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ABSTRACT .
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 photosystens could support uptake although
photosystem IT ﬁas more efficient than phoitosystem I. DCMU severely
inhibited uptake. Accumulation in the light could proceed in the
absence of oxygen and was stimulated under CO2-free conditions,
whereas uptake in +the dark was dependent upon oxygen and COo.
Bicarbonate inhibited both uptake in the light and dark.

When detached pea leaves were fed with radioactive
chloride the isolated chloroplasts contained high levels of chloride.
Preliminary experiments with isolated chloroplasts indicated that
ATP was involved in chloride uptake. Using a faster method of
separation of chloroplasts Ifrom experimental solutions, very rapid
and large chloride movements occurred in the light with slower move-
ments taking place in the dark. These results indicated that the
chloroplast membrane in vitro was permeable to chloride.

The accumalation of calcium was stimulated by very
low light intensities. The mechanism was very labile and showed a
high degrece of spscificity. TUptake was not associated with
pheosphoryiative processes but with slectron flow. Inhibitor experi-

ments indicatzd that the ascumulatory mechanism prohably lies close



to the electron flow chain but not directly upon it. Approximately
60% of the accumulated calcium was present in a water-soluble
fraction, though not associated with protein. A further 30% was
present associated with a component that vould exchange with non-
radioactive calcium. A small fraction of the accumulated calcium
was present in a lipid-chlorophyll fraction. The calcium
accumulation reported here shows several new features. The results
are discussed in terms of a mechanism of ion exchange induced by

light in chloroplasts.
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Abbrevations

ADP - adenosine - 5' - diphosphate

ATP - adenosine - 5' -~ triphosphate

Pi - inorganic phosphate ion

DPIP (Hz\ - 2, 6 - dichlorophenol - indophenol (reduced)
FeCy - ferricyanide ion

FMN - flavin mononucleotide

PMS (HZ) -  phenazine methosulphate (reduced)

CCCP - carbonylcyanide m-chlorophenylhydrazone
CMU - %~(h-chlorophenyl) ~1, I~ dimethylurea
LCMT %~(4~dichlorophenyl) -1, I- dimethylurea
DNP - 2:) - dinitrophenol.

ATP-ase - the enzyme adenosine triphosphatase

NADP (H) - nicotinamide adenine dinucleotide (reduced)
¥D - ferredoxin

EDTA - Ethyvlenediamine tetra accetic acid

FifA - Phenyianercuric acetate

TMFD - I, N, Nt, ¥ - totromethylphenylenediamine
TCA - trichloroacetic acid

0.D, - opbical denslby

Ca: 2c - numper of calcium atoms absorbed for eech pair of

electrons transferred
P: 2¢ - rumber of ATP molecules femmed for each pair of
electrons transferred



TITRODUCTION.

A. Ion accumulation and photosynthesis in plants.

1. General aspects of ion accumulation.

Plant cells can accumulate a variety of ions. Early
investigators of this phenomenon believed that salts enter into the
cells passively together with water. Later such mechanisms as
diffusion, mass flowvy; adsorption, ion exchange and Donnan equilibria
were advanced to explain ion uptake. 1In addition to such physical
phenomena, ilon absorption is now recognised to be closely related to
cellular metabolism. Bxtensive reviews on the physiology of ion
transport are to be found in the books by Sutcliffe (1), Jennings (2)
and Briggs, Hope and Robertson (3).

Generalisations about ion accumulation in plant cells
are difficult to make, partly because of differing sources of tissues
and partly because accumulated ions themselves may have secondary
effects upon the tissues.

The vacuole serves as the chief store of accumulated
jons. Both cations and anions may be absorbed until their concen-
trations are much greatér than that in external solutions (4)7
Ions, previously accumulated, are net lost from higher plant tissues
when +hey arec transferred from salt sclutions 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



uptake of potassium compared to sodium in almost all land plants (7).
Most, if not all, higher plant tissues show an initial biphasic time
course of uptake when transferred from water to salt solutionsj
namely a2 rapid initial ion uptake with a low temperature coefficient
(approximately that of diffusion) followed by a slower rate of
accumulation characterised by‘a temperature coefficient as high as
those for metabolic réactionsg Thié initial uptake is largely
physical or passive (8) whilst the second uptake phase is mainly
active or metabolic (9).

When metabelism is inkibited, ion uptake is also
inhibited and among the many inhibitory conditions which have been
demonstrated on ion absorption are low oxygen tensions (10), low
temperatures (11) and metabolic poisons (12(13).

Barly work by Lundegardh and Burstrom (14) and others
(15)(16) established that salt has a stimulatory effect on oxygen
uptake in respiration. The increasc in respiration, which is
related to the amount of anion absnrbed, was called "anion
respiration", though nowadays “salﬁ,respiration" is preferred since
Evstein (17) and others (18) have shown that cation exchange also
induces a stimulation oif reapiration. Fvidence for involving the
respiratory chain electron flow and quantitative correlations
betwecn the rates of anion absorption and anion respiration have
led to the hypothesis that thore is a connection between electron

flow in the respiratory chain and anion movement in the opposite

direction (19)(20).



The Lundeggrdh hypothesis postulates that, as eleow
trons from respiratory intermediates flow through the cytochromes
(towards cytochrome oxidase) and other components of the electron
transfer sequence, so there is a corresponding counter~flow of anions.
The anions are visualised as forming temporary complexes with the
oxidised components of the chain and at cach stage an anion takes
the place of an ¢lectron as it is moved to the next member of the
sequence. Cations are thought to move in pas:cively to balance the
anions absorbed. The rcalisation that the cytochromes are located
strictly within the mitochondria has prompted Robertson (20) to
extend the Lundeggrdh hypothesis and suggest that the mitochondria
can act as intermediate sites of ion accumulatiﬁn.

Whilst there is evidence in favour of the above hypo-
thesis several authors offer other explanations of salt respiration.
When salts are added to components of the cytochrome chain oxygen
uptake is stimulated (21), and this occurs clearly where salt accumu-~
lation is not involved. Further, salt respiration can continue long
after the salt is removed (18)(22). The most compelling argument

#
ageinst the hypothesis is that DNP greatly stimulates oxygen uptake

whilst severely inhibiting salt accumulation (13)(23). Budd and

Laties (24))maintaining electron flow through an abbreviated part

of the cytochrome chain under anacrobic conditions,found that active

uptake of chloride is sufficiently similar to aerobic uptake to

suggest that the same mechanism is responsible in both cases.
Congiderable evidence now links ion transport in plants

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

electron flow (23)(25)(26). Phosphorylated intermediatcs and ATP
# Sce list of abbreviations pago 6



are implicated in the transport of inorganic ions and organic
solutes in animal tissucs (27), and tacre is ample cvidence (13)
(23)(28)(29) to suggest a similar relationship in plani tissues.
The discovery that ATP-ascs in animal tissues are
involved in sodium and potassium absorption (30) has prompted a
search for the same situation in plant tissues. The ATP-ases of
animal  tissues arc activated by sodium and potassium ions and are
sensitive to ouabain (a caraiac glycoside). In Nitella (31) and

Hydrodictyon (32)'potassium influx and sodium efflux are sensitive

to obabain whereos rubidium absorption by barley roots is insensi-
tive (33). This limitcd amount of information on ouabain-sensitive

ATP-ases in plants suggests that they may play a role in the main-
tenance of sodium ard potassium levels in algae but not, so far as

is known, in roots and otheir tissues of higher plants. Photosyn-
thetic ATP-ases have been‘implicated in the absorption of cations
ﬁy isolated chloroplasts and this is discussged in a later seotion.

A The concept of carriers has arisen to account for
some of the propertics of plant transport systems. Carriers are
considered to be molecules within the membrancs which can form
reversible complexes with ions and transport them across the
permeability barrier. Epstein and Hagen (34) have extended this
idea by applying thc classical concepts of enzyme kinetics to
rubtidium absorption by excised barley roots. The role of a carrier
in vransport is thus comparable with the enzymé-substrate complex.,
Bvidence suggests that there are many carriers or sites'with
differing affinities for various ions, and many competitive pairs
of ions arc known c¢.g. calcium-strontium, bromide~chloride (7).
Selectivity implies binding by specific sites and in some cases
these have been recognised (35)(36).

Although a distinction is often made between
Lundeg%rdh’s scheme and other so called “carrier" theories, it can
. be seen that the cytochromes themselves may be regarded as carriers

of anions. Several authcrs have suggested identities for carricrs

10
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in plant ion transport systems other than cytochromes. Thus
Goldacre (37) proposed that folding and unfolding of protein chains
might function as non~specific carricrs to transport ions across
membranes and the inhibitory coffccts of chloramphenicol on potas-~
sium absorption by carrot and red beet slices have beon interpreted
as due to its intorference with protcin metabolism (38)(39).
However the effccts arc more readily cexplained on the basis that

" chloramphenicel inhibits cnergy-linked processes in mitochondria (40).
Bennctt-Clark (41) has proposed that cellular phospholipids may

act as amphoteric carriers of ions across plant ccll membranes.

A rodox—pump systom in which reduced rospiratory intermediatés
acting as carriers arc responsible for ion transport has also been
sugzested (42).

Whilst the concept of carriers is a useful one for
the transport of ions, it lecaves unanswered the guestion of trans-—
port of neutral molecules. Further the correctness of this type of
approach must be questioned on the grounds that several ion fluxes
may be involved in establishing any obscrved uptakc.,

Both elcecctron flow and phosphorylative mcchanisms
have been proposed to link ion transport with motabolism. Any
scheme utilising electron flow is limited to the active movement
of onc ion (the counter-ion must move in passively in amounts to
1estorc electrical ncutrality). A phosphorylative mcchanism however,
provides a uniform schome for the transport of ncutral molecules as
well as ions, and will apply to both aerobic and anaecrobic ion
movements. Such a mcchanigm will also include those systoms where
encrgy for transport Is provided not through oxidative phosphory-
lation but through photophesphorylation (43)(44).

Light has been shown to have a stimulatory effect
upon salt absorption in green plants. Before discussing this effect
it is pertinent to consider the role of light in the partial
reactions of photosynthesis, since any light effccts upon absorption.
are presumably mediated through the chloroplasts, the sitcs of photo-

gynthesis.



2. Photosynthcesis.

Photosynthesis is the mochanism by which green plants
(and certain bactoria) transform light encrgy into chomical cnergy.
The products of photosynthosis arc organic compounds and oxygen
and the ovorall process may'be rcepresented by the empirical
equation:

LIGHT
Cop + H20 __ 5 (CH20) + 0p

B e |
In the uptakec of carbon dioxide ond watcr to make organic compounds
and ovolve oxygen, snergy is provided by light. The primary stable
products of the light absorption reactions arc molcocular oxygen,
ATP and NADPz, (45) - (47) and this can be summarised as:

Hp0 + NADP + ADP + Pi —> % 0o + NADFHo + ATP ....... 2

Since the work of Emcrson ot al (48) it has been
generally accepted that two pigment systems arc involved in
photosynthosis. Many eoxporiments (49) - (51) show that light
absorbed in the far-red is ineffective in photosynthesis unless
accompanied by light of shortcr wavelongths. These observations
and many others (52) - (54) éupport the hypothcsis that efficient
photosynthesis rcquires the interaction of two photochemical
reactions that operate scquentially. The two photosystems are
coupled by a set of electron carriers (55). The carricrs and
pigment systems have been identificd primarily on the basis of
diffeorence absorption spcctra (56) — (58).

Wumerous schemes have been presented (54)(59)(60)
to account for cnhanceomont phenomena and other facts of photosyn-—
thesis, and an overall schemoe incorporating some of thoe exporimon-—-
tal data is presentced in figuie 1.

Photosyshem I contains a special form of chlorophyll
a — P700 (56) - which absorbs light ai wavelengths greater than
685 mp, causing the chlorophyll to be oxidisecd by loss of an
electron. Photosystcm II absorbe light at wavelcngths less than
685 mp and contains chlorcphyll a and accessory pigments and is

capable of roducing tho oxidiscd phctosysteom I. On donating an

12
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Figure 1 Electron Flow Scheme of Photosynthesis
Legend to figure overleaf
NADP
\FD
4\ | o
A \\ \1
2 ~ \
e ~ \
SN Plastoquinone
Sy VAN
e
Plastocyanin
i Cytochrome ADP
th—/\/\-)l I P700 D % o e
i ATP
Cytochrome : \\Aa '
f II <—/V\—-hVII
U
!
02< Hy0
=» Dark Thermochemical Reactions
—= > Photochemical Reactions

— = — — — —> Possible entry and exit points of electrons



Tegend to figure 1

A_l..

redox agents catalysing cyclic phosphorylation, e.g. DPIP (61),
FMS (62), PMN (63), Vitamin K (64), Quinones (65) and FD (66).
These agents can donate electrons (after reduction) to the
intermediate electron transfer chain, prior to the site of

ATP-formation, and requirc anaerobic conditions.

agents accepting electrons, c.g. FeCy (47), NO3 (67) ond

NO,, (68)-

electron acceptors reduced by phoitosystem LI and supporting

phosphorylaticn, c.g. FoCy (69) and DPIP (70).

electron domors supporting phosphorylation, e.g. PMSH2
( <1072M) (71) ana DPIF, ( > 10721) (72).

clectron feecders not supporting phosphorylation, e.g. PMSH2

(> IO"'Z’M) (73) ana TMPD (7L).

