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ABSTRACT v 

The absorption of chloride by detached leaves of 

Elodea densa and the absorption of chloride and calcium by isolated 

pea chloroplasts was investigated using radioactive isotopes. 

Chloride absorption by Elodea is stimulated by light 

and dependent upon photophosphorylation as the energy source for 

accumulation. Both. photosystems could support uptake although 

photosystem II was l7!()ro efficient than photosystem I. DOMU severely 

inhibited uptake. Acclrnulation in the light could proceed in the 

absence of oxygen and was stimulated under C02-free conditions? 

whereas uptruce in the dark was dependent upon oxygen and C02-

Bicarbonate inhibited both uptake in the light and dark. 

When detached pea leaves were fed with radioactive 

chloride the isolated chloroplasts oontained high levels of chloride. 

Preliminary experiments with isolated chloroplasts indicated that 

ATP was involved in chloride uptake. Using a faster method of 

separation of ohloroplasts from ey~erimental solutions, very rapid 

and large chloride movements ocourred in the light with slower move­

ments taking place in the dark. These results indicuted that the 

chloroplast mem1}rane 'in vi t~co was permeable to chloride. 

The anC1J.rnulation of ('.alciu..rn was stimulated by very 

low light intensities, The 1118c:hgnism was very labile and showed a 

high degl"ce. of sp3ci.fici Jii;Y. uptake was not associcl.ted with 

phcspho:cyJatj:IJA procsSG eS b:lt with eleotron floVI. Inhibitor experi­

ments indioatGd that the accumulato~t"'JT meohani2rJ1 probably lies close 
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to the electron flow chain but not directly upon it. Approximately 

60% of the accumulated calcium was present in a water-soluble 

fraotion 9 though not assooiated with protein. A further 30% was 

present associated with a component that could exchange with non­

radioactive calcium. A small fraction of the accumulated calcium 

was pTesent in a lipid-chlorophyll fraction. The calcium 

acoumulation reported here shows several new features. The results 

are discussed in terms of a meohanism of ion exchange induced by 

light in chloI-oplasts. 
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Abbrevations 

ADP 

ATP 

Pi 

DPIP (H
2

) 

FeC-y' 

FMN 

CCCP 

CMU 

LCMU 

DNP 

ATP-ase 

NADP (H) 

]?D 

E!DTA 

WA 

TMPD 

TCA 

O .. D. 

CC1i: 213 

P: 20 

adeno s'inG, 5' diphosphate 

acteno sine 5' triphosphate 

inorganic phosphate' ion 

2,. 6 - dichlorophenol - indophenol (red:uced) 

ferricyanide ion 

flavin mononucleotide 

phenazine methosulphate (reduced) 

carbonylcYffilidc m-chlorophenyIhydrazone 

3--(4--chloro::?r..enyl) -1, J.- dimethyJ.v:rrea 

3-(lp-dichloropheny:r.) -1, 1- dimethylurea 

2:1.;.. - dinitrophenol. 

t.he enzyme adenosine triphosphatase 

nicotin[lJIlide adenine' a.inucleotide (reduced) 

ferredoxin 

Ethylenediamine to-era acotic acid 

numbE::T of ccalciun atoms dbsorbed for each pair of 
electrons t::ransferl'ed 

nt~ber of ATP molecules fonned for each pair of 
electrons t18usferred 

6 



7 

INTRODUCTION 0 

1< General ~spects of ion accumulation. 

Plant cells can aocumulate a variety of ions. Early 

investiga-~ors of this phenomenon believed that salts enter into the 

cells passively together witlt water. Later such mechanisms as 

diffusion, mass flo·v, adsorption y ion exchange and Donnan equilibria 

were advanced to explain ion uptake. In addition to such physical 

phenomena, ion absorption is now recognised to be closely related to 

cellular metabolism. Extensive reviev!s on the physiology of ion 

transport are to be found in the hooks by Sutcliffe (1), Jennings (2) 

and Briggs, Hope and Robertson (3). 

Generalisations about ion aocumulation in plant cells 

are difficult to millce9 partly because of differing sources of tissues 

and partly beoause accumulated ions themselves may have seoondary 

effects upon the tissues. 

The vacuole serves as the cbief store of accumulated 

ions. Both cations and anions may be absorbed until their conoen-

trations are much g:r'ea-:~or thci.n that in external solutions (4). 

Ions 9 previonsly accuml~lated? a:rp nDt lost from higher plant tissues 

when they [11."'(,,; tr&nSfOrl'ed fT'om salt solutions to water (5)(6) 

indicating that plant cell membranes have a low permeability to 

free ions. 

A remarkable property of plants is the selectivity 

which the ion-accumulating mechanism shows e.g. the preferential 
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uptruce of potassium compared to sodium in almost all land plants (7). 

Most~ if not all, higher plant tissues show an initial biphasio time 

course of uptake when transferred from water to salt solutions~ 

namely a rapid initial ion uptake with a low temperature coefficient 

(approximately that of diffusion) followed by a. slo1lver rate of 

accumulation characterisod by a temperature coefficient as high as 

those for metaboli0 reactionDo This initial uptake is largely 

physica1 or passive (8) whilst the second uptake phase is mainly 

active or metabolic (9). 

Vnlell metabolism is j_ntibi ted, ion uptake is also 

inhibited 9..nd among the many inhibitory conditions which have been 

demonstrated on ion absorption are low oxygen tensions (10), low 

temperatures (11) and metebolic poisons (12(13). 

Early work by Lundeg~rdh 8.nd Burstrom (14) and others 

(15)(16) establishod that salt has a stimulatory effect on oxygen 

uptake in T'espirc:tion. The increasG in respiration, which is 

related to the amo::'.'lt of anion absf)rb(~)d, was called "anion 
, 

res:piration" ~ though novradays "soJ.t respiration ll is preferred since 

El'stein (1'r) and o-t)::1.0rs (18) l1av8 shown that cation exchange also 

induces a stimulation of respiration. £vidonce for involving the 

rospix'atory chain electron flow and qua.nti tati vo correlations 

between the rates of anion absorption and anion respiration have 

led to tho hypothesis that thore is a connection between electron 

flow in the respiratory chain and anion movement in tho opposite 

direction (19)(20). 



o 
The Lundegardh hypothesis postulates that, as eleo. 

trons from respiratory intermediates flow through the oytoohromes 

{towards cytochrome oxidase) and other components of tho electron 

transfer sequonce~ so therG is a corrosponding counter-flow of anions. 

The anions are visualised as forming temporary complexes with tho 

oxidised components of the chain and at each stage an anion takes 

the !llace of an electron as it is moved to the next member of the 

sequence. Oations are thought to move in pasLively to balance the 

anions absorbed. The roalisation that the cytochromes are located 

strictly within the mitochondria has prompted RobGrtson (20) to 

o 
extend the Lundegardh hypothesis and suggest that tho mitochondria 

can act as intermediate si tee of ion accumu,la.tion. 

Whilst there is evidence in favour of tho above hypo-

thesiS several authors offer other explanations of salt respiration. 

Vfuen salts are added to components of the cytochrome chain oxygen 

uptake is stimula.ted (21), and this occurs clearly where salt accumu-

lation is not involved. Furthers salt respiration can oontinue long 

after the salt is remov0d (18)(22). The most compelling argument 

* age,inst the hypothesis is that DNP grec:.tly stimulntes oxygon uptake 

whllst SQV9re]j inhi'bi tii1g sal t accumulation (13) (23). Budd and 

Laties (24)) mainta.ining electron flow thl'ough an abbreviated part 

of the cytochrome chc:.in l:'.nclE':L' anaerobic conditions)found that active 

uptake of chloride is sufflCientl, similaJ:' to aerobic uptake to 

suggest that the samo mechanism is responsiblo in both caSes. 

Considerable 0vidonco now links ion transport in plants 

not to electron flow per se but to the phosphorylations coupled to 

electron flow (23)(25)(26). Phosphorylated intermodiatos and ATP 
~f. See list of abbreviations pago 6 
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are implicated in the transport of inorganic ions and organic 

solutes in animal tissues (27) 9 and t~1CJ:'C i~, amplo evidenoG (13) 

(23) (28) (29) to suggest a similar rolationshil) in plant tissues. 

'1'he discO"ilcry that ATP-asc8 in animal tissues are 

involvod in sodium and potassium absorption (30) has prompted a 

search for thl;) sarno situation in plant tissues. The ATp-ases of 

animal tissues arc activated by sodium and potassium ions and are 

sensitivo to ouabain (a caruiac ~lycoside). In Nitella (31) and 
\ 

Hydrodictyon (32 r rotassium influx and sodium efflux are sensitive 

to oUabain whore~s rubidium absorption by barley roots is insensi­

tive (33). This limited. amount of information on ouabain-sensitive 

ATP-ases in plants suggests that they may play a role in the main­
tenance of sodium a~"·'.Cl pot<:',sf:iiuL1 levels in algae but not, so far as 

is known 9 in roots and othel: tissues of higher plants. Photosyn­

thetic ATP-ases have been.implicat?d in the absorption of oat ions 

by isolated ohloroplAsts a.nd this is disouss'cad in a. later seotion. 

The concopt of carriers has arisen to account for 

some of the properties of plant transport systems. Carriers are 

considered to be molecules within the membranes which can form 

reversible complexes with ions and transport them across the 

permeability barr~er. Epstein and Hagen (34) have oxtended this 

idea by applying tho classioal concepts of enzyme kinetics to 

rubidium absorpt~on by excised barley roots. The role of a carrier 

in ~ransport is thus oomparable with the enzyme-substra~e cpmplex. 

E\ridonce suggests t.hat there are roa.n~ carrie:rs or sitos t wi th 

differing affinities for various ions 9 and many competi ti'To pairs 

of ions aro known e.g, calcium-strontium, bromide-chloride (7). 
Seloctiv:i_ty implios bindinv by specific sitos and in some cases 

these have been recognised (35)(36). 

Although a distinotion is often made betwoen 
o 

Lundegardh ' s scheme and other so called "carrier" theories, it can 

. bo seen that the cytochromos themselves may be regarded as carriers 

of anions. Several authors have suggosted identities for carriers 
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in plant ion transport systoms other than cytochromes. Thus 

Goldaero (37) proposed that folding and unfolding of protein chains 

might function as non-specific carriers to transport ions adross 

membranos and tho inhibitory effects of chloramphenicol on potas­

sium absorption by carrot and rod beet slicos have boen interproted 

as due to its interference with protein metabolism (38)(39). 

However tho effects arc more readily explained on the basis that 

It 

. chloramphenicol inhibits energy-linkod processes in mitochondria (40). 

Bennett-Clark (41) has proposed that cellular phospholipids may 

act as amphoteric carriers of ions across plant cell membranes. 

A redoJc-pump system in which reduced respiratory intermediates 

acting as carriors arc responsible for ion transport has also been 

suggosted. (42). 

Whilst the concopt of carriors is a useful one for 

tho transport of ions, it loaves unanswered tho Question of trans­

port of neutral molecules. Further the correotness of this typo of 

approach must bo questionod on tho grounds that several ion fluxes 

may be involved in establishing any observed uptake. 

Both electron flow and phosphorylative mechanisms 

have been proposed to link ion transport with metabolism. Any 

schemo utilising electron flow is limited to tho active movement 

of one ion (tho counter-ion must movo in passively in amounts to 

2es~orc eloctrical neutrality). A phosphorylative mechanism however, 

providos a uniform soheme for the transport of noutral molecules as 

well as ions, and will apply to both aerobic and anaorobic ion 

movements. Such a mochanism will also include thoso systems whero 

energy for transport :8 provided not through oxidative pho~phory-

lation but through pnotophGsphoryIfftion (43) (44). 

Light has been ShOvll1 to have a stimulatory effect 

upon salt absorption in groon plants. Boforo discussing this effect 

it is pertinent 7,0 considor tho ~olo of light in tho partial 

roactions of photosynthosis 9 since any light effocts upon absorption, 

are prosumably modiated through tho chloroplasts, the sitos of photo­

synthesis. 



2. PhotosyntheEis. 

Photosynthesis is the mechanism by which groen plants 

(and certain bactoria) transforn light energy into chomical energy. 

The products of photosynthesis arc organic compounds and oxygen 

and tho ovorall procoss may be repr0sonted by the empirical 

equationg 
LIGHT 

C02 + H20 > ..•.....••..••.•.•.••• 1 

In tho uptake of carbon dioxide Dnd wat~r to mako organic compounds 

and ovolve oxyg8n~ Jnorgy is provided by light. The primary stable 

products of tho light absorption reactions are mol ocular oxygen, 

ATP and UADPII2 (45) - (47) and this can be summarised as: 

H20 + N.Al>P + ADP + Pi ~ -fa 02 + NADPH 2 + ATP •• ~ • • •• 2 

Sinco the work of Emorson et al (48) it has been 

generally accepted that tVIO pigment systoms are involved in 

photosynthesis. Many experiments (49) - (51) show that light 

absorbod in tho far-red is ineffective in photosynthesis unless 

accompaniod by light of shorter wavolengths. ThoDC observations 

and many othors (52) - (54) support tho hypothesis that efficient 

photosynthesis requires the interaction of two photochemical 

reactions that operate sequentially. The two photosystoms arc 

couplod by a sot of eloctron carriors (55). The carriers and 

pigmont systems havo boen identifiod primarily on tho basis of 

differonce absorption spectra (56) - (58). 
Numorous schemos have beon presented (54) (59) (60) , 

to accoun-c for onhancomont phenomona and other facts of photosyn­

thesis) p"nd an ovorall fl8homo il1corporating somE) of tho oxpcrimon­

tal data is presonted L'1 figul'O 1. 

PhO-G08ysJcom I contains a special form of chlorophyll 

a - P700 (56) -- Yvhich absorbs light a'~ wavelengths greater than 

685 IDI19 causing tho chlo:-..."'ophyll to be oxidised by loss of an 

electron. PhotoBystom II absorb::. light at vfavclongths less than 

685 m~ Cind oontains ohlorophyll a and acocss-Jry pigments and is 

capable; of reducing -tho oxidisod phctosystem I. On donating nn 
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Figure 1 Electron Flow Scheme of 11hotosynthes is 

Legend to figure overleaf 
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Le:gena to figure 1 

~ - reclox: agents eato.lysi:ng c;ycTic phosphory1ation, e.g. DPIP (61), 

FMS (62), FMN (63), Vitamin K (64-), Quinones (65) and FD (66). 

These a.gents c,m donate electrons'· (after rec1uction) to the 

intermediate electron transf'er chain, prioT to the site of 

ATP~-formation, [rnd requirc' nnnerobic conditions. 

A2 - agents acoopting electrons, o~g. FeGy (47), N0
3 

(67) mld 

N02 (68). 

A3 - electron acceptoTs. I·educed. by pho"Gosystem II and suppnrting 

phosphorylo:cicn, a ... g. F'9Cy- (69) and DPIP (70). 

Dl -- electron uOITors supporting pho:spho'rylation, e.,g. PMSH2 

( < J.O-\r) (71) and DPIFH
2 

( > lO-~) (72). 

D2 - olectron feeders not supporting phosphorylation, e.g ... PMSH2 

(' > 10~4rti) (73) ana TMPD (7lt-). 
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oloctron to ph'Jtos:ystcm I!) ph"tosystcm II is thought to accept an 

elootron from wQtor resulting in the ovolution of oxygen. 

A sories of electron ·carriers conncct the two photo­

systems and include tho cyto6hromes f and b6 (55)(75). Thoso 

eloctron-carriers aro couplod to enzyme systems catalysing phosphory­

lation in .vhio~ eloctron energy is convertod into pyrophosphate bond 

onergy. A decroase in tho free energy of an eloctron in passing 

from photosystem II to photosystom I may result in a phosphorylation. 

The numbor of phosphorylation sitos involved with 

photosJnthetic electron flow has long been debated and many measure­

ments of pg2e ratios have boon made. Somo recent ovidence (76) 

suggests thore aro at loast two sites whilst earlier rosults point 

to a single site (77)(78). Part of the difficulty in establishing 

tho number of phosphoJ.:ylating 3i tos lics in assossing how much 

non-phosphorylating elootron flow occurs and how much electron flow 

occurs in a cyclic fashion giving no net measurablo electron flux. 

Experimontally, two types of phosphorylation arc recognised, 

cyclic and non-cyclic (62)(47)(79). 

Cyclio phosphorylation involves photosytem I and 

rosults only in the production of ATP. On absorbing far-red light, 

this photosystom loses an electron~ which has boen raisod to a 

higher enorgy leval. On falling from this lovol the electron may 

be tzansforrod to a series of carriors in turn, and whoro the freo 

onergy decrease of tho olectron is large enough (4G - 8 Kcal) 

a pL.osphorylation may occur- 0 P ~Ze ratios cannot bo moasured for 

cyclic phosphorylation since tho oloctrons cyclo and arc not 

removed from tho systom This cyclic flow of eloctrons can be 

catalysod by both physiologie;al and non-physiological cofaators. 

Physiological cofactors aro knovvn constituents of chloroplasts and 

include Vitamin K, FMN and ]'D, whE)roas non-physiological agents 

aro redox agents liko P}~ and DPIP. Recent ovidonoe (80) now 

points to FD as being tho natural catalyst of oyclic phosphorylation 

in chloroplasts under conditions whoro non-cyclic phosphorylation 
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is stoPPt)d 0 

Non-cyclio phosphoryla.tion involves both photo­

systems and results in tho production of ATP, the reduotion of 

NADP and the ovolution of oxygen (47)g 
NADP + ADP + Pi + 2H20 ~ NADPH2 + ATP + ~2 + H20 ' •.. < .• •• 3 

Chloroplasts do not roact diroctly vIi th NADP but with FD (81). 

It is envisaged that photosystom I is excited on absorbing light 

and transfers nn olectron to FD and thenoo to NADP. The oxidised 

photosystem I is reduced by electrons from water via photosystem 

II witih a concomitant evolution of oxygen and formation of ATP. 

In contrast to cyclic phosphorylation, this mecha­

nism oonsumes electrons, which are derived from water, and oonse­

quently an elootron flow (or oxygen evolution) may bo measurod. 

A non-physiological variation of this reaction is one where ferri-

cyanide can replace NADP (47) 

16 

2Fc+++ + ADP + Pi + 2H20 ~ 2Fo++ + ATP + io2 + H20 + 2H+ .... 4 

Non-cyclic electron flow has boen exporimentally 

soparated into two component reactions (82), firstly the photolysis 

of wat~r which is inhibited by DOrlJU, eMU or 0 - phenanthroline 

and seoondly the formation of ATP and NADPH2 by tho oxidation of 

addod eleotron donors whon photosystom II is inhibited. 

Psoudocyclic phosphorylation (83) is a variant of 

non-cyclic in which FD-oatalysed phosphorylation, in the presence 

of oxygen 9 transfers electrons from water to FD and thenoe to 

molecular oxygen. This gives tho appoarance of a cyclic flow 

sinco the oxygen evolved balances tho oxygon consumod. 

Whilst thore is a groat doal of evidenco for tho 

oloctron flow schemo,,),other explanations have boen advancod to 



explain onhancomont and ATP··formE1tion in chloroplasts (84) - (86). 

Tho most rocont altornativo to tho sohomo has boon prosantod by 

Arnon at al (87) (88) . Arnon nOVl visualisos photosynth0sis as two 

individual ono quantum roactions in which the two pigmont systems 

havo no direct coupling as f3hown in figur~s 2a and b. 

This now sch0.mo is basad upon tho facts that FD-

catalysod cyclic phosphorylation only occurs when non-cyclic 

ph08phorylation is provontecl (89) and that dosaspidin, an anti-

helmintic agent, differontinlly inhibits both typos of pbospbory-

lation. This latto:t' conclusion is 0pon t'J QuustioYl as thoro aro 

soveral oonflicting roports on tho action of dosaspidin (90) - (92). 

Tho chlorophyll dopicted in cyclic and non-cyclic 

reactions ropresents chlorop~yll a and b together with the 

accessory pigmonts involved in photosynthosis. Cyclic oloctron 

MOTQ. 
flovY would occur at wavolong·lihs l:I::s::s than 700 mll. Enhancemont in 

terms of this nower concopt would moan that the addition of short 

wavelength light to far-·rcd light restores non-cyclic flow and 

mak(;s for more officient uso of tl:!.o ATP producod by cyclic flow. 

From t>.c forogoing scction it is apparent that 

light can ini tiato 110th oloctron flow and ATP-formation in chloro-

pInsts. l1'ho possibility that thoso mechanisms may bo involved in 

ion transport in tho systoms that show a light .... stimulatod accumu-

lation has boon investigated. Whilst tho oarlior litorature oon-

tains many reports of light-stimulatod ion transport~ insuffioient 
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knowlodge of tho meohanism of photosynthesis provcnted 9 in most 

cases? a detailod analysis of tho stimuletion beyond that of impli­

cating tho products of photosynthesis in tho aooumulatory process. 

Work by Loposchkin (93) howover did sugi~est that light alters the 

permeability of colIs. 

noaglnnd and Daviz (94) woro tho first to olearly 

domonstrate the stimulatory effeot of light upon salt uptake in 

green plants. Using Nitolla colIs, they showed that light enhances 

the uptake of chlorido 9 bromide and ni-t,rote Co Further work (95) 

lod thoso authors to the conclusion th~t light is an essential 

factor for tho uptake of thoso ions by Nitclla. 

3acquos and Osterhout (96) showod that light stimu­

lates tho rato of potassium absorption into Valonia. A similar 

effoct was demonstratod by Ingold using shoots of Elodea (91). 

