
IChromg g_/TMQH2 actfvation spectrum-(Sysfem I) occurs at about 683 my
ahd i§ viftua]]y 1denti¢a1 with the normalized abéorptidn.spectrum
‘(tobmost curve in,Figﬁre 10) at longer wavelengths. The maximum is
lat 675 my for the DCPIP Hill reaction and is nearly zero at wave-
1engths_1bngef.than’7ob mu. This reaction hasvbeen assigned to _
System 11 by Rumbérg et al. (1962) on the basis of absorption change
measurements, Eveﬁkff System'I_participates as well in this reaction,

iié’aétivation spectrum is probébiy very close to the absorption
| spectrum of_System‘II; g;g},}sée Sauer and Park (1965). The diffe-
rence between the two’activdtion épectra in Figure 10 ih the region
of maximal absorption by chlorophyll b (ca. 650 my) is slight. It
wod]d be hazardous to aSsign chlorophyll b primarily to pigment
‘ éystem 11 on the basis of this evidence.

In the 1ast‘601umn'of Table 7 are given values for,the'suﬁ of ‘

thé qﬁantum yields for the two Teactions ét each experimental wave-
| ledgth; Points representing the sum of‘the activation spectra are
, aTgo preéehted in Figure 10. This synthesized spectrum is very
Simi1ar, both in shape and magnitude, torthe obser?ed absorptioh
Spectrum; givihg strong cdnfirmation to thé proposal of Sauer and
Park (1965) that the activation spectfa are fea]iy the absorption
spectra of the respective pigment systems and that the sum of the
activation spectré is éimply-the over-all measured absorption spectrum.
This would not neéessarily be the case if there were appreciab]e.

transfer of electronic excitation energy from one pigment system to |
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the'other. If”electronic energy transfer were possible, the sum of
qoantum yfe]@s coutd be as high as 2 at some wavelengths, particu-
larly in the wavelength region from 620 to 685 mu, where both systems
appear to absorb comparably.- If no electronic'enerqy transfer is

poss1b1e, then the sum cannot be greater than 1,0 at any wavelenqth

The_data 1n the Tast column of Table 7 are qo1te clear on this po1nt.
The values observed are all 1.0 + 0.1 in the wavelenqth region from
620 to 740 my.’ o | o |

We have every réeason to be11eve that the cytochrome c/TMnH2
react1on is operating at optimum eff1c1ency, since only one absorbed
quantum is required for each electron transferred at wavelengths
longer than 700 mu. ‘It is not easy to postulate a simple mechanism
whereby th1s intrinsic quantum y1e1d is then reduced to O, 5 at shorter
wave]engths. at the same time perm1tting eff1c1ent electron1c energy
transfer to occur. We be11eve therefore, that the s1mp1est explana-
t1on Ties in the postulate that electronic energy transfer can occur
only w1thin each p1gment system and not between them, and that the
conpling'of the.two pigment systens occurs only at the chemical.v |

level,

E. Quantum Requirements in the Blue Absorption Region of Spinach

-Ch]oroplasts

Asymentioned in the previous section, the action spectra obtained
in the red region of the chloroplast_absorption does not give suffi-
cient detail to determine the assignment of chlorophyi]-b.to either

of the systems. A possible‘alternative is to look at quantum reouire—

ments in the Soret region where chlorophyll b absorbs a major.portion
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of the fiqht at 470'mu;' In conjunction.with thié. both the cyto-
chrome c/TMOHz and DCPIP H111 (using the reaction conditions of Sauer
and Park 1965) react1ons were performed in the b]ue wavelenqth
reg1on (400 to 500 mu) At the same time a control at 678 my was
used to relate the ch]oroplast activity'to that observedfin the_red
heqidn. The expeh%mehts exhibited more scatter in the light inten-
sity dependence of the quantum'requirements than was observed for the
red'hegiOn. $0 the results presented'in Figure 11 below should be
interpretedvmore as general trends than as accurate action spectra,

The quantum requirement for_the‘cytoehreme ¢/TMOH, reaction in
this region is essentially the same as in the near red, For twelve
wéVeiehgths in the:hegion 400 my to 500 my the experimental points
haue}an auerage value of 2%0 + 0.5 quanta/equiva]ent The‘only irre-
qu]ar1tv appears to be a s]1qht decrease near the absorption max1mum
at 436 my where quantum requlrements as low as 1.5 were observed.
The contro] at 678 mu had a quantum requ1rement of 2 1, SO the ch]oro-
plast eff1c1ency found in the near red from 620 to 670 mp is found in
the va]ues in the Soret reglon. |

The DCPIP Hill reaction in the presence of methylamine had
higher quantum reduiremehts ih this region than in the hed reqgion
(with va]ues‘ranging from 2.6 at 480 mg to 5.0 at 436 mu).' The out-
stahding feature df the DCPIP Hill action spectrum appears to be a
~ rather broad maximum in the 420 to 460 mu wave]ength region. One
of the major po1nts of 1nterest in Figure 1 are the complimentary
aspects of the two curves. The fact - that the System II Hill reaction
appeers to be inefficient at the Soret»@axﬁmum lends credibility to

the apparent increased efficiency of the System'l reaction. Also of
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Figure 11, Action spectra for the DCPIP Hi 11 reaction (unfilled

cicles and dashed line) and the cytochrome'E/TMQH ‘reaction (filled

2

- circles and solid line) for spinaéh chlokoplasts in the Soret

- spectral region,
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interest is the fact that the quantum yiélds that would be obtained
from the points on the graph do not exceéd a sum of 1.0 for the two
reactions at anvaavelength. The hfghest yaluekis 0.8 and thus the -

“Soret region also Shows no'évidencé of intra-system enerqy transfer
at}the.efecfrohic ?evé].

There'appea;s to be a-génera1 inefficiency of the blue region
in perfofming’the System II Hi]lvreaction. This was'aISO observed
by Rieske et al. (1959), who reported that blue light is 35% less
efficient than red 1i§ht in the ferricyanide Hill reaction. It is
difficult to assigh chlorophyll b to either of the action’spectra by
means'of the data of Figure 11, There does seem to be>a'general in=-
Ereése‘in SyStem II effitiénéy in the waveTength'region around 470
and 480 mu,"Which 3ugge$t$'thé possible'role of chlorophyll b and/or

g-carotene (480 mu) in System 11,

F. 'Photoreactions of Bérley Chloroplasts

- Introduction. Another means of approaching fhe problem of the -

distribution of chlorophyll b between the two pigment systems and
 the qﬁestion of energy trénsfer betWeen these systems is.through the
use of a barley mutant* Tacking chlorophyll b. Such a'mutant'waé
first reported by Highkin (195b)‘and some of its properties were re-
| ported by Highkin and Frenkel (1962). It is found to contain no
chlofophy]]jg_to a limit of detection of less than 1 molecule of
chlorophy1l b per 1000 molecules of chlorophyll él(BoardMan and

Highkin, 1966). We hobed to obtain activation spéctra‘of the two

‘_*The mutant was provided to R, B, Park by the courtesy of H. R. Hiqhkin.
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photo;éaétfon éyétémslby following the cytochrome g.rédUCtion and

: DCPiP Hi]j reattion. ‘In addition, the nature of the mutant and its
photocﬁemicalvfunctions*are of'intérest. Are the photoreaction sys- .
tem§ in the mutant as éfficient as in the normal bar]ey?' Does the
“mutant éhsw évidehce of a complimentary pigment which rep]acés chloro-
phyfl Q?'ﬁAre théfe aﬁy bthef deteétable diﬁferences beSides‘a 1a¢k
6f ch1ofohhy11 b? o | . o | |

" Experimental. Barley Ch]oroplasts prepared by the method deve-

lopéd"fordspinééhichlbrop1ésts by'Park and Pon (1961) were found to
have Téw photoactivity as measured by the DCPIP Hill and cytochrome
g/TMQHZ”reéétions. The conditionS of chloroplast isolation were ex-
plored éhd;aSSayéd by meéns'of photoattivity and by the abpearance of
the chlbropTasis ihvlight.micrOSCOpy,. The general procédure involved
vi; still that of Park and Pon, using both normal and mutaht bariéy

| Qrown‘ffom Séed in Véfmiculité and harvesfed three weeks after plant-
vihQ.z.ff was found that an initial cehtrifugation of 100 g instead

" of 200 g was necessary iﬁ order not to sediment the majority of the
chiérbp]&éthaloné with‘fhé 1arger:fragment5. The other‘importdnf
isolation p&rameters were found fo be the pH of isolation and the

reaction pH.

Effect_of pH. Chloroplasts from normalrbarley'leaves were iso= -

A 1a£ed'in 0.5 M sucrose and 0.1 ﬂ_phosphate at pH 6.4 or 7.3; The:

ispiated chloroplasts were then suSpended in a reaction buffer of
"0.5 ﬂ!sucrose and 0.05 ﬂ_phosphatg at pH 6.4, 6.9, 7.3; and 7,8.

. The éffects-of these variations in pH on photochemical efficiency

are‘given_in Tab]e 8 in tefms of the zero intensity quahtum requfre-‘

. ment obtained with 680 my actinic light. The quantum:requiremehts

1
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‘Table 8
Effect of pH on Quantum Requirements of Normal Barley Chloroplasts
. at 680 mu o
Zero Intensity Nuantum Requiremehts einsteins
= T ' equivalent
_ ~ Grinding . . '
" Reaction - Buffer pi. 6.4 - 6,75 ° 6.9 7.3 - 7.8
Cyt. g' | " : ' e
reduction 6.4 60 . 3.5 2.0
7 3 ’ ' 3.2 ].-5 106
DCPIP Hill | o -
reaction 6.4 1C. 7.0
v 7.3 : ' 25. 25
Ferricya-
nide Hill
reaction = 6.4 3,6,9 8 10°
7.3 8,3 9 15

Table 9

. Effect of Actinic Wavelength on Chloroplast Activity

N
i

~ Zero Intensity Quantum Requirements/ einsteins.
S equivalent

Reaction A(mu) Normal Barley Mutant Barley Spinach
Hi1l - - ,
reaction 650 11 15 2.0
DCPIP 680 _ 15 , 20 ' 2.5
o ' 6 o -8
700 20 20 10
Cyt. ¢ _ : : : _
~ reduction 650 1.8 2.3 2.0
: 680 3.2 1.5 . 2.1
1.8 1.5
700 1.15 1.0 1.15
1.2 1.0
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for spinach chloroplasts isolated and illuminated at pH 7.3 with the
same wavelength were 1.5 quanta per electron for cytochrome C re-
~ duction and 3 0 for the DCPIP Hi11 reaction.
” The cytochrome c reductlon 1s seen to be falrly 1ndependent of
;'1solat1on pH but dependent on reaction pH iIsolation and reaction

at pH 7 3 give results comparable w1th those obtaxned for sp1nach
chlorop]asts. The results of the DCPIP H111 reaction are 1nconclu51ve.F
but soogest*that preparation and react1on at a Tower pH than 7.3,may
be advantageous. The same general trend as was found in ‘the bCPIP
react1on is ev1dent for the ferr1cyan1de HilNl reactlon. but here
anotber factor becomés evident. Chloroplasts isolated and reacted
at'lower bH'va&oes.:aTtbouoh:generally more reactive, were- highly
unstable'and'usually lost more than half of their activity Upon a
few minutes of illumination,

Results.. In qeneral the photoact1v1ty of barley ch]orop]asts

preparedvin this manner was found to be rather Tow as_compared to

that’obtained'With spinach Chlorop1asts. The‘pH of isolation appears

. to be an 1mportant factor, part1cu1ar1y for System 11 react1ons.