14



electron to photosystem I, ph-tosystem IT is thought to accept an
electron from wator rcsulting in the covolution of oxygen.

A serics of clectron -carricrs connoct the two photo-
systoms and include the cytochromes f and bg (55)(75). Theso
eloctron~carricrs are coupled to cnzymc systems catalysing phosphory-
lation in which clcetron cnergy is converted into pyrophosphatc bond
oncrgy. A deccrecasc in the frec cnergy of an clectron in passing
from photosystem IT to photosystem I may reosult in a phosphorylation.

The number of phosphorylation sites involved with
photosynthetic clectron flow has long beon debated and many measure—
ments of P:2¢ ratios have been madce. Some reccnt evidence (76)
suggests thore arc at least two sites whilst ecarlicr results point
to a single site (77)(78). Part of the difficulty in establishing
the number of phosphoiylating sitos lics in assessing how much
non-phosphorylating eleotron flow occurs and how much electron flow
occurs in a cyclic fashion giving no not mecasurable clectron flux.
BExperimontally, two types of phosphorylation arc rccogniscd,
cyclic and non-cyclic (62)(47)(79).

Cyclic phosphorylation involves photosytom I and
rosults only in the production of ATP. On absorbing far-rcd light,
this photosystem loscs an clcctron, which has becn raiscd to a
higher encrgy level. On falling from this lovel the clcctron may
be transferrcd to a serics of carriers in turn, and where thc frec
energy decrcasc of the olcetron is large cnough Bg ™ 8 Keal)

a plLosphorylation may occur. P:2e ratios cannot be measured for
cyclic phosphorylation sincc the elcstrons ¢ycle and arc not

removed from the systom This cyclic flow of electrons can be
catalyscd by both physiological and non-physiological cofactors.
Physiological cofactors arc known constitucents of chloroplasts and
include Vitamin X, FMN and ¥D, whereas non-physiological agents

arc rcdox agents likc PMS end DPIP. Rocent cvidence (80) now

points to FD as being tho natural catalyst of cyclic phoéphorylation

in chloroplasts undecr conditions whore non-cyclic phosphorylation

15



is stopped. ,
Non-cyclic phosphorylation involves both photo-
systems and results in the production of ATP, the rcduction of
NADP and the ovolution of oxygen (47):

NADP + ADP + Pi + 2H20 —> HADPHp + ATP + 305, + Hp0 ..... e 3
Chloroplasts do not rcact directly with NADP but with FD (81).
It is envisaged that photosystem I is oxecited on absorbing light
and transfcrs an clectron to FD and thence to NADP. The oxidiscd
photosystem I is roduced by clcctrons from water via photosystem
II with a concomitant cvolution of oxygon and formation of ATP.

In contrast to cyclic phosphorylation, this mecha-

nism consumes electrons, which are deorived from watcr, and conse-
quontly an clectron flow (or oxygen cvolution) may be measured.

A non-physiological variation of this rcaction is one wherc ferri-
cyanide can rcplace NADP (47)
oFe™™* + ADP + Pi + 2Hp0 —> 2Fo’" + ATP + $0, + Hp0 + 2H...

Non-cyclic elcctron flow has been exporimentally

scparated into two component rcactions (82), firstly the photolysis

of water which is inhibited by DCMU, CMU or o - phonanthrolino

and secondly the formation of ATP and NADPHo by the oxidation of

added cloctron donors whon photosystom II is inhibited.
Pscudocyclic phosphorylation (83) is a veriant of

non-cyclic in which FD-catalysed phosphorylation, in tho presencce

of oxygon,; transfors electrons from watcr to FD and thcence to

molccular oxygen. This gives the appocarance of a cyclic flow

since the oxygon covolved balances the oxygen consumed.,

Whilst thore is a great deal of cvidencce for the

elecctron flow schemc,,other explanations have been advanced to
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explain cnhancemcnt and ATP-formation in chloroplasts (84) - (86).
The most reccnt alternative to the scheme has beoen prescnted by
Arnon ot _al (87)(88). Arnon now visualiscs photosynthesis as two
individual onc quantum rcactions in which the two pigment systoems
have no dircct coupling as shown in figurcs 2a and b.

This ncw scheme is bascd upon the facts that FD-
catalyscd cyclic phosphorylation only occurs when non-cyclic
phosphorylation is prevented (89) and that dcsaspidin, an anti-
helmintic agent, differcntially inhibits both typce of phosphory-
lation. This lattcer conclusion ig open 1o question as thoere arc
scveral conflicting rcports on the action of desaspidin (90) - (92).

The chlorophyll depicted in cyclic and non-cyclic
reactions ropresents chlorophyll & and b together with the
accessory pilgments involvod in photosynthesis. Cyelic electron
flow would ocgur at wavelengcohs ?%;; than T00 mp. Fnhancement in
terms of this nower concept would mecan that the addition of short
wavelength light to far-rcd light rostorces non-cyclic flow and

makcs for morc cfficicnt usc of the ATP produced by cyclic flow.

3. Effccts of light on ion accumulation.

From tc forecgoing scction it is apparcnt that
light can iﬁitiato hoth clectron Tlow and ATP-formation in chloro-
plasts. The possibility that thesc mochanisms may be involved in
ion transport in the systems that show a light-stimulated accumu-
lation has beon investigated. Whilst the ecarlior litorature con-

tains many reports of light-stimulated ion transport; insufficiont
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knowlecdge of the mochanism of photosynthesis prevented, in most
caseg; a deotailed analysis of the stimulation beyond that of impli-
cating the products of photosynthosis in the accumulatory proccss.
Work by Lepeschkin (93) however did sugeest that light altcrs the
permeability of cclls,

Heagiond and Davie (94) werc the first to cloarly
demonstrate the stimulatory offcct of light upon salt uptakce in
greeon plants. Using Nitella cecllsy; they showed that light enhanccs
the upteke of chloridc, bromide andnitrate.  Furthoer work (95)
led thesc authors to thc conclusion that light is an esscntial
factor for the uptake of thesc ions by Nitclla.

Jacques and Ostorhout (96) showed that light stimu-
lates the rate of potassium absorption into Valonia. A similar
cffcct was demonstrated by Ingold using shoots of Elodca (97).

Both scts of authors omphasised thce importancce of cxchange reactions
involving hydrogon ions, thcreby showing the interdepcendenco of
ion fluxecs. A cyclc of light-stimulatcd sodium and potassium

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

in Porphyra by Epplcy (99). Thc latter workor suggestcd that
sulphydryl groups might be involved in the mechanism, since
arscnitc and PCMB inhibit thce light offcect.

In 1947, Arisz (100)(101) roported a light—stimulated
chloride uptakc in Vallisneria lcaves, an effoct which is cvin
larger in the absence of carbon dioxide. This is an important

finding, since prior to this date other workers had supposed that

19



light had an indirecct offcct bocausc it producced carbon assimi-
lation. The rcsult suggests that light is bhaving a morc dircct
offcet upon absorption. Furfher rosults suggoested that a substance
mnight be producced in an illuminated region of a lcaf and subsc—
quently transportcd to a darkcned region where cenhanced chloride

uptake could then be scon. A morce comprchensive study of the

cffeets of light and sucrose on chloride absorption in Vallisncria

leaves was latcr published by Arisz and Sol (102). They showed
that both sucrosc and light increcasc uptake but in different ways.
Theo cffeect of sucrosc is limited to the zone of the leaf in which
it is administorced, whorcas light effccts can be cxertcd upon
darkened rcgions adjacont to the illuminated zonc.

van Lookcrcen fampagne (43) obtained an action spcc-

trum for chloridc absorption by Vallisncria leaves. This showod

that the light rcsponsible for accumulation is absorbed by the
chlorophyll pigments sincc the action spectra for chloride uptake
and photosynthesis arc the same. Work by Simonis and Mechloer (103)
and Kylin (104) substantiatc this vicw that light-stimulatcd

ion transport is mediated by light absorbed through thce chlorophyll
system. Since light-stimulated ion absorption also occurs in
carbon dioxide-free air (43)(100)(105), thc stimulation of uptake
does not seem to bce via nct photosynthesis. Hence the light
stimulation of ion movements must involve some partial rcaction(s)
of photosynthesis and thus implicates the chloroplasts in the

absorption of ions, cither directly (by acting as accumulation

20
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sites) or indircetly (by supplying an cnergy source to tho cytoplasm
for usc in ion transport).

Kylin (104), in oxamining sulphatc uptakc into the
lecaves of aquatic and terrcostial plants; concluded that the cnergy
sources for accumulation in the light and dark arc diffcrent, and
that tho dark mochanism must be inhibited upon illumination. This
latter observation is of theoretical importancce since there has beon
a discropancy between the stimulatory coffccts of light on ion
uptake obsorved and the inhibitory effcect predicted by the Lundoggrdh
theory of salt respiration. According to this thcory ion accumu-
Jation is depcndent on the dircetion of the oxygen gradiont in
relation to the respiratory cytochrome chain. Kylin concluded that
tho inhibited dark process corresponds to thc action of a roversed
oxygon gradicnt upon the cytochrome chain but that the light uptake
would be mediated by the elcctron flow systom of photosynthesis.
Kylin alternatively considercd that photophosphorylation can remove
so much ADP and Pi from a common pool into the chloroplast, that
oxidative phosphorylation is blocked. The cnorgy source for
sulphate uptake would theon move from onc type of phosphorylation
to thc othery; under the influcnce of light.

In 2 scries of papers, MacRobbic has presented a
detailcd analysis of thc driving forcc for ion movements in

Witella translucons. Bascd on a study of light-deopondent fluxos,

she first suggested that there is active chloride movoment at tho

plasmalomma mombranc (106) and this proccss involves the formation
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and transport of vesicles in which chloride ions arc absorbed in
groups of approximatoly 50. Studiocs on the active uptake of
chloride (44)(107) slow thet chloridc influx rcquires the partici;
pation of photosystcom IT and is dircctly linked to the light-drivon
olectron flow roactions associatcd with oxygen cvolutions it is not
dependent on photophosphorylation. By contrast active potassium
influx is depcndent on the usc of ATP and can occur when photosystem
I alonc is operative. Smith (108) also found that phosphatc influx
could ocour in Nitella under conditions where photosystem I alonc
is oncrative.

Similar results to thosc of MacRobbic have been
obtained by Reven (32). Hc showed that light can stimulatc both

influx and cfflux of potassium, sodium and chloride in Hydrodictyon

africanum. Active chloridc influx requires photosystem II and is
relatively insonsitive to CCCP but is drastically inhibitcd by DCMU.
The active potassium influx and active sodium cfflux can be supported
by photosystem I, are inhibited by CCCP but not by DCMU.

The association of chloride influx with photosystem
II is intecresting in view of the fact that it is this portion of
photosynthotic reactions which require chloride (or bromide) as an
esscntial cofactor (109)(110).

In dircct contrast to thesc results with Nitella,
Joschke (111) found that the light-dependont chloride upteke in
Blodea is maintained by photophosphorylation and is scnsitive to

the uncoupling agents Atcbrin and CCCP. Thoe action of DCMU upon



chloridec uptakc varicd according to the gas phasc presont. Using
nitrogen or carbon dioxide-frce airy; DCMU has no effect; wherecas
under nitrogen with low carbon dioxide prescnt, the uptake was
partially inhibitcd by DCMU. This author also found that a small
Jight-driven chloridc uptake is supported by far-red light. The
distribution of chloridc indicatecs that the cytoplasm is the
primary site of accumulation in short periods of absorption but with
longer poriods up to 24% of the accumulatcd chloride could be found
in the chloroplasts.

Thus the driving forcc for ion transport in plant
cells may be derivod from respiration or photosynthesis. With cithor
sourcc of cnorgy thero aro two possible links with ion transport -
a dircct coupling with the clctron flow roactioﬁs (Lundoggrdh scheme,
chloride fluxes (44)(107) ) or an indircct coupling through the use
of ATP produccd by oxidative or photosynthetic phosphorylation
(sodium and potassium fluxcs (32)(44).

The results of various workers prescnted in this
seciion have shown that the cffects of light upon ion absorption
are mediated by the photosynthotic mechanism prescont in the chloro-
plast. This foct together with the dovelopment of theorics upon
the mochanism of photophosphorylation has promptced extonsive
rescarch into the ion and watcr rclationships of isolated chloro-

plasts. These studics arc discussed in the following scctions.
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B. Ton and water movoments in chloroplasts.