Both sots of authors emphasised tho importanoo of exchango reaotions 

involving hydrogen ions, thereby showing tho interdependenco of 

ion fluxes. A oycle of light-stimulated sodium and potassium 

influx was fOU11d in Ulva and Valonia by Scott and Hayward (98) and 

in Porphyra by Eppley (99). The latter worker suggested that 

sulphydryl groups might be involved in the mechanism, sinco 

arseni to and pc~:m inhibit tho light affect. 

In 19479 Arisz (100)(101) reported a light-stimulated 

chloride uptake in Vallisn?ria loavos 9 an effect which is ev;·n 

larger in the absonco of carbon dioxido. This is an important 

finding, since prior to this dato other workors had supposed that 
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light b;;:"d an indirect affect b(~causc it produced carbon assiP1.i­

lation. Tho rosult suggosts that light is having a more diroct 

effoct upon absorption. Furthor results suggested ttJat a substance 

might bo producod in an illuminatod region of a leaf and subse­

quently transported to a darkoned region where enhanced chloride 

uptake could then be soon. 1-1. mQre comprehensive study of tho 

offects of light and sucroso on chloride absorption in Vallisnoria 

loaves was later published by Arisz and Sol (102). They showed 

that both sucroso and light inorease uptake but in different ways. 

Tho effact of sucrose is limited to the zono of tho leaf in which 

it is administerod 9 whereas light effects can be exorted upon 

darkened rogions adjacent to tho illuminatod zone. 

van Lookercn nampagne (43) obtained an action spec­

trum for chlorido absorption by Vallisnc~loavcs. This showed 

that the light rosponsible for accumulation is absorbed by tho 

chlorophyll pigments since tho action spoctra for chloride upteko 

and photosynthesis are tho sarno. Work by Simonis and Mechler (103) 

and Ky1in (104) substantiate this view that light-stimulated 

ion transport is modiated by light absorbed through the chlorophyll 

system. Since light-stimulated ion absorption also OOcurs in 

carbon dioxide-froe air (43)(100)(105)9 the stimulation of uptake 

docs not seom to bo via not photosynthesis. Hence tho light 

stimulation of ion movemonts must involve somo partial rcaction(s) 

of photosynthesis and thus implicates tho chloroplasts in the 

absorption of ions~ eithor diroctly (by acting as accumulation 
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sitos) or indiroctly (by supplying an enorgy source to tho oytoplasm 

for usc in" ion transport). 

Kylin (l04)ll in examining sulphate uptake into the 

loaves of aquatic and torrostial plCi.nts~ concluded that tho enorgy 

sourcos for accumulation in tho light and dark arc different, and 

that tho dark mochanism must be inhibitod upon illumination. This 

latter observation is of theoretical importance sinco thoro has boon 

a. disorepanoy botween tho stimulatory effects of light on ion 

o 
uptake observod and tho inhibitory effect predioted by the Lundcgardh 

th~ory of salt rospiration. Acoording to this theory ion accumu-

lation is dependent on tho direction of the oxygen gradient in 

relation to tho respiratory cytochrome chain. Kylin ooncluded that 

tho inhibited dark prooess oo~rosponds to the aotion of a reversed 

oxygon gradient upon tho oytochrome chain but that the light uptake 

would bo modiated by the electron flow system of photosynthosis. 

Kylin altornatively considored that photophosphorylation can remove 

so much ADP and Pi from a common pool into the chloroplast, that 

oxidative phosphorylation is blocked. Tho energy source for 

su~phate uptake would thon movo from ono type of phosphorylation 

to the othor, undor the influenoo of light. 

In a series of papors, MacRobbie has presented a 

dotailed analysis of tho driving force for ion movemonts in 

Nitolla translucons. Based on a study of light-dopendent fluxes, 

she first suggested that thoro is active chloride movemont at the 

plasmalomma membrane (106) and this process involves the formation 
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and transport of vesicles in which chlorido ions arc absorbed in 

groups of approximatoly 50. Studios on tho activo upteke of 

chlorido (44)(107) slow that chloride influx roquiros the partici­

pation of photosystem II and is directly linked to tho light-drivon 

oloctron flow reactions associated with oxygen evolution; it is not 

dependent on photophosphorylation. By contrast activo potassium 

influx is dependent on tho usc of ATP and can ocour when photosystom 

I alono is operative. Smith (108) also found that phosphate influx 

could ocour in Nitolla under conditions vrhore photosystem I alono 

is o])orative. 

Simi.lar results to those of MacRobbie have boon 

obtained by Ravon (32). He showed that light can stimulate both 

influx and efflux of potassium 9 sodium and chloride in Uydrodictyon 

africanum. Active chloride influx requires photosystom II and is 

rolatively insonsi tive to CCOP but is drastically inhibited by DC~1IU. 

Tho activo potassium influx and activo sodium efflux can bo supported 

by photosystem I, arc inhibited by CCCP but not by DC~ru. 

Tho assooiation of ohloride influx with photosystcm 

II is interesting in viow of the fact that it is this portion of 

photosynthetic roactions which roquire chloride (or bromido) as an 

essential cofactor (109)(110). 

In direct contrast to these results with Nitella~ 

Jeschke (Ill) found that tho light-dopendant chloride uptake in 

Elodoa is maintainod by photophosphorylation and is sensitive to 

tho uncoupling agents Atobrin and CGOP. Tho action of DOMU upon 
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chloride uptake variod according to tho gas phaso prosent. Using 

nitrogen or carbon dioxide-froe air~ DOMU has no cff8ct~ whoreas 

under nitrogen with low carbon dioxido prosont, tho uptako was 

partially inhibited by DCMtL This author also found that a small 

light-drivon chloride uptako is supportod by far-red light. The 

distribution of chloride ind.icates that the cytoplasm is tho 

primary sito of aC0umulation in short periods of absorption but with 

longer poriods up to 24% of tho accumulated chlorido could be found 

in tho chloroplasts. 

Thus tho driving forco for ion transport in plant 

oolls may be derivod from rospiration or photosynthesis. With eithor 

source of energy there are two possiblo links with ion transport -

o 
a direct coupling with the e)ctron flow reactions (Lundegardh schome, 

chloride fluxos (44)(107) ) or an indiruct coupling through tho usc 

of ATP produoed by oxidative or photosynthetic phosphorylation 

(sodium and potassium fluxes (32)(44). 

Tho results of various workers presented in this 

sec·~ion have shown that the effects of light upon ion absorption 

arc mediated by the photosynthetic mechanism present in the chloro-

plast. This feet together with tho development of theories upon 

tho mechanism of photophosphorylation has promptod extensive 

research into tho ion and wutor relationships of isolated chloro-

plasts. Those studies arc discussed in tho following sootions. 



B. Ion and water movoments in chloro~lasts. 

1. Structural and_volumochangos. 

Obsorvations of chloroplasts in vivo show that those 

organelles can alter their volumos by a mochanism that is light­

activated (112)(113). Tho obsorvations of Honda (114) and others 

(115)(116) show groat alterations to chloroplasts in living coIls, 

protuborancos oan bo soen devoloping and budding away from tho 

chloroplasts and migrating into the surrounding cytoplasm. Such 

in vivo studios suggest those phenomona are physiologically 

significant. 

Studies with isolated chloroplasts using moasuremonts 

of light sco..ttoring (117) (900 light scattering from cuvottos 

locatod in Photometers)s absol"bancy changes (118) (at wavelengths 

with no appreciablo absorption by chlorophyll), packed volumos (119) 

(obtained by centrifuging chloroplnst suspensions into hematocrit 

tubos), volume distribution curves (120) (obtained using Coulter 

counters) and oleotron microsoopy (121) show that plastids undergo 

rovo~sible volumo changes that nre induced by light. In addition, 

ch!.oroplasts respond to solutions of vnrying tonioi ty and so nrc 

osmotically sensitive (122). 

When chloro~9Josts art) suspended in either sodium. 

chloride or certain amino salts, illuminution rosults in swelling, 

which may bo damaging to the orgnnollo sinco it is not fully 

reversible in tho dark (123)(124). Howcvor 9 in modi a containing 

salts of certain organic ~cids or under conditions favourablo to 
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light triggored ATP-nse activity (ioc. the hydrolytic enzymo of 

chloroplasts that is activnted by light and requiros mngnosium ions, 

a sulpbydryl group and an olectron currior to funotion), illuminated 

obloroplasts undergo a rapid shrinkage, which is fully reversible 

in tho dark (125). Conoomitant with oertain of those oonformation 

changes, ion fluxes take placn (126). 

The initial observations of Packer (127), Itoh ~ 

(128) and others (129)(130) indioated that certain uncouplors, Hill 

reaction inhibitors, ATP-formntion and ageing, all lead to tho 

supp~ossion of light-induced structural changes. These observations 

lod to tho hypothesis that a high enorgy intermediate is responsible 

for volume changes by en assooiated formation of ATP. Howover 

Hind and Jagendorf (131) have demonstratod that phosphorylation ~nd 

volumo ohanges respond differently to a numbor of variablos~ and 

conoludo that volume ohangos dre not dependent on the ATP generated by 

photosynthesis .. 

Sovo~al reports (132)-(134) show that there is a 

light-induoed pH rise in ch:Loroplast suspensions whioh could result 

in a deCrDCl.80d intornal pH ef tho plastic1s. Deamer at al (121) and 

Dilley (135) hnvo shown thnt9 by varying tho pH of chloroplast sus­

pensions nnd compnring -tho offoots with those produoed by light, 

decreasing the external pH giving a high proton concentration insido 

tho chloroplasts, results in light scattering changes similar to 

thoso inducod by light. Further, thoro is a close rolationship 

between the kinotics of light-inducod proton transport and light 
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scattoring changos in chloroplasts. 

Invostigation of the chloroplast componont rosponsiblo 

for pH··inrlucod changos in light scattering (121) shows that using 

osmotically shocked chloroplasts somo 10-20% of the original light 

scattering can bo accountod for in solublo oxtracts from chloroplasts. 

A further 60% is duo to the mernorano fragments thomselves. (Some 

10-20% soems duo to a modification of tho integrated chloroplast 

structuro, as osmotic shock roducos·pH-induced light scattering by 

this amount). This result agrees with the finding that chloroplast 

membrane fragments undergo volwno and light scatt~ring changes in 

response to light (136). Electron micrographs of light - and pH­

induced structurally changed plastids show that tho grana mombra.nes 

arc tho functional clemonts causing struotural ohcnges (121). 

Light scattering changes induced by pH arc not large 

enough to account for all the light-induoed struotural changes soon 

in the presence of organio anions (e.g. acetate). Such anions 

enhanoe light scattering with an accompanying docreaso in volumo. 

Most investigators now consider that ion penetration of tho chloro­

plast membrano system plays a part in volume changes and two models 

have boen advancod to oxplain light-induced volumo ohanges of 

chloroplasts. 

Dilloy (137) has proposed a modul to rolata volume 

changes VIi th concomitant ion fluxes. This modol depicts eloctron 

flow processes resulting in tho protonation of fixod negative 

charges within the grana. Potassium and magnesium in tho plastid 
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act as thn counter ions to the fixod negative groups. Upon protonn­

tion of those groups, tho cations diffuse down tho eloctrochemical 

gradient across tho granal membrane followed by water to maintain 

osmotic oquilibrium as shown in figure 3. 

For such a model to be op~rative the plastid must 

havo certain features: 

(a) thoro must be an osmotically sensitive compartment. 

(b) this compartment has to change volume in response to external 

pH (as long us external protons can oxchange for internal cations). 

(0) tho osmotic compartmont must he-vo a groator concentre.tion of 

mobile cations than anions (a Donnan-t;)rpe distribution). 

Thore ara many reports to show that ohloroplasts are 

osmotically responsive to sucrose and salts (122)(135)(138). One 

mothod of testing whether a system behaves as an osmometer is to plot 

tho volumo of tho material against the reoiprocal of the osmotio 

prossure (or solute concentration to a first approximation). This 

is tho Boylo-vantt Hoff oquation (139). 

V -b = RTn/cx: •••••• ·11 •••••• • •••• • • • • • • • • • • • • • • • • • • • • • .5 

where V is the measurod volume, b is tho non-solvent volume (solid 

material), ~ is tho osmotic pressuro, n is the number of soluto 

partioles within tho measured volumo and Rand T have their usual 

meanings. The s lopo of tho plot is equal to RTn and the y-intorcept 

gives tho non solvent volume, b. 

Chloroplasts obey equation 5 over n range of sucrose 

concontrations 0.16 - 0.8M. At concentrations loss than O.lM the 
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plot doviatos from linearity and establishes a second linear line 

with a lessor slope. Thus comparison of tho slopes provides a moans 

of estimuting the relative sizes of tho osmotic compartments in tho 

two regions (137). 

Estimations of tho sucroso and albumin pormeablo 

spaces in chloroplast pellets show that sucrose must penotrate the 

bounuing membrane but not some inner "compartmontn • Dilley!t!td. 

concludcsthat this compartment is most likely to wholly oontain tho 

grana and this is in agreement with electron micrograph studios and 

tho rosults of Gross and Packer (121)(136). (Howover, very rocent 

work by Dilley and Rothstein (135) indioatos t~at suorOSe may pone­

trate tho inner compartmont). 

Tho grana respond by volume changos to external pH 

changes. The isoelectric point for chloroplasts is approximately 

pH 4.7 (140)(141) with swelling occurring above and bolow this point 

a situation typical of polyolectrolytos and strong evidence for tho 

existenco of a Donnan system. 

Tho distribution of rubidium and chloride ions betwoon 

p1astids and medium at various pH valuos supports the hypothesis of 

a Donnan system. The concentration ratio of .,:tubidiurn in the chloro­

plast to rubidium in tho medium increases as pH increasos from 4.7 

to 8.0 but the chloride ratio remains essentially at unity. Tho data 

of Dilley (137) indice.te that proportionally more rubidium is 

absorbed than expocted from tho volume increase whereas chloride 

increases proportionally with volume. This is most likoly to occur 



as a result of an exchange of the rubidium for hydrogon ions a& tho 

nogativQ groups incroaso With rising pH. 

Paoker ot 0,1 (142)(118) havo proposed an alternative 

hypothesis of light induced volumo chnngos in chloroplasts in the 

presence of organio acid salts or sodium ohlorido. It has boen 

suggosted (143) that mitoohondrial swelling and lysis in ammonium 

salts is due to tho ponetration of tho osmotic compartment by tho 

medium. Unchnr.ged molecules of ammonia and organic acid are able 

to penetrate the mitoohondrial mombrane and this mechaniSM has been 

advancod to explaiYl the dark swelling of' plastids suspendod in 

ammonium salts of woak a.cids (152) 0 Experiments show that both the 

rate and extent of plastid swelling in tho dark are relatod to tho 

concentration of undissociatod. acid presont (as judged by the P~ 

of tho anions used. This is depicted in figure 4 ( on page 28 ). 

Undissociatcd organic acids can pass froely across 

tho plastid membrane (118) and, as montioned oarlie~, illuminating 

chloroplasts results in a proton uptake by a mechanism dependent 

upon electron flow (light). Packer et al (142) have suggosted that 

whc.l1 chloroplasts arc suspondvd in salts of organic acids, the anion 

equilibratos rapidly betwoon tho osmotic compartment (granum) and 

tho medium. Upon illumination, eloctron flow bogins and protons are 

movod into tho plastid resulting in the conversion of dissociated 

acid anion to undissocintod acid as tho internal pH falls •. The 

undissociatod acid ro-equilibrates across tho mombrano, and tho 

consoquent not efflux of anion causes a decroase in osmolarity, 
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resulting in water loss and honeo shrinkago of tho chloroplast. 

This is illustratod in figure 5. 

As predicted by 9igures 5 and 6 the kinotics and 

oxtent of proton transport and volumo changos of chloroplasts sus-

ponded in sodium chlorido and woak acid salts arc vary differont. 

In solutions of organic acids the kinotics of volume change and 

protvn transport do not havo any relationship ,to oach othor. This 

is to bo contrasted with kinotics of similar changos soen with 

chloroplasts in sodium ohloride solution. 

If !lnd.issociated acid movemont across tho membrane is 

rate limiting thon thoro s110uld be a relationship betweon rate of 

volumo chango and concentration of undissociatod acid (as measurod 

by the pKa of tho anion usod). Packer and Siegenthaler have shown 

that many organic anions enhanoe shrinkage and in genoral any anion 

capable of giving approximately O.I~M (or more) of undissociated acid, 

in solution at a pH supporting proton uptake~ is able to stimulate 

photo-shrinkago. Moasuromcn~s of volume changes and proton transport 

induced by light, show 'chat this mechanism 7 outlinod above, can 

account for the rate nne} extont of the volume changes in terms of 

a.nion movements. 

Packer ot al (142) beliovo that the decroase in in-

tarnal pH of tho grana resulting from light-induced proton uptruco 

into chloroplasts susp~nded in sodiULl chloride, causes swelling, 

possibly in conjunction with chloride movements as shown,in figure 6. 
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2. Ion moveIDonts in chloroplasts (i~~uding the ohomi-osmo.tj-o hypothosi~. 

Tho ohloroplast volume ohanges described in tho previous 

section arc dependont upon soluto and/or ion movornonts into somo 

osmotically sensitive compartment (identifiod as tho grana). Somo 

of those movements arc passive in tlle sense that they nrc primarily 

governod by tho dogreo of dissociation of a moleculo and by the 

existing concentration gradients. Their subsequent movement, however, 

may be influenced by moveMonts of other ions, partioularly protons, 

whoso transport into and out of tho chloroplast is light-dependent 

and associatod with eloctron flow. Most of thoso volume studios have 

boen d0no using nakod lamollae systoms (grana lacking stroma and an 

outer mombrane). Tho bounding mombrane, whoso existonce is now 

generally accepted on tho basis of olectron microscopy studios, may 

act as ~ barrior to the penetration of metabolites to the sites of 

photosynthesis loc[Ltod in the stromal and grana 1 compartments of the 

plastids. The rates of photophosphorylation and Hill reaction aro 

both considQrably higher using broken chloroplasts (plastids lacking 

the bounding mombrane) ti1an with int2..ct organcllos (146) (147). 

The pormeabili ty p:coportios of tho membrane havo not been 

extensively investigatod. This is due in part to tho difficulty in 

obtaining preparations with a high percontage of intact organellos. 

Stocking and Ongun (148) found that plo.stids isolatod in sucroso loso 

substantial amounts of potaSSium, sodium, magnesium, calcium and 

nitrogen. Whereas chloroplasts isolatod from lyophilisod matorial in 

non-aqueous solvents contain up to 40% of tho total leaf content of 



those olomonts. This finding suggosts that either the membrane is 

damaged during aqueous isolation or that it pormeability propertios 

chango on isolation. 

Tolborg and Macoy (138) found thut at constant pH tho 

slopo of tho Boyle - vantt Hoff plot for chloroplasts in sodium 

chloride solutions is almost doublo that for plastids suspended in 

sucruso solutions. Chornical annlyses y of the distribution of 

potassium~ sodium and chlorido ions botweon tho pellets and superna­

tants obtninod by contrifuging chloroplasts from a vnrioty of modia, 

show that sodium and chlJrido ions oq::_lilibratc rapidly between all tho 

aquoous phasos of tho lJlo..stid, whereas potassium ions may bo 

partially rotainod. 

Osmotic studios (138)(149) indicate that solutions of 

chloride, sulphate end nitrate salts of a variety of monovalont 

cations and sodium acotate arc able to support chloroplasts 

osmotically. Nishida and Koshii found that thoro is a slow dark 

swolling of plastids in those solutions which may indicnte a slow 

degroe of penetration of those snIts. Salts of divalont cations 7 

osrecially calcium~ give n very rapid initial shrinkago of chloro­

plasts and this is followed by n gradual swelling towards tho original 

volume~ indicating somo degree of penotration by theso agonts. 

InvQstigntiol1s of ion movemonts in chloroplasts have 

roceived fresh impetus from the publicntion of the chemi-osmotio 

hypothesis by Mitchell (150) and perhaps tho best documented examplo 

of ion movemont into plastids is that of protons. Mitcholl in un 
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attempt to rosolve tho problom of ooupling (simultanoous reaction 

of electron flo-vi[ c.nd phosphorylation) has proposed that the transport 

of protons across a mer:lbrane whioh completoly encloses an innor 

spaoo is the site of tho coupling mechanism. 

Tho Mitohell hypothesis is based upon five postulates 

namelyg-

(1) The phosphorylating particlo has a membrane impermeable (or 

nearly so) to protons. Since broken chloroplasts phosphorylate, 

tho relevant particle must bo tho grana of plastids. 

(2) The bounding Dombrano contains eloctron cerriers. Tho flow of 

electrons through tho carriers is coupled to a diroctional transport 

of protons. For chloroplasts tho diroction of hydrogen ion movement 

is from the modium into tho grana. This movoment could occur each 

time electrons move from a motal-atom carrier (e.g. cytochrome) to 

a carrier with one or two hydrogen atoms bound whon reducod. This 

is illustratod in figure 7a. 

(3) As electron flow continues the electrochomical activity of 

protons in the innur ·enclosod spaco will incroaso and be groater 

th:1n that in tho outsid:) medium < This soparation of chargo and 

proton thus roprosents a stor~ of potontial energy end is in fact 

tho high enorgy coml)ound of phosphorylation. 

(4) To componsato f'or this cht'.rgo accumulation 9 thero is a cation 

cfflux~ but tho potontial energy of tho system is not neutralised by 

co. tion efflux (or anion uptake) and is tho SUB1 of the l1roton con­

centration clifforonco across tho membrane and the membrane potential. 
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Figure 7a 

Figure 7b 
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" (5) JU1 enzyme system is presont in tho bounding mombrane of the 

grana to utilise the potential energy of tho proton gradiont. 