- Also, it 1s possible that destruct1ve enzymes are released during

isolation which decrease activity. Because moderate activity was
.a11 that could be obta1ned from barley ch]orop]asts. a compar1son
of the act1v1ty in normal and mutant bar]ey will be considered only '
i qual1tat1ve1y. | * | |

Table 9 presents such a compar1son a]onq thh representative
va1ues for spinach ch]oroplasts. Of pr1mary import is that the
mutant barley is seen to contain both Sys tems I_anddII, and to be

about as efficient as normal barley in utilizing monbchromatic light f
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in the region 650 to 700 mu. In terms of cytochrdmé'g;reduétion.
the mutant Was fduhd to be coﬁsistent]y more efficient than the nor=
mal barley. In the Hill reaction with 650 my 1ight, the normal
barley is apparently moré efficient than the mutant. Thi§ could
reflect the Toss of qh]orophyllvg_from System II of the,mutant, re-
sulting-in fewer qﬁanta being utilized by the System II phdtoreaction.
: J'Figure-lz shows a difference spectrum obtained betwéeh sonftated,
Washed Tameilée ot hormal ahd mutant barley. It shows-clear]y tﬁe
1ack of chlorophy]] b in the mutant (650 and 473 my) and ‘also the
.poss1ble ex1stence of a p1gment which absorbs maximally at about |
687vmu 1n the mutant. (The slight dip at 678 my is due to the.ab-
sorbancés'of;the’two samples not being exact]y the same at the
ch16f0p1aét maximum.) The trough at 687 mu could indicate either a
' »dif?eréﬁt'pfgmént or a larger pool of a similar pigment.in the mu-
tant, The amouﬁt of this pigment absorptidn is abproximateiy one-
f1fth the amount of chlorophyl] b in the normal barley. and one- |
fxfteenth of the total chlorophVIl a. Attempts to determine if any
sign1f1cant dwfference in photochemical activity occurred at 687 my
proved 1nconc1us1ve, as the activities were not sufficiently high in
these chloroplast preparat1ons. ' |
Conc]us1ons. Although in the barley ch]orop1asts activ1ty

:suffiCient to determine activation spgctra was not obtained, the
1experiménts‘éboVe provide at least one interesting result. Chioro- }

_ phyl]IQ_has beén thdught to transfer most of its}absorbed photons to
| - the phdtoreaction II trap, and indeed.vdetérgent so]ubi]ized chloro-
plast particles that exhibit mostly System II activity Have lower

chldrdphyll a/chlorophyll b ratios (Andekson and Boardman, 1966
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' Figure 12, Normal minus mutant barléy.difference spectrum obtained'

«54-

i

‘NORMAL MINUS MUTANT BARLEY DIFFERENCE SPECTRUM

473

650 -

1 ] 1 ] 1 ' ]

450 500 . 550 600 . 650 . 700

. 750

XBL 684-4145

between sonicated, washed lamellae preparations of normal and

mutant barley.
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Wessels, 1968). The observation here'that the barley mutant con-
tains efficient Systems I and II (essentially these same results

" 'have been subsequently reported by Boardman and Highkin,'1966) in
spite of the fact that it has no ‘detectable amount of chlorophyll b,
indicates that ch]orbphy]llg_acts only as an accessory pigment in

~ System II and that its presence is not required for System II acti-
vity, This completely ru]es‘out the theory advanced by Rumberg
(1964)-that-ahchlorophyll.gimolecule is the System II trap in chloro-
plasts, or that it*is'diréCtly involved in the trapping mechanism,
Even if:thié‘one trapemOTeeule,were the only chlorophyll Q.present
1n'thé mutant. it would have to be ih a concentration of about 1/500
chldrophy11vg'(see Chapter III). Since the chlorophyll g.cbhcen-
thation is less than 1/1000 chlorophyll a molecules (if there is

any ch]orophy]l b present at all), ch]orophyl] b cannot be 1nvolved

in the traop1ng site.

G. Conclusion

In thislehepteh wethave seen that a System I reaetion can indeed
function with a quantum efficiency of one quantum per electron trans-
- ferred. This,rules out the possibility of System I involvinq'a two
photon per electron process and supports the conclus1on that the h»
'm1n1mum quantum requirement for the evo]ut1cn of one mo]ecule of
oxygen wou]d be eight quanta. The data support, but do not prove
conclusively, the separation of:photosynthetic pighents into either
photosystem I or Il. Two general coné]usions ean be made. First,
the data obtained with the bar]ey_ch]orop]asts suggest that chloro-

) phy11 b may preferehtiai]y belong to the System II antenna pigments.
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Second; the chlorophyll.manimun_in chloroplasts at 678 mu can be
resolved bylmeans of the activation spectra in Figure 10 into two
functional conponents;‘one associated with Systen II, with a maximum
at abbut 675 my,_and the other with a maximum at 683 mu, associated ‘.

with System I. o | | |

Conf1rmat1on of th1s distinction between two sets of chloro-: :
phyl] a p1gments can be found in recent work 1nv01v1nq detergent

‘treatment of_ch]orop]asts. Deterqents such as. d1q1ton1n. sod1um

-'dOdecyi‘su1fate or Triton Xe]OO.effect the partial separat1on of the
two p1qment systems onto part1c1es of different dens1t1es (Andersnn

and Boardman. ]965, s1ronva1 al., 1965; Briantais, 1967)

_ photosystem I1 act1v1ty of these part1c1es was assayed with the DCPIP
'H111 react1on whlle System I act1v1ty was measured by fo]]ow1ng NADP
reduct1on with DCPIP/ascorbate and DCMU, The part1c1es conta1n1ng
mostly System.I act1v1ty have a ch]orophyl] g_max1mum at 680 my,

'wniie the‘particles rfch in Systen IT activity nave a maximum at
675 mp. 'Thds, the nartiai'separation by detergents shifts the ab-
sorption maxima in directions consistenttwith the above activation .
s pectra. | | o _ ,T

The;data-of this chapter suggest that the coupling between-the'

» two pigment systems occurs only at the'cnehical level and'that elec~
tron1c excitation transfer cannot occur between them (Kelly and |

Sauer, 1965). A model of the photosvnthet1c apparatus in which only

chemical.commun1cat1on is allowed between the two systems has been
termed “separate-package" by Myers (1963), while he referred to the

special case where excess excitation in photosystem II is transferred
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to System I as "spill-over". This question of whether energy trans-
fer between photosystems occurs in the photosynthetic apparatus has

been considered previously on the basis of quantum yield measurements
of 02

'eVO1Utidn in algae (Myers and Graham, 1963§ Franck and Rosen=-
berg;']964); |

' The‘Separéferackage model predicts that quantun yields of
photoéynthesis will vary wifh wavelength if the fractional absorp-
tion of the two photosystems varies. This is because the transfer
of‘eiectfbns througﬁ both systems will be limited by the rate at
which quanta are feceived'by the photocenter of the systém with the
least aBsofptfon, If energy transfer‘occurs. the excéss qdanta ab-
‘ sofbéd in the predominéting phbtosystem will be divided between the
two systems so that 50% of.the absorbed quanta will be used in each
system, Thus, in the case of energy transfer, the quantum yields
will be consﬁant throughout the chloroplast absorption région. As an
example,'éonéider a wavelength such as the chlorophyll b maximum at
650 mu where'one might expect System Il pigments to absorb a majority
of the light, say 60%, and System I 40%, In the separate package
| model a steady state quantum yield maximum of 0.4 per electron transQ
ferred through both photosystems will be observed. This value re-
flects the functional loss of the extra quanta absorbed by éystem II.
'if. hoWever. energy transfer were to occur at this-wavelength, the
excess System II quanta could be divided between the two.systems SO
that 50% of the absorbed quanta wou]d be used in each system., This
would lead to a maximum quantum yield of 0.5 ber electron trans-

ferred.
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The observation that quantum yields of photosynthesis decrease
rapidly for wavelengths greater than 680 my (the red dnop phenomenon--
Emerson and Lewis, 1943) coupled with the evidence that the long
wavelength chloroplost pigments are efficient in System I, SUqgests
thet ettleaSt in-these']ong wavelength pigments, energy isvnot trans-
tef?éd from Systemﬂf to System II. Thus a model in which excitation
can be trensferredvfreely between the two systems must be ruled out.
The result that only System I is efficient at long wavelengths suo-
QeSts thet tne Systém’II photoreaction requires more'energy than
System i ' it'apneens that far red light can drive the System I
react1on, but does not conta1n enough energy to promote the photo-
react1on of System II.

In the near red spectra] region (600 680 my) where one might
expect System II absorpt1on to predom1nate. the quantum y1e1ds are
constant (Emerson and LeW1s, 1942. 1943), These constant nuantum
,yie]dsfreqUirevefthef that the pigment absorption be distributed in
| a'fiied.ratio~between'the two systems for the entire near red wave-
length regionv(separate-package) or that transfer occurs between
the two systems (spill-over). | |

Myers (1963) and Bannister and Vrooman (1963) attemoted to get
_conflrmat1on of the spill-over model from enhancement stud1es. Con-
sider two 11ght beams of different wavelengths, such as 700 mu where
System I absorpt1on predominates and 650 my where we cou1d~expect._

System II absorption to predominate., In the 700 my beam the quantum

- yield of O2 evolution would be low because the photosynthetic appara- -

- tus is limited by the Tow absorption of System II. In the 650 my

|

A
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beam there are two cases'possible. Either bhotosynthesis would be
‘1imited by the absorhénce of System'I (separaté-patkaﬁe) or there
W6 1d be.a perfectly bélanced dfstribution §aused by spi]]¥ovér with

haltf ?f the absorbed quanta going to each reaction. In the two beams
| . L ; .