1. Structural and volumc changes.

Observations of chloroplasts in vivo show that thesc
organclles can alter their volumes by a mechanism that is light-
activated (112)(113). The obscrvations of Honda (114) and others
(115)(116) show groat altcrations to chloroplasts in living cells,
protuberances can be secn devceloping and budding away from the
chloroplasts and migrating into the surrounding cytoplasm. Such
in vivo studies suggest these phcnomeona are physiologically
significant.

Studies with isolated chloroplasts using measurcments
of light scattering (117) (90° light scattering from cuvettos
located in photomctors); absorbancy changes (118) (at wavolengths
with no appreciable absorption by chlorophyll), packed volumes (119)
(obtained by contrifuging chloroplast susponsions into homatoerit
tubes), volumc distribution curves (120) (obtainecd using Coulter
counters) and clectron microscopy (121) show that plastids undorgo
rovensible volume changes that arc induced by light. In addition,
chloroplasts respond to solutions of varying tonicity and so are
osmotically scnsitive (122).

When chloronlasts are suspended in either sodium
chloride or certain aminc saltsy, illumination rcsults in swelling,
which may be damaging to tho organcllc sinco it is not fully
roversible in the dark (123)(124). However, in media containing

salts of ccrtain organic mcids or undcr conditions favourable to
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light triggored ATP-asc activity (i.c. the hydrolytic onzyme of
chloroplasts that is activatced by light and recquiros magnesium ions,
a sulphydryl group and an clectron carricr to function), illuminated
chloroplasts undergo a rapid shrinkage,; which is fully rcoversible

in tho dark (125). Concomitant with cortain of thosc conformation
changos)ion fluxcs take place (126).

The initial obscrvations of Packer (127), Itoh et al
(128) and others (129)(130) indicated thet certain uncouplors, Hill
reaction inhibitors, ATP-formation and agcing, all lcad to the
suppression of light-induced structural changes. These obscrvations
lcd to the hypothesis that a high eonergy intermediatc is responsibloe
for volumc changes by an associated formation of ATP. However
Hind and Jagendorf (131) have dcmonstrated thet phosphorylation and
volume changces respond diffcrently to a number of variables; and
conclude that volume changes «re not dependent on the ATP gencratced by
photosynthesis.

Scveral reports (132)-(134) show that therc is a
light-induccd pH risc in chioroplast suspcnsions which could rosult
in a dcerocaged internal pH of thoe plastids,., Doamor ff.f&;(lgl) and
Dilley (135) have shown that, by varying the pH of chloroplast sus-
pensions and comparing the offccts with thosec produccd by light,
decrcasing the cxtcrnal pH giving a high proton concentration inside
the chloroplasts, rosults in light scattcring changes similar to
those induccd by light. PFurther, there is a closc rolationship

between the kinetics of light-induced proton transport and light



scattorihg changes in chloroplasts.

Invostigation of thc chloroplast componcnt responsible
for pH--induccd changcs in light scattcring (121) shows that using
osmotically shocked chloroplasts somc 10-20% of thc original light
scattoring can bo accountcd for in soluble coxtracts from chloroplasts.
A further 60% is duc to the membranc fragments themsclves. (Some
10-20% socms duc to a modification of the integrated chloroplast
structurc, as osmotic shock reduces. pH~induccd light scattoring by
this amount). This rcosult agrees with the finding that chloroplast
mombranc fragments undergo volume and light scattoring changes in
responsc to light (136). Elcctron micrographs of light — and pH-
induccd structurally changed plastids show that the grana membrancs
arc the functional clcments causing structural changes (121).

Light scattcring changes induced by pH arc not large
enough to account for all the light-induced structural changes socn
in tho presonce of organic anions (c.g. acotate). Such anions
cnhancc light scattoring with an accompanying dccreasc in volume.
Mos+t investigators now consider that ion penetration of tho chloxro-
plast membrano systom plays a part in volume changes and two modols
have bocn advanced to oxplain light-induccd volume changes of
chloroplasts.

Dillcy (137) has proposcd 2 model to relato volumec
changes with concomitant ion fluxes. This model depicts clectron
flow processcs resulting in the protonation of fixed negative

charges within thce grana. Potassium and magnesium in the plastid
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act as tho countor ions to the fixod negative groups. Upon protona-~
tion of those groups, the cations diffuse down thc cloctrochemical
gradicnt across thc granal mombrane followed by wator to maintain
osmotic equilibrium as shown in figurc 3.

For such a modcl to be operative the plastid must

have ceortain featurcs:

(a) therc must bc an osmotically scnsitive compartment.

(b) this compartment has to change volumec in rosponsc to oxternal
pH (as long as cxtcrnal protons can oxchange for intornal cations).
(¢) thc osmotic compartment must have a groater concentration of
mobile cations than anions (a Donnan-type distribution).

There arc many rcports to show that chloroplasts are
osmotically rcsponsive to sucrosc and salts (122)(135)(138). One
method of testing whether a systom bchaves as an osmomocter is to plot
the volumec of the matorial against the rceciprocal of the osmotic
pressurc (or solutc conccntration to a first approximation). This
is tho Boylo-van't Hoff cquation (139).

Vb = BPO/ L yrurrsenenseracnsassssnsonsessassconned
where V is the measurecd volumc, b is thc non-solvent volume (solid
material), € is thc osmotic prossurc, n is thc number of soluto
particles within thc measurcd volume and R and T have thoir usual
meanings. The slopc of the plot is cqual to RTn and the y-intcrcept
gives thoe non solvent volumec, b.

Chloroplasts obcy equationd over a range of sucrosc

Aconoontrations 0.16 - 0.8M. At conccntrations less than 0.1M the
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Figure 3 Model of chloroplast in regard to
compartmentation and permeability
of membranes to various solutes
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plot deviatos from lincarity and establishes a second lincar line
with a lcsser slope. Thus comparison of the slopcs provides a moans
of estimating the rclative sizes of the osmotic compartments in the
two rogions (137).

Estimations of the sucrosc and a2lbumin permeable
spaces in chloroplast pellets show that sucrosc must ponotrate the
boundiing mombranc but not somc inncr "compartment". Dillcy amd
concludesthat this compartment is most likely to wholly contain the
grana and this is in agrccemoent with clectron micrograph studics and
the rosults of Gross and Packer (121)(136). (However, very rocent
work by Dilley and Rothstcin (135) indicates that sucrosc may pone-
trate the inncer compartmont)-

Tho grana rcspond by volumc changes to cxternal pH
changes. The isoclectric point for chloroplasts is approximatcly
pH 4.7 (140)(141) with sweclling occurring above and bolow this point -
a situetion typical of polycloectrolytes and strong covidence for the
ocxistcence of a Donnan systcm.

The distribution of rubidium and chloride ions between
plestids and medium at various pH values supports the hypothesis of
o Donnan systom. The conceontration ratio of qubidium in the chloro-
plast to rubidium in the mcdium incrcascs as pH increascs from 4.7
to0 8.0 but the chloridc ratio remains cssentially a2t unity. The data
of Dilley (137) indicate that proportionally morc rubidium is
absorbed than cxpected from the volumec incrcasc wheorcas chloridc

increases proportionally with volumc. This is most likely to occur



as a rcsult of an cxchange of tho rubidium for hydrogon ions as the
negative groups increaso with rising pH.

Packer ot 2l (142)(118) have proposcd an altornative
hypothosis of light induced volumc changos in chloroplasts in the
presonce of organic acid salts or sodium chloride. It has beon
suggoested (143) that mitochondrial swelling and lysis in ammonium
salts is duc to the penctration of the osmotic compartiment by the
mcdium. TUncharged molcculcs of ammonia and organic acid arc able
to penetrate the mitochondrial membranc and this mechanism has been
advanéod to explain the dark swoll}ng of plastids suspended in
ammonium salts of weak acids (152)0 Experiments show that both the
rate and oxtont of plastid swelling in the dark arc rolated to the
concentration of undissociated acid prescnt (as judged by the 935
of the anions uscd. This is depicted in figurc 4 ( on page 28 ).

Undissociatcd organic acids can pass freeoly across
the plastid membranc (118) and, as mentioncd carlioz, illuminating
chloroplasts rcesults in a proton uptakec by a mechanism dependent
upon elcctron flow (light). Packer ct al (142) have suggosted that
when chloroplasts arc suspcended in salts of orgenic acids, the anion
equilibratcs rapidly betweoon the osmotic compartment (granum) and
the meodium. Upon illumination, clcctron flow bogins and protons arc
movéd into thc plastid resulting in the conversion of dissociatcd
acid anion to undissociatcd acid as the internal pH falls. The
undissociated acid ro-cquilibrates across the mombrano, and the

conscguent not efflux of anion causos a decroasc in osmolarity,
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rosulting in water loss and henco shrinkago of tho cﬁlbroplast.
This is illustrated in figurc 5.

As predicted by Pigurcs 5 and 6 the kinetics and
extent of proton transport and volume changes of chloroplasts sus-
pondcd in sodium chloride and woak acid salts arc very different.

In solutions of organic acids the kinctics of volumc chenge and
protun transport do not havc any rclationship to ocach other. This
is to be contrasted with kinetics of similar changes scen with
chloroplasts in sodium chloride solution.

If andissociated acid movement across the meombranc is
rate limiting then thorc should be a relationship betweon rate of
volume change and conccntration of undissociated acid (as mcasurecd
by thep¥y of the anion usod). Packcr and Sicgonthaler have shown
that many organic anions cnhancc shrinkage and in genecral any anion
capablc of giving approximatciy 0.1pM (or morc) of undissociated acid,
in solution at a pH supporting proton uptake, is ablc to stimulate
photo-shrinkage. Measurcmcnts of volume changes and proton transport
induced by light, show that this mecchanism, outlincd above, can
account for the rate and cxtent of the volume changes in terms of
anion movements.

Packer ct al {142) belicve that the decreasc in in-
tornal pH of the grana rcsulting from light-induced proton uptako
into chloroplasts suspended in sodium chloride, causes swelling,

possibly in conjunction with chloride movements as shown.in figurc 6.
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Figure 5 Shrinkage of illuminated plastids in
the presence of anions of weak acids
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2. Ion movecments in chloroplasts (including the chomi-osmotic hypothosig.

The chloroplast volumc changes described in the provious
section are dependent upon soluto and/or ion moveomonts into some
osmotically sensitive compartment (identificd as the grona).  Some
of those movements arce passive in the sensc that they arc pfimarily
governed by the degrec of dissociation of a molecule and by the
cxisting concontration gradionts. Their subscquent movement, howevor,
mey be influcnced by movemoents of other ions, particularly protons,
whose transport into and out of the chloroplast is light-depondont
and associated with clectron flow. Most of those volumc studics have
been deone using naked lamellac systoms (grana lacking stroma and an
outer membranc). The bounding mcmbrane, whosc cxistonce is now
gencrally accepted on the basis of elecctron microscopy studics, may
act as a barrier to the peonctration of metabolites to the sites of
photosynthosis locatcd in the stromal and granal compartments of +the
plastids. Thc ratcs of photophosphorylation and Hill rcaction arc
both considcerably highcr using brokcn chloroplasts (plastids lacking
the bounding membranc) than with intact organcllos (146)(147).

The permeability propertics of the mcembranc have not been
extonsively investigated. This is duc in part to the difficulty in
obtaining preparations with a high porcentage of intact organclloes.
Stocking and Ongun (148) found that plastids isolated in sucrosc losc
substantial amounts of potassium, sodium, magnesium, calcium and
nitrogen. Whercas chloroplasts isolated from lyophilised material in

non-aqueous solvents contain up to 40% of tho total lcaf conteont of
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thesce cleoments, This finding suggoests that cithor the membrane is
damaged during.aquoous isolation or that i pormeoability propertics
change on isolation.

Tolberg and Macey (138) found that at constant pH the
slopc of the Boyle - van't Hoff plot for chloroplasts in sodium
chloride solutions is almost double that for plastids suspcnded in
sucrusc solutions. Chemical analyscs, of thce distribution of
potassium,; sodium and chloride ions betwcen the pellets and supcrna-
tants obtained by centrifuging chloroplasts from a varicty of mcdia,
show that sodium and chioridc ions eguilibratc rapidly betweon all the
aqueous phascs of tho plastid,whoroas potassium ions may bc
partially recteincd.

Osmotic studics (138)(149) indicatc that solutions of
chloridc, sulphatc and nitrate salts of a varicty of monovalont
cations and sodium acctatc arc able to support chloroplasts
osmotically. Nishida and Koshii found that there is a slow dark
swelling of plastids in thosc solutions which may indicatc a slow
degroe of penctration of thesc salts. Salts of divalent cationsy
espceially calecium, give a very rapid initial shrinkage of chloro-
plasts and this is followed by a gradual swelling towards tho original
volume, indicating some degrecc of ponctration by these agents.