This enzymo is a rovorsiblo ATP-aso oriented in suoh a way thnt tho 

clemonts of wator - a proton und hydroxyl ion - when removed from 

ADP and Pi are releasod in opposi to dirootions. 'l'his is shown in 

figuro 1b. Tho reaction betwoen protons and hydroxyl ions on eaoh 

side of the bounding membrane, lowers tho oonoontration of water at 

tho enzymo and makes tho synthesis of ATP possible. The proton 

gradient establishod by olectron flow thus acts as a dehydrating 

dovice. 

Attompts to demonstrate tho existonce of high energy 

intermediates prior to ATP (192)(193) show that chloroplasts 

illuminated in tho absence of ADP and Pi, oan make ATP from !DP and 

Pi in a succeeding post-illumination dark poriod. The reaction in 

tho light is stimulatod by reJox dyos enhancing electron flow and 

the existenoo of a non-phosphorylatod high energy intermediate, 

designated XE, was inferred by the authors. 

Photopho~phorylation is thus composod of two stagos. 

Whilst inhibitor and uncoupling aotion upon tho light and da.rk 

stages and kinetio studios of the build-up and deoay of XE revoa.l 

something of its rola, no information is given as to the natura of 

XE- Under optimal conditions~ chloroplasts cnn yield approximately 

270 ATP molecules for evary 2500 chlorophylls. This rules out any 

possibility that XE is a stoiohiometric compound involving any 

compononts of tho eloctron flow ohain. 



With the Mitohell hypothosis in mind, In.gondorf and 

col1aborntors considerod thnt XE might bo n proton gradient estab­

lished in tho light nnd subsoquontly utilised in thu dark to form 

ATP. Many reports (121)(132)(133) show that unbuffered or weE:.k:ly 

bufferod chloroplast suspensions oxhibit a light-induced pH rise in 

the modium. This has been interpreted as being due to tho uptake 

of protons into the plastids via tho electron flow chain. This is 

oonfirmed by the obse;rvations of Avron and Chance (151) using 

bromothymol blue as an internal pH indicntor of chloroplasts. 

Tho light--inducod pH rise obsorvod has tho sarno pH 

and cofactor requirements as XE (133) nnd phosphorylation uncoup1ors 

depress tho rata and oxtent of the rise (134). The amounts of 

protons absorbed arc large - ~,800 protons por 2,500 chlorophyll 

moleculos and may be; higher. Estimates of the internal pH of the 

plastid suggest that it could be as low as 2.5 (121)(134), evon if 

this were buffered 90% by groups inside tho grana, a pH of 3.5 

would exist. If such chloroplasts wore used in an "XE exporiment" 

they would be incubatod in a phosphorylation mixture at pH 8 giving 
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a ~H differential of 4.5. This represents an enorgy level of 5.6 K cal. 

por equivnlent of protons, enough to form considerable ATP under 

these conditions. 

Most of tho availablo data suggest that XE is in fact 

a gradient of electrochemical activity induced by light. Howover, 

the possibility remains that electron flow causes the formation of 

XE' a high energy compou~d and proton and cation fluxes are on an 



unrelated pathway. The strongest cnsc for equating XE to tho 

light-inducod proton grndiont are tho exporiments (190) in which 

ATP is synthesised by ohloroplests in the dark upon changing the 

external pH. If plnstids nrc first suspended in acid. madie and 

thon oxposed to a basic phosphorylation mixture? ATP is synthesised. 

Those experiments demonstrat.e thnt a gradient of hydrogen ions? 

betwoon the insido cnd outsido of tho grann, is rosponsiblo for 

ATP-formation. It was also found that tho yio1d of ATP could be 

considerably increased by using organic acids in the acid phase of 

such experiments. 

Organic acids arc believed to provide an inner 

reservoir of protons, by penetrnting into the grana. Thoro is a 

good correlation betwoen ATP~~sJnthesis and the pK of the organic acid 

used. Tho bost yields arc obtained using dicarboxylic acids in 

whioh 40-60% of the molecules arc undissociated (194). Experiments 

14 using C.-labelled succinic acid show that it ponetrates into tho 

grana only at acid pH valuos and doos not loak out when tho plastids 

arc transferred to basic modia. 

Examination of tho yio1d of ATP as a function of pH 
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in tho basic phosphorylating stago shows that a dofinito pH differonce 

is required between tho acid and base phasos. This substantiates tho 

view that it is the pH gradiont which is supplying tho energy for 

ATP-fol'mation (198). 

With such n. large and rapid movement ·of protons into 

tho plastid it is to be expocted that an efflux of cations (or an 



influx of ~nions) would occur to maintain eloctrical neutrality_ 

Dilley and Vernon (126) found that under conditions of light-induced 

proton uptnke, cations (magnosium, sodium and potassium) wore 

excreted from tho chloroplnst into the medium. 

Tho question raised by those observations is whioh 
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of the two processos (proton uptru~e or cation excretion) is tho 

primary process accompanying electron flow. Kinetic data (126) 

indicate a faster half-life for proton uptake than for cation excre­

tion. Since tho nature of tho oxcroted cation may vary and the up­

take of protons is gro~tor than tho amount of any onc cation oxcrotcd 9 

it is proposed thnt proton transport is tho primary effect and 

cation efflux is dependont upon this, as illustratod in figure 8a. 

Alternatives to tho schome shown in figure 8a may exist, and these 

are depioted in figures 8b and 8e. In these schemes XE is not 

equivalont to tho proton gradient and proton and cntions fluxes arc 

dependent upon the prosence of XE. 

As mentioned earlior, tho rosults of Packor et a1 

suggest that the plC'..stid membrane is freely permeable to ammonia. 

Crofts (152)(153) has invostigutod the uptruce of ammonium by chloro­

plasts and its relationship to phosphorylation. Simultaneous 

measuroments of light-scattering chnnges~ oation and pli concentra.tions 

in a suspension of ohloroplasts show thct on illuminetion~ protons 

are taken up from tho modium and a para.1lol 1ight-soattering change 

is seen. On adding ammonium chloride and subsequ~nt illumination, 

both tho pH and light-scattoring changes are inhibited, but cation 
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Possible· relationships between electron' .flow and proton and cation fluxes 
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uptako is enhanced. Amrlonium uptake incroasos with increasing 

ammonium concentration and is nssooic'.tod wi th a parallell 

supprossion of tho proton uptak:o couplod to eloctron flow. The 

following schemo is envisaged in figuro 97 proton uptake on illumi­

n~tion9 following tho oquilibration of ammonia across the membrane, 

would displaco oquilibration to roplace tho ammonia lost by 

association with protons~ thus increasing ammonium concentration 

inside the plastid" Entry of ammonia continues until ammonium ion 

diffuses out at tho sarno rate as protons onter. 

Tho kinotics of ammonium uptake arc consistont with 

this mechanism. CCOP competitively inhibits·ammonium movomont 

suggosting that ammonium ion and CCOP compoto for a common site at 

a level closer to electron flow than to tho terminal steps of 

phosphato transfer. Uptcl{o of ammonium ion can bo drivon in tho 

dark by ATP hydrolysis and is associated with a stimulation of 

ATP-nse activity. 

Packor and Nobol (154) and Nobel (155) have demon­

strated another typo of ion movOillcnt in chloroplasts. Tho kinotics 
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al .. d extent of changes show no relation to tho very rapid ion movo­

ments and volumo changes outlinod in tho earlier part of this section. 

The accumulation of certa.in cations in plastids has 

boen found, undor conditions associatod with tho hydrolysis of ATP 

in the light. Uptako of calcium~ strontium 7 sodium and phosphate 

is greatost in the prosonco of ATP, magnesium, PMS and a sulphydryl 

group. Tho process has a pH optimum of 7.9 and roachos a maximum 



in 30 mins. Uncoup1ors and ADP irulibit the uptake of thoso ions 

whilst thiol groups elevate uptake. Nobel (155) found that light 

is not requirod whilst calcium uptako is procoeding but is nocessary 

to trigger the ATP-ase system. Eliminating any of tho cofactor 

requirements of tho hydrolytio rea.ction resulted in an inhibition 

of ion uptake (although magnesium ions are not required for sodium 

movOiilent ) • 

Light-induced pho~phate uptake requires the presence 

of oaloium, but oaloium or strontium absorption can oocur in the 

absenoe of phosphate (although tho hydrolysis of the added ATP 

probably provides sufficient phosphato for cation uptake). 

Elootron microscopy (156) shows the location of 

barium, strontium and calciurn deposits to bo on tho lamallao system 
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of chloroplasts. Electron-denso spots are soen on the lamellae and 

theso arc greatly increased by light under conditions of ATP-hydrolysis. 

The relationship between light-induced swelling and 

cation uptake has also boon investigated (157). Light-induced 

swelJ.ing of chloroplasts is required for sodium uptake and enhances 

st:r-ontium uptake. SodiuT!l uptake could be aooounted for by a potassium 

exoh<7.nge as measuremonts of potassium efflux indioate. A rapid 

light-stimulated magnesium offlux was elso noted in these experiments. 

The relationship of the onergy-transfer pathwe .. y to 

light-induced strontium uptake was also investigated by using various 

inhibitors and tho relation of a coupling factor (158) to those two 

processes. Dicumaro1 9 FCCP, and desaspidin decreaso strontium 



aooumulation primarily by inhibiting light-induced swollings. 

Pentachlorophenol and Gramicidin J inhibit oation uptake by inhibiting 

swelling and by uncoupling, however octylguanidine decreased 

phosphorylation and cation absorption whilst Gnhancing swelling 

Cetylpyridinium bromido 9 phlorizin 7 chlorpromazine and quinacrine 

appear to uncouple ohloroplasts nt ~ site between thut involved with· 

ATP formation a.nd the site involved with strontium uptake. A heat­

labile coupling fraction also appccrs to nct at this site. 

Work by Hobel (155) also shows that the following ions 

arc not accumulatod undor ATP-aso conditionsg potassium, rubidium 7 

manganeso, zincs sulphate, iodide, bromide and chloride. 

Recently, Nobol (159) has examined the relationship 

between culcium absorption, photophosphorylction and ATP-aso 

activities in isolated chloropla.sts. The light-induced calcium 

absorption is competitive with photophosphorylation. Incubnting plastids 

under ATP-ase conditions with ATP labelled in the terminal phosphate 

position and comparing tho incorporation of labolled phosphate with 

incubations in which labelled Pi was supplied shoVled thct a greater 

incorporation occurs from suspensions with ATP prosent than from 

those with labellod Pi presont. ATP itself is not accumulated. 

Nobel suggosts thnt tho ATP-ase functions to ralase phosph~te into a 

speci~l loc~tion in tho chloropl~st Gnd this acts as a sink for 

calcium accumulation. A comparison between ATP-ase activity and 

proton influx in the light shows the two processes to have similar 

kinetics with simil[!'r half-times of decny e.nd it is suggested that 



the ATP-ase is nctivatod by n proton gradient. The inhibition to 

calcium uptake in tho light by cortain uncoupling agents is thus 

ascribed to the inhibition of proton influx thereby preventing 

ATP-ase nctivity. 

c. SlThIM:.ARY. 

An inter-relationship of proton and other ion move­

ments with phosphorylative end electron flow processes is seen to 

exist in isolated plastids and certain algal end higher plant cells. 

This inter-relationship is placed in perspective by the chemi­

osmotic bypothesiso Plant cells can accumulate a variety of ions and 

molecules and whilst the concept of accumulation is unambiguous for 

non-electrolytos~ transport of ions is complicated by ionic charge. 

In considering the transport of any ion, ion movement will create 
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an electrical potential vnlich will influAnce tho movement of other ions. 

Tho effects of light upon absorption by green plants 

may bo intorpreted from four viewpoints 9 namely~ 

(1) Light causes proton movomont into tho chloroplast from the cyto­

plasm (and medium). This will create a charge and ion difference 

between tho plastid, cytoplasm and medium. This difference may result 

in ion movements into tho cytoplasm ~nd thence possibly into tho 

plc.stids. 

(2) Light noting on tho chloroplasts may caUSa tho production of 

ATP which may be subsequently transported to the cytoplasm whore it 

is utilised to fncilitnte the entrance of ions into the cytoplasm 

and thence possibly into tho chloroplasts. 



(3) Light nay activate tho photosynthetic apparatus resulting in 

the absorption of ions into tho plastids from tho oytoplasm. 

Depletion of the ion content of the oytoplasm by the plnstids may 

result in the entrance of ions into the cytoplasm from tho medium. 

(4) Light may in some way altor the permeebility of the plasmalemma 

bounding the cytoplasm. The alteration to permeability then results 

in an incroased passc..ge of ions through tho membrane. 

If solective or specific inhibitors of photosynthetio 

processos are known t::> inhibit the ion movomont under study then the 

proposi tion that Formon-bili ty chnng'3c fU"O involved can be el iminated. 

The use of isolatod chloroplasts allows the moasurement of ion 

movemonts into tho plastids. In th0 absence of any such movomonts, 

the hypothesis that light causus the production of ATP whioh is 

then utilised by tho cytoplasm would have to be considered (although 

the isolatod plastids ~ay have boon damagod during isolation must 

elsa be considered). To disting.uish betwoen thoso various possibi-

lities fractionation and assay of the individual oellular components 

for the ion in question would offer the botter method. 

The work reportod hero represents an attom,& to in­

vestigate tho aocwnulntion of chloride and calcium into chloroplasts 

with regnrd to tho effoct of light upon those processos. The 

analysiS of such movoments using intact tissues is hampored to a 

certain extant by tho simultaneous occurronce of respiratory and 
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photosynthetic procosses. Isolatod chloroplasts o'ffer a systom in 

which respiratory proc~ss~s arc absent (180) 3.nd thus allows the effects 

of light to be interpreted in terms of the photosynthetic reactions. 



EXPERIMENTAL METHODS. 

1. Reagents. 

Analytical grade reagents were used vdthout further 

purification. Glass distilled water was passed through an Amberlite 

MB-3 mixed bed resin column and the "deionised waterlt used for the 

preparation of all solutions ADP a~d ATP were purchased from Sigma 

Chemical Co. Ltd. and radioactive isotopes were obtained from the 

Radio Centre, Amersham. Other reagents were prepared as follows:­

Potassium ferricyanide crystals of An grade material were washed free ot 

yellow powder. Solutions were prepared from the red crystals after 

drying at room .temperature. 

Trioine (N - Tris - (HYdroxymethyl) - Methylglycine) was initially 

prepared aooording to the method of Good (160) and twice reorystal1ised 

from aqueous ethanol. Later this buffer was purchased from B.D.H. Ltd., 

as was the buffer Tris (Tris - (Hydro~ethyl) - amino-methane. 
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PMS (N - methyl phenazonium :r:.ethosulphate) was prepared immediately before 

use and kept in the dark until required. 

Antimycin A, DCMU and CMU were prepared as 95% alcoholic stock solutions 

such that the final alcohol concentration in reaction mixtures never 

exceeded 1%. An equivalent alcohol concentration was added to the 
-3 

corresponding control - cecp was prepared as a 10 M solution in 
-2 

10 M NaOH, and diluted to the required strength. 

2. Chloroplast preparat~. 

Peas (Pisum sativum L. var. Laxton Superb) were grown in 



moist vermiou1ite for 14 - 16 days in an insulated box. Illumdnati~ 

was provided for 11 hours by five 40-W fluorescent tubes (Ecko 

daylight) at a distance of 30 inches alternating with 13 hours dark. 

This gave a light intensity of approximately 200 foot candles. 

Temperature WdS maintained at 180e ! 1. Taken after a dark period the 

leaves contained little or no starch. 

Shoots of Elodea densa were purchased commercially and 

maintained in an aquarium tank in tap water. 
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Aqueous suspensions of whole chloroplasts were prepared 

by a method similar to that described by Walker (161). In this method, 

50 gm. of leaf material (lamil~a with short petiole and part of the stem) 

were homogenised with 120·~1. of isolating medium at approximately 1°C 

in a Waring blendor (M.S.E. Atomix) previous~ chilled in a deep freezer. 

Leaf material was added to the isolating medium with the blades of the 

blendor revolving at low speed and then after 10 seconds the speed ~as 

increased to full speed for 5 seconds only. As Walker points out, this 

is an inefficient homogenisation, but a large proportion of the 

chloroplasts survive in an intact state. The ice-cold homogenate was 

then filtered through two layers of muslin to remove unbroken cells and 

large pieces of tissue, the filtrate uas then passed through eight layers 

of muslin to complete this process. The filtered homogenate was then 

poured into four 50 ml- tubes, and placed in a high-speed angle head 

centrifuge (M.S.E. 13), previously cooled to oOe, and the chloroplasts 

separated by rapidly accelerating the rotor to 6000 r.p.m. (5000 x g) 

and then quickly bringing it to rest by manual braking. The time for 



centrifugation was approximately 90 seconds and the total time from 

cutting and weighing the leaf material to collecting the chloroplast 

pe~lets was les8 than 6 minutes. 
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The chloroplast pellets in the tubes were rinsed with 

resuspending medium (when this was different from the isolation medium) 

and finally resuspended in a total of 5 ml. using a fine camel hair 

pair.t brush so that frothing and aeration were avoided. Tho chlorophyll 

con~ent of the suspeilsion was determined using the method of Arnon (162). 

Chloroplasts were always osmotically balanced during the 

isolation phase. If broken chloroplasts were required, the pellets were 

resuspended witll water to remove the membrane and then sufficient 

osmoticum and/or buffer was immediately added until the final osmolarity 

was the same as chloroplasts resuspended vvith buffer and/or osmoticum to 

maintain the outer membrane. 

Chloroplasts were prepared immediately before use and 

where different incubation periods were necessary, the reactions which 

were to last the longeEt were start~d first to minimise any effect of 

agejng. The suspension3 were examined microscopically with a Gilbert-

S5-bert photomicroscope which gave a magnification of 2000 diameters. 

Electron micrographs were prepared by D.A. Greenwood of Imperial College. 

Non-aqueous preparations of chloroplasts were made using 

a discontinuous gradient of hexane and CCl4 mixtures as described by Bird 

et al (163). Intact pea leaves were first dropped into liquid nitrogen 

and broken into small fragments by crushing the brittle leaves with a 

glass rod. The fragments were then lyophilised for 12 hours at _20°C. 



over calciumfhloride. After 72 hours the lyophilised material was then 

stored under vacuum in a desiccator over P205 and aliquots removed as 

required. 

One hundred milligram portions of the lyophilised 

material were homogenised with about 30 ~1. of a mixture of hexane and 

o 014 of density 1.38 in a Potter han~homogeniser. The homogenate vms 

str~ined through a glass-wool pad and 15 nl. aliquots run into two 

centrifuge tubes. 15 ml. of solvent mixture, denSity 1.36, was carefully 

layered on top of the homogenate, followed by 2 mI. of solvent mixture, 

density 1.340 The tubes were slowly accelerated (to maintain the 

gradient) to a speed of 10,000 r.p.m. (12,000 x g) in a refrigerated 

centrifuge (M.S.E.13) and held at that speed for 30 minutes. After 

allowing the rotor to come to rest, the chloroplasts were located as a 

dark green discrete band at the top of the tubes in the lightest part of 

the discontinuous gradient. 

The chloroplasts were removed from the discrete band 

with a Pasteur pipette, diluted with an equal volume of hexane (to 

decrease the density of the suspension) and again centrifuged at 

10,000 r.p.m. (12,000 x g) in the M.S.E.13 for 15 minutes. The.chloro­

plast pellets thus obtained were p~aced in a desiccator and evacuated 

for 5 minutes to renove traces of the organic solvents. 

3. Isolation media. 

Three isolation media were used for chlorop~ast prepara­

tions, all at 25 mill! concentration. Tris-acetB.te and Tricine-NaOH were 

the buffered solutions and these oontained osmotioum. The osmoticum 



was either sucrose or sodium chloride. Tris-acetate was used with 

sucrose only, but Tricine - NaOH was used with both sucrose (ttTricine­

sucrose") and sodium chloride (ttTricine-chloride"). The pH of the 

solutions was measured using a Pye expanded scale pH meter. 

4. Determination of phospho~lation. 

Phospho~ylation was determined by following the uptake 

of inorganic phosphate using the method of Allen (164) as modified by 

Hill and Walker (165). 

Reactions were run in round-bottomed test tubes. 

Samples (0.25 ml.) were removGn from the reaction mixtures for estima­

tion procedures. The reaction mixtures contained the following 

oomponents in a total volume of 2.5 ml.:-

Cyclic Non-cyclic 

ADP 15 ~mole 5 iJ..mole 

KH2P04 15 ~mole 10 iJ.mole 

PMS 0.3 \-Lmole 0 

Fe~ 0 1.5 llmole 

Chloroplasts 1.8 ml. 1.8 ml. 

Buffer or other additive 0.2 ml. 0.2 ml. 

The pH of all additives was adjusted to that required 

(usually pHS) and the addi tiles pla.ced in a darkened tube. The 

chloroplast suspension was pipetted into the darkened tube, the contents 

mixed and a sample removed. The tube was then illuminated and further 

samples removed as required. Appropriate dark controls were also run. 

Each 0.25 mI. sample was run into a tube containing 
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9.6 ml. of a solution containing:-

0.15 mI. perchlcric acid 6ry~. 

0.15 mI. reducing agent solution. 

The reducing agent solution had the following composition:-

2:4 - diaminophenol (amidol) 1 gm. 

Sodium metabi~lphite (Na2S20S) 20 gm. 

dissolved in 100 mI. water and filtered. 

The total volume in the tubes Vias brought to 10 ml. on 

adding 0.2 mI. of ammonium molybdate 8.3 gm. dissolved in 100 mI. water. 