_ together théfevwouiﬂfbe mofe‘than an additiVe increase in onqen !

evolut1on, because ‘quanta that were prev1ous1y wasted in the 700 my
11qht bean wou]d be offset by quanta from the 650 my beam, The ex-
tent of this enhancement is related to the fractional absorption of
fhé'two systems at the wavelengths in question, and a comparison

with the predictions of the two models can be made to determine

e e el i s . Lok . '
~which is the in vivg situation. Bannister and Yrooman concluded

that their-fesults could be'ekp1éined‘on the basis of either model,
while’Myers‘ comparison seemed to favor the spill-over model, al-

though the-pheci$i0n7of the experimental measurements employed did

not allow a definite conclusion,

Recentiy. Ma]kin'(1967) madéva theoreticé] analysis of the en-

héndeﬁentvdata for gkeen, b]ue4green and red a]gae;v The same

general approach of obtaining fractional absorption from enhancement

data employed by'Myers. and Bannister and Vrooman, was used by Malkin.
He extended'this method, however, by derivfng general equations re-

1ating enhancement functions with quantum yields. Selected litera-

' ture data on five different.épecies-of algae,'when analyzed by means

of these equations, strongly support the conclusion that spill-over

*For a derivation .of this relationship between enhancement and

fractional absorption as determined by the.two models, and a dis-
cussion of the effects of light intensity and saturat1on of the
two beams. see Bannlster and Vrooman (1963).
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occurs in‘these algal systems, Malkin notes, however,'that.there is
a neneral inconsistency with his sbi]]-over analysis if the.experi-
mental data is obta1ned in the presence of the. 1nh1b1tor DCMU.  DCMU
“is the maJor means emp]oyed to isolate System I activity from that
ofISystem II, and it is used in a]most all experiments desiqgned to
measure directly the dctivity of System I. This inconsistency with
Malkin's sp1114dver’conc1usion in the presence of DCMU‘requires that
DCHU not only b]ocks electron flow through System‘II, but also that
1t affects the phys1ca1 properties of the photosynthet1c system in
a way that stops energy transfer,

' BishOp (]967) Studied quantum requirements forkcoz_fixation_in

normal_andvhydrogenvadapted Scenedesmus ob]iquus. strain Dy and two

mutant'strains,.Not 11 and No. a', which Tack photosystem II activity,
If sti]14buer were to occur during the photufeduction (a System I
pmocess'uSinq Hz as the.eiectron donor), 1ts action spectrum shou1d
be s1m1]ar to that for overa]] photosynthes1s since the photoreduct1on
could ut111ze quanta absorbed by System II as well as by System I.

He found, however. that the action spectrum for photoreduction dif-
fered signifjcdnt]y from that of overall photosynthesis._suggesting.
that little or no energy transfer occurs.-nThe same shape of photo-
reduction action spectrum as for the wild type alga with DCMU was
-obtained without DCMU for the mutants lacking an active System II.

So, a System I reaction in the absence of DCMU, but with an inopera-”
tive System 11, does not indicate the increased efficiency in the
610-680'mu region which Wouid be indicative of spill-over. Thus,

d1rect measurements on a green alga which are not denendent on DCMU



“61=
poison1nq are also inconsistent with the spill-over model.
Two recent studies also support the separate-package model,
Williams (1968) performed a theoret1ca1 calculation on the fractional

absofption of the'pigment'systemé in the alga Chlorella pyrenoidosa

using the eiperimental data of Gingras et al. (1963) on the action
spectrum of 02 evolution in algae partially poisoned with DCMU. The
prenise of tne coTculation is that transfer from System II to System 1
will be facilitated by DCMU because excitation absorbed by System II -
will be blocked from getting to the System 1I trap, The values pre=-
dicted onvthe basis of the'separate-package model were in much better
aqreement w1th the exper1menta1 results than those predicted us1nq
the sp111-over model Joliot et al, (1968) used an amperometric
method to meaSUre System I actipity (photoreduction of methyl violo-
gen) or System IT activity (O2 evo1ut1on in spinach chloroplasts).
They stud1ed the phenonenon of enhancement in steady and flashlnq
'11qht and were able to obta1n accurate action spectra for the two
photosystems. The act1on spectrum of System I oroved to be 1ndepen-
dent of the state of the traps in System II. This demonstrates again
the absence of electronic excitation transfer from System Il to Sys-
tem i.‘ Their System II action spectrum e]so has a definite shoulder
at 650 mu, whereas the action spectrum for System I does not. This
suggests that a majority of the chlorophyll b molecules absorb in
photosystem Il. | }

A scheme to occount for the sepafate-package model within the
chloroplasts will have to incorporate what is known about the chloro-

plast pigments in vivo, It is known that electronic excitation can
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be tranéférred over fafrly large distances (30—40‘K) between moléf
cules of éhlorophy]] a in solution (Watson and Livingston, 1950§
Weber, 1960). Such'prbcesses should occur ig_xilg'as well. If the
abSbrpiion and emigsion_osci11ators of the pigment mo]écbles of the
vtwo7§igmént systems jg;xixg are oriented unfévdrab]y with réspect to
onehdndther; theh radiatiVe'trahsfer would hﬁve a low prdbability.i'
Thi§'§eéms uniikely'in view of the absence o%_any strong orientation
of ‘the bQ]k of the pigment ho]ecules in chloroplasts or active 1amé1-
1ér'fFagménts isolated from‘them; using the testS'of f1uore§cehce
polarizatioﬁ'(Arnold and Meek, 1956; Goedheer. 1957) or dichroism
(Goedheer, 1955; 1957; Olson et al., 1962; Sauer and Calvin, 1962;
Séuer.v1965). _A much simpler exp]énation of the separaté-péékage
 me§h§nism is that‘the two'ﬁigment systems are physically séparated '
ig.!i!g_by.a distance greater'than 30-40 K. and that the medium
§epéréting’them_is one which does not especially facilitate the

' ikahsfer of elecﬁrbnic excitatidn.energy in competition With chemicé1
prdceséesvat r06m £emperature.

A model for pigmgnt-ordering within the chloroplast (as proposed .
in Kelly and SaUer.71965), consistent both with the réquirement of
separated pigment systems and with the current picture of chloroplast
Tamellar structure (Park and Biggins, 1964; Park, 1966) is shown in
Figuré 13. The model consists df a lamellar array on the ordér of
100 E'thick made up of a planar assembly of quantasome particles,
with the molecules of the two pigment systems imhedded on opposite
faces of the planar array and separated by.a matrix containing proteinf

and colorless lipid, Sebarations of at least 30-40 R wou]dbbe
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Figure 13. A model of a cross-section of the chloroplast lamellar
system, showing a proposed physical separatioh of the two pigment
systems and of the products of their_photoreactions; Portions of

several identical quantasome units are sketched,
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erfect]y feas1b1e in such a model. The intervening 1ipoépreteih

matr1x would conta1n many of the intermediate cofactors (cytochromes.
qu1nones. plastocyanin, phosphorylat1on sites, etc.) which counle the
twovpigment systems at the chemicai level, _If adjaCent lamellae are
in an”aﬁtipara11e1 atkangement, shown in the'model and supported by
‘the e1ettkonbmicrOSCOpic studies, then the model has the additional -
advantabe suggested by Robinson (1964) of providing for the nhys1ca1
separat1on of the powerful reductants (ch]orop]ast ferredoxin, HADPHZ)
normale produCed by pigment system T reactions. and the powerful
oxldants (molecu1ar oxygen etc,) wh1ch are nroducts of p1gment
system II react1ons. ! | |

' Other models are possible. For examnle, if the respective pig-_
ment Systems were always separately located on quantasomes in diffe-
rent regions:of the lamellar array, whicﬁ is consistent with the views
of 0lson et'gj_ (1961)'énd of Gross et ai (1964), the'requisite_..-
separat1on in space wou]d be accomp]1shed We know of -no combe]]inq
_ev1dence e1ther morpho]og1ca] or photochem1ca1, 1n support of th1s
hypothesis. On the other hand, it makes the problem of chemical com-
»municqtion;between‘the tWo pigment systems that much more difficult.

The antiparallel lamellar hypothesis}il1ustrated in'Figure 13,

.where the pigment systems are on opposite sides of the same quanta-
esome and where the central region provides the principal bathway of
chemical cohmunication between them is appealing betause it is con-
céptua]]y'simp]e and compatible with the concept of the chloroplast
as an arra; ef photosynthetic units reughly the size of quantasomes..

In the next thapter we will report the size of functional



-65-
photosynthetic units determined by studying partial reactions in
flashing light. The results can then be related to this concept

"of the quantasome as a fundamental photosynthetic unit,
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_ III. PHOTOSYNTHETIC PARTIAL REACTIONS IN FLASHING LIGHT

A. Introduction

Thé f]ash studiés‘o¥ Emersdn and Arnold (1931v 1932) (see Chap;v
ter 1) were the f1rst to 1nd1cate the ex1stence of a nhotosynthet1c
un1t. The1r ev1dence suggested that about 2500 ch]orophy]] molecules |
codperated in the‘evolut1on of.one oxygen molecule in the green alga |
Chlorella, nitn an associated dérk'step requiring 0.02 sec:at nonm
temperature. SubseqUent experiments.bv Arnoid and Kohnv(1934) showed
that the ch]oroplasts of 6 different plant spec1es exh1b1t photosyn--
thetic un1ts of from 2000 3000 chlorophy]]/o evolved, The same size
of photosynthet1c unit (2000 ch]orophy]]s) and the same 11m1t1nq dark

.t1me were found by Clendenn1ng and Ehrmantraut (1950) for the quinone
H111 react1on us1ng the same flash length.

Kohn (1936) Brlggs (1941) Weller and Franck (1941), and Tam1ya'
and Ch{béA(1949) found greater yields of oxygen (sma]]er photosyn-
thétic'unifs) and.Tbngér'défk times when using f1a§h-1en§fn§ that
were long (20.6 msec) compared to the 107° sen flashes of Emerson

~and Arnold, Ehrmantraut and Rabinowitch (1952), using 10;4,sec
flashes, reconfirmed the short flash results for overall photosyn-

thesis and the resu]ts of Clendenning and Ehfmantraut for the quinone

. Hill reaction.: They were tne f1rst to po1nt out the 1mportance of

the f]ash 1enqth _
Gilmour et al. (1954) found that long and short flashes aive
different reéults'in the ferricyanide Hill reactidn of sugarvbeet.

chloroplasts, They suggested that a reservoir of photbSynthetic
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products must be filled in order to obtain the increased yield and
long dark period characteristic.of long flashes, and that a flash of
10'5 sec is too short fo fill this reservoir, regardless of inten-
sity. Thus; ihey concluded that there is a pool of photo;reducing.
power that is Operafibe on1y at High light intensity and that it is
located in,thé_Hillifeéctibn part of photosynthésis. (A comprehen-
sive review of the early photosynthetic work performed in f1ashing '
light can be fpuhd7in:Rabinowitch, 1956),

" The effétt'of fTash duration was ekp]ained by Allen and.Franck
(1955) in terms of a.1imiting enzyme (one for every 2000 Ch]orophyllé),
If thisfeﬁzyme has a wOrking‘period of approximately 10-4 sec, then it
can tufn over many times dufing a long flash., This mechanism requires -
tHe stdrade:of chemical energy between the first enzyme and the slow
step, and so is essent1a11y the same as that proposed by Gilmour et al.

Kok (1956) stud1ed photosynthet1c oxygen evolution in Chlorella
usihg f1ashé$ which var1ed in length fromVO.Z msec to 320 msec. He
found that‘Wifhléqitab1y Tong dafk time, the yield per flash as a
' fuhéfion of f1ash length (ﬁ%) was linear in thé region 2 to 320 msec,

had a positive slope, and extrapo1ated.fo4a’finite value at zero
_f]ash"1ength, .For flash durations of less than 2 ﬁsec.rthe.yield
‘per f]ash became progressivély smaller than'the;values expected,
“'fajling to 70% of the‘extrapolated‘value at tg = 0.2 msec, These .
results conform to the theories proposed above and suggest that a

- saturating f]ash of bn]y 2 msec duration is sufficient to saturate
v'tﬁe s]owervdark intermediates in photosynthesis.