Investigations of ion movements in chloroplasts have
roccived fresh impetus from the publication of the chemi-osmotic
hypothesis by Mitchcell (150) and pcrhaps the beost documonted cxample

of ion movement into plastids is that of protons. Mitchell in an
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attompt to rcsolve the problom of coupling (simultancous reaction
of clectron flow and phosphorylation) has proposcd that the transport
of protons across a mcmbranc which completcly oncloscs an inner
space is the site of the coupling mecchanism.

The Mitchell hypothesis is based upon fivé postulatos
namclys—
(1) The phosphorylating particle has a membranc impermcablce (or
ncarly so) to protons. Since brokon chloroplasts phiosphorylate,
the rcleovant particlc must be the grana of plastids.,
(2) The bounding meombranc contains clcctron carricrs. The flow of
clcotrons through the carriocrs is coupled to a dircctional transport
of protons. For chloroplasts the dircection of hydrogen ion movement
is from thc medium into the grana. This moveomeont could occur cach
timc clcetrons move from a motal-atom carricr (c.g. cytochromc) to
a carrier with onc or two hydrogen atoms bound when reduced. This
is illustrated in figurc Ta.
(3) As clectron flow continucs the olcctrochomical activity of
protons in the inncr -encloscd space will increoasc and be greater
than that in the outside medium. This separation of charge and
proton thus rcproscnts a storc of potontial cncrgy and is in fact
the high cnergy compound of phosphorylation.
(4) To compensatc for this charge accumulation, thore is a cation
cfflux, but thc potential cnergy of the systoem is not noutraliscd by
cation offlux (or anion uptake) and is the sum of the proton con-

centration differenco across the mombranc and the mombranc potential.,
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Yossible mechanism for proton movement

Figure 7a )
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(53 An cnzyme systom is prosent in thc bounding mombrenc of the
grana to utilisc the potontial cnorgy of the proton gradicnt.

This cnzyme is a revorsiblc ATP-aso oriented in such a way that tho
clemonts of water - a proton and hydroxyl ion - when romoved from
ADP and Pi arc rolcascd in oppositce dircctions. This is shown in
figure Tb. The rcaction botween protons and hydroxyl ions on cach
side of the bounding membranc, lowers the conccentration of wator at
the cnzyme and makes thoe synthesis of ATP possible. The proton
gradicnt establishced by clcectron flow thus acts as a dchydrating
devico.,

Attempts to demonstratc the cxistence of high energy
intcrmediates prior to ATP (192)(193) show that chloroplasts
illuminated in tho abscnce of ADP and Pi, can make ATP from ADP and
Pi in a succeeding post-illumination dark period. Thc reaction in
the light is stimulated by relox dyes enhancing electron flow and
the existence of a non-phosphorylated high energy intermediate,
designated Xp, was inferred by the authors.

Photophosphorylation is thus composod of two stages.
Whilst inhibitor and uncoupling action upor tho light and dark
stages and kinectic studics of the build-up and deceay of Xg roveal

somcthing of its rolc, no information is given as to the naturc of

Xgs Under optimal conditions, chloroplasts can yicld approximatcly
270 ATP molcculces for cvery 2500 chlorophylls. This rules out any
possibility that Xp is a stoichicmotric compound involving any

compononts of the clectron flow chain.
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With the Mitchcll hypothesis in mind, Jagendorf and
collaborators considercd that Xp might be a proton gradicnt cstab-
lished in the light and subscquontly utilisced in the dark to form
LTP. Many reports (121)(132)(133) show that unbuffcred or woekly
bufferod chloroplast suspcnsions oxhibit a light-inducced pH risc in
the medium. This has bceon interproted as being due to the uptake
of protons into the plastids via the cleetron flow chain. This is
confirmed by the obscrvations of Avron and Chance (151) using
bromothymol bluc as an internal pH indicator of chloroplasts.

The light--induced pH risc observed has thce samc pH
and cofactor requircments as Xp (133) and phosphorylation uncouplcrs
depress the ratce and cxtont of the risc (134). Tho amounts of
protons absorbed arc large - 1,800 protons per 2,500 chlorophyll
molccules and may bc higher. Estimatces of the internal pH of the
plastid suggest that it could be as low as 2.5 (121)(134), cven if
this wore buffcrcd 90% by groups insidc the grana, a2 pH of 3.5
would exist. If such chloroplasts worc used in an "Xy oxperiment"
thoy would be incubated in a phosphorylation mixturc at pH 8 giving
a pH diffcrential of 4.5. This represcnts an ecnergy lovel of 5.6 K cal.
per cquivalent of protons, cnough to form considerable ATP under
thesc conditions.

Most of thc availablc data suggest that Xp is in fact
a gradicnt of cleoetrochemical activity induced by light. However,
the possibility romains that clecctron flow causcs the formation of

Xgs @ high cncrgy compound and proton and cation fluxcs arc on an
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unrclated pathway. The strongest case for cquating Xgp to the
light-induced proton gradicnt arc thc oxporiments (190) in which
ATP is synthesised by chloroplasts in the dark upon changing the
cxternal pH. If plastids are first suspended in acid. media and
thon cxposcd to a basic phosphorylation mixturc, ATP is synthosiscd.
These oxperiments demonstrate that a gradicnt of hydrogon ions,
betwoen the inside and outside of the grana, is rosponsiblce for
ATP-formation. It was also found that the yicld of ATP could be
cohsidcrably incrcascd by using organic acids in thc acid phasc of
such cxperiments.

Organic acids arc belioved to provide an inner
reservoir of protons, by ponetrating into thce grana. There is a
good corrclation between ATP-synthesis and the pK of the organic acid
used. The best yields arc obtained using dicarboxylic acids in
which 40-60% of tho molceccules arc undissociated (194). Exporiments
using Cl4mlabellod succinic acid show that it penctrates into the
grana only at acid pH valucs and does not leak out when the plastids
arc transfcrred to basic mcdia.

Examination of the yicld of ATP as a function of pH
in the basic phosphorylating stage shows that a definito pH difference
is rogquired betwoen the acid and basc phases. This substantiates the
view thet it is the pH gradicnt which is supplying thoe cncrgy for
ATP-formation (198).

With such a largc and rapid movement -of protons into

the plastid it is to be oxpocted that an efflux of cations (or an
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influx of anions) would occur to maintain clectrical neutrality.
Dilley and Vernon (126) found that under conditions of light-induced
proton uptake, cations (magnosium, sodium and potassium) werc
excroted from the chloroplast into the medium.

The question raised by thosc observations is which
of the two processes (proton uptake or cation oxcrction) is the
primary procoss accompanying clectron flow. XKinctic data (126)
indicatec a fastor half-lifc for proton uptake than for cation cxcre~
tion. BSince the naturc of the oxcrctod cation may vary and the up-—
take of protons is grcatcr than the amount of any one cation excreted,
it is proposcd that proton transport is the primary cffect and
cation qfflux is dependent upon this, as illustratced in figure 8a.
Alternatives to the schome shown in figure 8a may cxist, and these
are depicted in figurcs 8b and 8c. 1In these schemes Xp is not
cguivalent to the proton gradient and proton and cations fluxes arc

dcopendent upon the presence of XE.

As mcntioned earlicr, tho rosults of Packer et al
suggest that the plastid mombrane is freely permeablc to ammonia.
Crofts (152)(153) has investigated the uptakce of ammonium by chloro-
plasts and its rclationship to phosphorylation. Simultancous
measurcments of light-scattcring changes, cation and pH concentrations
in a suspcnsion of chloroplasts show thet on illuminetion, protons
arc taken up from the medium and a parallel light-scattcring change
is secen. On adding ammonium chloride and subscguent illumination,

both the pH and light-scattering changes are inhibited, but cation
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Possible relationships between electron flow and proton and cation fluxes
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uptake is cnhanced. Ammonium uptake incroascs with incrcasing
ammonium concentration and is associcated with a parallell
supprossion of the proton uptake coupled to elcotron flow. The
following scheme is envisaged in figurc 9, proton uptake on illumi-
nation; following tho cquilibration of ammonia across the mombrane,
would displacc cquilibration te rcplace the ammonia lost by
associafion with protons, thus increasing ammonium concentration
inside the plastid; Entry of ammonia continues until ammonium ion
diffuses out at thc samc ratc as protons center.

The kinetics of ammonium uptake are consistent with
this mechanism. CCCP competitively inhibits ammonium movement
suggosting that ammonium ion and CCCP compete for a common sitc at
a level closer to clectron flow than to the terminal steps of
phosphate transfecr. Uptake of ammonium ion can be driven in the
dark by ATP hydrolysis and is associated with a stimulation of
ATP~-ase activity.

Packer and Nobel (154) and Nobel (155) have dcmon-
strated anofher typ§ of ion movemeont in chloroplasts. The kinetics
and extont of changes show no relation to the very rapid ion move-
ments and volumc changes outlined in the carlicr part of this section.

The accumulation of certain cations in plastids has
been found, under conditions associatcd with the hydrolysis of ATP
in the light. Uptake 6f calecium, strontium, sodium and phosphate
is greatest in the presencec of ATP, magnpsium, PMS and a sulphydryl

group. The proccss has a pH optimum of 7.9 and rcaches 2 maximum
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in 30 mins. Uncouplcrs and ADP inhibit the uptakec of thesc ions
whilst thiol groups clevatc uptekc. Nobel (155) found that light

is not required whilst calcium uptake is procceding but is necessary
to trigger the ATP-ase systom. Eliminating any of the cofactor
requirements of the hydrolytic recaction resulted in an inhibition
of ion uptake (although magnesium ions are not reguired for sodium
move.ent ).

Light-~induced phosphate uptake requires the presence
of calciumy but calcium or strontium absorption can occur in the
absence of phosphate (although the hydrolysis of the added ATP
probebly provides sufficient phosphate for cation uptake).

Electron microscopy (156) shows the location of
barium, strontium and calcium deposits to be on the lamallae system
of chloroplasts. Elcecctron-densc spots are scen on the lamellae and
these are greatly increasced by light under conditions of ATP-hydrolysis.

The relationship between light-induced swelling and
cation uptake has also beon investigated (157). Light-induced
sWel]ing of chloroplasts is required for sodium uptake and enhances
strontium uptake. Sodium uptake could be aceounted for by =z potassium
exchange as measurements of potassium efflux indicate. A rapid |
light-stimulated magnesium offlux was also noted in these experiments,

The relationship of the energy-transfer pathway to
light=induced strontium uptake was also invesiigated by using various
inhibitors and the relation of a coupling factor (158) to these two

processes. Dicumarol, FCCP, and desaspidin decrease strontium
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acoumulation primarily by inhibiting light-induced swollings.
Pentachlorophenol and Gramicidin J inhibit cation uptake by inhibiting
swelling and by uncoupling, however octylguanidine decreased
phosphorylation and cation absorption whilst enhancing swelling
Cetylpyridinium bromide, phlorizin, chlorpromazine and quinacrine
éppear to uncouple chloropilasts at & site between that involved with-
ATP formation and the site involved with strontium uptake. A heat-
labile coupling fraction also appears to act at this site.

Work by Hobel (155) also shows that the following ions
are not accumulated under ATP-asc conditions: potassium, rubidium,
manganese, zinc, sulphate, iodide, bromide and chloride.

Recently, Nobel (159) has examined the relationship
between calcium absorption, photophosphorylation and ATP-ase
activities in isolated chloroplasts. The light-induced calcium
absorption is competitive with photophosphorylation. Incubating plastids
under ATP-ase conditions with ATP labelled in the terminal phosphate
position and comparing the incorporation of labelled phosphate with
incubations in which labelled Pi was supplied showed thot a greater
incorporation occurs from suspensions with ATP prescnt than from
those with labelled Pi prescnt. ATP itself is not accumulated.

Nobel suggests that the ATP-ase functions to relase phosphate into a
special location in the chloroplast and 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 similor half-times of decay and it is suggested that
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the ATP-ase is activated by a protén gradienf. The inhibition to
calcium uptake in the light by certain uncoupling agents is thus
ascribed to the inhibition of proton influx thereby preventing
ATP-ase activity.

C. SUMMARY.

An inter-relationship of proton and other ion move-
ments with phosphorylative and electron flow processes is scen to
exist in isolated plastids and certain algal and higher plant cells.
This inter-relationship is placed in perspective by the chemi-
osmotic hypothesis. 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 movemcnt will create
an clectrical potential which will influence the movement of other ions.

The effects of light upon absorption by green plants
may be interpreted from four viewpoints, namely:

(1) Light causcs proton movement into the chloroplast from the cyto-
plasm (and medium). This will crecate a charge and ion difference
between the plastid, cytoplasm and medium. This difference may result
in ion movements into the cytoplasm and thence possibly into the
plastids.