The contents of the tubes were mixed and development 

timed from this poll~t. The tubes were centrifuged free of denatured 

chloroplasts and the absorption determined at 660 D~ after 10 minutes. 

The difference between the O.D. of the dark control and 

that of the samples gave, by reference to a graphical relationship 

obtained with standard phosphate solutions, the uptake of inorganic 

phosphate in lJ. moles. 

5. Estimation of Ferricyanide reduction. 

Coupled and basal rates of ferricyanide reduction were 

studied using the follovdng mixtures:-

Coupled Basal 

ADP 5 lJ.mole o 

KH
2
P0

4 
10 l1mole o 

Fe Cy 1.5 ~mole 1 - 2.5 iJ.-mole 

Chloroplasts 108 mI. 1.8 ml. 

Buffer or other additive 0.2 rol. 0.2 mI. 

Total volume 2.5 mI. 2.5 ml. 
The pH of the mixture was adjusted to pH 8. 
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The same experimental oethods Vlere used as for 

phospho~yl~tion, and 0.25 ~lo samples were added to 0.25 mI. of l~fo 

TeA to stop tho reaction. 

The reaction mixtures "!ere centrifuged free of denatured 

chloroplast s and a 0.1 mI. sal~ple was ta.ken of tho clear supernatant. 

This sample vms thon made up to 2.1 mI. by the addition of water, and 

the ;..ollowing am01.mts of reagents adc1.ed:-

0.3 tll. of reagents flo and B 

0015 illl. of reagents C and D 

A 3M sodiuo acet:lte, pH adjusted to 6.0 - 6.5 

B 0.2 M citric acid 

C O.0033M ferric chloride, dissolved in 1 M acetic aoid. 

D 300 mg of 1:10 phenanth~oline dissolved in 30 ml of ethanol. 
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Deve~opment 01 colour was timed from the last addition 

and the orange colour estimated at 510 rtJ. a.fter 5 minutes in the dark. 

The amount of ferro cyanide present in each sample was found by differenoe 

between the O.D. of a Z8ro time bla~~ and that of the samples, and 

multiplying this differE'nce by 0.145, givingtJ-'molos of ferrooya.nide (166). 

Fcrrioyanide reduction was also estimated directly by 

the decrease in O.D. at 420 1:41- on reduction. 

6. Ei?tima.tion of .L).donos..in~ l'riphosphatase activity. 

Under oertain conditions chloroplasts can hydrolYse ATP. 

Several liTP··ase systmas aro knm~l1. (158) (167) (168). Pea ch~oroplasts 

contai:--J. a magnesiuLl - dependent ilTP-ase (Nobel, parsonal communication) 

which is activated by light. The enzyme is also dependent on the 
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presence of sulphydryl compounds and the ATP - hydrolysis rate is 

comparable to that reported for the same system in splllach plastids (159). 

l~n estimation of ATP-ase activity was made by incubating 

the following reaction mixture in the light, with chloroplasts and 

assaying lor free phosphate in the way described for photophosphorylation. 

ATP-ase reaction mixture. 

Component 

ATP 

PMS 

~\:'Iagnesium chloride 

Cysteine 

Concentration 

lmM 

3 x 10-7 M 

lmM 

5 mM 

Chloroplasts 0.200 mg chlorophyll 

All additions werG buffered with 25 roM Tricine-sucrose at pH 8. This 

mixture was in a final volume of 2.5 ml. and 0.25 ml. samples were 

removed for assay. Control tubes containing chloroplasts without ATP, 

and ATP without chloroplasts were used. 

7. Assay of :fumarase a.cti vi t:y.:. 

The enzyme fumarase is present in mitochondria and the 

presence of enzyme activity in a chloroplast preparation can be used as 

a measure of cytoplasmic contamination. The enzyme was assayed by the 

method of Pierpoint (169). The reaction mixture contained in a final 

volume of 2.45 ml : 0.15 rn]~ phosphate buffer pH 7.8, 2~ M cysteine, 

0.1 ml. enzyme and water. The reaction was started by the addition of . 

l50P'": malate and the increase in optical density at 240 n~ was 

measured. In the control an equal volume of water was substituted for 

Malate. 



8. Measurement of protein concentration. 

Protein concentration was measured by the method of 

Lowry et al (170). Only soluble protein from chloroplasts was assayed. 

Samples containing from 5 - 100~g protein in 0.2 ml. or less were 

mixed with 1 ml. of solution C. After 10 minutes at room temperature 

0.1 mI. D was added rapidly and the solution was mixed immediately on 

a Vo·,_'tex mixer. After 30 minutes the intensity of the purple colour 

was r8ad at 750 ~~~ 

Reagents. A. zfo Na
2

C0
3 

in O.-t.N. NaOH 

B. 005% Cus04• 5H2O in 1 % 1\[1. tartrate freshly prepared. 

C. 50 mI. L. + 1 nLl. B. - also freshly prepared. 

D. Diluted Folin reagent. 

The standard protein used was bovine serum albumin 

containing 97 iJ.B protein per 100 tJ.g dry weight. 

9. Measurement of ion uptake. 

There are several possible approaches to measuring ion 

uptake by isolated chloroplasts. The plastida may be separated trom 

their suspending medium either by filtration or by centrifugation and 

the ion content of the collected particles or supernatant determined. 

Alternatively the ion concentration of chloroplast suspensions may be 

continuously monitored by the use of ion-selective electrodes which 

have recently become cOmLlercially available. In this study uptake of 

chloride and calcium were determined with the use of radio-active 

isotopes using centrifugation and filtration techniques. 
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Centrifugation of plastids is a relatively slow process 

and the sedimented particles always contain some supernatant trapped 

between the particles. This extra-chloroplast ion fraction may be 

lessened by centrifuging the chloroplasts through a layer of medium 

lacking the iun in question. As an alternative to assaying the chloro­

plast pellet obtained on centrifugation, the ion content of the 

sup€rnatant may be measured and uptake is then defined as the difference 

in activity at zero time and the activity at subsequent time intervals. 

Chloroplasts were centrifuged from the experimental solutions using an 

M.S.E. Minor benc~ centrifuge. The centrifugation time was five 

minutes and the force was l50C x g. 

Supernatants were assayed for radio-active isotope by 

removing 0.1 mI. aliquots for scintillation counting in a Nuclear 

Chicago scintillation counter Model 720. A serious problem in this 

type of counting is "quenching", a term which covers several effects, 

all of which result in a decrease in counting efficiency. Biological 

materials contain many quencing agents but chlorophyll was the main one 

which was encountered in this study. The efficiency of each sample was 

therefore determined by the "channels ratio" method (171) a.nd all 

counts were corrected to the efficiency of an unquenched standard 

(approximately 65%). 
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Chloroplast pellets obtained from the experimental solutions 

were resuspended in a small volume of 80% acetone, and aliquots were 

removed for chlorophyll estimBwtion and counting using a Nuclear Chicago 

gas-flOW counter. 
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Filtration of o'hloropla.sts is a faster process than 

centrifugation, but the ion fraction in the plastids must be regarded 

as a relatively stable one, since breakage may occur and the forces 

applied during filtration may lead to the collapse of membranes. 

FUrther, as with the centrifugation technique, the collected plastids 

include an extra-particulate ion fraction. 

Filtration of the plastids from the exporimental medium 

was accomplished by membrane filtration under moderate vacuum using 

]Aillipore filters RAV~ of pore sizo 1.2 ~1 supported on a sintered-

glass disc. ~tention of the radio-active isotopes by the filter material 

was substantially J.owerod by washing tho filter with a 5 roM solution of 

inactive ion under investigation immediately before filtering the 

experimental solutions with chloroplasts. In somo cascs the deposited 

chloroplast s wore washed wi tl ... 0.35 M NaCl. The fil tors were then dried 

o for 1 hour at 100 C and then glued with rubber solution to planchettes 

and counted with tho Nuclear Chicago gas-flow counter using a gas mixture 

of argon rnth methane (90:10). 

Membrane blanks were prepared by filtering the incubation 

medium without chloroplasts and treating the filter as though it were a 

chloroplast sample. Blanks wore prepared for every change in experimental 

medium and wore subtravted from the sample values to correct for isotope 

retention by tho filter. In some cases this correction was obtained by 

subtracting dark sample values from light sample valuo to give a "light _ 

activated" valuo, thus eliminating the background and filter correction. 

With all counting procedures, counting was continued for 

sufficient timo to give a maximum error of 2.5 per cent (112) and 



results for ohloride were subjected to the I1t" test (173) to ascertain 

their significanoe. 

Chloride absorption in Elodea was measured by removing 

small (0.3 ml) samples of the solution and 0.1 mI. aliquots were 

assayed for radio-chloride in the scintillation counter. Ocoasionally 

the leaves were removed from the solution and washed free of adhering 

sol~tion and homogenisod in a Potter hand-homogeniser and aliquots 

removed for gas-flow counting. This method removes the fraction of 

chloride present in the free space of the tissue. 

Simultaneous measurements of labelled carbon dioxide 

fixation and chloride-36 uptake were made using leaves of Elodea. 

For thesG experiments the inoubation period was decreased from 60 to 
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30 minutes and the experimental solution was buffered with 5 roM phosphate . 

buffer at pH 7.8 Radio-active sodium bioarbonate (Ill 0) was supplied 

with carrier to a final concentration of lO-~ and chloride-36 as a 

0.5 roM solution of potassium chloride. 

Aliquots of the experimental solution were removed at 

the beginning and end of the experiment. These vrere acidified with 

dilute hydroohlorio aoid (to remove any radio-active bicarbonate) and 

aliquots were counted in the scintillation count~r for chloride-36 

activities 0 The leavod were removed from tho experimental solution at 

the end of the experiment and washed. They were thon dried in vacuo 

and combustod. Tho combustion method was basically that of Van Slyko 

et a1 (174) and modified by Porter et al (175). 

Tho combustion vessel was a rimless 100 rol. Pyrex flaSk 



into the bottom of which was sealed excentrically, a glass cup. The 

top of tho cup was concave so that it could be closed with a glass 

marble. A removable centre well, 1.0 x 1.5 cm., fitted with a 

stirrup was placed inside the cup, using a wire hook. The leaf 

material was piaced in the flask. About 0.5 g K2Cr20
7 

was added 

followed by 5 mI. of the liquid reagent (1 .5gKI03 in a mixture of 

50 IDl. H2S0
4 

and 50 ml. H
3
P0

4
). Into the centre well was pipetted 

0.5 mI. of 4N NaOH. The marble was then placed so that it rested 

against the side of the flask and the rim of the cup. The flask was 

stoppered with a sorum cap, held in place with elastic bands, and oxygen 

flushed through for about 1 minute using two hypodermic needles in the 

cap. The centre well was closed by tipping the marble on to the cup, and 

the flask heated at 110°C for 1.5 hours. The flask was cooled and 
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allowed to stand overnight to ensure absorption of the CO2• Aliquots were 

removed from the centre well and their aotivity determined using the 

sointillation counter. 

With radioactive solutions, thenmount of ion absorbea was 

calculated by multiplying the percentage of radio-lsetope absorbed by~the 

amount of ion PTesent initially. 

Chloride was also assayed ohemically using the method of 

electrometric titration (144) • 

10. Volume change and measurement. 

Volume changes of chloroplasts were examined using the 

~bsorbancy technique of Shibata et al (176)(177) based on earlier work (118). 

The light-scattering cross-sectional area of a particle, should increase 



when that particlo swells, thus decreasing the absorbancy. This procoss 

may be followed by measuring the optical density at a wavelength 

suffering no peroeptible absorption by the chloroplast pigments 

(540 or 180 m tJ..) • 

Packed volume measurements of Ghloroplasts were made by 

centrifuging ohloroplast suspensions into oalibrated capillary tubes 

usir ... g the M. S.E. minor benoh centrifuge. The tubes were centrifuged 

for 15 minutes at 1500 x g. 

11. Illumination of reaction mixtures. 

Experiments wore oonducted with the chloroplasts con­

tainod in 2 or 5 mI. centrifuge tubes or in 25 mI. conical flasks which 

were immersed in a circular glass water bath. Illumination was provided 

by a circular bank of twelve tungsten lacps situated beneath the glass 

bath and intensity was varied by use of neutral filters or different 

power tungsten lamps. A relay thermometer and pump maintained temperature, 

to within 0.250 C, in tho range 5 - 25°0, by circulating a cooling 

mixture through a oopper coil in the water bath. This apparatus is a 

more sophisticated version of one described by Hill and Walker (165). 

The centrifuge tubes or conioal flasks were olipped to 

a per~pex disc which rotates at about 50 r.p.m. in the water bath. 

The plane of rotation of th~ disc is inclined to prevent centrifugal 

sedimentation and to promote an even distribution of the chloroplasts. 

Where it was found necessary to have different tempera­

tures or light intensities in the same experiment, use was made of 

the constant temperature water bath described by Delieu and Walker (179). 



This apparatus can provide four differing temperatures and eight 

differing light intensities simultaneously within a single unit. 

Hero the centrifuge tubes or conical flasks were clipped at an angle 

to a perspex holder and shaken with a Uto and fro" motion. Light 

intensities were measured with an "EEL" light meter (selenium cell). 

When selected wavelengths of visible light were re­

quirad, Baltzer narrow band (::10 m l.t) interference filters were used 

in conjunction with a slide projector. The projector was adjusted 

to give a parallel beam of light incident upon the filters. Chloro­

plasts or leaves of Elodea were placed in the required solutions in 

tubes of 2 mI. volume or in flattened obovate bottles of 10 mI. 

capacity supported on perspex frames which held the filter(s). When 

only one wavelength was used the back of the experimental vessel was 

blacked out with aluminium foil. Samples were withdrawn through a 

s,yringe needle in a serum cap sealing the experimental vessel. The 

serum cap also carried lines for the entranoe and exit of gas mixtures 

used. 

Chloride uptake in Elodea was investigated using small 

conical flasks to hold the solutions and leaves. Illumination was from 

beneath the flasks with a 250-W spotlight. A water trough acted as a 

heat filter. 

12. Labelling of detached pea leaves. 

Pea leaves were detached and immersed in a feeding 

trough containing potassium chloride - 36 solution at a conoentration 

of 10-3M• The feeding trough consisted of a perspex square containing 
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a circular trough divided into 4 quadrants. Each compartment could 

hold about 5 - 6 leaves. The whole apparatus was illuminated from 

above by a 250-W spotlight. A water trough acted as a heat filter and 

a fan ensured an even temperature as well as aiding transpiration. 

The level of solution in each quadrant was maintained throughout the 

long feeding periods used. After feeding chloride - 36 the leaves 

wer€ removed and prepared for non-aqueous separation of the chloroplasts. 
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RESULTS 

(1) Chloride up~ake in Elodea 

Preliminary studie s were ooncIucted of the uptake of chloride-36 by 

detached leaves of Elodea. These experiments unre directed touards 

investigating uhether uptake uas light-activated "and the nature of the 

relationship to the partial reactions of photosynthesis and/or overall 

photosynthesis. 

Leave s o;f Elodoa show an uptake of ohloride from pota.ssium chloride 

solutions, that is light-activated. Using non-saturating uhite light, 

figure 10 illustrate s that the leave's exhibited en initial rapid uptake 

followed by a slower oontinued uptake. The light/dark ratio of chloride 

absorbe:d is approximately 1,- at the: end of tho 90 minute period, but higher 

ratios were obtained vd th higher light intonsi ties. 

Tho effe'ct of light intonsi ty upon chloride uptake was investigated 

for leaves of Elodea. The process \"las saturated at approximately 20,000 

Lux. Higher intensities ware inhibitory to uptake. At saturating light 

intensities the Km for chloride uptake uas calculated to be 7 x lO-~{ 

potassium chloride and the va.lue for tho dark uptake 1.9 x lO-~. These 

values wero derived, using the double reciprocal plot of the Lineweaver­

Burke equation \200), from the rates of uptake betvlCon 20 and 30 minutes 

of time oourse studies using various concentrations of potassium chloride. 

The uptake rates were linear during the }eriod 15-40 minutes arid the 

assumption was made that passive uptake into the free space of the tissues 

v7as complete prior to thi s poriod. These Kin values vroro used as a. guide 

to solection of the chloride concentration in the expe-rimonts. 
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Time course of chl oride uptal(e by :Fa odea I eaves 

40. 1ea.vee incubated in IO mI. of 10-3 M 1<01 
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The extont to rrhich respiration might influence the observod chloride 

uptake that was light-ncti vated is unknoV-ffi. To investigate this point 

the affoct o'f ana.orobic conditions upon uptake vIas studied. LeavGs were 

placed in distilled wat~r in the dark and tho suspcrnsion bubblod ~th 

CO2-free nitrogen for one hour prior to the start of thG oxperiment. 

After such pretreatmont radioactive chloridd uas add.cd and saturating 

illumination started while: ni trogon \Ins slowly bubbled through the 

illuminated and dark su~pensions. A similar experiment to investigate 

tho effect of CO
2 

upon chlorido uptake uns done by bubbling CO
2
-froe air 

through the suspensions for 1 hour in the light prior to tho start of the 

experiment. n1G results of four such experiments for each treatment 

are' presenteQ in table 1. Results are oxpressed as the avorage with the 

standard error of tho mean. 

Table' 1 

LIGHT 

DARK 

Effects of various gas mixtures upon chloride uptake 
in tho- light and dark 

mv moles chloride per 100 mg fresh weight 

AIR AIR. minus CO 2 Nitrogen = 
+ 147 - 10 + 196 - 15 124 :!: (; 

33 !. 3 21 ~ 8 ·26 !. 11 

Light intensity: 20,000 Lux. Temperature: 23°C. 

time: I hour rli th IO-3M potassium ch1oTide-36. 

Incubation 

Ni trogen thus inhibited tho light uptake by 16% and tho clark by 21%. 

By contrast in tho light co 2-f'ree air lhibh1ed through the experimental 

solutions resulted in a 33% stimulation to the; uptake of chloride, but a 

3~ inhibition to the dark uptake. 
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The offects of solectQ.d wa.velengths of visible light upon ohlorido 

uptake wo.s~xamincd using narrow ~la.voband intcrferoncc fil tors. Firstly, 

the light intensi ty curvos of chloride uptnke at three t!a.velcngths (650, 

707 and 725 my) ~ro established. Uptake was plotted as a. funotion of 

light intonsity incident upon tho filters. Using sa.turating light 

intcnsi tiC's th~ e~ffocts of wnvelcngth a.re exprossed in table 2, a.s ratios 

to tho dark uptake observed. 

Table 2 Effects of uavelength upon chloride uptake 

Wa.velength !If 

Light intensity: 

Experiment 

1 

2 

3 

4 

saturating. 

650 

4.0 

4.1 

4 .. 6 

3.6 

Temperature: 

70] 

2.0 

o 21-23 c. 

Incubntion time: I hour 'l,"r.l th IO-3M potassium chloride. 

725 

1.6 

1.5 

The results ShOVl thnt at saturating intonsi ties, light of 650 IIl}l is 

most effective in promoting cl!lo'ride uptake. Uptake- in light of 707 and 

725 ~ was greator than in the dark. 

Experiments to investigate possible "enh(l.ncement" of chloride uptake 

by giving 650 up light to leaves simultaneously illuminated with 707 or 

725 rI\P, y;cre performed using non-saturating intonsi tics of light at all 

throe wavelongths. The results of four such experiments are shown, in 

table 3, as ra.tios to tho dark uptako observo-d. 



Tablo~ 3 Effects of navolenE;ths z given singlIor simulvaneousll~ 
uEon chloride uEtakc 

Vfave1ength mp 
Experiment 

I 

2 

3 

4 

Light intensity: 

Incubation time: 

650 707. 725 650 + 707 650 +725 

2.0 1.3 

2.4 1.1 .. 

2.9 1.5 2"'.'1 

3.6 1.9 2.2 

o non-saturating. Temperature 21-23 c. 

2.6 

2.3 

1 hour rJi th 10-\ potassium ehlorido-36. 

(By comparison with tab16 2, it cnn be soon that non-saturnting 

light of 725 Df1 promote s more chlorido uptake by proportiori to 650 ~ 

light. This reflects that tho light intonsity usod at 6so mp ~as 

approximntely 50% saturating, TThilst the intensity used at 725 rrr nas 

approximately 8" saturating). 

From the table it CM be soen that enhancement was not observed. 

The e:ffcrcts of 10-~ DC1.fJ on chlorido uptake at 650 and 707 mp nero 

examined. Loaves ~ero preincubated in white light for 30 minutes with 

DeMU (lo-l; prior to incubation vr.i th radioacti vo chloricle (and DeMU) 
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US';.~lg saturn..ting intonsi ties of the selectod wavelengths. The results of 

throe experiments arc shovm in table 4 as tho average v11 th tho standard 

Grror of tho mean. 



Table 4. Effect of DC1ID upon chlorido uE~ako nt various ~nvolongtha 

mp molos chloride per 100 ms fresh woight 

Wavelength mp 707 

-DeMU 119 ;!: 17 62 ± 31 

+DGHU . .. . 14- ± 9. .... . 10. -~ 2. c. 

._._._ •. _----
Light intonsi ty: sD.tur~ting. Temper·~ture: 21°0. Incubation 

time: 1 hour with 10-3t! potassium chlorido-36. 

Thus DCMO vias inhibitory to chloride uptake nt both "il[',volengths to 

a.pproximat01y tho SAlIlO c1.agree. 