Ne‘have seen in Chépter IT that it is possible to distinguish

between the arrays of pigment molecules associated with each of the



-68«

light reoctions from studies of the action spectra of partia]vreac-‘
tions, Also, it was noted that the Hill reaction using DCPIP or
ferr1cyan1de is assoc1ated pr1mar11y with pigment system 11 (Sauer |
and Park 1965). whereas the cytochrome c/TMQH2 photoreaction in the
presence of DCHMU 1is dr1ven so]e]y by System I With steady il]um1na-
t1on, each of these part1a1 react1ons occurs w1th a high quantum

| efficiency under 11qh¥-11m1t1ng conditions in broken chloroplasts.
Thus, mean1anu1 funct1ona] sizes of the pigment array associated
with each light reaction can be obtained by studving the respective

partial reactions in flashing light.

B.' Théoretica1

A'sihple mechanism and kinetic analysis will suffice to develop
the results. Cons1der a rapid 11ght reaction fol]owed by a slow dark-

react1on to y1e1d stable products

. hv

Q ~cRTovopTasts> R 0 55
. - ) " | v _ _
reactants + Q© ————>-Q + products (111-2)

where ) is a trappiog site or a rate-limitfng intermediate and Q + Q*
= Q, represents the total pool of these intermediotes. The concen-
tration of the reactants can be made sufficiently iarge so that
reactioh I11-2 is pseudo first-order,

| In a single short f]ash (tf<<1/k1) of saturating intensity, vir-_
tually all of Q is converted to Q*, If we assume 100% efficiency
for the formation of products after the light eneray is trapped and

an exponential decay of the excited intermediate, then the amount of



-69- »
.product fofmed §n a‘$ing1e flash (Pf) will be Q,, if the dark tiﬁe
following the f]ash is sufficiently long for all of the Q* to return
to Q. | o ' |
During a long flash of duration tc there will be a recycling of

: Q to form Q* so;that the total conversion during one flash will be
Pf‘ =Q, + K]QOtf (] + k ) | ‘ (I‘Il-é}A

In a train of light flashes separated by dark intervals of.dura-
tion (td), the amount of Q available for excitation by a succeeding

flash can be'found from

ag" a‘g 10*' | '._(11,1-4)

'where the amount of Q and Q at td after the prev1ous flash w111 be

-kt . :
Q*=qe '9¢ | . v (111-5)

and. : , : _
- _ -k]td ‘ R
; Q ='Q04"Q '=.'Qo (]-e ) * ' i ; (III-G)
Thus the total conversion of material per flash in flashing light
will be -
= Q (1-e )+ QK te ) (111-7)
Equatibn I11-7 predicts that a plot of Pevs vS. te will be linear (as:
observed by Kok, 1956), with a slope of k]Q and an intercepnt of
Q,(1-e k'|td) For sufficiently long dark times, as in most of the

_experiments reported here, Eq. III-7 reduces to Eq., III-3, Thus the -

size of a functional'unit (which we define as the number of mo]ecu]esv
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of chlorophylte é_ahd b per electron eqdfvalent»of intermediete 0
produced with saturating flashes) and a value for k, can be obtained
from a'StudyAOt flash yield as a function of flash 1ength. Itvshould
be poihted out that such functionaT units Measured kinetica]iy need
not correspond to ‘actual’ morpholog1ca11y d1st1nct un1ts in the chloro- \
plast The morpholog1ca1 un1t may contain any integer mu1t1p1e of. f

-funct1onal un1ts w1thout a]terlng the kinetic behav1or.

C, Mater1a1 and Methods

Flash1ng 11ght qpparatus. Hi11 oxidant (DCPIP'or ferricyanide)

1_or cytochrome g_photoreduct1on was fol]owed spectrophotometrically"

as descrioed in.Section 11-C. The experimental apparatus is also

s1m11ar to that detailed prev1ous]y, but with side i]]um1nat10n of

the reaction cuvette, as 1]1ustrated in F1gure 14a. L1ght from a

1000-Wvorojector.bulb"hOUERyd in a Luxtar Model V-]OOO strip film

' projector,KWith‘ihfrered wavelengths filtered out by a Corninq 1-60
f1]ter and 7 cm of water, is focused on a paddle connected to the

dr1ve of a stepp1ng motor (Model 55~ 100 Cedar Enq1neer1nq. Minnea- _

polis, Minn,). In the'"up" position, illustrated in Fiqure 14b, the

paddle blocks the Tight and the sample is in the dark, while in the

down position the sample is illuminated. The duration and freqoency :

of the f]ashes produced by the stepping motor are controlled by |

commercial pulse generators as described by Kuntz and Ca]vin-(1965);'

Redeavelengths (A >635 mn) are isolated by means of a sopp]ementary'

. _Cornihj 2-58 filter. The sample cuvette has aluminum foil taped to

its far side to increase absorptioh‘of the exciting 1ight by the

chloroplasts, while the reference cuvette has b1ack tape_on its'
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. Figure 14, a) Diagram of flashing light experimental apparatus. The
lagelea components are as follows: A, scattered transmission acces-
- sory of Cary 14; B, reference cuvette; C, sample cuvette; D, filter
box with Corning 2-58 (transmits 640 mu); E, collimating lens; F,
mask; G, stepping motor and paddle; H, focusing lens; I, water fil-
ters; J, 1000 watt slide projector;'K Corning 1-60 infrared filter.

b) Position of the paddle dur1ng 111um1nation ("down")
and- when the sample is in the dark ("up"). .



, -72-
adjacent side so that it is not exposed to the actinic light.
Figure 15 shows traces of the light pulses, measured. using a
fast-feSponse photodiode (Edgerton. Germeshausen and Grier, Cambridge,

-8 sec), whose output is

Masa.. type 5D-100, response time <1.5 x 10 |

dlsolayed on an osc1lloscope (Tektronix 545A) and photoqraphed The

‘ 11ght pulses have rise and fall times of ca. 2 msec., Defining the |

f]ash't1me (tf) as the pulse width at half-maximum intensity, we

find'that reasonably square pulses are obtained in this'fasnion down

to tf:= 6 msec, and thus a range of 6-]00 msec is available for te.

The time.between flashes is adjustable between 6 msec and many seconds.
i Vafiab]e 11dht intensities, obtained by a]terinq the'voltaqe of

the proaector lamo, are measured on a relat1ve scale using a silicon

photoce1l (Hoffman €6-120). If we take the 1nc1dent red light to

have an average wavelength of 700 my, then the energy of the incident

-2 at maximum 1amp

_.radlat1on at the samp]e cuvette is ca. 70 mid cm
vo]taqe (neferred to below as maximum intensity).

Reaqents. Spinach was.grown in vermiculite in the oper air o
(Jensen and Bassham, 1966) or in a growth chamber as in Sectlon I1-C.
Chloroplasts were prepared as described previously except that in the -
Hi1l reaction studies, tricine buffer (Gobd, 1962) (General Biochemi-.
cals.'Chagrin Falls, Ohio)._pH.7.4 or.7.7, was used instead of phoe-
phate'in the isolation and storage of’chlofop]asts. Methylamine
hydrochloride was dissolved in distilled water and'titraﬁed'to pH

7.7 with dilute KOH.

Reaction mixtures. The reaction mixture for cytochrome c photo-"

reduction by THQH, in the‘presence of spinach chloroplasts contained:

potassium phosphate (pH 6.0), 0,05 M} sucrose, 0.35Uﬁ;'and the
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SHAPE OF LIGHT PULSES
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Figure 15, Traces of the light pulse shape. The flash duration is

‘measured at half-maximum intensity giving (a) 32, and (b) 6 msec.

Rise and decay times are about 2 msec.
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foi]owihg in micromoles per milliliter: cytochrome c, 0,050; TMOH,,

0.055; and DCMU, 0.020, 'Thelstock Solutioné of‘TMQHZ'in ethanol and

LDCMU in methanol were diluted 100-fold, respectively, in fhe ffnal
reaction mixture. B o

. For the ferr1cyan1de Hill react1on the standard reaction mix-
| ture cons1sted of the fo]10w1ng in mwcromoles per m111111ter tri-

c1ne (pH 7.4), 35, sucrose, 350, pota551um ferr1cyan1de, 0.26; and

potass1um ferrocyanlde 0.26. For the DCPIP Hill reaction, varying~"

amounts of DCPIP were used in place of the ferricyanide and ferro-
cyanide;' In those samples so indicated, methylamine was added to a
final concentration of 10.0 wmoles/ml.

B Chidfophyi]veenCentrations. Chlbrophy]l a and g_concentfations

. were measured in 80% acetone using the extinction coeffitients of
vMackinney (1941). Chlorophyll a:b ratios varied from 2.78 to 3.25
fef'the'spinach.used ' Sufficient chloroelest‘preearation was added
in the dark at the start of each measurement to give an absorbance

at 678 My of 0 2 - 0.5 (1 -cm path lenqth)

D. DCPIP Hill Reaction

Lo td' and 1ight saturation. Figure 16a shows a typical light
saturation curve obtained when the rate of.DCPIP reduction in the
sample cuvette is wmonitored aﬁ 580 mu as a.function of excitfng
 flash intensity. The figure illustrates thet with the apparatus
employed here, saturation is Just being approached for 19 msec flashes
at mex1mum intensity. Th1s effect increases as the flash 1enqth
shortens,.with a 6 msec flash being only 75% of saturation at maximum

intenqity;v,From the intercept of a double reciprOCa1'p1ot of these
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~ Figure 16, Intensity dependence studies. a) IntenSity dependence of
the

, "Hi11 reaction (without methylamine) by spinach chloroplasts
in flashing Jight. The flash duration is 19 msec, flash periodicity
2 sec, and / 9@ of the chloroplasts 0.240. The curve is calculated
from the reciprocal plot in part b. b) Double reciprocal plot
of the data in part a. The intercept represents the reciprocal of
the maximum rate (Rzl) which would occur at infinite light intensity.
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data,(Figure lﬁSj;the maximum rate (Ry) which would occur at 5nfinitev
intensﬁty can be calculated. By means of such a correction, values
of R, can be obtained even for small te where saturatienicannOt be
.obtaieed. The extent of this saturation correction wi]]lalso be de-
'pendent'on the'chlorbblast concentration in the reaction mixture..
Thus; in order to obtéin values for the reduCtionvper flaéh as a
fdnctﬂon of flash length, a study of the intensit& dependence at |

f
Figure 17 illustrates the effect of the dark time on DCPIP

each t. must be made for each chloroplast preparation.

photoreddctjon pef f]ash;}‘To obtain maximum yie]d;'a dark time of
'et'iéqst 0.2 sec is required. In most of the studies described be-
low, a time of 2.0 sec between flashes was’employed to insure that
a11‘6f the'reduetants pfoduded in one flash had reacted'befbfe a
fo]]oWihg flesh was friggefed. Figure 18 shows the effect of the
flesh'1ength oﬁ the'reduction per fTash.t When the short flash re=-
vsd1£stafevcorrettedvte.1ight saturation}By means of reCiproeal plots
(?il]ee'cfreles)'the'yield per flash is observed to be Tinear in
flash duration for the range of 6-100 msec. |

Concentration dependence. The rate of DCPIP photoreduction is

1inear1y dependent upon chloroplast concentration, as was oBsefved7'
fdr»the Hi1l reaction uhder continuous_il]umination. It was found,
“howeVer. that a somewhat higher_DCPIP‘concentration than thet used |
by Sauer and Park (1965) in their steady illumination studies is
necessary to obtain the maximum yield per f}ash.‘ Figere‘lga'is a
saturation cufve fn terms of DCPIP<concentration, and Figure 19b fS :
'its reciproéal b]ot. Values were obteined for several different