(2) Light acting on the chloroplasts may causc the production of

ATP which may be subsequently transported to the cytoplasm where it
is utilised to facilitate the entrance of ions into the cytoplasm

and thence possibly into the chloroplasts.



(3) Light mey aétivate the photosynthetic apparatus resulting in
the absorption of ions into the plastids fiom tho cytoplasm.
Depletion of the ion contont of the cytoplasm by the plostids may
result in the entrance of ions into the cytoplasm from the medium.
(4) Light may in some way alter the permeability of the plasmalemma
bounding the cytoplasm. The alteration to pgrmeability then resulits
in an increased passage of ions through the membranc.

If selective or specific inhibitors of photosynthetic
processes are known to inhibit the ion movement under study then the
proposition that pcrmceability changss arc involved can be eliminated,
The use of isolated chlorcplasts allows the measurcment of ion
movements into the plastids. In the absence of any such movemoents,
the hypothesis that light cavses the production of ATP which is
then utilised by the cytoplasm would have to be considered (although
the isolated plastids may have been damaged during isolation must
2lso be considered). To distinguish between these various possibi-
lities fractionation and assay of the individuzl cellular components
for the ion in question would offer the better method.

The work reported herc represents an attempﬁ to in-
vestigate the accumulation of chloride and caleium into chloroplasts
with rogard to thoe effect of light upon these processes. The
analysis of such movements using intact tissues is hampored to a
certain extent by the simultaneous occurrcncs of respiratory and
photosynthetic processes. Isolated chloroplasts offer a system in

which respiratory processes arc absent (180) and thus allows theeffects

of light to be interpreted in terms of the photosynthetic reactions,
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EXPERTMENTAL METHODS.

1. Reagents.

Analytical grade reagents were used without further
purification. Glass distilled water was passed through an Amberlite
MB-3 mixed bed resin column and the "deionised water'" used for the
preparation of all solutions ADP and 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 AR grade material were washed free of
yellow powder. Solutions were prepared from the red crystals after
drying at room temperature.

Tricine (¥ - Tris - (Hydroxymethyl) - Methylglycine) was initially
prepared according to the method of Good {160) and twice recrystallised
from aqueous ethanol. Later this buffer was purchased from B.D.H. Ltd.,
as was the buffer Tris (Tris - (Hydroxymethyl) - amino-methane.

PMS (N - methyl phenazonium rethosulphate) 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 ﬂ%. An equivalent alcohol concentration was added to the
corresponding control - CCCP was prepared as a 10‘--3 M solution in

-2 .
10 M NaOH, and diluted to the required strength.

2. Chloroplast preparation.

Peas (Pisum sativum L. var. Laxton Superb) were grown in
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moist vermiculite for 14 - 16 days in an insulated box. Illumination
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 wag maintained at 18°c ¥ 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.

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 (lamiua with short petiole and part of the stem)
were homogenised with 120 ml. of isolating medium at approximately 160
in a Waring blendor (M.S.E. Atomix) previously chilled in a deep freezer.
Leaf material was added to the isoclating medium with the blades of the
blendor revolving at low speed and then after 10 seconds the speed was
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 icé-cold homogenate was
then filtered through two layers of muslin to remove unbroken cells and
large pieces of tissue, the filtrate was 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 0°C, and the chloroplasts
geparated 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



49

centrifugation was approximately 90 seconds and the total time from
cutting and weighing the leaf material to collecting the chloroplast
pedlets was less than 6 minutes.

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
paint brush so that frothing and aeration were avoided. The chlorophyll
conktent of the suspension was determined using the method of Arnon (162).

Chloroplasts were always osmotically balanced during the
isolation phase. I1f broken chloroplasts were required, the pellets were
resuspended with 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 with buffer and/or osmoticum to
maintain the outer membrane.

Chloroplasts wcre prepared immediately before use and
where différent incubation periods were necessary, the reactions which
were to last the longest were started first to minimise any effect of
ageing. The suspensions were examined microscopically with a Gilbert-
Sibert 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 CGL4mixtures 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 72 hours at -20°C.
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over calciumkhloride. After T2 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 pl. of a mixture of hexane and
C 014 of density 1.38 in a Potter hand=homogeniser. The homogenate was
streined through a glass-wool pad and 15 nl. aliquots run into two
centrifuge tubes. 15 pl. of solvent mixture, density 1.36, was carefully
layered on top of the homogenate, followed by 2 ml. of solvent mixture,
density 1.34. 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 placed in a desiccator and evacuated

for 5 minutes to renove traces of the organic solvents.

3. Isolation media.

Three isolation media were used for chloroplast prepara-
tions, all at 25 mM concentration. Tris-acetate and Tricine-NaOH were

the buffered solutions and these contained osmoticum. The osmoticum



was either sucrose or sodium chloride. Tris-scetate was used with
sucrose only, but Tricine - NaOH was used with both sucrose ("Tricine-
sucrose") and sodium chloride ("Tricine-chloride"). The pH of the

solutions was measured using a Pye expanded scale pH meter.

4. Determination of phospherylation.

Phosphorylation 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 removed from the reaction mixtures for estima-
tion procedurés. The reaction mixtures contained the following

components in a total volume of 2.5 ml.:-

Gyelic Non-cyclic
ADP 15 pmole 5 pmole
KH2P04 : 15 umole 10 wmole
PMS 0.3 umole 0
FeCy 0 1.5 kmole
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 pH8) and the additives placed 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 ml. sample was run into a tube containing

-
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9.6 ml, of a solution containing:-

0.15 ml. perchlopic acid 60%.

0.15 ml. reducing agent solution.
The reducing agent solution had the following composition:-

2:4 - diaminophenol (amidol) 1 gm.

Sodium metabiaplphite (Na28205) 20 gm.
dissolved in 100 ml, water and filtered.

The total volume in the tubes was brought to 10 ml. on
adding 0.2 ml. of ammonium molybdate 8.3 gm. dissolved in 100 ml. water.

The contents of the tubes were mixed and development
timed from this point. The tubes were centrifuged free of denatured
chloroplasts and the absorption determined at 6601y after 10 minutes.

The difference between the 0.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 ¢ moles.

5. Lstimation of Ferricyanide reduction.
Coupled and basal rates of ferricyanide reduction were

studied using the following mixtures:-

Coupled Basal
ADP 5 psmole 0
KH2P04 10 pmole 0
Fe Cy 1.5 wmole 1 - 2.5mole
Chloroplasts 1.8 ml, 1.8 ml,
Buffer or other additive 0.2 nl. 0.2 ml,
Total wolume 2.5 ml. 2.5 ml.

The pH of the mixture was adjusted to pH 8,
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The same experimental methods were used as for
phosphorylation, and 0.25 mnl. samples were added to 0.25 ml. of 104
TCL to stop the reaction.

The reaction mixbures were centrifuged free of denatured
chloroplasts and a 0.1 ml. sample was taken of the clear supernatant.
This sample was then made up to 2.1 ml. by the addition of water, and
the _ollowing amounts of reagents added:-

0.3 ml. of reagents A and B

0.15 nl, of reagents C and D
L ¢ 3M sodiun acetate, pH adjusted to 6.C - 6.5
B : 0.2M citric acid
C : 0.0033 ferric chloride, dissolved in 1 M acetic acid.

D : 300 mg of 1:10 phenanthpoline dissolved in 30 ml of ethanol.

Development ot colour was timed from the last addition
and the orange colour estimated at 510y after 5 minutes in the dark.
The amount of ferrocyanide present in each sample was found by difference
between the 0.D. of a zero time blank and that of the samples, and
mltiplying this difference by 0.145, giving wmoles of ferrocyanide (166).

Perricyanide reduction was also estimated directly by

the decrease in 0,D. at 420y on reduction.

6. Batimation of idenosine Triphosphatase activity.

Under certain conditions chloroplasts can hydrolyse ATP.
Several ATP-ase systems arc known (158) (167) (168). Pea chloroplasts
contain a magnesiw: -~ dependent iATP-age (Nobel, personal 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 spinach plastids (159).
| in estimation of ATP-ase activity was made by incubating
the following reaction mixture in the light, with chloroplasts and
assaying ror free phosphate in the way described for photophosphorylation.

ATP-ase reaction mixbure.

Component Concentration
ATP 1 mM
PMS 3x1077 M
Magnesium chloride 1 oM
Cysteine 5 mM
Chloroplasts 0,200 mg chlorophyll

A1l additions were buffered with 25 mM 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.

T. Assay of Fumarase activity.

The enzyme fumarase is present in mitochondria and the
presence of enzyme activity in a chloroplast preparation can be used as
a nmeasure of cytoplasmic contamination. The enzyme was assayed by the
method of Pierpoint (169). The reaction mixturé contained in a final
volume of 2.45 ml : 0.15 mM phosphate buffer pH 7.8, 2u M cysteine,

0.1 ml. enzyme and water. The reaction was started by the addition of .
lSOPﬂli malate and the increase in optical density at 240 B was
nmeasured. 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 - 100pg protein in 0.2 ml. or less were
mixed with 1 ml, of solution C. After 10 minutes at room temperature
0.1 ml. D was added rapidly and the solution was mixed immediately on
a Vortex mixer. After 30 minutes the intensity of the purple colour
was read at 750 nmi.,
Reagents. A, &b Na2003 in 0.4.N. NaOH

B. 0.5 CuSO4. 5H20 in 1% Na tartrate freshly prepared.

C., 50 ml, &L + 1 mt., B. -~ also freshly prepared.

D. Diluted Folin reagent.

The standard protein used was bovine serum albumin

containing 97ug protein per 100ug dry weight.

9. Measurement of ion uptake.

There are several possible approaches to measuring ion
uptake by isolated chloroplasts. The plastids may be separated from
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 commercially 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
supcrnatant 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 bench centrifuge. The centrifugation time was five
minutes and the force was 150C x g.

Supernatants were assayed for radio-active isotope by
removing 0.1 ml. aliguots 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) and all
counts were éorrected to the efficiency of an unquenched standard
(approximately 65%).

Chloroplast pellets obtained from the experimental solutions
were resuspended in a small volume of 80% acetone, and aliquots were
removed for chlorophyll estimation and counting using a Nuclear Chicago

gas-flow countcr,
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Filtration of chloroplasts is a faster process than
centrifugation, but the ion fraction in the plastids must be regarded
as a rclatively stable one, since breakage may occur and the forcces
applicd during filtration may lead to the collapsc of membrancs.,

Further, as with the centrifugation technique, the collected plastids
include an extra-particulate ion fraction.

Filtration of the plastids from the experimental medium
was accomplished by membrane filtration under modcrate vacuum using
Millipore filters RAWP of pore sizc 1.2 | supported on a sintered-
glass disc. Retention of the radio-active isotopes by the filter material
was substantially lowercd by washing the filter with & 5 mM solution of
inactive ion under investigation immediately before filtering the
experimental solutions with chloroplasts. In somc cases the deposited
chloroplasts were washed with 0.35 M NaCl, The filters were then dried
for 1 hour at 100°C and then glucd with rubber solution to planchettes
and counted with the Nuclear Chicago gas-flow counter using a gas mixture
of argon with 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 were prepared for every change in exporimental
medium and were subtracted from the sample values to correct for isotope
retention by the filter. In some cases this corrcction was obtained by
subtracting dark samplc values from light sample value to give a "light .
activated" value, thus climirating the background and filter correction.

With all counting procedures, counting was continued for

sufficient timec to give a maximum error of 2.5 per cent (172) and



results for chloride were subjected to the "t" test (173) to ascertain
their significance.

Chloride absorption in Elodea was measured by removing

small (0.3 ml) samples of the solution and 0,1 ml., aliquots were
assayed for radio~chloride in the scintillation counter. Occasionally
the leaves were removed from the solution and washed free of adhering
solution and homogenised in a Potter hand-homogeniser and aliquots
removed for gas-flow counting. This method removes the fraction of
chloride present in the frece space of the tissue.

Simultancous measurements of labelled carbon dioxide

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

For these experiments the incubatién period was decreased from 60 to
30 minutes and the experimental solutién was buffered with 5 uM phosphate .
buffer at pH 7.8 Radio-active sodium bicarbonate (1pc) was supplied
with carrier to 2 final concentration of 10'5M and chloride-36 as a
0.5 mM solution of potassium chloride.,

Aliquots of the experimental solution were removed at
the beginning and end of the experiment. These werec acidified with
dilute hydrochloric acid (to remove any radio-active bicarbonate) and
aliquots werc counted in the scintillation counter for chloride-36
activities. Thc leaves were removed from the experimental solution at
the end of the experiment and washed. They were then dried in vacuo
and combusted. The combustion method was basically that of Van Slyke
et al (174) and modified by Porter et al (175).