Simultaneous mousurcmonts of C140
2 

fixation end chlorido-36 uptako 

at trro wavelengths showed tha.t with s~turatmng whitG light for chloride 

uptnke, the ratio of carbon fixod to chlorida absorbed (C14/C136) w~s 

6~ 

npproximatc1y the srumo. For thoSG oxperiments, tho amount of rndionctivo­

bicarbonate: uns loss than lO-~ nnd tho uptake period wns shortened to 30 

minutes. Table 5 ShOYT the results of three experiments. The rate of 

CO2-fixation vms not the rate of maximum photosynthetio activity_ 

Table 5 c14/C136 ratios at vorious 178,volongths (md dark) 

Wavelength mr 
Experiment 

1 

2 

3 

Light intensity: 20,000 Lux. 

timo: 30 minutos. 

650 

14.5 

14.8 

16.7· 

707 

T tur 23°C. ompG'rn e: 

Dnrk 

11.7' 

11.2 

12.0 

Inoubntion 



Tho effects of bicarbonate concentration upon chloridG uptake noro 

also invostigntod and it 'vms found that concentrations greater than 10-~ 

sodium bicrl..rbonato inm. bi tgd the uptvko of chloride in both tho light 

and dark. 

These last trJ'O sets of results arc not strictly oomparnblo with the 

previous onos since it was necessary to have buffers present. 
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Tho re suI ts described wore· obtained. using summer plant ma.torial 

(April-Octobor) and ~ndicatod thnt the photosynthotic light reactions uerc 

involved in tho uptako of chloride by leaves of Elone'a,. Further it 

o.ppca.rcd that the carbon-fixing system of photosynthosis vm.s in competition 

with tho uptakG mechanism. Using an intact tissue in this kind of study, 

it is difficult to separate tho effects of respiration and of photosynthesis 

upon uptake. Sinca these preliminary oxpcrimcnts indicntod that photo-

synthetic processes vroro involv'cd in the a>bsorption mechanism in tho 

light, a study was begun of the rosponse of isolated chloroplasts to 

chloride. Isolated plastids present no system in which tho normal 

respiratory prooesses arc absent (180). 

Isolation of chloroplasts from leaves of Elodea proved to be difficult, 

partly bGoause of the difficulty in obtaining sufficiont material to give 

II good chloroplast yiold - lOOmg of leni' tissue (npproximatcly 40 loaves) 

yiolded loss than O,20mg of chlorophyll - nud partly because of the 

fragility of tho loaves. ~lrthor, thoe chloroplasts obt~~ned proved to 

be inactive VIi th respect to the Hill rc'action end photophosphorylntion. 

In viOVT of this rt study vm.s mndo- using chlolroplasts isolatod from 1'00. 

sO'cdlings. 



(2) Chloride uptnke by pon chloroplnsts 

Pen chloroplasts Hore first examined for thoir photosynthetic 

activi tics. The ratos of cyclic (HAS) and non-cyclic (FoCy) photo-

phosphoryIation wore assayed in a varioty of buffars at pH 7.8. 

Cyclic rates rli th intact chloropla.sts varied in tho range 60-200 P' m'olo 

Pi esterifiod /mg chlorophyll/hour. Brenkago o£ the plnstids (\odth 

di stilled unter) rHsul ted in iJuch greator rate s which could 110 as high 

ns 6;0 p molo Pi csiorified /mg chlorophyll/hour. Non-cyclic photo-

phosphorylation ratos '7c,ro very much lovior thnn cyclic r"atos and were in 

the range 20-130 p male Pi esterified fmg chlorophyll J110ur for intact 

orgnnol1cB; for ~DrokGn chloroplasts the rates -Viera usually double the 

rate of tho intact plastids. Basal electron fIaTT rate s were moasured 

for bo·th intact and brokon chloroplasts ruld yror0' in tho ranges of 10-20 

and 20-50 f mole FoCy- roduco'd /mg chlorophyll. /hour ro specti voly. All 

tho photosynthotic' ratos quoted. wore obtninec1 using non-so.turnting whito 

light of approxima.toly 10,000 Lux. 

Having establishod thnt tho isol~tod po~ chloroplasts woro activo in 

photophosphorylation ond Hill renction, tho chloride content of sovernl 

pro:r;nrntions Tll'.S assayell. Thro~ preparations of chloroplasts yielded 

vcluos of 10.3, 10.1, 9.8 ppm of chloride in suspensions containing 3 mg 

chlorophyll, PD:ckod volume measurements indicated tho.t 11 1 mg 

chlorophyll suspension in 0.4lV1 sucrOSG occupied 0.1 mI. If 50% of tho 

packed volumo is assumod to bo intornnl volume and if 0.11 tho chloride in 

tho suspension ":lcrc associa.tod m. th thi s volumo, then tho chlorido 

concentration ~ns ~ppr6ximntcdly 1.9 x 10-~~. 

It must bo emphasisod thnt tho aqueous chloroplast proparations aro 
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contruninatod vrl. th cell 'RaIl and cytoplo.sm as vlOll as mi tochondrin and 

nuclei. In nn nttompt to obtain purer chloroplast preparations and a 

better 0 stimc.to of plastid chlorido content,. tho non-aqueous mothod of 

chloroplast cxtrcction rm .. S tried. 

Detachod pea soodling loavos woro fod potassium chloride -36 

at 10-3M for 12 hours. The lea.vos woro illumino.ted (10,000 LUX) 1:r.tth a 

7l 

forced current of air passing ovor thorn to aid tr~nspiretion. A rcsorvoir 

of potassium chlorido --36 mnintn.i.ncd the level of solution in tho foeding 

apparntus. A long feeding period vms used to nll~w the spocific nctivity 

of tho chloride inside the plastids to roach that of thG fed solution. 

Chlo:copla.sts obtninc·d by tho non~'1.quoous method woro assn.yo.d for 

c:':1loridc-36 and_ chlorophyll contents and for fUID.tl.raso nctivity. Tho 

chloroplasts contained no detectable furmarnsc activity, (n,lthough nIl 

tho othor fractions did have nctivity), and this wt),s takon to indicate n 

very lavl level or completeribscnco of cytoplnsmio oontnminnnts uith tho 

ohloropl~sts. Tho chlorido conocntrntion in tho isolated plnstids was 

caloulated on tho b~sis that (1) the EpGcific notivity of the chlorido-36 

was tho same as that fcd nnd (2) thoOnon-~queous ohloroplast volume per 

mg. ohlorophyll 'Was the SmIlO t'1.S that f.OJ: nquoous chloroplasts. This 

oaloulation showed that tho c:hlorido contont uo.s in tho rnngo 

2 - 204 x 10-~ chlorido. In viov; of tho oontaminants present in tho 

aqua-ous chloroplast proparations, it is oonsidered that thG e.mount of 

chloride pro·sont in thopurcr non°-nquoous proporation is significantly 

larger. 



Wi th such an npparontly high c,oncontration of chloride in the, 

plastids, tho possibility of not only absorption, but also exchange 

reactions must bo consiCiorod. 

Aquoous chloroplastswcro. prepared by isolation in 25 roM Tris-acetate 

buffor o.t pH" 7 with O.4M sucroso present and used at a finn.l concentrntion 

of O.lOmg /0.5 mI. reaction mixturoo Uptako or c.xohnngc vms, in somo 

20% of tho' experiments, significant and coulcl be up to 3% of tho supplied. 

radioactivity in the rango 10-~ - 5 x 10-3M potassium chloride. Lower 

ooncentrations did not ShOVI uptake of chloride. Tho cause of tho 

variation in uptake uas not apparent sinco grov~h and isolation techniques 

\lere made [l.S standnrd as po.ssible. Table 6 illustrates tho results of 

onn expc'rimont in 'tihich tl light-induced chango in tho !teti vi ty of tho 

supernatant aotivi ty uns o1:yscrvod. 

Table 6 Effect of light upon supernatant nctivity 

Supernn tnn t nat! vi ty (aFm) 

Time in minutos Light Dark 

0 4126 :!: 43 4180 ± 51 
10 4002 ± 21 4186 :!: 44-

Differenco' 124 :!: 11 

Lipr-t intensity: 15,000 Lux. Temporature: 10oe. 

Conccntrntion: lO-\i potassium chloride. 

The table sho .... 7s thnt the fraction of o.ctivi ty a.bsorbed in tho light 

was 3% but nomovCIDcnt of chloride \1o,s soen in tho dark. 

Tho vnri~tion in chlorido-36 movemont into pan ohloroplasts could 
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result from a difforentin,l injury to the bounding membrane of tho plo.stide 

nhich might be impermeable to chloride. A comparison ~as thorefore made 

of tho behaviour of intact n.nd broken chloroplasts tOt"mrds chloridc-36 

solutions. Significnnt movoment of chloride-36 VIas soe·n in only a. fow 

Co.S0S. Tho rosults, in t~blu 7, of one experiment shou that broken 

chloroplasts exhihi tad more chloride-36 uptnke thon intact plnstids nnd 

furthor a dnrk uptake rm.s apparent;, although at 5 minutes, light and dnrk 

VcU.U8S nrc not signii"icnntly difforent (Itt testtr ). 

Table 7 

Til!lo in minutos 

2.5 

5.0 

Effoct of membrane integrity upon chlorido-36 uptnke 

Difforo.nce~n sup3rnntnnt activity (cpm) 

. VffiOLE BROKEN' 

LIGHT DARK LIGHT DARK 

° 0 88 47 

&6 0 164 136 

I,ight intensity: . 15,000 Lux. T tu 10°C. 0mpern ro: 

Concentration: 10-3M potassium chloride. 

As such a small movement of chloridc-36 'l,7as soon, tho chlorophyll 

concontrn.tion was increased ten-fold in an nttempt to increase the size 

of the movement. Experimental solutions wore· first centrifuged and then 

the supernatant (which still containod some chloroplnsts) wns filtered 

through r.t Milliporo fil"lier of porc size 1.2 p to complete tho separation 

of plnstids ana solution. Tho filtrate was collected and analysed for 

chloride-36 content. Using such 0. to-chniquo and incubating chloroplnst 

suspension.s containing 6 mg. chlorophyll- per 3 mI. reaction mixturo 



Vlith 1o-3M potassium chloride did not result in a.my significantly 

larger" "movomont of chloride. Table 8 shorvs tho rosultsl of onc such 

experiment. 

Table 8 Effoct of increasod chI oro h 11 concontration u on 
chlorido-3 uptake 

Supornatnnt activity (cpm) 

Tim0 in minutes Light Difforonce Dark Difference 

0 4568 :!: 31 0 4718 ! 22 0 

10 4442 ± 23 126 4754 :!: 25 0 

20 4439 :t 48 129 4743 ! 37 0 

Light intensity: 25,000 Lux. Temperatura: lSoC. 

In an attempt to sto.bilisc tho buhaviour of the chloroplttsts and to 

increase tho' size of the chloride movomont observed wi th ~aholo chloro'-

plnsta in tho light, tho effects of various additives to tho reaction 

mixtures \70re studieo .• Thcso incubntions nro summarisGdin table 9. 

Table 9 

Additive 

Cyclic phosphorylation system 

Non-cyclic phosphorylation system 

ATP-asc system 

ATP 

* PMS 

CaS0
4 

MgS0
4 

Ascorbic acid 

MgS0z,. and Asc·orbic acid 

Concentration 

As described in 

experimental 

methods 

I mM 

3 x 10-7M 

10-4M 

10-~ 

lO~ 

10-~i 
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Of all the additives listea in the table, only ATP was efrective in 

promoting a chloride move·ment. This effect wa.s seen in both the light 

and the dark. The incuba.tion marked! (*) sometimes showed an increase in 

the activity of the superna.tant i.e. the external solution was concentrated 

by the chloroplasts to a. significant degree ( > 1.00 cpm). This ef':reot was 

also noted with eom~ incubations containing just sucrose and potassium 

chloricIe-36. 

Since water influx into the chloroplast apparently occurred without 

concemi taut chloride absorption the e·ffect of osmolarity upon chloride 

a.bsorption w~s tt; sted. Aliquots of the: chloroplast su~pension were in-

cubated in the light and dark for 10 minute s in various mola.ri tie s of 

sucrose wi. th la-3M potassium chlaride~-36 present. The result of one s·et 

of such incubations is shown in table 10. 

Table ]0' Effect of sucrose molarity upon chlcrride-36 movement 

~ change in superpatant activitI 

SUcrose molarity 0.1 0.2 O.~ 0.8 

Light ;.:5.0 +2.1 -2.5 0 

Dark +1.3 +0.6 0 0' 

Light intensity: 15,000 Lux. T t 10oe. empertl ure: 

The acti vi ty of the supernatant was thus increased at molarities 

less than 0.4M sucrose, and this effect was more pronounced in the light 

than in the dnrk. At O.8M, where dilution of the external solution (by 

water from the chloroplasts) should result in a lowering of activity, no 

change was obsarvea. 

Addition of ATP c~ result in plastid shrinkage (128) and the extruded 

water could thus dilute the activity of' the supernlttrult. The effect of ATP 

concentration was therefore: examined and the results are shovm in tnble 11. 



Table 11 Effect of ATP concontrntion on chloride-36 movement 

Difforence in supornatnnt nativity (cpm) 

ATP concontration (roM) 0 1 2 

10'min. 104 :!: 12 99 + 16 44 ! 7 -
Light 

93 :!: 14- 154 :t 21 102 :t 25 min. 9 
Dark 

10 min. 0 171 :t 25 124 :!: 11 

25 min .• a 77t. 7 122 :t 16 

Light intonsity:lO,OOO Lux. Tomperature: 10oe. 

Concentration: IO-3M potassium chloride. 

4 

114 ! 8 

164 :t 22 

200 :!: 9 

. 82 :!: 9 

The rosults incLicatc that after 10 minutes, tho o-frect of ATP is 

gron.test in tho dn.:rf!: nhcrens in tho light tho maximal effect is not 

obsO'rvod until 25 minutos. Whether those results (md tho othors found 

by supernatant nnlysis) ropresent nn uptnko of chlorido-36 into the 

ohloroplnsts or a oilution of the, external solution by wnter extruded 

from the chloroplnsts \1hen they shrink, cannot be docided unless (1) tho 

pellots nrc annlysed for chlorid'o-36 content or (2) tho mo.gni tudo of wo.tcr 

movement is lmotm. 

Packed vo1umo m0nsu~ements of chlorop1n.sts suspended in 0.4M sucrose 

indicatod 1 mg chlorophyll Vle~s contained m thin 0.1 mI. In the oxpori-

ments described so far, 0.1 mg susponsion por 0.5 mI. ro~ction mixture 

Vlns used, nnd: these hact n packed volume of 0.01 mI. If 50% of the 

packed volumo \lore internal volume then at complete shrinkage 0.005 mI. 

\J'lltor \J'ould bo cxtruc1ccl from tho chloro:plnsts into the solution. Since 

0.5 mI. of reaction mixtur~ containod 00 1 reg chI o.ro!lhyII t the maximUr.l 

dilution would be., 1% 01'" 40 cprn p-er 4000 cpo present in the 0.1 mi. samples 

used for measuring supernatant activities~ Thus the dilution of the 
supernatant due to 
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rratcr loss by tho chloroplasts may contribute n little to the observed 

uptnko measured by sup~rnatant analysis, but it cmmot nccount for n1.1 tho 

uptc..ko. 

Since tho supornntrmt mn.lysis method tend.s to ovorcstimn.te tho size 

of tho chlorido uptnko, nttempts noro mndo to monsure tho aativitios' of the 

chloroplast pellots obt~inod on centrifugation or tho ro~ction mixtures. 

In mnqsing tho pellots for activi -ty a corroction must b:} mede for the 

mnount of supornn.tMt thnt is trapped botwocn tho partic'les in tho pollet. 

Chloroplcsts woro isolatod ana c1iquots (0.9 01.) of the suspension 

equivalent to 0.250 mg chlorophyll Horo nddod to 0.1 mI. potassium 

chloridc-36 (in 0.4 M sucrose) nna either (1) centrifugod immodiatolY'or 

(~) In.yorod on top of 1 mI. of 0.4 M sucroso and then centrifuged. After 

ccntrifugn.tion mth oi thor method tho sUpJroatont uns drawn off with tt 

Pasteur pipetto and the tube rinsed throo times with 0.4 M sucroso, o.void-

ing nsfnr as possible disturbance of tho pullet. Finnlly tho tub 0 s rorc 

blotted dry '\n. th lens tissue nnel the pellets resuspended ~T.i. th 80% acetone. 

Aliquots of tho acetono suspnnsion llOra than removed for chlorophyll nnd 

chlnridc estimations. Comparison of the tr;o methods of obtaining pellets 

is shoun in table 12. 

Tnblo 12 Comparison of methods in obtaining pellets from experimental 
solutions' Pellet chlorollhyll 

Method Pellet C:Dm 
mg Cf'PY'mg 

62 + 5 0 •. 1~0. 326 .. -(1) i 

ii .~? 
+ ? (~.19~_ 339 

(2) i 16: 2 0.236 67 
ii + 14 - 1 . 0.2·3.6 61· 
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The results indicrtto that centrifugntion through t\ layor of sucrose 

substl'ntin.lly 10"ilOrstho runount of chlorid.c-36 in tho', pollet rmd further 

gives a highor yield of chloroplnsts (as judgod by tho chlorophyll content 

fo the pGI18t). This method vms thon used to study tho time course, of 

chloride-36 nbsorption. 

Ghloroplnsts suspendod in 0.4 M sucrc'so r;ere incubated. 'I.ri th pota.ssium 

chlorido-36 at 0. fino.l concontr[l.tion of IO-3M and the chloroplast pollots 

obtained on ccntrifu6n.tion \lore assa.yed for chlorophyll and chloride-36 

content. The rosults of one such experiment arc shoTIn in table 13. 

Table 13 Timocourso of chlor~fte-36 uptnkc using pellctnnn1ysis 
ell et chl orophyll 

Incub[l.tion time (mins.) Pellot cpm rug cpm/IDg 

Light 0 

5 

10 

15 
Dark 0 

5 

10 

15 

Llght intensity: 15,000 LuXe 

+ 13 - 1 0.200 

16 Z: 2 0.248 

14 !. 5 0"200 

15 :!: 1 0'.228 

12 :!: 4- 0.198 

17' :t 2 6~'23'2' 

15 ± 2 '0'.210 

12 + 3 0.210 -

T t IOoe.' omp-3ra ure: 

65 

65 

70 

66 

63 

73 

70 

59 

Whilst the IDotho1 gO-ve roproduciblo ratios it failed to detect o:ny 

chlorido-36 movemonts into the chloropl~sts.' Tho discrepancy botTIeon tho 

results obtained by supornatnnt nnd pollet rulalysos may be oxplo.inod on the 

basis tho.t centrifugation of tho plnstids through a layer of sucroso may 

in fact lond to tho "leaching out" of chloridG (and othor ions) t'..s noted 
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by Stocking ~nd Ongun (148) using spinach chloroplasts. Accordingly 'tho 

centrifugation tochniquc: \las abnnclonod ond: tho fastrr technique of mombrD.Il.G' 

filtration '7tlS triode 

Milliporc filtors, RAWP, of pore sizo 1.2 ~ \loro usod to sepornto tho 

plastids from tho experim~ntal solutions and tho chloride-36 contant 't1o.s 

determinod. Chloroplasts, isolatod in 25 mM Tricino - NaOH buffer pH 7' 

m. th 0.35 M sucroso· prosont, \loro rosuspendod in 0.35 M sucrose· and incubatod 

at n chlorophyll concontration of 0.1 mg. por 2 mI. 7dth 5% la-3M 

potassium chlorido-36. The largor volume ond lOi1or suoro 80 molo.ri ty wore 

found to give a faster filtr~tion. Srunplos of 2 mI. volume nere filtered. 

Table 14 shaus tho ro suI t of pUch n.n incubo.tion carrioct out in the light 

and dark. 

Table 14 

Time { seconds} 

10 

60 

120 

300 

Timo courso of ehlorido-36 uptnke measurod by filtration 
tcclmiguo 

Chlo:ria_e-~6 o.cti vi t;y: {cJ2m) 

Light ~Light-B1."l1k) Dnrk {Dark-BlMk) 

5084 ± 52 158 5066 :!: 39 140 

5229 :t 41 303 

5691 + 17 765 5262 + 23 336 -
510] + 22 175 5501 + 28 575 - -

The t(l~blo shoHs trnt both light and dark chloride movemonts nro pre-

sent. The direction of tho 1ight-stimul~tod uptnke is rovcrsod after 

2 minutes illumination vlhoro·:1s uptake in the dark continues throughout 

tho inCUbation. 



Furthor experiments using tho 'Millipore technique indicatod that 

the pattern of ini tio.l not influx follo17o& by net o,fflux -rlns vorinblo. 

The time period for not influx of chloride afton being as short ns 10 

80 

seconds as indicated in figure 11. Although chloride movements \lere not 

elrrays soen with olvory pro:pnrn.tion, this type of movement rm.S seen with 

the. majority of "succcssful il prepm-ations Dnd \7Q,S invostigated further. 

Chloroplasts vrorc incubated in tho c1n.rk rJi th lO-2M potassium chloridc~ 

36 for 5 minutos and thon subjoctod to illumination (10,000 Lux) for n 

further 5 minutos. Figure 12 ShO-rIS the results of such an oxpurimont &ld 

indicates that- the dark net influx of chloride -rm.s ~.ppo.rcnt for 6 minutes 

and thon n SlO~l net offlux stm.:-tcd. In the light net influx increased 

sh~rp1y for 1 minuto and thon a. very rapid net efflux occurrod. 

A further experiment in \lhich a dork-light-dcrk trontmont un-s given 

to tho pln.stids ui th chloride-36 present throughout is sho\ID in figure 13. 

This prop.'l.r(l;tion of chloropl[l.sts ShO;-lOd ~ small light-a.ctivated not 

influx of chlorido -rThich \las not offluxed until n. period of 90 soconds 

dark trontmont follo'ning ill~nation hnd elnpsod. 