“chloroplast samples at different concentrations. These results



f

P

wl7-

| DCPIP HILL REACTION
< . o O

© 50 | °

>
=

(23

E
<

o

2
525
q.

ol l I
| 02 04 06 08

DARK TIME BETWEEN FLASHES (g, .'sec)

o XBL 679-6179
Figure 17, Flash yield dependence on dark time between flashes for -
~the DCPIP Hill reaction (without methylamine) byvspinach chloro- =

plasts. ‘Thé reaction is run with te = 19 msec at maximum obtainable

" intensity (90% of saturation) and with the AlST 0.270 for the

678

. chloroplast suspensibn; The éurve is éalculated from eq. I1II-7

using experimentéT]y derived parameters,
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Figuré‘18. Flash yleld dependence on f]ash durat1on for the DCPIP
Hil] rgéct1onv(w1thout methylamine) by spjnach ch]oroplasts. The -
' flashe§.are at maximum obtainable'intensity With é'repetitidn per"i_od'j
_ of 2.0 'sec, chloroplast-Aégg 0.270, and DCPIP = 3,82 x 107> M. The
f111ed po1nts are points’ corrected to 11ght 1ntens1ty saturat1on by

means of rec1proca! p]ots such as in F1gure 17,
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Figure 19, R_ dependence on [DCPIP] and its reciprocal plot.

a) Makimum.f]ash rate (R,) dependence.on DCPIP concentration for the
'DCPIP Hill reaction + methylamine by spinach chloroplasts. The flash
du}ation is 50 msec, flash periodicity 2 séc,_and Aégg 0.270_for the
- chloroplasts. The_different symbois denote separate §h1brop1ast

- preparafions. The curvé'is calculated from the.reéipfoéalvp]ot in
bart b, 'b) Reciprocal plot of thé data»in pért a. The intercept
represent§ the feciproéal‘of the rate under saturating 1ight éondi-

tions'and'where the DCPIP'concentration is no longer limiting.
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could be effectively standardized by means of the photoreduction‘s
1inear¥dependence on the chloroplast concentration.' The figure
shows'tnat a-concentration of 6 x 1075 M of DCPIP in.the reaction
mixture'gtves'about 80% of_the ma;imum attainable rate. Since DCPIP
absorbs in‘the:red region of the spectrum, a high concentration of
| Dcﬁvareduces‘the effective intensity available to the chioroplaéts.'
A1so, the prec1s1on of the spectrophotometr1c analyt1ca1 techn1que
employed decreases when the DCPIP concentratlon is much greater than
5 x 10f5 ﬂ, For these reasons. exper1ments were performed at con-
centrations betWeen'Z and 4 x 10“5'M DCPIP and corrected to saturat- -

ing concentration by means of Figure 19b.

_ DCPIP fonctional#unit. Since the relatively long f]asheé used
here comp1ete1y saturate the dark intermediates of the DCPIP Hill
' reaCtion; the s]ope’of the curve in Figure 18 represents the‘rate of
photoreduct1on at saturat1on under continuous 111um1nat1on. Thts'
rate is both temperature dependent (Clendenning and Ehrmantraut,
1950). as it depends on the rates of dark enzymat1c react1ons. and
'dependent on DCPIP concentrat1on when the latter is less than
saturating. _The intercept of Figure 18 represents the amount ot -
: DCPIPtphotoreduced by a pool of rate-limiting intermediates, Q,,
| under the conditions where each of these intermediates has been
activated once (Eq. I11-3), It shou]d'be ndted-that this intercept
is obtained by extrapolation of results using relatively long flashes,
and it may not be the same as would be observed for snbmiIiisecond
‘flashes. By converting the intercept ‘into mo]etules-of;DCPIP reduced
(after correcting to saturation for DCPIP concentration) and'dividing

by the total number of chlorophyll molecules present in an equal
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voinme of the reaction'mixture, an experimental value for the size

of the functfona] unit of the DCPIP Hill reactibn can be obtained.

N Table 10 presents a summary of ca]culat1ons of the size of the

‘ funct1onal unit and of the dark reaction velocity constant in the
presence and absence of the phosphory]at1on uncoupler, methylamine.
'Methylamine affects the value of k] but not the size of the functwon-
al unit. Add1t1on of phosphory]at1on cofactors (ADP 1. 0 MqC]Z,

7 53 and potass1um phosphate (pH 7.7), 50; all in m1cromo]es per

, mi]li]iter) inStead‘of'methylamine, yields a_functional unit and rate

constant identical with that found in the presence of methylamine.

E. Ferricyanide Hill Reaction

The effect of the concentration of ferricyanide/ferrocyanide
(equimolar, as recommended by the studies of Brewer and Jagendorf,
- 1965) on the rate of the Hill react1on in f]ash1nq 11ght (tf = 100
msec, t va = 300 msec) is essentially the same as that observed by
Sauer and Park (1965) An opt1mum,concentrat1on is ca. 2.5 x 1074 M,
with rates about 15% less at either one-half or twice:this concen-
tration.v Because of the low molar extinction coeff1c1ent of ferri-
“‘cyan1de high chloroplast concentrat1ons and short t1mes between the
flashes are used in order to provide large changes,ln opt1ca1 dens1ty
w1th time. | | | | |

The dependence on the dark time between flashes is sim11ar to
that observed for DCPIP, but 0. 400 sec between f]ashes was routinely

‘used.in the. ferr1cyan1de stud1es in order to give greater over-all

rates,d The h1gher ch]orop]ast concentrations necess1tated_a larger



Table 10

Functional Unit Size and Dark Reaction Velocity Constant -

‘Functional Unit - Dark Reaction
, ' _ A ' - Velocity
Reaction - , ~'Determi- - Chlorophyll (a+b) ‘Con?tant
- : nations electron transferred (sec™")(22+2°)
DCPIP Reduction O HMA A V' 56410 - 33.34+6.9
| -MA 1w s4+7.4 19.5 + 3.1
+A0P, MgZ*, P, o 58 32.7
ST e it éNo.
Ferricyanide Reduction +MA 10 70 + 10 | 28,0 + 8 '
o | 6 73+ 9 16.6 + 3
+MA + catalytic DCPIP 2 S62+10 31.8 + 9.2
Ferricyanide Reduction +MA Y & . 74 + 11 29,6 + 7.1
' +MA + catalytic DCPIP 2 e+l 31.8 + 9.2
Cytochrome ¢/TMQH, . +DCMU s 445 + 40 13.2 + 4

a)The effect of catalytic amounts of DCPIP on a single chiorop]ast prenaration.
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.Correction to Tight intensity'saturation than was needed'for the
DCPIP'experiménts. The experimenté]'and corrected values in
Figure 20 i]]ustrate‘the extent. of the light intensity corrections
for é typical Ch]ofdplast preparation, fhis figure also shows that
the ferricyanide Hill reaction exhibits a linear relationshin be-
tween yield_per flash and tf’over the millisecond region, as was' |
observed for'DCPfP;-'TabTe 10 includes a sﬁmmafy'of functfoné] unit
size aha k] values for the ferricyanidé,Hil1 reaction'ﬁeasured using
fen chloroplast preparations; The addition of a'catalytic amqunt'
of DCPIP (0,006 umole/ml) to the fefrfcyanide reaction mixture con-
faihing methy]ahine resulted in a smalT,'but probab]? reai, déﬁrease
in-thé size of the functional unit and an increase in the‘dark
reaction velocity constant to the value obtained for thé DCPIP

Hill reaction. o _' | | ‘

* - Shavit and Avron (1967) have reported that the rate of the
-férrityanide Hi1l reaction is higher in a reaction medium contain-

3 ing NaCl than in one'containing sucrose, This effect is attributed
to a'conformationa] change in the chloroplast Tamellae cahsed by
the use of an ionic osmoticum instead of sucrose. Below, in Table
11, is presented. a summarylof eXperimeﬁts desigﬁed to determine if
this rate increaée‘corfelétes with thevdifferenCé in measuked'
functional unit sizes for the DCPIP and farricvanide Hill reactions.,

The résu]ts.do_nof(indicate ahy.significant.difference.in%
functioné]_unit sizes caused by using NaCl instead of sucYbse in

. the feaction mixture., 'ThQS,;if would-seen thét the pronésea cone-

- formational differences betweenvchjbroplasts suspendéd in sucrose

~and HaCl is not the source of the discrenancy between the

"oy
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o XBL 679-6170
-Figure 20. F]a.s'h _‘yield'depeﬁdence on flash duration for the f'er.'ri-
cyam’dye Hill reaction (with methylamine) by spinach,chlorbblasts.
Th’eyﬂash periodiéity is 0.4 sec, using maximum in.tensi_ty and‘with‘
chloroplast Aé%' 0.420. The filled ci_fcles are calculated from

‘ experi'mental values by correcting to light intensity saturation

using réciprbc_al plots such as in Figure 17,
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Table 11
Ferricyanide Hill Reaction Functional Unit Size (Chl a + b/electron

_ transferred) under Various Experimental Conditions

Ch]orob]asts.Iso]ated.Ihﬁ . Reaction Mixture tontains:
. 0.35 M Sucrose 0.3 M NaCl
a) Sucrose 0.5 M : 67 72
(DCPIP reaction control) (59) (60)
b) Nacl 0.5 M 85 102
¢) Sucrose 0.25 M and NaC] f 75 75
0 25 M _ . s

ferricyanide and DCPIP functional unit sizes.

F. Cytochrome E;Photoréductidn with TMOH, |

©Light intensity saturation curves similar to that of Figure 16a
6ccur‘for cytpch?bmévg'photOreduction, but a substantially lower 
: Tight iﬁfénéfty is sqfficient'to reach Séturation. Saturation for
a 19 msec flash with a 2 sec time between flaéhes.is obtained at
about 1.0 units on the relative ihtensity scale of Figure 16a.
This suggésts that a larger poo1 of ch]orobhy}] mo]ecu]és is asso-
Ciated with each rate-]imitingle]ectron-fransfér'site for this
reaction, The dark reaction reaches comp]et1on 1n about 0. 5 sec,
and 1ntervals of 2 sec between saturat1ng flashes were used to give
the maximum yield per flash, A two-fold variation of the cytochrome
cor TMQH2 concentrations in either direction gives the same results,

indicating that the concentrations generally employed are saturating.
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‘Figure 21 shows the variation of cytochrome g_reduction per
flash as a function of flash length. and again the dependence is
‘1inear.in tf for the long-flash region that was examined. For this

react1on saturat1on cou]d be obta1ned for the shortest 1ight pulses
used, The s1ze of the funct1ona1 un1t and the dark reaction ve]o-
.c1ty constant are summar1zed in Table 10

‘ In Sect1on II D it was noted that catalytwc amounts of ferre-
dox1n do not affect the rate of cytochrome ¢ reduction under steady
i]]umination. Figure 22 shows the effect of added ferredoxin on
'the‘Cytochrome‘c yield per flash as‘a function of flash length,
The resu]ts 1nd1cate that ferredox1n at Iow concentration also has

: no effect on the photoreduct1on in flashing light.