- The combustion vessel was a rimlesg 100 ml. Pyrex flask
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into the bottom of which was sealed excentrically, a glass cup. The

top of the 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 KZCrZO7 was added
followed by 5 ml. of the ligquid reagent(l.ngIO3 in a mixture of

50 mi. H,SO y 2nd 50 ml. H;PO 4). Into the centre well was pipetted

0.5 ml. 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 serum 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
allowed to stand overnight to ensure absorption of the 002. Aliquots were
removed from the centre well and their activity determined using the
scintillation counter.

With radiocactive solutions, theemount of ion absorbed was
calculated by mul tiplying the percentage of radio-isetope absorbed by- the
cmount of ion present initially,

.Chlori&e was also assayed chemically using the method of

electrometric titration (144).

10. Volume change and measurement.

Volume changes of chloroplasts were examined using the
sbsorbancy technique of Shibata et al (176)(177) based on earlier work (178).

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



60

when that particle swells, thus decreasing the absorbancy. This process
may be followed by measuring the optical density at a wavelength
suffering no perceptible absorption by the chloroplast pigments
(540 or 780 mu.).

Packed volume measurcments of ehloroplasts were made by
centrifuging chloroplast suspensions into calibrated capillary tubes
usirg the M.S.E. minor bench centrifuge. The tubes were centrifuged

for 15 minutes at 1500 x g.

11. Illumination of reaction mixtures.

Experiments were conducted with the chloroplasts con-~
tained in 2 or 5 ml. centrifuge tubes or in 25 ml. conical flasks which
were immersed in a circular glass water bath. Illumination was provided
by a circular bank of tweive tungsten lanmps 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 0.2500, in the range 5 - 2500, by circulating a cooling
mixture through a copper coil in the watexr bath, This apparatus is a
more sophisticated version of one described by Hill and Walker (165).

The centrifuge tubes or conical flasks were clipped to
a perspex disc which rotates at about‘SO r.p.. in the water bath.

The plane of rotation of the 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).
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This apparatus can provide four differing temperatures and eight
differing light intensities simultaneously within a single unit.
Here the centrifuge tubes or conical flasks were clipped at an angle
to a perspex holder and shaken with a "to and fro" motion. Light
intensities were measured with an "EEL" light meter (selenium cell).

When sclected wavelengths of visible light were re~
quired, Baltzer narrow band (¥10 mi) 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 ml. volume or in flattened obovate bottles of 10 ml.
capacity supported on perspex frames which held the filter(s). When
only one wavelength was used the back of theAexperimental vessel was
blacked out with aluminium foil. Samples werc withdrawn through a
syringe needle in a serum cap sealing the experimental vessel. The
serum cap also carried lines for the entrance and exit of gas mixtures
used.

Chloride uptake in Elodea was investigated using small
conical flasks to hold the solutions gnd 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 concentration

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

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

(1) Chloride upteke in Elodea

Preliminary studies were conducted@ of the uptake of chloride-36 by
detached leaves of Elodea. These experiments were directed towards
investigating whether uptake was light-activated 'and the nature of the
relationship to the partial reactions of photosynthesis and/or over#ll
photosynthesis.

leaves of Elodea show an uptake of chloride from potassium chloride
solutions, that is light-activated. Using non-saturating white light,
figure 10 illustrates that the leaves exhibited an initial rapid uptake
followed by a slower continued uptake. The light/dark ratio of chloride
aksorbed is approximately 4 at the end of the 90 minute period, but higﬁer
ratios were obtained with higher light intensities.

The effect of light intensity upon chloride uptake was investigated
for leaves of Elodea. The process was saturated at approximately 20,000
Lux. Higher intensities were inhibitory to uptake. At saturating light
intensities the Km for chloride uptake was calculated to be 7 x IO"AM
potassium chloride and the value for the dark uptake 1.9 x 1074, These
values werc derived, using the double rcciprocal plot of the Linewcaver-
Burke equation(200),f&@m.the rates of uptake between 20 and 30 minutes
of time course studics using various concentrations of potassium chloride.
" The uptake rates were linear during the reriod 15-40 minutes and the
assumption was made that passive uptake into the free spacc of the tissues
was complete prior to this period. These Km values were used as a guide

to selection of the chloride concentration in the experiments.
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Figure 10 Time course of ‘chloride uptake by Elodea leaves

mil moles chloride absorhed / 10 mg Dry weight

" 40. leaves incubated in 10 ml, of 10"3 ﬁ KC1
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The extont to which respiration might influence the observed chloride
uptake that was light-activated is unknown. To invesitigate this point
the effoct of anacrobic conditions upon uptake was studied. Leaves were
placed in distilled wator in the dark and the suspension bubbled with
COZ-free nitrogen for onc hour prior to the start of the experiment.
After such pretreatment radioactive chloridg was added and saturating
illumination started while nitrogen was sloiwly bubbled through the
illuminated and dark suspensions., A similar experiment to investigate
the effect of 002 upon chloridc upteake wos doné by bubbling 002~froc air
through the suspensions for 1 hour in the light prior to the start of the
experiment. The results of four such experiments for each treatment
are presented in table 1. Results are oxpressed as the average with the
standard error of the mean.

Table 1 BEffects of various gas mixtures upon chloridc uptake
in the light and dark

mp moles chloride per 100 mg fresh weight

AIR AIR.minus O Nitrogen
LIGHT 17 X0 196 ¥ 15 12, t ¢
DARK . 33 3 21tg 26 X 11

Light intensity: 20,000 Lux. Temperature: 2300. Incubation
time: 1 hour with 10™M potassium chloride-36.

Nitrogen thus inhibited the light uptake by 16% and the dark by 21%.
By contrast in the light COZ-freo air Bubbled through the experimental
solutions resulted in a 33% stimulation to the uptake of chloride, but a

36% inhibition to the dark uptake.
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The effects of sclectéd wavelengths of visible light upon chloride
uptake wes examined using narrow waveband interference filters.  Firstly,
the light intensity curves of chloride uptake at three wavelcengths (650,
707 and 725 mr) werc cstablished, Uptake was plotted as a function of
light intensity incident upon the filters. Using saturating light
intensities the effects of wavelength are expressed in table 2, as ratios

to the dark uptake observed.

Table 2 Effccts of wavelength upon chloride uptake
Wavelength m 650 707 725
Experiment
1 4.0 2.0 -
2 4.1 1.9 1.6
3 4.6 - 1.5
L 3.6 - 1.5

Light intensity: saturating. Temperature: 21-2300.
Tneubation time: 1 hour with 10™M potassium chloride.

The results show that at saturating intensities, light of 650 m is
most cffective in promoting ciiloride uptake. Uptake in light of 707 and
725 mP was grecater than in the dark.

Experiments to investigate possible "enhancement" of chloride uptake
by giving SSOITzlight to lcaves simultanecously illuminated with 707>or |
725 mp, were performed using non-saturating intensitics of light at all
three wavelengths.  The results of four such experiments are showm, in

table 3, as ratios to the dark uptake observed.
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Table 3 Effccts of wavelengths, given singly or simultancously,
upon chloride uptake ‘

Wovelength mp 650 707 725 650 + 707 650 +725

Experiment
1 2.0 - 1.3 - 2.6
2 2.4 - 1.4 - 2.3
2.9 1.5 - 2.1 -
1A 3.6 1.9 - 2,2 -

Light intensity: non—satﬁrating. Temperatura 21-2300.
Incubation time: 1 hour with 10—3M potassium chloride-36.

(By comparison with table 2, it can be secn thot non-saturating
light of 725 mu promotes morc chloride uptake by proportion to 650 my
light. This reflects that the light intensity uscd at 650 mp was
approximately 50% saturating, vhilst the intensity used at 725 qu was
approximately 8(fp saturating).

From the table it can be secn that enhancement was not observed.

The effacts of 10'6M DCMJ on chloride uptake at 650 and 707 mp vere
cxamined. ILoaves werc preincubated in white light for 30 minutes with
DCMU (10’?* prior to incubation vith radioactive chloride (and DCMU)
using saturating intensities of the selectod wavelengths.,  The results of
three experiments are shown in table L4 as the averoge vith the standard

error of the mean.



Table L. Effcct of DCMU upon chloride uptake at verious wavolcngths

qP moles chloride per 100 mg fresh weight

Wavolength mp 650 707
~DCMU 119 & 17 62 £ 33
4DOMU miwg.‘“..”.‘l_o'_?-‘..z._”._

Light intonsity: saturating. Temperature : 21°. Incubation

3

time: 1 hour with 107M potassium chloride-36.

Thus DCMU was inhibitory to chloride uptcke at both wovolengths to
approximately the samc degree.

Simultancous mcasurcments of CM'O2 fixation and chloridc-36 uptake

at two wavelengths showod that with saturathng white light for chlaoride

uptake, the ratio of carbon fixod to chloride absorbed (014/0136) was
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approximately the same. For those oxporiments, the amount of radicactivo-

bicarbonate was less than IO-SM ond the uptake period was shortened to 30

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

COz-fixation was not the rate of maximum photosynthetic activity.

Table 5 Clh/0136 ratios at various wavelcengths (and dark)

Wavelength mP 650 707 Dark
Experiment

1 4.5 1.5 11.7

2 1%.8 15.4 11.2

3 16.7 16.3 12.0

Iight intensity: 20,000 Lux. Temperature: 23°C. Incubation

time: 30 minutes.
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The cffccts of bicarbonatc concentration upon chloride uptake wore
also investigated and it was found that concentrations greater than 10-5M
sodium bicnrbonate inki bitecd the uptoke of chloride in both the light
and dark.

These last two scts of results are not strictly comparablc with the
prcvious oncs since it was neccssary to have buffers present.

The rosults described wore obtained using summer plant material
(April-October) and indicated that the photosynthotic light rcactions were
involved in the uptake of chloride by leaves of Elodea, Further it
appeared that the carbon-fixing systom of photosynthesis was in compctition
with the upteke mechanisme Using an intact tissue in this kind of study,
it is difficult to scparate the effccts of rospiration and of photosynthesis
upon uptake. Since thesc preliminary experiments indicated that photo-
synthetic processes worc involved in the absorption mgchanism in the
light, a study was begun of thc rosponse of isolated chloroplasts to
chloride. TIsolated plastids precsent a system in which the normal
respiratory processes arc absent (180).

Isolation of chloroplasts from leaves of Elodeg proved to be difficult,
partly because of the difficulty in obtaining sufficicnt material to give
a good chloroplast yicld - 100mg of lcaf tissue (approximately 4O lecaves)
yiclded lcss than 0,20mg of chlorophyll ~ and partly because of the
frogility of the lcaves. Further, the chloroplasts obtained proved to
be inactive with respect to the Hill rcaction and photophosphorylation.

In view of this o study was made using chloroplasts isolated from peca

seedlings.
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(2) Chloride uptake by pea chloroplasts

Pca chloroplasts were first examined for their photosynthetic
activitios. The rates of cyclic (PMS) and non~cyclic (FoCy) photo-~
phosphorylation wore assayed in a varioty of buffers at pH 7.8.

Cyclic rates with intact chloroplasts varicd in the range 60-200 P mole
Pi csterificd /mg chlorophyll/hour. Breakage of the plastids (with
distilled water) resulted in much greater rotes which could be as high
as 650 p mole Pi esiorified /mg chlorophyll /hour. Non=cyclic photo-
phosphorylation ratcs were very much lower than cyelic rates and were in
the range 20-130'1nmﬂ0 Pi esterified /mg chlorophyll /hour for intact
organcllces; for broken chloroplasts the rates were usually double the
rate of the intact plastids. Basal clectron flow rates werc mcasured
for both intact and broken chloroplasts and were in the ranges of 10-20
and 20-50 p mole FeCy roduced /mg chlorophyll /hour rospoctively. All
the photasynthetic rates quoted werc obtained using non-saturating white
Jight of approximately 210,000 Lux.

Having established that the isolated poa chloroplasts were active in
photophosphorylation and Hill rcaction, the chloride content of several
proeparations woes assayed. Throe preparations of chloroplasts yielded
velues of 10.3, 10.1, 9.8 ppm of chloride in suspensions containing 3 mg
chlorophyll, Packed volume mcasurcments indicated that & 1 mg
chlorophyll suspension in 0.4M sucrose occupicd 0.1 ml. If 50% of the
packed volume is assumed to be internal volume and if all the chloride in
the suspension werc associated with this volume, thon the chloride
concentration was approximatedly 1.9 x 1021,

Tt must bc cmphasiscd that the aqucous chloroplast preparations are
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contaminated with cell wall and cytoplasm as well as mitochondria and
nuclei. In an attompt to obtain purcr chloroplast preparations and a
bettor cstimate of plaétid chloridc content, the non-aquecous mothod of
chloroplast cxtreoction was tried.

Detached pea scedling lcaves were fed potassium chloride =36
at 10™M for 12 hours. The leaves werc illuminated (10,000 ILux) with a
forced current of air passing over them to aid trmnspiration. A reservoir
of potassium chloride —36 maintazined the level of solution in the feeding
apparatus. A long fecding period was used to allow the spocific activity
of the chloridc inside the plastids to reach that of the fed solution.