The complexity of chlorido movements soon in both tho light and dnrk 

indicated thnt tho rolntivaly 81011 methods of centrifugntion rmd filtration 

aro not suitable to mensure in detail th0 size ana extent of ohloride 

movements. Continuous monitoring of tho external solution ~ith 

chlorido-sensi ti vo oloc:trodos ~-lOula. apprenr to offer the bettor method of 

analysis. Some oxplanntion of these net movements of chloride mny be 

found in the simil~r typo of kinetics of proton ~a cation movements as 

described in rela.tion to tho chemi.-osmotic thoory of Mitohell a This is 

di scussod In-ter. 
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Figure 12 
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Effect of subsequent illumination on plastids 
pre-incubnted wi th KC1 in the dark 
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Light intensity J 10,000 Lux 
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Uptake measured by filtering 2 ml. samples and 
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In vi 0,\.]' of the so oocporimontn,l diffi cuI tic 8, furthor study of' 

chloride movemonts in chloroplasts w~s abnndonod. Whilst the rosults 

presentod arc probably significant, their magnitudo mnkes ~ dot~loa 

analysis impossiblo auo to tho lack of sensitivity in the ostimation of 

chlorido. Tho movemont of calcium-45 into' chloroplo.sts uas studied as 

this cntion could be nssll-yed td th a good dogroo of sansi tivi ty, Que to its 

grenter spocific activity compared to chlorido-36 (approximately 800lJ."o/gm 

for chloride nnd3 JIClpg for calcium). 

84 
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Caloium UPtake 

Caloium uptake was investigated using the Millipore filtra.tion 

technique. Except as indicated otherwise the chloroplasts were isolated 

in Tricine-chloride media pH lnn~ resuspended in Trioine-suorose media 

pH 8 0 Sample volume vms 2.5 mI. and this contained O.120mg chlorophyll 

wi th 2.5 fC of o'ar.r.ier-free calcium-45. The light intensity used was 

1,50'0 Lux and the incubation temperature was lSoC. After deposition, 

the ohloroplasts on the filt?!" were washed with 2.5 mI. of' O.35M sodium 

chloride. 

ill General feD.t~~e s of' oalcium uptake 

A time eourse study for nDlcium uptake, in which light and dark 

treatments were compared, is shown in figure 14. It is seen that uptake 

is approximntely linear in the light for 3 minutes and in the d.ark for 4 

minutes. 

Uptake peria-ds were· limited to. 2 minu"tes (excE!Yt as indioated) from 

which Tates were caloulated. Table 15 shows the~ resul.ts of 3 replicates, 

using this short uptake p3 riC'd, to illustrate the effect of light upo.n 

calnium uptake. 

Table 15 Effect of light upon caloium uptake 

cpm on filter - bltL.""1k 

Replioate Light Dark 

1 6979 ± 381 3821 ± 14-9 

2 7095 ± 276 3729 ± 241 

3 7122 ± 310 ·3733 ± 207 

The table shows that the light-stimulated uptake is almost double 
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that seen in the dark. Further the results demonstrate thnt the 

filtration technique is capable of giving reproducible. results to within 

The influence of pH wns determined for the uptake of calcium in the 

light nnd d'ark in the ronge. pH 6-9 • For these determinations, clorophyll 

concentrntion was decreased to O. 06mg/2. 5 ml. sample to minimi sa any 

buff'ering capaci ty o~ the plas,tids themserlves. Figura 15 shows thn.t the 

pH" optimn for calcium uptDke in the light tIne! dark were' distinotly different 

tmd the value s we're pH 8.5 for the light Dnd:pH 8.0 for the dark .. 

Since there were two distinct pH optima it was necessary to choose 

a single pH value at which to conduct e;x.periments. If the dark uptnke 

continues unabated in the light it is necessary to subtract the dark 

uptake value: from the light uptake in o-rder to crucuIate the effects of 

light upon uptake. Figure 15 shows that for the dark uptnke the effect 

of pH is lenst in th1 range:pH"7.5 to 8, fUrther these initial experiments 

indicatecl that suf:ricient calcium was accumulatec1 in the light atpff 8 to 

show ~ dif~erence to the dury ~ptake. Hence nIl experiments were con-

ducted at pH 8 (except D..S indicnteci otherwise). 

Figure 16 illustrates the rel D.ti on ship' between cnlcd-urn ooncentration 

and the rate s of calcium uptake in the light and dark. The uptake in the 

light is satur~tea between l' Dnd 2.5 roM with Do Km value of 5 x 10-~" The 

uptnke in the dn:tk was saturated betw9an 1 and 2 roM" with a Km value o:r 

1.2 x l.O-4y. 

As the greater percentage of calcium removed occurred at lower con-

centrations of calcium, most experiments with oarrier calcium present vmra 

done at a concentration of' 0.1 roM calcium chloride. In the hi ghe st 



Figure 15 Effect of pH on calcimn uptfll<e by chloroplasts 
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uptakes observe·a: some Jd, of the calcium-4-5 supplied was removed :rrom the 

incubation medium, but in mo st experiments the up,tnke was about 1% for a. 

2 minutes incubation in the light. 

The effects of white light Din calcium uptttke were. ini tinlly investi­

gated using the apparatus, described by Delieu and Walker (179) cap-able of 

providing 8 different intensities. However, when it became apparent that 

uptake wns saturated ~t 1mv light intensity, the problem of stray light 

was solved by using black nylon netting as a neutral filter. Light 

90 

intensi ty was then varied by wrapping differing numbers of layers of the 

netting nround the centrifuge tube!s used to oon~Din the expsriroontal solutions 

Figure 17 shows the relat5.C'n between cnlcium uptnke rate nnd light 

intensi ty. Uptake VTa.S Ii ght saturated between 200 ,~cI 400 Lux .. 

The effects· of selected wavelengths of visible light upon c~lcium 

uptake was exrunined using narrow wave-bond interference filters. The results 

shovffi in table '16 indicate that 650 moll-light wns more ef'fecti ve in promoting 

calcium uptake then 725 mli light. Enhmlcement was not obse:rved. 

Table 16 Effects of rro't·elength upon cru.cium uptcl<e 

Wave1engtht:1\; 

~xperiment 

1 

2 

T"emp~1:' a ture : 200 C. 

22.~~i39 

20.62~ 

cpm on filter - blank 

725 

11.613' 

15.~28 

22~"710 

21.125 

Incubation time: 7 minutes 

Dark 

i1".775 

11.238 

In several of the experiments recorded, it vw .. s noted that roplicntes of' 

a treatment did not nlwnys agree to within 5% of each other. This 
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effe-c·t r10:8 pnrtioularly-noticsable uhen the.replicates vmre done more thM 

15 minutes ~.part. So the decny of calcium uptake capacity on storage was 

investigated at two temperatures. Figure 18 show's that on storage of the 

chloroplasts in the dark at 15°C the light-activ!1ted uptake disappeared 

vdthin 1. hour whereas chloroplasts stored in the dark at 10C still retained 

over 8~ of the. light-activated uptake after 1 hour. The dark cnlci um 

uptake wns also subject to decay. o Arter 1 hour storage nt 15 C, uptake 

vms 50% of the original o.cti,rity, whereas after one hour's storage at IOC 

the plastids re:tm.ned almo st 90% of their origino.l activity. 

Since th~ calcium uptake in both light and dark YTrts so- labile, this 

strongly sugge sted that fin en~:Y!Ilntic system tIns re sponsible for c~lcium 

movement. Accordingly the effe'ct of' temperature upon calcium uptake wn.s 

studied nna the tempernture coefficients (QlO) were calculated. 

t!.re shov-m in tab I? 17. 

Table 17 QiO ranges for calcium uptnke 

o Temperature' range: C 

5 - 15 

15 - 25 

Light 

1.6 .- 2.1 

Incubation time: 45 seconds. 

Dark 

1.6 - 1.9 

1.1 - 1.7 

(Light-Dnrk) 

1.5 - 2.0 

1.7 - 2.8 

These 

o In the tempernture rnnge 5 - 15 C the temperature coefficients for 

the uptake categories listed ao not appear to be significantly different. 

In the higher rnnge hO'!iJ'ever the tempero.turG coefficients for the light 

ana (light minus dark) uptnkes uere higher than the dark uptake. 

In order to characteri se the calcium uptD.ke· system further, the 

specificity of the mechnnismwns examined. Incubations were performed 



Figure 18 D.ecay of calcium uptake capacity by plastids on storage 
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in which calcium-45 was cliluted with cold calcium chloride, or '-vi th 

other cations (as the chlorides) at equivalent concentrations. The 

results of t,vo e,xperiments at two concentrations are illustrated in 

figure 19. At 5 x lO-5M concentrations, neither magnesium or 

mnnganese showed any competitive effects v'lli th respect to calcium 

uptake (as measured by calcium-45) in the light or dark, a slight 

stimulation being observed for the light uptake. At ImM concentrations 

however, magnesium CJl1d mMganese are depressants to the light and clark 

uptakes of ca1cium-1t.5 though not to the same extent as calcium itself. 

(2) Metabolic aspects of calcium uptake 

The results described: in the previous section showed that light 

aooelerated calcium upt~e. In an attempt to define this effect mora 

elearly, the effects of certain photosynthetic systems~ inhibitors and 

treatments were investigated. The results of these experiments are 

presented in this section. Conditions we::-e as described: in section (1) 

except IO-~ calcium chloride was added as carrier to the calcium-45. 

Carrier was added to the calcium-45 as other additions were given to the 

e~erimenta1 solutions nnd these may have contained trace amounts of 

calcium thereby diluting the calcium-45 and thus masking the true 

effect of the lldclition. 

The effects of on adclect cyclic photophosphorylative system upon 

calcium uptake were studied. Table 18 shows thnt such an added system 

completely abolished the light-activated uptake and further decreased 

by over 50% the dark calcium uptake. (A similar result was found when 

a. non-cyclic photophosphorylative system was adclea). The effects of 
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Figure 19 
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the added systems were thus over and above any effect due to photosynthetic 

activity. 

Table 18 Effect of a cyclic photophosphorylative system upon 
calc~um uptake 

cpm on filter - blank 

Cyclic' system Control 

LIGHT 1 3238 15',862 

2 3412 15,l~19 

DARK 1 3454 7,350 

2 3079' 7,622 

(LIGh'T-DARK) 58 8,158 

Incubntion time: 4 minutes 

With the same preparation of chloroplasts as used in the last 

experiment, the uncoupling action' o£ calcium upon photophosphorylation 

was investigatecI. It lIas founil thD.t calcium concentrations up to 

3 x IO-~ had no ,effect upon the initial rates (up to 8 minutes) of 

cyclic photophosphorylation, although a marked inhibition was seen after 

this period.. Concentrations of 5 x lO-~ mld ]:0-\ cnlcium chloride 

inhibi ted the ini tinl rates of photophosphorylation by 1,.6% and 80% 

re.~pe cn vely. 

The effect of ADP 'lpon calcium uptake was investigated .. Table 19 

shows thD.t ADP inhibitea completely the light-activated uptnke and 

(lepre saed it belo'tv the dark incubation with ADP which itself was 

inhibited by almost 20%. 



Table 19 Effect of ImM ADP uI20n calcium ulltake 

cpm on filter - blank 

+ ADP Control 
'"' 

I .... 

LIGHT 1 1720 7450 

2 1691 751J. 

DARK I 3031 3742 

2 2938 3701 

Incubation time: 2 minutes 

As the literature contains several reports of a calcium uptnke 

me-diated by a light-triggered ATP-ase· (155)(159)" the ATP-nse activity 

of these chloroplasts· was assayed. Negligible activity was detecteci, the 

highest rate of ATP-hydrolysis being 0.2 Jl mole Pi liberc.ted Yrog 

chlorophyll/hour. 

Incubation of the chloroplnsts wi th Dr. adc1:ed ATP-D,se system d.id not 

enhonce calcium uptclce in the light or dark. As seen in table 20, the 

nCJiien ATP-ase system rms 62% inhi bi tory to the light uptake. Further 

the uptnke in the light with the ATP-ase system present was decreased 

Virtually to the dark uptnke vdth the system present. 

Table: 20 

LIG-HT 

DARK 

(LIGHT-DP.RK) 

Effect of an added ATP-ase system on calcium uptake 

cpm on filter - blank 

+ ATP-~se Control 

278'3 

2495 

288 

11,004-

6,523 

3,481 

Incubation time: 4 minutes. 
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The effect of ATP concentration upon calcium uptake vias studied. 

Table 21 shows that in some instances low ATP concentrations were 

capable of slightly stimulating uptru{e. Higher concentrations however 

were inhibitory. The results also show that ATP like ADP was more 

inhibitory to the· uptake in the light than in the dark. 

Table 21 Effect of ATP u~on calcium uEtake 

ATP concentration (pM) 0 50 100 200 1000 

LIGHT 1 100% 110% 93% 

2 100% 98% 

D .. lillK 100% 108% 

Chloroplasts isolated and re:suspended in Trl cine-sucro se pH 8. 

Incubation time: 5 minutes. 0.120 mg chlorophyll /2.5 mI. with 2.5po 

calcium-45 and 10~ calcium chloride. 

In an attempt to demonstrate the persistence of the effe'ct created by 

light upon calcium uptake i.e. the uptake mechanism was light-triggere·d 

and not light dependent, a series of incubations were carried out in which 

t!'Olla:sitions from light to dark and vice versa were made. One. such 

experiment is illustrated in figure 20 and shows that the effect of light , 

did not apparently continue when the reaction mixture was transferred from 

light to dark. Further in the period 10-13 minutes transfer from light 

to dark re suI ted in a de:crease. of the calcium acti vi ty of the chloroplasts" 

Using a different order of illumination figure 21 shows the effect o~ 

pre-illumination, in the absence of calcium, upon the upta.ke of calcium 

in a succeeding clark period wi th calcium pre.sen-i:;. The reaction mixture 
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that was p~e-il1uminnted shoTIS a significant decrense in calcium uptake 

in the dark after one minute. 

eMU is a potent inhibitor of oxygen evolution by isolated chloro­

plasts (181), Dnd its effe ct upon calcium uptake "riltlS te sted, together 

vdth other additions designed to relieve the inhibitory action of eMU. 

The results of such experiments are listed in table 22 as percentages of 

-the appropriate controls R~thout nnyadditions. 

Table 22 Effect of' eMU nnd other addi tions upon cc.lcium uptake 

% uptake 

Addition 

NON"]; 

eMU 

PMS 

CMU and PMS 

Ascorbate /DPIP 

Concentration 

eMU and a.scorbate /DPIP 

Incubation time: 4 minutes 

Light 

100 

41 

n 
85 

50 

75 

D~rk (Light-Dark) 

100 100 

75 22 

92 36 

61 109 

50 50 

53 88 

Thus the inhibition in the light of calcium uptake by eMU could be 

po..rti ally removed by the addition of ei ther PMS or the ascorbate DPIP 

100 

couple. The situ~tion regarding the dark and (light minus dark) uptakes 

is complica.ted by the fact that both PMS nnd ascorbate /DPIP vrere somewhat 

inhi bi tory ond the addi tion of' these sub stance s to a eMU-pod. soned system 

in the dark did no!t result in an Etdctitive inhibi.toryeffect. 



Other inhibitors of photosynthesis' were tested upon the ca.lciurn 

uptake, nnd the results of these experiments are shown in table 23 as 

percentages of the control uptake. 

Table 23 Inhibitors of cnlcium uptnke 

AdCIition Concentration 

NONE 

Ammonium chloride I." lo-3M 

2. lO-~ 

Antimycin A 4x 10-5M 

CCOP 1. 2 x 10-5M 

2. 2 x lO-6u 
Desaspidin 1. IO-\-

2. IO-7M 

lO-~' 

% uptake 

Light Dark 

100 

71 

110 

70 

29 

41+ 

50 

100 

12 

100 

60 

102 

76 

75 

100 

100 

10~ 18 :RiA 39 

Incubation: 4- minutes 
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The inhibitions aue to CCCP could be pnrtin.lly relieved by cysteine. 

Table 24 shorts that 5x 10-~ cysteine reduced the inhibition of the 

(light-minus <lark) up'taker. from 100% to 87% wi. th 2 x 10-~ CCCP and almost 

halves the inhibition CIue to 2x lO-~ COOP in the(light minus dark) 

uptake. By i tsalf cysteine rms stimulatory to uptllke in the light 

but slightly inhibitory to the dark uptake. 
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Table 24- Effect of cysteine on the inhibition of calcium uEtoke 
bl CCGP 

% uptake 

Addition poncentration Light Dark 

NONE 100 100 

CCCP 1. 2 x lO-5M 29 76 

2. 2 x IO-6M 44- 75 

CCCP + Cysteine 1 '. 33 83 

2. 65 83 

Cysteine 5 x 10-5~:! 110 93 

Incub~tion time: ~ minutes 

Ammonium chloride at tl concentration of IO-~ inhibited cyclic 

photophosphorylation by over 50%, but gave n. small stimulation to the 

light uptake. At n concentration of IO-3M cyclic photophosphorylation 

was completely inhibited where'as calcium uptake was only cut by npproxi-

mately one-third. lntimycin A - a weak uncoupler and inhibitor of 

ferredoxin catnlysed cyclic photophosphorylation (66) (182) - inhibited 

calcium uptake in the light by 3ato. CCCP is a potent uncoupler of 

photophosphorylation (183) (184) and is particulnrly severe at low light 

intensities (185). At a concentration of 2 x 10-5M the light stimulated 

uptake w~s' inhibitea by 71% and the dark uptake by 24%, a concentr~tion of 

2 x lO-6M gave a 54% inhibi tiun to the uptake in the light o.nd n 25% 

inhibition to the dark uptake. Desa.spidin uncouples photophosphorylation 

(87) (l8'6) and D.t concentrations of IO-~ completelY abolishes OIly light-

activated uptake whilst leaving the dark uptnke unaffected. Conoentretion 

of' IO-7M" were' vn thout effect upon calcium uptcl<:e. EDTA is a po\rerful 



chelo.tor of divalent oations (18~) ruld in these experiments it was 

edded in excess to the reaction mixture in nn. attempt to chelatG all the 

Q·n:loium pre sent. EDTA completely abolished the light-stimulnted uptake 

and reduced the aark uptrr.ke by 7'Gfo such that light Dnd dark uptnke s rVGro 

the same. W.A inhibits electron fIo'rr nnd stimu1.tltes ATP-asa (119) and 

severely inhibited the light upta.ke" by 82% ~nd the dark by 61%. 

Photosystem II of photosyntheais has been shovm to be irreversibly 

d!estroyed by heating chloropln.sts to 500 e for a fe~? minutes (188). Suoh 

treatment of the plastids followed by incub~tion nt 15°C resulted in the 

complete losS' of the light-activnted calcium uptake nnd further <lecreo.sed 

the dark uptnke by some #. This is shown in table 25. 

Table 25 Effect of henting ohloroplasts upon oalcium uptake 

(cRm on filter - blank) 

Experiment Heated Control 

Light 1 4850 13.:224-

2 4-94-7 13.102 

Da:rk 1 4856 8053 

2 505·2 7825 

103 

Eleotron trnnsport is uncouplecl from photnphosph8rylation when chloro­

plasts aTe isolo.ted with EDTA (189) and electron flow is further stimulnted. 

Chloroplasts were :isola.ted: and resuspen9.ed in Tricine-suorose media. at pHS. 

The susp-ension vms divicTed: into two aliquots, one of v1hich was incubated 

in the dark for]O minutes at ]oC vvith ImMEDTA present. The other 

aliquot was kept in the dark at IOC for ]0 minutes. Both aliquots 
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were then re-centrif,uged and the pellets resuspanded in Tricine-sucrose 

medium at pH 8. Calcium uptake by the treated and untreated chloroplnsts 

wa.s then compared in tho light md dark. Table 25 illustrates that the 

EDTA treatment did not nffect calcium uptake by these chloroplasts. 

Table 26 Effect of EDTA treatment upon calcium uptake 

Exp'eriment EDTA-treated Control 

I!ight 1. 7769 7290 

2. 8755 8723 

Dark 1. 3883 3807 

2. 5344- 4-903 

Simultnneous measurements of caloium uptake and basal ferricynnide 

reduction were· made in Dl1 attempt to demonstrate some stoichiometry 

between the trTO proce sse s. Tabla 27 shows thnt o~lcium uptnke wes 

ini ti ally ooupled 010 sely to electron flo\"{ with 0. Ca : 2e of 0.58. 

However this rn-tio was deoreased: after five minutes to 0.20'. C ru. 0 i um' 

itself ha;d. no effeot upon ferricynnide rexluction. 

1'able 27 Stoiohiometry of" oaloium uptake ond FeCY reduction. 
FeCy reduction Calcium u1'Jtake 

Time in minutes (Light-Dark) (Light-Dark) Cn· : 2e 

1. 

5. 

0.0207 l.1 no1e 

0.1296 l.1 mole 

Light intensity: 3000 Lux. 

0.006 . l.1 mole 0.58 

0.013 l.1 mol e 0.20 

Much interest ho.s been focussed upon the possible existence of 

exchange-diffusion systems in isolated chloroplasts, :rollordng the 

publioation of the chemi-osmotic theory (150). Further interest in 



this theory h~s been prompted by the demonstrations of n light-induced 

proton uptnke by chloroplasts (132) (133) [!.I1d of ATP - formation in the 

a~rk by chloropI~sts subjected first to ~cid then to basic cond:i tions 

(190). Further evidence suggests thnt ATP - formation and the proton 

uptnke in chloroplasts are intimately linked. In nn nttempt to demon-

strate e. connection bettleen these processes and calcium uptake, the 

follovr.i.ng experiments were conductod. 