G, Discussion

‘Functional units. The ch]orop]ast-cata]yzed photoreduct1on of

cytochrome c has been shown in Chapter II to reflect so]e]y System

I act1v1ty. Thus, the f]ash1nq light studwes summar1zed in Tab]e

10 for the cytochrome c_:/TMQH2 partial reaction 1nd1cate that the
System I functional unit contains 445 chlorophyll molecules. This f
number is quite‘similar to the ratio of chlorophyll to P700;’the
presumed reaCtion center of System I, as estimated for spinach
chloroplasts by Kok and Hoch (1961). Subsequent measurements by

‘ Anderson‘gtpgl. (1966) of the chlorophyll (a + Q)v: P ratio,

also for spinach ch]oroplasts, yielded a value of 440. The agree=
ment of the measured size of the functional unit for the cytochrome

¢ ‘reduction with the ratio of chlorophy11:P700 suggests that
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- Figure 22, Effect of ferredoxin on the flash length dependence of

the ferricyanide Hi]i‘reaction. Open circles indicate data for a

normally prepared chloroplast sample with no added ferredoxin; c1os§d"'_7

squares for one with 50 mg/ml ferredoxin; and open squares for one

with 100 mg/ml ferredoxin,
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System I is’]imited'in effioiency by the turn-over of one trapping

site (P700 or some sto1ch1ometr1ca11y equ1va1ent molecu]e) per 440

" chlorophyll molecules. It must be remembered that a funct1ona1 unit -

is a measure of'the'tgtgl amount oflch1orophy11 a and'b to electrons

transferred'in a partidl teaction. jThus, a value for a System I_

. functibnel unit is not a measure of the number of pigments in a
Svstem I photounit but a ratio of total chTorophyll to a- rate
Timiting component associated with a System 1 photoreact1on.

e have noted before that the DCPIP HiTY react1on 1nvolves’_
p1gment system II. as 1nd1cated by its -sensitivity to DCMU and its
very dtfferent act1on spectrum (Sauer and Park. 1965). For the
non;cycTic.efeCthon flow leeding to oxygen evolution, the best
ev1dence at present suggests that both DCPIP and ferr1cyan1de Hil
»ox1dants ut111ze only System II. Exper1ments designed to detect
the}preSence'of an Emerson enhancement stimulated by supp]ementary
far red light, indicative of cooperative action between System 1
_and'Syétem II, have demonstreted the absence of such an effect
“both for the DCPiP'(Sauer and Park, 1965) and for the'fenricyanide
(Avron, 1966) Hill reactions. The work of Forbush on jthe Scenedesmus
»mutent. cited be]ow,-furtheh,supports the conclusion that System I
aotivity is not required for the net reduction'of DCPIP (Kok et al.,
1967). | | |

‘For. the DCPIP Hill react1on we find a functional unit con-
taining. 55 :_IQ chlorophyll (a +b) molecules for light flashes
‘from 6 to 100 msec in duration. Since this is 1/8 of the 440'

chlorophylls per P700. there seem to be aboutv8 System II functional
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_nn{ts forvéacn P7gg 0 chlorob]asts. Thése results can be ex-
b]ained‘ih two ways4' etther Systen II has many excitation energy
trapp1ng s1tes (8 for each P200 ©f System 1), or a]ternat1ve1y.
there 1s a small number of System II trapp1ng s1tes (perhaps stoi-
' ch1ometr1c w1th those of System I) which transfer energy to a pool
of intermediates, asisuggested initially by Gilmour et al. (1954),
The flashing 1ight experiments of Kok (1956) indicate that for
shorter saturating fléshes than were used here, a pool of inter-
mediates smaller than 8 equ1valents/P700 ‘becomes rate limiting
and a larger System II functiona] unit than that of the DCPIP Hill
reaction would be obta1ned V | |

‘Kok and Cheniae (1966). in the1r recent review of the oxyqen
evo]ut1on step of photosynthesws, cite experiments on spinach
ch]orop1asts by Forbush in their laboratory, in which a brief
(4‘n5ec). stnqng flash produced 051§_1 equivalent of DCPIP net
‘reduttfon per 1000'éhlorophy11$. ‘Tney did observé a napid initia]
transient reduction cornesponding to 1 equivalent per 500 chloro-
phyf]s which.'howgver, reverséd completely in 5 msec. Wheréas
the net reduction was completely inhibited by DCMU, the initial
transient was;dnaffected by this inhibitor. The assignment ot'
the transient to*redUction by photosystem.l was substantiated by
its absence in a Scenedesmus mutant wh1ch lacks this photosystem. |
In a much slower react1on, requ1r1ng severa] seconds for comple-
tion, the Scenedesmus mutant is capable of reduc1ng 1-equ1valent
of DCPIP per 1000 chlorophylls. Kok and Cheniae téntative]y-oro—.

nosed chlorophyll arrays of 500 and 1000 chlorophylls for the



~=91- |
1

‘primary trabping center of photosystems I and II;‘respectively. '

from this short flash data. 'Thus. very short flashes}%f light

provide evidence for a System II functional unit that ?s-much
: 1erger.than our‘observed value for the DCPIP Hill reécfion, sup-
pokfihg the eXistehce.of a pool of intermediates that %s fi]led
by'lbﬁgffiasﬁes. ' |

f'Ih other experiﬁenfs on the same Scenedesmus mutant in which
a long (5 sec) 111um1nat1on period was used, Kok et a] (1967) ob-
_served an additional slow reduct1on of DCPIP occurrinq during the

|

follow1ng dark per1od. The pool size of intermediates| (secondary

traes),reseonsibTe for this latent reductioh corresbonds to 1

equiValent per 70 éh]drophylls. This nuhber is commenLurate with

and is probab]y more comparable to our results for "lonq" f]ashes._

F1111nq the ‘pool of eight equ1valents by long flashes komoared

| w1th 1 equxvalent for short flashes would tentat1ve1y seem to be
associated with a }ete41imiting step having a time constant between
4 usee‘end é hsee4 deeVer. eefe»must be uéed in compériﬁg_resu]ts
obtained with two apprec1ab1y different organisms, Itiis quite

}poss1b1e that the decrease in y1e1d of 0, per flash from Chlorella
for flash lengths shorter than 2 msec observed by Kok (1956) re=

_ sults from this same rate- ]1m1t1nq step. ‘ |

The ferr1cyan1de Hi1l reaction of sp1nach chloroplasts exhi-

:blts a funct1ona1 unit of 70 + 10 chlorophyl] mo]ecu]es for long

.flashes. This unit is about 30% larger than that for @he DCPIP

. Hil1l reaction, and the difference appears'to be significant.

Quantum yield measurements throughout the red region of the 2
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spectrum by Sauer and Park (1965) showed the efficiency of ferri- .
'tyanfdevkeduction to. be 20 to 40% lower than that for DCPIP reduc-
tion. '?urthermore. Biggins and Sauer (1964) found that the addi-
tion of catalytic amounts of DCPIP to a ferricyanidevH111 reaction
mixfhre increased the efficiency of the reaétion by about 207,
a]though the wave]ength dependence of the aétion spectkum for the
réaction_did not;&hangé. As shown in Tabie 10, we find that a |
"similar addition of catalytic amounts of DCPIP gives nearly a 20%
decrease in the functional unit size for the ferricyanide Hill -
reéction in thé'présehce of methylamine, These resu]té appear to
be'entirely consistent with one another. It is possible thaf |

| ferricyanide participates in a cyclic electron flow, resulting in
no nét ferricyanide reduction.}in competition with the ﬁon-cyc]ic
flo@.' o 'v '

‘Pool sizes of System II intermediates. The pool sizes of

electron tréhsbort intermediates betweer System I and Syétem 11
have_beén meaSuréd by several kinetic methods. A summary of these
~ studies is presented in Table 12, Witt et al. (1966). from studies
of light-induced absorption changes of endogenous components of
Chlorella, concluded that there exists a pool of ca. 12 equivalents
per P700,’capab1e>of receiving electrons from System II, From the
' waaveléngth dependence of the abSorptibn changes, these intermediates
appear to be plastoquinone. ‘An additional pool of electron accepQ
tors.‘cohtaining 6 équivalents per P700 and:lying c]pser.to System
I, rapidly reoxidizes half the molecules in the first pool. The

acceptors associated with System 11 can again be reduced if the



Table 12,  Summary of Recent System II Intermediate Pool Size-Studies

“Equivof

S Author's Electron
Reference Method Material Symbol Accentor/
- _ | Chl, (atb)
Joliot (1961) 0, burst after dark'adaptatloﬁi Chlorella | A 1/35
' o 0, burst after dark adaptation, C e : :
short flash of 11ght (104 sec) . Chlorella E 1/350
Duysens & Sweens (1963) F]uorescencevquen;h1ng- vCh1oke11a Q 1/300
Joliot (1965) Kinetics of O, evolution Chlorella A2 17100
) - Ap® 1735 o
Witt et al. (1966) ~ Light-induced absorption changes \ b B
' o of endogenous quinones "Chlorella A1/35 1
Malkin & Kok (1966) Fluorescence inductfon ‘Spinach | Qf 1/70
' ‘ : : chloroplasts
Malkin (1966) o o | p¢ 1/70
Dark yield of DCPIP reduction Scenedesmus mutant ' o
Kok . (1967) .on cessation of saturat1nq - Tacking P7OO 1/70
illumination - '
de Kouchkovsky & Kinetics of 0, evolution - Zea mays A 1/70
2 cﬁloropiasts gd

~Joliot (1967)

1/2800

a) Evidence suggested that the earlier_ (Joliot, 1961) pool A had two kinetically distinquishable comnonents;

Ay (regeneration rate constant 70 sec™!) and Ay (7 sec-1),

values of extinction coefficients of P700 and endoqenous quinones.
are transferred from reduced Q to the pool of P has a rate constant of 30-40 sec~ -1,

b) This value depends unon assumptions about the

c) The thermal reaction in which electrons

d) The low concentration

of E, relative to that in Chlorella, was attributed to inactivation of some of the system II reaction centars

during- ch]oron]ast 1solat1on.
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" flash is sufficiently long (>10‘2 gec). The removal of the elec-
' trdns from these interhediates by the System 1 photoreaction is
re]éti?e]y s]owv(>0.12'sec). It would appear that,_if}a]] of these:

' iﬁtermediates wereﬁto 6peréte betweén Tight reaction i} and the'
éité;qf réductibhiof DCPIP of ferricyanide, the functional unif
6bsefved‘for'the‘Hill reaction would be 18 times smaller than that
fof'System I. 0&% obsered‘ratio of 8 is significant1y>sma11ef
than'this, suggéstihg.that the'éxogenous oxidants such;as DCPIP
and'ferricyahfde-retéiVe electrons from only a portion of the com-
binéd.p601s of Witt et al. A]though this qualitative fonc1usion

| is prdBab]y cofrect; preciée éOmparisons of pool sizes|reported by
different experimenters ﬁéy be mié]eading. For examp]L. the calcu-
lations based on:obsérved 1ight-ihduced absorption changes'by Nitt
et al. (1966) and by Anderson et al. (1966) invoke assumed values
for fhe'extinttion ébefficients of P2gg that differ by 20%. The
c16§e agkéement of our value for the functional unit for cytochromév
S;Feducfidn'to the Ch]ordphy]]/?700 ratio of Anderson et al. causes
us to favor these workers' results; however, this introduces addi-
tiona{ assumptions of identity which are presently unproven,

The results obtafned in this study appear to be largely con-
sistent wifh those from the laboratories of Kok, Witt and Joliot
(vide infra), apart from differences attributable to the'photoéyn- |
thetic ofganisms examined. The scheme (proposed by Kelly and
Sauer, 1968) presented below (Figure 23) combines the notations

of Witt and of Kok and is used to relate this study to theirs.