Chlowoplasts obtained by the non-equeous method were assayed for
chloride-36 and chlorophyll contents and for fumarasc activity. The
chloroplasts contained no dctectable furmarase activity, (although all
the other fractions did have activity), and this was taken to indicate a
very low level or completeabsence of cytoplasmic contaminants with the
chloropiasts. The chloride concentration in the isolated plastids was
calculated on the basis that (1) the spocific activity of the chlorido-36
wos the same as that fed and (2) the non—aqueous chloroplast volume per
mg. chlorophyll was the smmo as that for aquoous chloroplasts. This
celculation showed that tho chloride content was in the range
2 - 2.4 x 1078 chloride. In viow of the contaminamts present in the
aquoous chloroplast preperations, it is considerced that the emount of
chloride prescnt in the purcr non-aqucous preparation is significantly

largoer.
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With such an apparcntly high concentration of chloride in the
plastids, thc possibility of not only absorption, but also cxchange
reactions must be considecrcd.

Aqucous chloroplastswere preparcd by isolation in 25 mM Tris-acctate
buffer at pH 7 with 0.4M sucrosc prescnt ond used at a final con&entration
of 0.1}0mg /0.5 ml. rcaction mixturc. Uptake or exchange was, in some
20% of tho cxperiments, significant and could be up to 3% of the supplicd
radioactivity in the range 107°M - 5 x 107 M potassium chloride. Lower
concentrations did not show uptnke of chloride. The cause of the
variation in uptakc was not apparent since growth and isolation tcchniques
were made as standerd as possible. Table 6 illustrates the rosults of
onn experiment in vhich a2 light-induced change in the activity of tho
supernatant activity was observod.

Table 6 Effcect of light upon supernatant activity

Supernatant activity (cpm)

Time in minutecs Light Dark
0 4126 X 43 4180 L 51
10 S 3002 E 21 4186 X 1,
Differonce 12 * 11 _—

Ligkt intensity: 215,000 Lux.  Temperaturc: 10°%.
Concentration: 107 M potassium chloride.

The tablc shows that the fraction of activity absorbed in tho light
was 3% but no movement of chloridc was scen in the dark.

The variation in chloride-36 movement into pea chloroplasts could
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result from a differcntial injury to the bounding membraone of the plastids
vhich might be impermcable to chloride. A comparison was thercfore made
of the bchaviour of intact and broken chloroplasts towards chloride-36
solutions. Significnnt movemont of chloridoe-36 was scen in only o fow
cases. The results, in tablo 7, of one cxporiment show that broken
chloroplasts oxhihited more chloride-36 uptake than intact plastids and
further a dark uptakc was apparcent, although at 5 minutes, light and dark

values are not significantly differcnt ("t tost").

Table 7 Effcct of mombrane intcgrity upon chloride—36 uptoke

Difforoncehn supernatont activity (epm)

, " WHOIE - ~  BROKEN

Time in minutcs TIGHT DARK LIGHT DARK
2.5 0 0 88 L7
5.0 86 0 16L 136

Light intonsity: 15,000 Lux. Tomporaturc: 10°C.
ﬁoncentratioﬂ; 1072 potassium chloride.

As such a small movement of chloride-36 was scon, the chlorophyll
concentration was incrcased ton-fold in an attempt to incrcasc the size
of thc movement. Experimental solutions wore first centrifuged and then
the supernatant (which still contained some chloroplasts) was filtercd
through a Milliporc filucr of porc size 1.2]1 to completé the separation
of plastids and solution. Tho filtratc was collécted and analysed for
chloride~36 content. Using such a technique and incubating chloroplast

susponsions containing 6 mg. chlorophyll pcr 3 ml. recaction mixturc



with 10'3M potassium chloride did not result in amy significantly

larger movement of chloride. Table 8 shows the results: of onc such

experiment.
Table 8 Effecct of increascd chlorophyll concentration upon
chlorida-36 uptakc
Supernatant activity (cpm)
Time in minutes Light Differcnce Dark Differcnce
0 4568 = 31 0 4718 I 22 0
10 w2 23 126 K750 25 0
20 1439 = 48 129 K743 2 37 0

Light intensity: 25,000 Lux. Temperature: 1500.

In an attempt to stabilise the behaviour of the cﬁloroplasts and to
increasc the size of the chloride movement observed with whole chloro-
plasts in the light, the cffects of various additives to the reaction

mixturcs were studied. These incubations are summariscedin table 9.

Tablc 9
Additive Concentration
Cyciic phosphorylation sysfcm As described in
Non-cyeclic phosphorylation system experimental
ATP-asc system methods
ATP | 1 mM
* PMS 3 x 107 M
Cas0,, 107"
gso, 1074
Ascorbic acid ‘ IO’l"M

MgS0, and Ascorbio acid 10~y

74
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df all the additives listed in the table, only ATP was effective in
promoting a chloride movement. This effect was seen in both the light
and the dark. The incubation marked (*) sometimes showed an increase in
the activity of the supernatant i.e. the external solution was concentrated
by the chloroplasts to a significant degree (> 100 cpm). This effect was
also noted with some incubations containing just sucrose and potassium
chloride-36.

Since water influx into the chloroplast apparently occurred without
concomitant chloride absorption the effect of osmolarity upon chloride
absorption was te sted. Aliquots of the chloroplast suspension were in-
cubated in the light and dark for 10 minutes in various molarities of
sucrose with 10_3M potassium chloride-}é‘present. The result of one set
of such incubations is shown in table 10.

Table 10 Effect of sucrose molarity upon chloride~36 movement

% change in supernatant activity

Sucrose molarity 0.1 0.2 Ok 0.8
Dark +1.3 +0.6 0 0

Light intensity: 15,000 Lux. Temperature: 10°C.

The activity of the supernatant was thus increased at molarities
less than O.4M sucrose, and this effect was more pronounced in the light
than in the dark. At 0.8M, where dilution of the external solution (by
water from the chloroplasts) should result in a lowering of activity, no
change was observed.

Addition of ATP can result in plastid shrinkage (128) and the extruded
water could thus dilute the activity of the supernatant. The effect of ATP

concentration was therefore examined and the results are shown in table 11.



Teble 11 Effcct of ATP concentration on chloride—-36 movcmoent

Diffcrence in supornatont activity (cpm)

ATP concentration (mM) 0 1 2 L
10 min. 10 12 99 ¥16 wit7 1t
Light + ,
25 min, 93 21,  15p %21 102%9 16, %o
Dark
10 min. 0 171225 12,211 20029
25 min. o . iz 122%16 g2ty

Light intonsity: 10,000 Iux. Tomporaturec: 1006.
Concontration: 107N potassium chloride.

The rosults indicate that aftor 10 minutes, the effcct of ATP is
greatest in the darlz whercas in the light the maximal offect is not
obscrved until 25 minutcs. Whether these rosults (and the othors found
by supornatant anlysis) represent an uptake of chloride-36 into the
chloroplasts or a dilution of the extornal solution by water extruded
from the chloroplasts whon thoy shrink, cannot be decided unless (1) tho
pollots arc analysed for chloridc-36 content or (2) tho magnitude of water
movement is known.

Packed volume measurcments of chloroplasts suspended in 0.4M sucrose
indicated 1 mg chlorophyll wes contained within 0.1 ml. In the cxperi-
ments deseribed so far, 0.1 mg suspension poer 0.5 ml. reaction mixturc
was used, and these had a packed volume of 0.0 mi., If 50% of the
packed volume woerc internal volume then at complote shrinkage 0.005 ml.
water would boe oxtruded from the chloroplasts into the solution. '~ Since
0.5 ml. of reaction mixturc containcd 0.1 mg chloronhyll, the max@mum

dilution would be, 1% or 40 cpm per 4000 cpm preseunt in the 0,1 ml, samples

used for measuring supernatant activities, Thus the dilution of the
supernatant due to S

76
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wéter loss by thc chloroplasts may contribute a 1little to the obscrved
uptake measurcd by supcrnoatont analysis, but it cannot account for all the
uptoko.

Sincc the supernatont onalysis mothod tonds to overestimate the size
of the chloride uptake, attompts werce made to mecasure the activitics of the
chloroplast pecllets obtained on centrifugation of the rcaction mixtures.
In onalsing thoe pollets for activity a corrcction must be made for tho
amount Qf supcrnatant that is trapped between the particles in the peollet.

Chloroplasts worc isclatod and 2}iquots (0.9.m1.) of thc susponsion
oquivalcnt to 0.250 mg chlorophyll were added to 0.1 ml. potassium
chloride-36 (in 0.4 M sucrose) and cither (1) contrifuged immediatoly or
(2) layered on top of 1 ml. of O.4 M sucrosec and thon contrifuged.  Aftor
contrifugation with cither method the supcrnatont was drawm off with o
Pasteur pipette and the tube rinsed three times with O;h M sucrosc, avoid-
ing asfor as possiblc disturbance of the pellet. Finally the tubes wero
blottcd dry with Icns tissuc and the pellots rosusponded with 80% acotonec.
Aliquots of thc acctonc suspension werc thon removed for chlorophyll and
chloridc cstimations. Comparison of tho two mothods of obtaining pellets

is shomm in tablec 12,

Toble 12 Comparison of mecthods in obtaining pellets from oxporimental
solutions Pellet chlorophyll
Mothod Pellct cpm . ne N opny/ng
(1) 1 215 0.190 326
o id 65 3 0.192 339
(2) 1 16 %2 0.236 67
i wia 0.236 . . . 6L




78

The rosults indicate that contrifugation through a layer of sucrosc
substantially lowersthe amount of chloride-36 in the pellet and further
gives a highor yicld of chloroplests (as judged by the chlorophyll content
fo the pellet). This method was then uscd to study the time coursc.of
chloride-36 absorption.

Chloroplasts suspended in 0.k M sucrosc were incubated with potassium
chloride~-36 at o final conceniration of 10*3M and the chloroplast pcellets

obtainod on centrifugation were assayed for chlorophyll and chloride-36

contont. The results of onc such cxperiment arc shown in table 13,

Table 13 Timo coursc of chloride-3%6 uptsoke using pcllet analysis
Pellet chlorophyll

Incubation time (mins.) Pellct cpm . ng cpm/mg
Light 0 131 0.200 65
5 16 %2 0.248 65
10 mis 0.200 70
15 151 0.228 %6
park 0 12ty 0198 63
5 17 %2 0.232 73
10 15 % 2 0.210 7o

=3 020 59

B 12

ilght intonsitj: 15,000 iux; Tompeiature; 10%C.

Whilst the methol gave reproducible ratios it failed to detect any
chloridc—~36 movoments into the chloroplasts. The discropancy between the
rosults obtained by supernatent and pellet analyscs may be oxplained on thoe
basié that contrifugation of the plastids through o layor of sucrosc may

in fact lead to the "loaching out" of chloride (and other ions) as noted
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by Stocking and Onmgun (148) using spinach chloroplasts. Accordingly the
eentrifugation technique was abandoncd and the fastor toechnique of membranc
filtration was tricd. |

Milliporc filtors, RAWP, of paorc sizc l.2 W §0re uscd to scparate the
plastids from the expcrimental solutions and the chloride-36 content was
determincd.  Chloroplasts, isolatod in 25 mM Tricine - NaOH buffer pH 7
with 0.35 M sucrosc present, werc resuspended in 0.35 M sucrose and incubatod
at a chlorophyll conccntration of 0.1 mg. per 2 ml. with 5x 16'3M
potassium chloride-36. The larger volume and lower eucrosc molarity were
found to give a fastor filtration. Samples of 2 ml. volumc were filterca,

Table 14 shows the result of such an incubation carricd out in the light

and dark.
Tablc ih Timo coursc of chloridc-36 uptake measurcd by filtration
tochnigue
Chlcridc;Bé'activijy (cpm)

Timc (scconds) Light (Iight-Blnnk) Dark (Dark-Blank)

10 508, % 52 158 5066 * 39 140

6o 5229 L 31 303 - -

120 5691 £ 17 765 5262 £ 23 336

300 5101 £ 22 - 175 5501 % 28 575

The tablc shows that both light and dark chloride movemonts are pro-
sent. The dircction of the light-stimulated uptoke is reversed after
2 minutes illumination whorcas uptake in the doark continucs throughout

the incubation.
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Further cxporimonts using the Milliporc technique indiecatod that
the pattern of initial nct influx followed by net offlux was variabloe.

The time poeriod for net influx of chloride often being as short as 10
soconds as indicated in figurc 11.  Although chloride movements wore not
alwnys scon with every preparation, this type of movement was scen with
the majority of "successful pro?arations and was investigated furthor.

Chloroplasts were incubated in the dark with 10”2 potassium chloride-
36 for 5 minutos and thon suvbjected to illumination (10,000 Lux) for a
further 5 minutes. Figurc 12 shows the results of such an cxperiment and
indicates that the dark nct influx of chloride was apparenf for 6 minutcs
and then a slov net offlux startede In the light nct influx increased
snerply for T minute and then a very rapid net cfflux occurrcd.