Chloroplasts wera isoln.tecl in Tricine sucrose media at pH 7 ima: re-

suspended in O.35M sucrose. SrunplG s of the suspension we're 
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pre-incubated for 5 minute s in the dark vli th 25mM Tri cine-sucro se [tt acidic 

(pH 5.5) or basic (pH 8.a) conGi tions. The suspensions were thon 

in"jected into calcium-45 ana l.O-~ calcium chloride solutions in ttho dnrk 

contnining the necessary amounts of NnOH, Tricine or sucrose, to make 

the ino~bntion phase alkaline, acid or the same as the pre-inoubation 

phase. Table 28 shows the results of such n series of experiments. 

Table 28 Effect of pH transitions upon c~lcium uptake 

cpm on filter - blonk 

Pre- ·incubntion pH Incubation pH Dark 

5.5 8.0 3558 

·8 •. 0 8.0 4007 

8.0 5.5 2251 

Incubation time rlith calcium: 2 minutes. 

Transfer from acid: to bcsic pH results in an 11% inhibition of 

calcium uptake, trons:rer from bn.sic to a.cid" conditions results in n 



5~ inhibition to uptake, when both are compared to the suspension kept 

~t pH 8 throughout. 

A similar experiment vm.s done in which 1 roM malic acid w~s present 

throughout evory incub~tion. These results are presented in table 29. 

Table 29 Efrect of pH tr~.nsition (with mn-late present) upon 
cnlcium uptD..ke 

% uptclte 

Pre-incub·!1tion pH Incubation pH Dark 

5.5 (mf\l~te absent) 8.0 (malate absont) 93 

5.5 8.0 86 

8.0 (mnlate ab sent) 8.0 (ma.la te ab sen t ) 100 

8.0' 8.0 62 

Incub~tion time vdth calcium: 2 minutes. 

Trrmsfer from acia.. to bnsic conditions vd th malate present 
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increases the inhibition due to transference from aciQ to basic conditions 

itself. Trnnsfer from acid: to basic conditions 'VJi th malnte present 

however re suI tea in a greater uptake than suspensions maintained nt pH' 8 

~~th m~lD.te present. The ef~ects observed in those experiments ore thus 

no·t comparable to tho re·sults obtaineCi vd th phosphorylation in the 

experiments o~ J~gendor£ and Uribe. The re suI t s shown here v7oulc1 appe ar 

t~ be related to the p~esence or absenoe of malate rather than to the 

pH transition, nnd. SO the uptake of 014 - labelled mru.ic o.oi<1 't1Q.S 

investigated at throe pH values in the light ~a dark. Table 30 shows 

thnt at ncicT pH the amount of mn.lnta pre:sent in the' pIn-stine in tho light 

incubation uns fractionally greater thnn in thd dark. As the pH wns 
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raisea so the light/dark ratio increased but the absolute amount of 

malate accumulated decreased. 

Table 30 Accumulation of malate 

cpm on filter - blank 

Incubation _..P1L. _____ =L~::..l· g~h:.:..:t~ ___ ...:D;..:ar:::..:.:k:.._ ___ ..;;;L;,;;;;i~gh;:;;.t.;;J.!...;;D;;..;;a.;;r.._;;k:.__ __ _ 

6.2 

7.1 

8.0 

5730 

2278 

1971 

5426 

1483 

12/+2 

1.06 

1.53 

1.59 

Chloropla.sts isolated in Tricine-sucrose pH 8 and resuspendeCt in O.35M 

sucrose. 0.10 mg chlorophyll per 2.5 ml. sC'JIlple with 1 po Cl4--malate. 

Incubation time: 4- minutes. Temper~ture: 10°C. Light intensity: 

1500 Lux. Filters pre-washed with O.lM malate and after chloroplast 

filtration washed with O.35M Nacl. 

The effect of trellsferring suspensions f'rom basic to acid' condi tions 

was investigated further. Chloroplasts were isolated and resuspended in 

5mM Tricine-sucrose meCtia at pff 8, and were- ini tinIly incubated at pH 8 

wi th calci urn - 45 and oarrier pre sent. U'ptake was measured in the light 

'a:nd: dark for a period of 4- minutes at which time sufficient Tri'caile was 

injected into the suspension to lower the pIf to 6.3. Uptake measurements 

were then continued for ~. further period. Figure 22 shows the results of 

this experiment. It oan be' seen that a part of the previously D.ccumulated 

calcium is lost on exposing the chloroplasts to acid: eonditions. 

This experiment concluded the work done to investigate the metabolic 

nature o£ the observed calcium uptake. The final sa ction on calcium, 

uptake was concerned. with the localisntion of' the calcium within the 

chloroplast. 
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figure 22 Effect of acid conditions upon previously 
accumulated calcium by chloroplasts 

9 

6 

3 

l>lastids ( 0.120 mg chlorophyll in 2.5 mI. ) incubated at pH 8 
wi th 2.5 p,c cal c i um-45 and 10-4 M ca rrie r cal c ium. 'fricine was 
injected into the incubation mixture to alter the pH to 6.3 

Light intensity: '1500 Lux 

o Temperature : 15 C 

Uptake measurerl by filtering 2.5 mI. samples,w8shing 
And counting the fil tere for calcium-4.; acti vi ty 

Tricine 

1 2 3 4 5 6 

Tj.me in minutes 
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c:;) Lo,oru.isation of the aooumul~ted. oaloium 

The exp'eriments of Nobel. at 0.1. (156) indica.te tho.t the calcium 

accumulnted: by spinach chloroplasts is deppsi ted upon the granal system 

of the pln.stids (probably as insoluble pho sphate salts). Further Nobel 

(155) found the.t inorgMic pho·spho.te: itself markec1ly stimulated calcium 

uptnke and that phosphate upt~e required the presence· of calcium. In 

the experiments performed in this work, phosphate was found to produce 

nlmost n 20% stimulation to nalcium uptake in the light when the concen­

trations of calcium nnd phospha.te were less than 50 iJ.t4. At higher con-
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centrations (not high enough to exceed the solubility of calcium' phosphate 

at pH B in the meaium) the st:"t:.ulation to the light uptoke wns less than 

10%. The dark calcium uptake was slightly stimulated (Ie ss than 5%) a.t 

all phosphate concentration used:. Table 31 shows the effeot of phosphate 

concentration upon the rate o"F calcium uptnke' (a.t equivalent concentrations) 

in the light. 

Trtble 31 Effeot of phosphate upon calcium· uptake in the light 

F,ate of uptclte~ mr moles Cn/min 

Concentration pM CaC1
2 CnC12 + K2HP04: 

25 0.40 0.4.7 
.-

50 09 61 0.73 

100 1.0'0 1.05 

200 1.31 1.40 

Incubrl.tion time: 1 minute 

The comp~rative ~bilities of intact and broken chloroplasts to 

absorb calcium in the light and dark were investigatea. Table 32 sho"vs 



th~t broken. ohloroplast s in both the light and dark were tl.ble to eb sorb 

more calcium thnn intact plastids. 

Table 32 

Time 

1 minute 

4. minutes 

Effect of membrane integrity upon caloium uptake 

tntJ. mole s calcium 

Whole 

0'.38 

0.95 

Light 
Broken 

0 .. 50 

1.33 

Whole 

0.30 

0.40 

Dark 
Broken 

0.35 

0.51 

6 ml of chloroplasts contained in a 50 mL conicn.l flask with 611c 

calcium-45' and IO~ c~..1cium chloride. 2.5 mI. sr.:r.mple's (0.120 mg 

chlorophyll) fil tered. 
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In ~ attempt to define 'further the location of the absorbed oalcium, 

chloroplnsts were incubnted with carrier-free cnlcium-45 nnd colleoted. by 

membrane filtration. The, filters were dried Dnd then held in place upon 

t\;. pJlanchette with n metal washer, suoh that only the membrnne area with 

ohloroplasts w~s exposed. Blanks were also treated in thi~ way. After 

counting the filters were replnced on the filtration npparntus and washed, 

using various solvents, dried and re'-counted. For some experiments this 

proc~dure ,vns repeated several times. The wash solvent WD.S allowed to 

flJW slowly (20-30 seconds) through the filters. 

Bigure 23 illustrates an experiment in which e series of washes with 

water were given and the filters oounted nfter each wesh. Curve A is 

the pIo·t of cpm remaining on the :filter agn:i.nst the wash number. 

Curve B is the l.ognri thmic plot of' cpm remaining on the filter agninst 

wash number. From curve B it can be seen th~t there is not a linear 



F.igure 23 

Light intensity 

Extraction of calcium-45 from labelled plastids 

InOO Lux o Temperature : 15 C 
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Plestids filtered,filter washed (NaCl)counted then rewashed with 5 mI. water 
aOnd recounted (after drying) for calcium-45 activity. llla.nk similArly treated. 
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relationship, between counts remaining and w~sh number. This e'ffect is 

emphasised: in figure 24 where the lognrithmic plot of cpm remaining 

against wash number is shovm for chloroplnsts lnbGlled in the light and 

cla.rk. Both figures nlso show thnt some lq% of the accumulated 

colcium-45 is relatively d~fficult to w~sh out vdth w~ter from both 

light mId clark tre~tments. 

The fnct that the lOlgo.ri thmiu plots in :f'igures 23 nnd 24- ATe not 

lineer suggests that the calcium m~y be bound or present on more thro1. one 

component of the chloiropIast. This was investigated further by labelling 

chloroplasts and then, c£ter counting, washing the filters vdth various 

solvents and recounting the washed filters. The redults of these experi-

ments are' shovm in table 33. 

Table 33 Eff'ects of washing with various solvents upon the' 
calcium content of chloroplasts 

% activity lost on 'w~shing 

Solvent (10 ml) Light Dnrk 

Water 61.8 62.3 

O.OlM EDTA pH a 91.4- 97.6 

O.1N HoI 97.0 94-.7 

O"lN NaOH 92.1. 93.3 

O.OlM OaCl2 90 .. 4 91 .. 6 

o.om Fe: 013 91.6 91.5 

Chloroform/methanol 
(2:1 v/v) 5.1 4-.3 

Chloroplasts isolated and resuspended in Tricine-sucrose medin pH 8. 

Incubation time 2 minutes nt 1500 Lux with 2.5 FC cnloium-~5. Filters 
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ExtrAction of calcium-45 from lahelled plnstids 

P1llstic1s ( 0.120 mg chlorophyll in 2.5 mI. ) incubllted 
wi th 2.n ~ cAlcium-45 

Light intensity: 1500 Lux T t •• 15°C empere. ure 

l'lafltids fil t,ered, filter washed (NnCI) counted and then 
rewashed wi th 1 U ml. water and recounted ( after drying ) 
for calcinm-4n activity. Blank similarly treated. 

" " " ~ 
, /ight \ 

1'\ . 
. Dark '"&. 

'" , 

1 2 3 4 5 

Wash number ( 10 ml. water ) 



washed with NaC'1(O.35M)prior to counting. 

It is concludeu that all solvents extrnct approxim~tely the same 

percent~ge of calcium from both the light and the dark. Calcium' is 

present as a water soluble-component representing approximntely 60% of 

the total ca.lcium accumulated. It is assumed that washe s vd. th all the 

other aqueous solvents [tlsn remove this a.queous percentage. Using this 
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assumption it c~n be seen from figure' 25 that all the aqueous solvents used 

extracted a further 30% ( approximately). A 10% fro.ction err the c'alcium 

renrtinecl,uiiQxtrncted. The chloroform/methnnol solvent removed npproximete-

ly 6% of the accumulatea: cnlcium. 

The water extract obtained in the previous experiment was further 

treated vdth TCA (to n finnl concentration of 5%) to precipitate any 

water-soluble proteins present. The precipitnte wns counted for cnlcium-

45, after a further \~ter wash, ~a approximately lq% of the total water -

soluble calcium fraction 'Pm.s present, equivalent to 6% of the tot~l 

calcium accumulated. This data, together with the aatn of t~ble 33 are 

represented in figure 25. 

The st17Illl fraction of calcium nssocic.ted vd th the TeA protein preci-

pi tate was inve stignted further. Chlo'roplasts were labelled in the light 

wi th c~rrier-free calcium-4-5 mld theiJJ ccntif"rugecI. . The chlo;roplnst pellet 

Vlns then resuspencle:cl rd th 2ml. Tricine-Nn.OH buffer pH 8, to brenk the 

chloroplasts. The bufferec1 suspension \Tns kept overnight at l~oC and 

then centrifuged for 10 minutes at 5,000 x3 to removed particulate 

matter. The supernatnnt was removed nnd 1m1\.. pIn-ced on a Sephadex-G25 

column previously equi:r.ibrated with Tricine-NaOH buffer pH 8. 
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100. 

90 

80 

70 

60 
I f. content 

of plastid 50 
ca1cium-45 

40 

30 

20 

10 

0 

Extracted fractions of calcinm-45 from labelled plastids 

Figure compiled from the 'data of figures 23 and 24 and table 33 

---~----

Insoluble ----f----
Solvent 
soluble 

I------'t------

\'later 
801 uble 

---_ .. 
EDrA 

- ---.------io----

HCI NaOH CaCl2 

---- .... ~ 

ReCI3 

Chloroform / methanol 
soluble 

TCA 
~---+-----prec i n.i ta te 

~ 
~ 

at 



Frnctions (De 5mI) were: collected mld t:Ulalyse"d for protein :me! onlcium .... 45 

content. Figure 26 shows the results of this sepo.r[l.tion~ the protein 

nnd cc.;lcium-45 fractions are' quite sepnr,'1te so rmy cnlcium bound to- a 

protein must be either very smnll (beyond the column resolution) or non-

exi ste-nt. The se experiments concluded the work done "Vii th cnlcium-4-5 

uptake .. 
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Figure 26 Separation of soluble protein and calcium-45 frActions from labelled plastids 
Plastids (0.120 mg chlorophyll in 2.5 ml.) incliliated with 2.5 ~ calcium-45. Plastids extracted with buffer and the 
soluble extract fractionated using a Sephadex G-25 column. Collected fractions assayed for protein and calcium-45 
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DISCUSSION 

The re'sults reported here with respect to chloride uptake by 

Elodea confirm that uptake is stimulatea by light. The fact that the 

value s for KID differ f'or uptake in the light and clark sugge sts that two 

separate proce sses are involve-a .. The observation of Michaelis-Menten 

type kinetics however, cannot be taken as proof of a chloride-carrier 

complex, ana the application of this type of ana.lysis to an intact 

tissue or (chloroplasts) is (lebateable. Further evidence for the exist-

ence of"' two accumulatory processes is provided by the results obtained 

using anaerobic conditions. Uptake in the dark was inhibited under 

anaerobic and: CO2-fren conditions indicating that chloride absorption is 

dependent upon respiration anct/or a dark CO2-fixing mechanism., The dark 

anaerobic-resistant uptake observed is probably accounted for by the free 

space uptake. Chloride uptake under C02'-free nitrogen wa.s supported by 

light to the extent of' 84% of the aerobic uptake. This indicates that 

respiratory processes contribute only a part (16%) to the light-stimulated 

uptake. The existence of two 8ccumulatory mechanisms in the light and 

dark for green tissues has also been notea by Kylin (sea Introduction). 

In C02-~ree n~trogen. in the absence of a terminal acceptor for non-cyolic 

electron flow, only oyo1ic photophosphorylation should ooeur (MaUlDing 

there is no large endogenous acceptor pool). The possibility however of 

maintaining a green tissue completely ar.aarobio in the light· is remote; 

a certain amount of oxygen produced by phot~synthesis could be maintaining 

a pseudocyclic flow of electrons as well as 0. smaJ.I amount of 

respiration. 



Ghlorid.e uptake in the light was stimulated in CO2-free air, showing 

that the effect of light is not mediated 'tJ:1rough carbon fixation but by 

the p1,rtial reactions of photosynthesis. This view is substantiated by 

the finding that bicarbonate was inhibitory to chloride uptake in the 

l.ight. Tnken together these results sugge~st that chloride absorption 
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and carbon fixation are in competition for some product of the light 

reaotions of photosynthesis. Further, the very similar Cu,.O!C136 ra.tios 

seen under 650 and 7J7 If illumination nlso suggests that the carbon­

fixing and absorption mechanisms nxe in oompeti tiona 

The inhibition to the clark uptnke in CO2-free condi tion~ may reflect 

a dependency of dark uptake upon a dark CO 2-fixing mechanism, which is well 

developed in Elodea and explains the high e1402/C136 ratios seen in the 

dark. 

Since carbon-fixation nnd chloride uptake appear to be in competition 

for t1 proa.uct of the light reactions, the ruo'st likely product of the 

light reactions is ATP • Light of 650mf' activating both photo systems, 

.. ana. light of 705 or 725 rrr' activating phot·osystem I, "1ere oapable of 

supporting a chloriae uptake greater than the dark uptake. These 

results Hould implicate both cyclic nnd non-oyolio electron flaw and/or 

photophosphorylation as being 'able tolsupport ohloride absorption in the 

light. The results of the enhancement experiments showed that simul-

taneous illumination of ElodAa vdth red and far-red light usually 

results in less chloride absorption then found using red (650mr) light 

alone. This suggests that photosystem I is redUcing the efficiency of 

photo system II for chloride absorption. This effect may be viewed as an 
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increased carbon fixation occurring with both wnvolengtha present thereby 

reducing the ATP available for chloride uptake. 

More chloride ab sorption V18S found with 650 mr light indi cating the 

importance of photo system II in chloride ~bsorption, nfeature th~t is 

also emphasised: by the. inhibiting action of DeMU upon absorption, 

although a conflicting view is seen in the inhibition of uptake by DeMO 

with 707' rnr light. Further evideace. that the product of the light 

react~on8 utilised in upttike is ATP, is providen by the work of Jeschke 

wi th Elodea (see Introduction), which shows that both cyclio nnd non-

oyO'lic photophosphorylation support ohloride uptnke. 

In summary, the C'ompeti tiYe effects of bica.rbonate and carbon 

fixation upon chloride absorption, the effect on uptake of fnr-red light, 

the stimulation to uptake by CO2-free air together with the lack of any 

marked inhibition in anaerobic conditions, all support the view that 

ohloride uptake in the light is mediated through the partir:l.l reactions 

of" photosynthesis Dnd in particul.':lr by photophosphorylation. The dark 

up-toke of chloride is d.ependont upon aerobic conditions and CO
2 

and thus 

aiffer s from the uptake in the light. 

Thus the mechnnism for chloride movement in Elodea differs from that 

described for Nitella and Hyd~aictyon (see Introduction). The greater 

efficiency of the mechanism under conclitions (tllovri.ng non-cyclic photo­

phosphorylation may be due to low rates of cyclic photophosphorylntion 

in vivo, although it has been sho\m that cyclic photophosphorylation 

in vivo has a faster turnover than oxidative phosphorylation (191). 

Al ternati vely, the sits s of cyclic nnd non-cyclic photophosphoryl.ations 



IIk"ty be physicnlly separated Dnd only the ATP produced by the non-cyclic 

mechanism may be easily available' for chloride movements. 

The, results obtained in studying chloride uptake in isolated pea 

chloroplasts lack precision. This is due in part to the lack of n fast 

method for separating chloroplasts from solutions and in part to the 

variabili ty found in the cliIoDoplast preparations. 
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The chloride content of aqueously prepared ohloroplasts was calcu­

lated to be 1.9 x l(r~. In vioVl of the mnny contruninants present in 

these preparations this value is certninly an over-estimate. By contrast 

pln;stids isolated non-nqueously from labelled leave s were: not contruninnted 

(as juclgec1 by the lttck of fuma.rnse o.ctivi ty in the: suspensiom) and had a. 

calculated chloride concentration of approximately 2 x 10-~. This' result 

indicates that pen chloropl~sts in vivo have the ability to nccumulnte 

chloride at least in long term feeding periods - although Uhather by an 

nctive or pttssive) meohanism cnnnot be) dete:"'mined: from this result. 

Using the supernatant onru.ysis' technique showed that n small light­

activated uptake wns present tllld this was confirmad by the Millipora 

filtration method. Howeve.r, tho kinetics of uptake are completely 

different when the results o~ tho two methods nre compared. A further 

diff'erence is soen between the wo methods when the d~k uptakes Ctre 

compared. Using the S'Uperno.tmlt analysis technique no clark uptake 

vms observed, however ·tin. th the filtration technique n gradual nccumulntion 

of chloride in the dark i5 0bserved. This diff'orenoe may ro'fleet ll. 

difference in the force applied eluring the separation of: the ohloroplests. 

It further demonstr~te8 thnt the uptnke in the light results in a 



distribution of chloride m thin the chloro'plnsts more resiatnnt to 

centrifugal fOrces. However, the analysis of chloroplast pellets 

centri~ugea through ~ layer of buf~er ~ailed to aetect any increase of 

ehlOTiue-36 activity with time. This may have resulted from t't 

"le-a.ching" effect of centrifugation as noted by Stocking nnd Ongun (148). 

The results found on comparing the abilities of whole nod broken 

plnstids to ab sorb chlorideshoVl thnt the membrane in vitro is acting 
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ns n barrier to the entrance or chloride. Uptake by broken chloroplast3 

is greater than thnt seen vTi th intact plastids in the clark although the 

diff'erence- is less in the light. 

Of all the additives tes+.ed to increase the size of the uptake-, 

only ATP was effective ond more- so in the dark than in the light. The 

dark uptake decreased after 10 minutes incubation and this effect WltS 

not due to breakage of the plastids since microscopic exnmination of the 

experimental suspensions at the end of eXperiments did not indicate ony 

significant increase in the numbers of broken chloroplasts. Chloroplasts 

shrink in the light and ~ar~ on the aaaition of ATP (as measured by the 

absorbancy changes at 540 mlL ). The dilution of the supernatant by the 

extruded water' was calculatea to be not more thnn 1% of the activity 

pre sent. Thi s was Ie S5 than the effect on chloride uptake observed. 