Light absorbed by photosystem II very rapid]y (10'4 sec) converts
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Figure 23, Two light reaction scheme for the interpretation of flashing light results.
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chlorophyll aII or a closely assoc1ated compound (Jo]1ot s Eor
Duysens® Q) to an activated (reduced) state (Joliot, 1961 Duysens
and SWeers, 1963).' This reduced primary compound rap1dly trdnsfers
an electron to a molecule of Q (Kok's notation and the one adopted

here).'ahd during a long flash (2 msec) this process isirepeated
unt11 al] of the pool oT Q is reduced Durfng this 1ncerva1 roughly
half the electrons acquired by Q are passed on to a third poo] of
ihcermediates [the P (1/70,chlorophy11) of Malkin and Kok (1966),
the A2’(1/70'ch]ohophy11) of Joliot (1965), which are perhaps
identical to the electron acceptors associated with System I
(plastocyanln, cytochrome f and P700) of W1tt et al. (1966)]'d

In our stud1es where DCPIP and/or ferricyanide are present
' ih the reaction m1xture, the remaining pool of reduced Q then
' proceeds‘to reduce_thesedtermina1 acceptors. This hypothesis is
vsupported by kinetic analysis of the dependence of the'yield per
flash on the duration of the dark interval between f]ashes. as
shown in Fiqure ]7. When the same data are plotted in semi-.
1ogar1thm1c fashlon, as in Figure 24, they are found to resu]t
from a single first-order process, The rate constant for this
dark decay process at room temperature (22 + 2°C) is ca, 32 sec”!
in the presence‘of methylamfne or'phosphorylatioh cofactors, but
_1t‘is'about half this value when these compounds are mjssing-(g;g.
for the experimeht described in Figures 17 and 24, vThe dependence
of the rate constant on the presence of phOSphohylatioh cofactors
or of ah“uncoup]er suggests that it is measuring the rate-limiting

Step ét or'near-the sita of coupling to non-cyclic phosphorylation

1
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~ J'.\ ' DCPIP HILL REACTION
-+l B \ ~ . First Order Plot | .
N  ky~21 sec—!

T o1 oz ~os -
DARK TIME BETWEEN FLASHES (td,sec)

XBL 679-6180 7.

-FigUre 24 Sem1logar1thm1c plot of Pf as a funct1on of dark t1ne R

ibetween f]ashes. The data are the same as that for F1qure 17 and'

-the graph 1nd1cates that the . process 1nvolved is f1rst order.' o

k= 21 sec‘
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in the Hill reactiont The_observation of a simple first-order
| behayior points to a'sing]e pool of electron transport intermediates
| as the'origin'of the terminalhstep in the reduction of the Hill
,reagents. | ‘ ‘ o |

Another p0551b]e re]atlonsh1p between the funct1on1ng of the
System I and II traps has been put forward In that proposa]
“there are as many System II traps as Q molecu]es and many System
II units funnel their electrons to the same P2oge The kinetics
ana]ysus of Malk1n (1966) favors this proposa]. but it is felt
that exper1ments us1ng very short flashes (Clendenn1nq and Ehrman-
traut, 1950 G1lmour et al.. 1954; Kok, 19563 Kok and Chen1ae,
1966) present ev1dence that there are more Q than chlorophy11 aIIt
_thus rulinq out this scheme. j

A mode1 suff1c1ent to account for the cytochrome c reduct1on
by TMQH2 can be constructed in much simpler fashion. In this case
the component respons1b1e for the rate-11m1t1ng step for saturating
Tight flashes is sto1ch1ometr1c with Piop and may be identical with
it, A second reasonable candidate for thfsvcomponent'is cytochrome
f, which isifound to have the same concentration in vivo as P7Ob‘
(Boardman and Anderson;'1967). Since the cytachrbme.g,reduction
reaction'doeslnot require ferredoxin, as was shown in Section ;;QD.v
ferredoxin cannot'be rate-limiting for this reaction. In all pro=
A bability We‘are measuring direct]y‘the ultimate size of photosysten
I, whtch'is'a particularly nice feature of.usfng this reaction.
hAlthough cytochrome c is a large molecule and might be expected to

- have restricted access to the sites of photochemical activity in



-98-

the ch]orop]ast lamellae, 'relatively low concentrations of cyto-
chrome c (0 025 umoles/ml) appear to be saturating. This satucé-
tion may resu]t from a prior binding of the oxidized cytochrome c
at‘a site close to the System I reaction center dur1ng_the 75 msec
- interval hequiréd:to reactivate the 1ight reaction. The binoing

is not the fate-limitihg:step, however.

Kioétic meaéurements related to pool sizes. 'Further fnforma-
tion about the ooo1§ of intermédiates’asSociated with photosyétem
I1 has been reporied by'Jo]iof (1961)., For dark adapted Chlorella
'zrenoidos a burst of oxygeh corhespondinq to one 0, per 140
ch]orophylls (1 equivalent per 35 chlorophylls) occurs during the
f1rst second of 111um1nat1on by intense 11ght He attr1butes th1$
burst to thé’acchulétion during the prior dark period of a nool
of an oifdized compound, designated A, of equivalent size. Joliot's
compoUnd A‘cfosely resembles the Q of Kok in its properties. For
very short flashes (0.1 msec) of saturatlng 11qht. on the other
hand the ongen produced per flash is only 1/10 of this: amount.
This'originates from a second, smaller pool of intermediates (1
équivalent per 350 chlofophyl]s) which hé designates compound E
énd which may be chlorophyli ary in the notation of Witt, For |
such short}f]ashéslit is necessary to initiate the process (in
Joliot's scheme, to generate the active form of E) by a'phior
flash wh1ch produces no oxygen or by a steady background illumi-
nat1on of low 1ntens1ty. Dur1ng longer periods of 111um1nat1on
the active form of E can be regenerated during the light pulse.

From studies of the yield per flash .as a function of flash duration
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in the range T0'4 to 0.2 sec the regeneration of A appears to be

-1 respectively

bipnasic. with rete'constants of about 70 and 7 sec
(Joliot.'1965) This is interpreted as g1ving ev1dence of the
ex1stance of two k1net1ca11y d1st1nqu1shab1e components A] and
Az,_1n the poo]vA, In Ch]ore]]a the amount of A], the rao1d com—
ponent; appeers to be one-quarter of the tota] pool of A, the |
Tetteruwnfch'is estimated to constitute 1 equivalent per 25 chloro-
phy11skfrom these eXperiments. Following the cessatton of illumi=--
nation, there is a slow (40 sec) phase of extra oxygen uptake
(epart"from'that attributable to reSpiration) essociated'wtth the
format1on of a reduced product PH, bv System I and estimated to
correspond to 1 equ1va1ent per 140 ch]orophy]ls.}
‘ When 1solated ch]oroplasts, 1nstead of who]e Chlore]]a ce1ls.

.were exam1ned by de Kouchkovsky and Joliot (1967), ev1dence was
aga1n found for two 1ntermed1ate compounds in photosystem I1.

The one correspond1ng to A was present at a concentration of 1

equ1va1ent per 70 chlorophyl]s, and that corresponding to E at 1

~ per 2800 chlorophylls. The low concentration of E, relative to

that in Chlorella, was attributed to inactivation of some of the
System II'reaction centers during chloroplast isolation.

‘ The fluorescence induction studies of Malkin and Kok (1966)
~and their detai]ed kinetic analysis by Maikin (1966) provide
another measure of pooi sizes. The complementary refationship_'
between f]uorescence and photochemistry in the utilization of ab-
soroed 1ight‘9uanta pernmits the estimation of pool sizes of inter-

- mediates from the kinetics of the fluorescence increase upon
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iilumfnation. _In this manner Malkin and Kok determined the preéenée
6f two intérmediates, desighated P.and Q. associated with phofo-
systeh Il in isolated chloroplésts.‘ Upon illumination with satura-
ting']fght thé pool of Q (1 equivalent per 70 Chlorobhylls) rapidly
ibEcoméSwred0cedQHTThﬁé.ié followed by a thermal reaction (ky = 30-40
sec”!) {n’whﬁéhvelecffoné are transferred from reduced Q to the
bool_of P (5150 i eqdivalent per 70 chlorophylls). Each of these
ﬁoois‘is idenficé] in size to the_poo1 of A observed by de Kouchkovsky
‘and'Joliot'(1967) frdm'oxygeﬁ burst measurements on isolated chloro-
p1asts.‘and_is vefy é]ose to that calculated from our results on
Hili oxidant utilization. It is reasonable to conclude tﬁat the -
same‘bosls.of photosysfeﬁ I intermediates are involved in eaéh

of these studies. o

" The rate ébnéténttfor the dérk decay process in the Hi]].

réaétion at rdﬁm'témpéréture’as measured here is ca. 30 séc;] fn‘
thévpkééénce:of{the cofactors of phosphdry]atioh or of the phos-
pﬁdry1at{onvuﬁéoup1eh methylamine. This rateAlimiting‘regeneratidn
stepvis resbbnsible for the dependénce-of the-yie]d per flash on
-fhe duration of thé dark interval between f]ashés, as shown in
.Figures 17 and 24. No evidence is seen of the biphasic character
observed by Joliot (1965) for the oxygenvburSt for Chiore]la,  _
. where only ehdogenous oxidants-associatéd with photosystem Il are
invoived.'vOn the basi§ of this observation, and noting that our:
' bdol-size of iﬁtermédiates i§.ab00t one-ﬁalf that observed by
‘Qolfot (compound A), we propose that DCPIP and/or‘ferricyahide i

react with only a single, small pool of photosystem II intermediates
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(l:per 60 to 70 chlorophylls) in isolated chloroplasts. The oxyqen
-burst studies on chloroplasts by de Kouchkovsky and Joliot (1967)
also demonstrated a SHall pool of intermediates (1 per 70 chloro-
‘phylis) They d1d not report on the k1net1cs -of the decay for the
chlorop]ast systen. however. | |
) It is poss1ble that the term1na1 reduct1on occurs through- the
transfer of electrons through a second pool. (Jo]1ot S A2 or Kok S
P) of endoqenous mo]ecules but the assoc1ated steps 1ead1nq to
s ubstrate reduct1on must all be rapid, The close sim11ar1tv of

the rate constant of 30 40 sec” -1

at room temperature for the
transfer from reduced Q to P, as measured by Malkin and Kok. (1966),
to our va]ues for the DCPIP and ferricyanide Hill react1on rate-

| limiting steps makes this hypothesis appealing, vThis pathway
.appears‘in our kinetic scheme by way of 5ubstrate c0up11ng through
~ the pool of electron acceptors associated with System I, although
other formu]atfons are possible, The transfer of electrons to the
terminal H111 acceptor, if sufficiently rapid, wou1d prevent the

' pool of P from filling and therefore, in the k1net1c analysis

‘one would observe only the pool of reduced 1ntermed1ates prior to

" the rate-]imiting step;
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CONCLUDING REMARKS

A From a study of the cytochrome c/TMQH2 photoreact1on in broken
sp1nach ch]orop]asts we have obta1ned an action spectrum for photo-

system I (Figure 8).

500 my and 620-
6801mu'this photoreaction is seen to fequire about 2 quanta per
electron transferced to cytochrome ¢ when the inteosity dependehce
of the quantum requ1rement is extrapolated to zero light intensity.
For wave]enqths greater than 700 my, the quantum requirement drops
to 1 quantum_per electron, showing that this reaction probab]y occurs
witﬁ’the"makihum efficiency obtainable. Thus the points oh the
action spectrum i]lustratevthe maximum efficiency of System I at a
given WeVelength.' . |

'Aftempts‘wehe made to use the quantumvrequirement measuremento
to determine the cole of chlorophyll b in the two photosystems. The
oata for Spinech chloroplasts proved inconc]osive because the activa-
tion spectrum.for System II did not show any significant increase in
the region of chlorophyll b absorption, However, normal barley
appeare.to be more efficient than a bar1ey mutant lacking chloro-
phyll b at 650 mu, the chlorophyll g.haximum. Thus, the barley
studies support the contention that chlorophyll b absorption is osed
primarily by photosystem II.. | .

From the quahtum yields (reciprocals of the quantum requirements)
| for the cytochrome c photoreduct1ons, ‘the wavelength dependence of

the fractional absorpt1on of photosystem I was determined. A similar
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evaIuation of the DCPIP HiII reaction data of Sauer and Park (1965)
yieIded the'wavelength dependence of the System IIpigments. Com=
| oarison of the two fraotions’indicates that their sum equals the
_totaI chlorop]ast absorpt1on and does not revea] the presence of any
plgment absorpt1on wh1ch is. ut111zed by both of the systems. Thus,
the conc]us1on of th1s study is that energy transfer does not occur
- between the p1gments of the two photosystems. | | v

| Us1ng part1aI react1ons assoc1ated with ohotosystem I (cvtochromev‘
E/TMQHZ) and photosystem 1 (DCPIP or ferr1cyan1de Hill reaction) res-
beCtiver; we haye'been able to estimate the concentration, reIative
' touchlorophyll, of the reaction centers orvpools of intermediates
c]osely‘associated wIthlthese photoreactions in broken Spinach ehIOrOQ
,plastsI Re]at1ve1y Iong flashes (6- 100 msec) of saturat1ng red light
oroduce photoreact1on y1e1ds correspondlng to 1 equ1va1ent per 445
chlorophy]ls for System I and 1 equlvaIent per 55 ch]orophyIIs for

System I1. From the other pub]1shed resuIts (noted in Chapter III)
1t appears that the larger System I1 un1t results from a secondary
'pool of 1ntermed1ates and that very short flashes (10'4 sec) wou1d
produce evidence for a primary rate-11m1t1nq component in smaIler
concentrat1on. _ . _ |
The rate-11m1t1ng step- for the dark react1on regenerat1nq Svs-v '

tem I act1v1ty ‘has a first-order rate constant of 13 sec -1 at room :
temperature, That for System 11, also first-order, is ca. 30 sec'j;

1

but is reduced to ca. 20 sec” ' in the absence of ‘phosphorylation co-

h factors or the phosphorylation'uncoup]er. methylamine. These rate .~
constants are’indebendent of the concentrations of added,eIectron _
| Cons | S

S o L _
acceptors and donors, indicating that both of these rate-limiting
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steps abpear t0‘resu1t from COmoonents endogenous to the broken
ch]orop]asts.' - | ’ |

| An 1nterpretat1on of the results of these 1nvest1qat1ons has
been presented in each of the concluding sections of Chapters I1I and
III. These 1nterpretat1ons can best be summarized by means of a |
mode1 for the photosynthet1c apparatus wh1ch 1ncorporates the ideas
of'thures 13 and 23, The only major change requihed in such-a model
would be the eioénsion of the primary photosynthetic Unit*vin Figure
13 to"correspond'to'the'445 ch]orophy]I'System I functional unit
_gmeasdrement of Chanter II. e have noted in Chapter I that e]ectron
m1croscopy prov1des ev1dence for a fundamenta1 particle that 1s found
in the ch]orop]ast lamellae and that assoc1ated with this nart1c1e
are about 230 ch1oropnyll mo]ecu]es (Park and Biggins, 1964). It is -
intetesting thatithis‘ts one~half the size of the System I functionai
unit, soggesting that the morphological photosynthetic unit would
consist of two of these particles in vivo. This result would affect
the SCheme:broposed inv?iguref14 by requiring that_the'e]ectron trans-
port chain be associated with two quantasomes rather than one.: -

One might speculate that in a "two-quantasome photosynthetic |

unit"; one of the particles would be associated with System I acti-
vity and the other with that»of System II.-'However. recent‘electron
~micrographs of freeze-etched chloroplasts by Branton and Park (1967),
indicate.that the chlorophyi]-containing 1amei1ae may be made up of

at least two classes of subunits, The larger particles (of 175 A

It is possible that several of these units m1qht cooperate in a suc- .
ceed1nq process such as O evolution,



-105- |
cross sect1on, and probably equ1va1ent to the quantasome) are found
in both hlgher p]ants and bacter1a, while the sma]]er subun1ts (ca.
110 R cross sect1on) are associated on]y with oxyqen evolv1ng systems
(R. B. Park, private commun1cat1on). Thus, it is tempting to suggest
that the 1arge quantasome particles are associated with'Svstem 1
act1v1ty (s1nce a photoreact1on 1ead1nq to carbon!f1xation is common
to both bacteria and h19her plants), and that the smal]er subun1ts
v areiasSociated with the ‘oxygen evo]vinq Sys tem II‘found only in alga
and;hfgher'piante; The smal] partwc]es appear to be located on one
side of the thylako1d membrane and the large nart1c1es on the other.
This arrangement could result in the required separation of the pig-
mentsbaséoeiated with the two photosystems so that energy tranefer
does not occur. Another feature of such an arrangement.woan be the
possxb111ty of a 11p1d layer between the two tvpes of part1c1es which
” cou]d cowta1n an intermediate ooo] of quinones, |

However, even this mode] may be over51mp]1f1ed ~ Homann and

-Schm1d (1967) in a study of photosynthet1c activity in various mu-

tants of V1cot1ana tabacum. found that full System I act1v1tv can be 7
associated with s1ng]e, unfolded thy]ako1ds, why]e the complete photo-
:synthetic electron transport system, including thevoxygen evolving
_apoaratus of System II, appears to require a-close packing of at
' - Teast two ihylakoids, If this requirement also applies to the normal
chloroplast, then a model of overall electron transport and_O2 evo]uQ
tion wou]d require more than one thylakoid. |

. Definite correlations between morphology and function nust await
a‘deeper understanding of.the freeze-etch process‘and'interpretation

_ . : ‘ , R _
of the resultant micrographs. Also of importance‘is the development
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of improved techn{ques in isolating homogeneous fractions of chloro-
piast'barticles or particle aggregates. The photoactivities of such
prebaratibns would then ihdi;ate which is the actual morphological
| photosynthet1c unit. Use.df chromatogképhic supports such as ‘poly-
acrv]am1de could prov1de a means of isolating part1c1es of dwfferent
size from one another, but'a better method of lamellae fragmentat1on
Or a refinement of the sonication procedure currently used is needed
fﬁ ordér to obtain a good yield of small particles, |

: One consequence of fhe model proposed above is the:possibility
: that the 1ntermed1ate pool between the two systems is a qu1none poo]
that can be reduced by more than one System 11 photocenter, A way
to test this hypothes1s would be to see how much of the qu1none nool
is reduced Whéh pért of the'System I1 photoreactiohs have been blocked
by DCMU. "The addifion 6f DCMU increases fjuoresCence.yields, indi-
cating an inabilfty of e]ecfrohs fo flow from the System Il trab to
P70 (Yamashita and Butler, 1968). In the absence of DCMU, the
‘Fluorescence yield should be 1owband a large pool of quiﬁone reduced,
‘Fesdlfing in a IArge changé in quinone absorption at 260 mu, At a
- 50% 1nh1b1tory concentrat1on of DCMU, the fluorescence y1e1d should
1ncrease to a value half way between the fluorescence yield with no
DCMU and that observed for 100% inhibitory DCMU. At this point
eithgr one-half of the quinone pool will be reduced, indicating that
only one-half of the quinones are connected to operative System II
centers; or almost all of the quinones will be redused. indicating
thét the unpoisoned photocenters can reduce the entire quinone boo],

One of the questions raised in Chapter I11 concerned the size

of the System II functional unit relative to that of System I,
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Although we noted that DCPIP reduction'in very short‘flashes performed
by other workers suggests that the System II size 1s s1m11ar to that
of System I it would be beneficial to extend the study of the DCPIP
Hill reaetion_to shorter-flash lengthsvwn order to obta1nva direct
measurement"of the'piémeht to trappinn center ratio tor SysteijI in
sp1nach ch]oroplasts These experiments would alsoryield information
about the rate of the process wh1ch f1113 the 1ntermed1ate pool asso=
ciated with this Hill reaction. ., |

The experimenta1'techniques.developed in Chapter III could also
beiused'henefieiafly'on other photosynthetic partial reactions.
System i_reections'such as NADP reduction with DCPIP/ascorbate or
fHPD/ascorbate as electron donors, which are thought to have different
points‘of entry from each other (Henninger and Crane, 1967), and the
new System 11 react1on in wh1ch Efphenylene diamine substitutes for

'water as the electron donor are likely cand1dateslfor such a study.
"D1fferences in funct1ona1 unit sizes or in k1net1cs between these
part1a1 react1ons and those observed in this study, could be attr1-v_
buted to different rate limiting steps andvmay-prov1de evidence of
different intermediate pools. This may 1ead‘t041nformation on the
point of entry of these electron donors into the photosynthetic

- electron transport cha1n._

Although our knowledge of h1gher p]ant photosynthet1c e1ectron '
transport has 1ncreased tremendously due to the app11cat1on of
soectroscop1c techn1ques to the study of partial react1ons and ]1qhtv

“induced absorption changes of internal components, there are still |

many important aspects of the primary photosynthetio'orooesses that
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need to be more. fully explored. Some evidence has been sresénied
(Henniﬁgér and Crane, 1967) that the electron transport chain is split
into two pathways between the two light reactions. Expériments need
to be performed perhaps w1th mutants lacking spec1f1c electron trans-
port comoonents, to determ1ne if the cha1n is actua]]v spllt or if
ev1dence for such a splitting is due_on]y t0'vary1ng experlmental
conditions.
We have seen in this study how soﬁe of the properties of the

‘bulk photosynthetic pigmentssére related to the energy conversionv
and e]ectrbn’transport processes of higher plant photosynthesis.,
The answers to many related questions, such as the nature of the
‘photoreaction centers, the mechan1sm of O2 evo]ut1on, the mode of
" coupling between electron transport and phosphorylation, and the
primary oxidants and reductants for both light reactions dre un-

known and are primary goals for future work in photosynthesis.
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