The observed effects of ATP upon chloride ~bsorption were not 

ttpparently mediated: by en ndded ATP-ase system. This is in agreement 

wi th the work of Nobel (see Introduction) who found no chlo-ride 

absorption in spinp...ch plasticIs. 

The effects of' sucrose molm-i ty upon chloride movements shO'lif thnt 

light exerted an effect upon the water movements due to the sucrose 



concentrntion. At molari tie s Ie ss than 0'.41.[, the acti vi ty (cpm) of 

the solution increased, more in the light than dark, indioating that 

water entrnnce occurred without concomitant chloride influx (unless 

chloride wns effluxed as fast as it Has influxed). The existence of a 

pump S'oIe'ly effluxing chlo!ride from the chloroplast however is not con­

sistent vuth the finding that in vivo chloroplast accumulate chloride. 

Water entrance and en t from the plastid is known to be affected by light 

Mel certain ions. The existence of D. light-activated chloride influx 
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however is nat evident in these experiments under conditions of chloroplast 

volume:.increase. Further, at O.8M sucrose where the chloroplasts are 

shrunken no' changes in supern~+'ant activity were d'etected. This suggests 

tl~at much less thru1 a 1% dilution of" the supernatant by water from the 

chloroplast internal volume is contributing to a change in activity_ 

Further, the effects induced by ATP (which a18'o shrinks the chloroplo.sts) 

must be more spe'cific than e.n effect of shrinkage. 

When the Millipore. filtration technique of experimental solutions was 

triea much more precise. data vrera obtained. Very large and fast movements 

o£ r.hlaride occurred in the. first minutes of' illumination. A general 

pattern of initial net influx upon illumination f'ollowed. by net efflux 

was observed. EX8IIlination o-r the data of Jagendorf and Netmlon (134) shows 

that proton entry into the chloroplast is almost saturntea a£ter 30 

sec,onds Dna: fully saturated ufter 1 minute. The increase in chloride 

nctivity in the chloroplasts observed. here, although variable, generally 

increased in the light for 10-60 seconds. This may be interpreted either 

as an influx of chloride to balance the charge difference created by 



proton entry or as an accompanying anion entering with the proton. The 

subsequent net efflux of' chlorid'e would then have to be mediated by an 

~ctive mechanism. The amount of chloride absorbed in 10 seconds as 

ii"lustrated 'i"ri t"igure 11 wns e'·qui valent to 0.7'5 r mole s/mg chlorOphyll. 

The data ofM J!3-Ssndorf ond Noumnn show that between 0.65 - 1.0 tJ. moles 

of protons/mg chlorophyll wer~ absorbed in approximately 30 seconds. 
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It wc>uld thus a,eem that only part of the chloride influx could be related 

to proton entry. In several other experiments however all the chloride 

inflt.:x could be accounted for on the magnitude of the proton movement. 

The filtration experiments,. in contrast to analyses of" supernatant 

nctivities, showea that in the dark the chloroplasts gradually nccumulatea 

chloride. This demonstrates that the pln.stict membrane is permeable to 

chlorido when in the dark end the gro~tor chlorido movomont scun in t~~ 

light may bo related .to tho production- of" ATP by photochemical processes. 

Dark to light transients show that the chloroplnsts have a limited 

net capacity for chloride. This could result from the existenc& of n 

definite number of adsorption sites. Figure 12 shows that after a dark 

i'1c~bration with chloride-36, the activity founel in the chloroplnsts on 

subsequent illumint-Ltion doe's not incrense so quickly ~s when chloroplasts 

aTa. incubated: with chloride in the light. Return to n dark period after 

illumination causes tll1 ef:flux of previously accumulated anion. This 

suggests that light is ~ essenti~l factor for the maintenance of chloride 

levels in the chloroplttst. The outpumping me chani sm ,however re turns the 

chloride-36 level aJ.most to zero. 



'. 
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The absorption of calcium by pef:\ chloroplasts is stimulnted by 

light, the initial rate of uptake in the light being ~lmost double the 

d:ark uptake. Both uptake in the light and dark ~re very labile nod the 

chloToplnsts very quickly lose their absorption capacity on storage in the 

o aark at 15 G. This fact, together with the finding that there are two 

pH optima, strongly suggests that the absorption proce·ss is mediated by 

on enzymatic mechanism rather thm'l by adsorption pbenomenn.. This view 

is strengthened by the degree of specificity seen when divalent oations 

other than cnlcium nre~ present in the incubations. The QIO values are 

variable probably beca~se the decay factor will nlso be a function o~ 

temperature. 

Uptake in the light is satura.tecT betvleen 200 nnd 400 Lux, at which 

intensi ty ne:gligible photophosphorylntion is dete:ctable (O;t 15°C) Mthough 

electron-flm1 is measurable (195). Cttlcium itself is nn uncoupler 

(probably by activating rol ATP-nse (158) nnn n.t saturD.ting conoontrntions. 

for uptruce, photophosphorylation was sevt3re'ly reduced. Tbe' independence 

of calcium uptoke ond photopL.osphorylation is S)en further in the inhibi t.ory 

effp-cta of added phosphorylntive systems, although these systems were a.lso 

found to inhibit the dark uptake. These effects may be the result of 

chelation of calcium by the adaed nucle~tide thus decreasing the rumount of 

free calcium pre sent iT'. the medium. Aaaition of excess EDTA to chelate 

all the calcium in solutions shows that the chloroplasts, in the light or 

cTnrk, can absorb littl~ calcium from a chelated form. 

" An. !ldded ATP-ase system was inhibitory to calcium absorption And as 



upt['..ke in the light :mel: dark was approximately tho S~U!le, -lihi s o.gain 

suggests that the adcled nucleotide is choln.ting the cation thus 

reducing uptake. However) low concentrations of ATP alone gi vo rumo st a 

10% stimuln.tion to uptake in both light nnd dark. It rem['ins possible 
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that some smoJ.l fraction of the observed: uptake is mediated: by on ATP-ase 

system. The ATP-nse system described elsewhere in connection ~nth 

calc.ium uptake is Etctiveted by light and CDn function in uptake (after 

actiyo.tion) independently of light for several minutes (155); no such 

effe~t vms found in the experiments reported here. This indicates that 

the calcium uptake into pe:a chloroplasts is depende'nt upon light, nlthough 

if the decay time (in the dD.lk) of light-activationnere of the order 

of seconds any effect of pre-illumination could have escaped detection 

in thes'e EXperiments. An additional complicetion wns that pre-illumination 

of pln.sti(ls in the absence of calcium followed by 0.; dark incubation va th 

calcium present resulted in n cessation o~ the dark uptake nfter 1 

minute. The mechrolism of this e':ffect was not investign-ted further. 

Removal of the coupling ft'Lctor wi th EDTA ana low concentrations of 

the uncoupler mmnonium chloride both ,!:'.lIov18-d calcium uptake to continue 

unabated. Measurements of the Ca:2a r~tio shOwed th~t initinlly 

ap?roximately 3 calcium are; accumulated: for every 10 electrons trnnsported 

and this occurred under saturating light intensity. The se re suI ts 

suggest that the effect of light upon calcium accumulation is medinted by 

a mechanism associated va th Glectron flow. However, the rates of 

photophosphorylation ~a Hill reaction did not show the same rate of 

decay on storage: ~s diet cr.:lcium uptD.ke. Thi~ suggosts that calcium 
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uptake, v7hilst clo s'ely associated: with the photo synthetic light roactions 

may not be mediated by the principal pathV1!ty of electron flow but by 

a related branch or even a labile adsorption site that is influencen by 

light. 

If rul adscrption site such as a protein 't.7ere·· involved: in uptake, the 

differing pH optima· for light nnd nark uptDke s shows that light must be 

able: to alter the chnrge upon this S'i te. Electrophoretic- studies (196) 

show that spina.ch chloroplasts are. negatively charged and become 15% 

more negative in thO' light. This increased light-induced ne.gn.tive 

charge howevex wa.s not apparent if the plasticTs were di srupted, but did 

show the snme low light intensity requirement as aoes the calcium uptoke 

re1Jorted here. Cnlcium uptake wa.s mOTe efficient with broken chloroplnsts 

in both the light Dnd ffark, so it seems th~t the mechnnism of uptaka is 

not wholly concerned vdth the light-induced change in electronegativit.y 

vrhich is .'lssociateci wi th the pr:'esence of a bounding mambrane. 

Change s in chloroplas.t volume, by oJ. tering the membrnne, might 

expose' or conceal chargo,a groups. The results of Di11ey, rtlre:ady 

discussed', indicate the eocistelJ.ce of Q; Donnan system wi thin the osmotic 

compnrtment of the chloroplast. lllumination may result in an increase in 

the, number of negative charges and/or nn ~ tered permeo.bili ty o~ the 

membrt1.ne to allow catiors to enter and neutralise these charges. However, 

nlthough light-depenaant v0lume changes have been describedin ionic 

media (see: Introduction), calcium uptake rvns just a.s efficient in sucrose 

solutions, which inhibit light-Bctiv~ted volume chnngos (131). 

The e1'f'ects of selec-te~ wnvelengths of light upon uptake showed that 



phO'tosys,tem II was most efficient in promoting absorption, but 

appreciable uptake did occur in far-red light showing that cyclic, 

electran flow could also support uptake. Enhancement of uptake was 
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not abserved and the effect of simultaneous illumination with 650 and 

725 ~ l~ght was approximately the sam& as that produced by 650 ~ light 

a.lone. The effect of far-ren light may be inoperative whilst 

illumination with 650 rrr light if:) pre'se'nt. Further evidence of the 

dependence of calcium uptake upon photosystem II is shown by the inhibi-

tor:;r effects of CMU upon absorption. The Cfestruction of photasystem 

II by heating to' 50°C alsO' inhibited calcium absorptian. 

The: interaction of photoaynthesis and calcium uas defined further by 

I~nding that the inhibitiO'n due to' GMU was partial~y relieved by the 

ascorbate-indophenol couple which supplies electrons to' the system 

beyond the' CMU-sensitive\ site which lies on the reducing side o:f phO'tO'-

system II (53). The incomplete' inhibi tien of uptake by eMU is prO'bably 

due to' endogenous cyclic' electrO'n flow accurring. That cyclic ele'etron 

flow can support calcium up;ake is shown further by the relief given to' 

a ~eisO'ned uptake system by PMS. Some inhibitiO'n was seen vrlth P.MS 

itself and this may be due to' a catian competitive effect, since PMS 

ic !t c,a.tion at the pH value used. The inhibition seen with the 

aseO'rbate;-indO'phenO'l cO'uple~ ma.y re,sult frO'm the O've'r-recluction of a 

cO'mpO'nent of the phO'tO'systems. Desaspidin at cO'ncentra.tiO'ns of 

IO~7'M, which uncouples cyclic photophO'sphorylation (186), was without 

effect upO'n calcium accumulatiO'n, at cO'nce'ntratiens O'f lO-~, which 

uncO'uples non-cyclic· photO'phO'sphorylation, th~ light-stimulated calcium 



uptake vms inhibited. 

a non-cyclic proces's. 

Thus it appears that uptake is maintained by 

The fact that many of the photosynthetic inhibitors tested affected 

the dark uptake is surprising, especially as the inhibiting effeots due 

to I'MS or Gllm '.vere not addi ti ve, not were the e,ffects of GMU and the 

ascorbate-indophenol aaaitive when placed together in the dark inoubation 
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mixt11re. These effects imply that electron flow is oocurring in the dark. 

Al tho·.lgh the dark uptake~ ey.h~bi ts a similar specificity towards caloium as 

does uptake in the light, there are sufficient differences between the 

uptakes to show that they are· mediated by separate: meohanisms. Further, 

as the' decay curves for uptake capacity at ISoC intersect and then run 

together after 50 minutes, it appears that the dark uptake continues in 

the light (and the effect of light is best measurad 0.8 the difference 

between light and dark uptakes). 

The involvement of sulphydry1 (-SH) groups with absorption in the 

light is seem from the results vn th PMA and cystoina. 

HlA drastica.lly inhibited uptake. Cysteine could relieve part of the 

~nhibition due to CeGI' and by itself stimulated calcium uptake in the 

light by 10% whilst inhibiting the dark uptake - a further dif~erence 

b~~ween the two uptakes. 

Attempts to demonstrate ::m exchange of calcium for protons tlccumu­

lated in plastids showed that oalcium uptnke was inhibited by protons 

inside: the chloroplasts (derived by incubation in Dloid: media). This 

inhibi tion vms increased by the pre~sence of n penetrant organic acid 

(providing protons to the inside of the plnstii) ~s shown using mnlate. 



With malate present transfer from ncid to basic conditions however 

relieved p'nrt of the inhibition due to mnlnte in suspensions mo1ntained 

at pH 8. This effect ma.y be explftined either as being due' to malo.te 

(entering in the plnstin at low pff) ~cting as an anion for c~cium or ~s 

mnlate competing with calcium at pH 8 for entry into the chloroplcst. 

At aoid pH)mnlnte nbsorption was independent of light whereas at basic 

pH, although the amount accumulated w~s less, a light-stimulation to 

malnce uptake wa.s observed. 

Oalcium t'tccumulated under basic condi tions wn,s pnrtiru..ly lost on 
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transfer to acid media. This effect was grenter in the dark and suggests 

that the loss of accumulated ~alcium ~a5 not due to exchange for protons 

since' a greater proton uptake ooeurs in the light.. More' probrtble is 

that the membranes become ltle~" to oo.lcium in a.cid conditions or thnt 

for the r9!tention of accumuIated! calcium the ~ccumulatory mechanism must 

continue to opernte nnd thi s rerquires ba.sic conditions. 

The loss of previously accumulated calcium in acid media may also be 

consfdereCf from n chemic'D.I change. If the calcium ware present in the 

chloroplast either partly or totally as tu1 insoluble phosphate salt ~~t 

pH 8 the species would be mostly C~~, ~t pH 6.3 again CnHP0
4 

would 

j."l'edomino.te with a very 5IIlalI amount of Ce.(H2F0
4

) 2. The change in pH m'ny 

give a change in the ~orm of the cnlcium soat resulting in a, grenter 

runount of c~lcium ion inside the plastid 't7hich then leaves to re-establish 

the equilibrium. 

The effects of inorganic phosphate upon calcium nsborption suggest 

that some depo'si tion of c~l.cium as pho'sphnte salt may occur since the 



affact of phosphate is not mediatea through added phosphorylative 

systems. The srJall stimulus by ATP to cnlcium accumulation may then 

result from the liberation of phosphate from the nucleotide by the 

ATP-n,se allowing ctllcium to be depo)si ted as n.n insoluble pho'.sphnte. This 

effect, bj" removing calcium from solution would mainto.in ~ sink for 

cnlcium entrcnoe. 

The results of washing out caloium-labelled chloroplasts with wnter 

show ~hat rno,st of the cation is present n.s rt water soluble component (n 

phosphate deposi t may be part or all o'f thi s) • Some 60% of the 

nocummulated calcium is easily removed by water and the remtlinder is 

removecl only on prolonged wn:slr';.ng. This resistnnt fraction may indeed be 

wateT soluble but CQulff also be the result of fragmentation of the plastids 

upon the fi 1 ter by the force s applie.d a:uring fil tra ti on. Of the water 

s'Oluble: fraction no portion eC},UivBlent to soma 6% of the total c~lcium 

absorbed may be present QiS a protein-cation oomplex (i.e., that 

precipitated by TeA). Th~ association must hcrvrever be a loose one since 

no, combination of protein &ttl calcium vms found upon f'ractionrttion using 

Sephade:x: columns. The amoun+,s extrncted by EDTA sugge st that only 'J'/o of 

the c~loium is tightly bound to the chloroplast and further the amounts 

eXtracted 'With cnlcium and' ferric; chloride solutions suggest thn.t 30% of 

ths total cation nccumulnted: is bound: but is readily exchnngeable. The' 

increased efficiencies of Hel and: No.OH solutions over wnteT as extrncting 

solvents also suggests thnt the calcium is bound to n chloroplast 

component, possibly n protein. The se re suI t saIl indi c~ te thn t some form' 

of binding between chloroplast components md calcium is occurring. Soma 



6ft of:' -the a.cmnnulateCl coJ!cium is' found nssociatec1 in a chloroform/ 

msthnnol s(iJluble. fraction and this may represent calcium incorporation 

into a ~ipid or chlorophyll fraction. 

The omounts of chloiricle accumulated by pen chloroplnsts initinlly 

nrc large enough to act as counterions to c~cium, the subsequent 

eff'lux (in the light) of' chloride is not followed by calcium influx. 

The counterion to calcium could th'lS lie in n system of nega.tive chn.r.ges 

present in the plastid. 

In summary, the uptake of calcium by pen chloropln.sts is related to 

electron flovl rather than to phosphorylntion or ATP-ase activity. As 
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the clecay times on storage of Hill reaction nnd cnlcium uptclte are differ­

eht, the connection betvroen the proce sse s could be indirect. The 

differential effects of ammonium chloricIa, ~CPJ ATP, EDTA uncoupling and 

phosphorylative systems are consistent with this idea and that the 

mechanism ma.y lie very close to the site 01" coupling between electron 

flow rold. the phosphorylntive enzyme;. A possible loo·n.tion is indicnted 

in figure 27. 

The proposed 8i tes of uncoupling are in figure 27 indicated by the 

hiorn.r.chy of' nction of uncouplers upon light-induced conformational 

chnnge s and the re su]ts of Gromet-Elhannn and: Avron (197). CCCP by 

uncoupling nt the start of the coupling chain sequence prevents any 

changes occurring in the pr0p~sea related p~thway concerned vdth calcium 

uptake. Ammonium chlo-ride. by opernting after the' brnnch point of the 

coupling choin n.nd crtlcium pathway alloTls C'nlcium uptake to continue 

~..nd may stimulnte uptake in the light by diverting mo're flow through the 
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side branch. The inhibito~ effects of high ammonium concentrations 

upon calcium uptake may be due to n cation competitive effect. The 

inhibi tion of calcium. accumulation by ndded phosphorylative systems< on 

this proposed: scheme, would result from the, chelating properties of the 

(laded nuc~eotid.es rather thnn from a competitive effect. This conclusion 

is strenthened by the fact that both uptnke in the light and dark is 

redu~ed' to approximately the same level indicating the absence of rmy 

effect of photophosphorylation. EDTA also ~cts after the proposed site 

of upt[1.ke and nllcwvs, flo·y.}' through the relevant pn.rt of the chain. The 

stimulato:..~ e.f:f'Gct of ATP suggests that a smnlI part of the calcium uptake 

may be mediated by an ATP-aoo system. The nbsence however, of any light­

triggering effects and the inhib~tory action of' an D~ded ATP-ase system, 

implie s that the e:ffect of ATP upon uptake is not mediated by D.11 ATP-ase 

system. 

The previously reported instances of calcium uptake into chloroplasts 

(155) (199) differ markedly from the calcium accumulntion reported here. 

Brown, using pea chloroplast~, could find no evidence for n light-activnted 

calcium uptake. This may be due to the rapid decny of uptn.ke cnpnci ty in 

his material. The light-activated calcium absorption reported by Nobel 

if' mediated by an ATP-ase system. It d.'i.ffers from the work reported here 

in so many aspects as to provide further evidence that the c~:r.cium 

accumulation in pea chloroplasts is not mediated by the srume mechanism 

as in spinach chloroplasts. Some of the <lif:rerence s between calcium 

uptake in re~ and spinach chloroplasts are illustrated in table ~. 



Table 34 Compm-i son of calcium uptake by spinach ana pen 
chloroplasts 

Feature 

(Light 
pH optima( 

(Dark 

Saturating Light (L~~) 

saturating cal-cium 
concentration (Light) 

Optimum ATP 
concentration 

Light/Dark ratiO' 

stoichiometry to .. 
alec·tron flow (aa.: 2e.) 

Omission of Pi 

Requirement for 

Magna sium 

PMS 

Sulphydryl group 

Chelnting agents 

Stability of accumulated 
calcium 

Light triggered 

Spinae-h 

30,000 

ImM 

3mM 

6 

>·95% 'inhibi tion 

Pen 

8.5 

8.0 

. 400 

1 - 2.5 roM' 

50pM (approx) 

2 

2CYfo inhibition 

Yes No 

Yes No 

Yes- No 

No effect Inhibition 

> 90% firmly bound <:'10%' firmly bound 

Yes No 
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The function of the ions accumuI~ted by the chloroplast m~y lie in 

the cofactor re'quirements of the photo.synthetic reactions.. Thus 

chlOTrid:e is knovm to be an essential factor for oxygen Gvolution. The 

role of' ca.lcium is less certain. A calcium-requiring ATP-D,sG; is known 

to be present in chloroplasts (158) and insoluble calcium phosphB,te snIts 

are also present. Cru.cium may therefore regulate the delivery of 

phosphate to the photophosphorylation system. As the internal pffof 

the ohlorop]ast changes on illumination this would result in changes in 

the form of phosphate to an extent c1eterminec1 by the leval of calcium. 

Also in the' dark, the cytoplasm tmd mitochondria would be un~ble to 

sequester phosphate from the ~.nsoluble cttlcium phosphate depo'sits in the 

chloroplasts,. Calcium is ruso known to be required for the maintenance 

of membrnne structure (t.ncl fUnction anel may thus play n part in maintnining 

the large membrMe systems of the: chIOToplasts. 
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