A further oxperimont in vhich a dark-light-dark trcatment was given
to tho plastids with chloride-36 prescent throughout is shovm in figurc 13.
This preparation of chloroplasts showed & small light-activatced not
influx of chloride which was not offluxcd until 2 period of 90 scconds
- dark trcatment following illumination had clapscd.

The compleoxity of chloride movements scen in both tho light and dark
indicated that the relatively slow methods of contrifugotion and filtration
arc not suitable to measurc in detail the size and extent of chloride
movemonts.  Continuous monitoring of the oxternal solution with
chloridc-scnsitive clectrodes would apprear to offer the bottor method of
analysis. Some cxplanation of thesc net movements of chloride may be
found in the similar type of kinctics of proton ond cstion movements as
described in relation to the chemi-osmotic thoory of Mitcholl, This is

discusscd Iater.
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Time course of chloride uptake by chloroplasts

Plastids ( 0.1 mg chlorophyll in 2 ml, )
incubated with 10"'2 M KC1

Light intensity : 10,000 Lux

Temperature ¢ 10%

Uptake measured by filtering 2 ml, samples and
. comting the filters for chloride-36 activity
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Figure 12 Effect of subsequent illumination on plastids
' pre—incubated with KCl in the dark
Plastids ( 0.1 mg chlorophyll in 2 ml, )
incubated with 1072 M KC1
Light intensity 3 10,000 Lux
Temperature 3 10°
Uptake measured by filtering 2 ml, samples and
counting the filters for chloride-36 activity
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Figure 13 Effect of dark to light to dark transitions
on chloride uptake by chloroplasts

Plastids ( 0.1 mg chlorophyll in 2 ml, )
incubated with 10~> M KCl

Light intensity : 10,000 Lux
Temperature @ 10%

Uptake measured by filtering 2 ml, samples and
counting the filters for chloride-36 activity
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In viow of thesc oxperimental difficultics, furthor study of
chloridc movements in chloroplasts was abendoned. Whilst the rosults
presonted arc probably significant, their magnitude makes o dotailed
analysis impossible duc to the lack of scnsitivity in the cstimation of
chloridc. The movement of calcium~45 into chloroplasts was studicd os
this cation could be assaycd with a good degrec of sonsitivity, duc to its
groater specific activity comparcd to chloride-36 (approximately 800 p.'c/ gn

for chloridc and3 }m/}xg for calcium).
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Calcium uptake

Calcium upteke was investigated using the Millipore filtration
technique. Except as indicated otherwise the chloroplasts were isolated
in Tricine-chloride media pH Tand resuspended in Tricine-sucrose media
pH 8, Sample volume was 2,5 ml, and this contained 0.120mg chlorophyll
with 2.5}10 of carrier-free calcium-A5. The light intensity used was
1,500 Lux and the incubation temperature was ISOC. After deposition,
the chloroplasts on the filter were washed with 2.5 ml. of 0.35M sodium
chleride.

(1) Genersl features of calcium uptake

A time course study for coelcium uptake, in which light and dark
treatments were compared, is shown in figure 1l4. It is seen that uptake
is approximately linear in the light for 3 minutes and in the dark for &4
minutes.

Uptake periods were limited to 2 minutes (except as indicated) from
which rates were calculated. Table 15 shows the results of 3 replicates,
using this short uptake pericd, to illustrate the effect of light upon

calcium uptake.

Table 15 Effect of light upon calcium uptake
cpm on filter - Dblank
Replicate Light Dark
1 6979 * 381 3821 * 149
2 7095 * 276 5729 * 241
3 7122 % 310 13733 207

The table shows that the light~stimulated uptake is almost double
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Figure

Time course of ecalcium uptake by chloroplasts
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Time in minutes

Plastids ( 0.120 ng chloro-
phyll in 2.5 ml. ) incubated
with 2,5 pc calcium-45

Light intensity : 1500 Lux
Temperature : 15%

Uptake measured by filtering
2,5 ml, samples,washing and

counting the filters for
calcium-45 activity
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- that seen in the dark. TFurther the results demonstrate that the
filtration technique is capable of giving reproducible results to within
5%.

The influence of pH was determined for the uptake of calcium in the
light and dark in the range pH6-9 , Tor these determinations, clorophyll
concentration was decreased to 0.06mg/2.5 ml., sample to minimise any
buffering capacity of the plastids themselves. TFigure 15 shows that the
pH optima for calecium uptoke in the light cm& dark were distinctly different
and the values wer pH 8.5 for the light and:pH8,0 for the dark.

Since there were two distinct pH optima it was necessary to choose
; single pH value at which to conduct experiments. TIf the dark uptoke
continues unabated in the light it is necessary to subtract the dark
upteke value from the light uptake in order to calculate the effects of
light upon uptake. TFigure 15 shows that for the dark uptake the effect
of pH is least in th.e‘" range:pﬁ'7.5 to 8, further these initial experiments
indicated that sufficient calcium was accumulated in the light atpH 8 to
show a difference to the dark uptake. Hence 2ll experiments were con-
ducted at pH 8 (except as indicated otherwise).

Figure 16 illustrates the relationship between calcium concentration
and the rates of calcium uptake in the light and dark. The uptake in the

light is saturated between 1 and 2.5 mM with a Ky value of 5 x 1070, The
uptoke in the datk was saturated betwemn 1 and 2 mM with o Kp value of
1.2 x 2074,
As the greater percentage of calcium removed occurred at lower con-
centrations of calcium, most experiments with carrier calcium present were

done at a concentration of 0.1 mM calcium chloride. In the highest
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Figure 15 Effect of pH on chlcium uptake by chloroplasts

Plastids ( 0.06 mg chlorophyll in 2,5 ml, ) incubated with 2,5 uec
“calcium-45

Light intensity : 1500 Lux
Temperature 3 15°C

Uptake measured by filtering 2,5 ml, samplel,wash1ng and counting the
fil ters for calclum-45act1v1ty
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Figure 16

my. moles calcium absorbed / ng chiorophyll / 2 minutes
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Calcium uptake by plastids as a
function of calcium concentration

Plastids ( 0.120 mg chlorophyll in 2.5 ml, ) incubated
with 2,5 pe caleium-45 and the indicated amounts of
carrier calcium

Light intensity : 1500 Lux
Temperature : 15°C

Uptake measured by filtering 2.5 ml. samples,washing
and counting the filters for calcium-45 activity
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uptakes observed some 4% of the calcium-45 supplied was removed from the
incubation medium, but in most experiments the uptake was about 1% for a
2 minutes incubation in the light.

The effects of white light mn calcium uptoke were initially investi-
gated using the apparatus, described by Delieu and Walker (179) capable of
providing 8 different intensities. However, when it became apparent that
uptake was saturated at low light intensity, the problem of stray light
was solved Dby using black nvlon netting as 2 neutral filter. Iight
intensity was then varied by wrapping differing numbers of layers of the
netting around the centrifuge tubes used to contain the experimental solutions

Figure 17 shows the relatiocn between calcium uptake rate and light
intensity. Uptoke was light saturated between 200 and 400 Lux.

The effects of selected wavelengths of visible light upon coleium
uptake was examined using narrow waveband interference filters. The results
shown in table 16 indicate that 650 mi light wos more effective in promoting
calcium uptake then 725 mW light. Enhancement was not observed.

Table 16 Effects of warelength upon calcium uptake

cpm on filter -~ blank

Wavelengthry 650 725 ° (650 + 725) © Dark
Experiment |
1 22.939 17.613 22.710 11.775
2 20.62 15.428  21.125  11.238

Temperature: 20°C, Incubation time: 7 minutes
In several of the experiments recorded, it wes noted that roplicates of

o treatment did not always agree to within 5% of each other. This
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Figure 17 Effect of light intensity on calcium uptake by plastids

Plastids ( 0.120 mg chlorophyll in 2.5 ml.) incubated with 2.5 pc calcium—45 and 10-4M carrier calcium
Light intensity varied by the use of neutral filters Temperature : 15%

Uptake measured by filtering 2,5 ml, samples,washing and counting the filters for calcium-45 activity
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effect was particularly noticeable when the.réplicates were done more than
15 minutes apart. So the decay of calcium uptake capacity on storage was
investigated at two temperatures. Figure 18 shows that on storage of the
chloroplasts in the dark at 15°C the light-activated uptake disappeared
within I hourvwhereas chloroplasts stored in the dark at lod still retained
over 85% of the. light-activated uptake after 1 hour. The dark calcium
uptake was also subject to decay.  After 1 hour storage at 15°C, uptake
was 50% of the original activity, whereas after one hours storage ot 1°C
the plastids retained almost 90% of their original activity.

Since the calcium uptake in both light and dark wns so labile, this
strongly suggested that an encymatic system was responsible for calcium
movement.  Accordingly the effect of temperature upon calecium uptake wos
studied and the temperature coefficients (Qio) were calculated. These

are showm in table 17.

Table 17 giciranges for calcium uptoke
Temperature range °C Light Dark (Light-Dark)
5-15 1.6 - 2.1 1.6 - 1.9 1.5 - 2.0
15 - 25 | I.h - 2.3 1.1 - 1.7 1.7 - 2.8

Incubation time: 45 seconds.

In the temperature range 5 - 1500 the temperature coefficients for
the uptoke categories listed do not appear to be significantly different.
In the higher roange however the temperature coefficients for the light
and (light minus dark) uptekes were higher than the dark uptake.

In order to characterise the calcium uptoke system further, the

specificity of the mechanism was examined. Incubations were performed



Figure 18 Decay of calcium uptake capacity by plastids on storage

Plastids ( 0.120 mg chlorophyll in 2.5 ml., ) stored in the dark as indicated. 2.5 ml, aliquots removed
and quickly brought to 15°C and incubated with 2,5 pc calcium-45 and 104 M carrier calcium
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in which calcium-45 was diluted with cold calcium chloride, or with
other cations (as the chlorides) at equivalent concentrations. The
results of two experiments at two concentrations are illustrated in
figure 19. At 5 x 10-5M concentrations, neither magnesium or
manganese showed any competitive effects with respect to calcium

uptake (as measured by calcium-k5) in the light or dark, a slight
stimulation being observed for the light uptake. At ImM concentrations
however, magnesium :nd manganese are depressants to the light and dark
uptakes of calcium-2.5 though not to the same extent as calcium itself.

(2) Metabolic aspects of calcium uptake

The results desctibed in the previous section showed that light
accelerated calcium upteke. In an attempt to define this effect more
clearly, the effects of certain photosynthetic systems, inhibitors and
treatments were investigated. The results of these experiments are
presented in this section. Conditions were as described in section (1)
except IO"AM calcium chloride was added as carrier to the calcium-45.
Carrier was added to the calecium-45 as other additions were given to the
experimental solutions and these may have contained trace amounts of
calcium thereby diluting the calcium-45 and thus masking the true
effect of the addition.

The effects of an added cyclic photophosphorylative system upon
calcium uptake were studied. Table 18 shows that such an added system
completely abolished the Iight-activated uptake and further decreased
by over 50% the dark calcium uptake. (A similar result was found when

a non-cyclic photophosphorylative system was added). The effects of



Figure 19 Calcium uptaké in the presence of other divalent cations
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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
calcium uptake
cpm on filter - Dblank
Cyclic system Control
LIGHT 1 3238 : 15,862
2 34,12 15,419
DARK 1 345l 7,350
2 3079 7,622
(LIGH‘.T.‘—D‘ARK') ‘ 58 ‘ 8,158

Incubation time: L4 minutes

With the same preparation of chloroplasts as used in the last
experiment, the uncoupling action of calcium upon photophosphorylation
was investigated, It was found that calcium concentrations up to
3x 107" had no effect upon the initial rates (up to 8 minutes) of
cyclic photophosphorylation, although a marked inhibition was seen af'ter
this period. Concentrations of 5 x IO'AM and 10-3M calcium chloride
inhibited@ the initial rates of photophosphorylation by 46% and 80%
respecfively.

The effect of ADP npon calcium uptoke was investigated. Table 19
shows that ADP inhibited completely the light-activated uptake and

depressed it below the dark incubation with ADP which itself was

inhibited by almost 20%.
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Table 19 Effect of ImM ADP upon calcium uptake
cpm on filter - Dblank
+ ADP Control
LIGHT 1 1720 7450
2 1691 7511
DARK 1 3031 3742

2 298 . 3m

incubation time; 2 minutes

As the literature contains several reports of a calcium uptake
mediated by a light-triggered ATP-ase (155)(159), the ATP-ase activity
of these chloroplasts was assayed. Negligible activity was detected, the
highest rate of ATPLhydrolysis being 0.2 P.mole Pi liberated yhg
chlorophyll /hour.

Incubation of the chloroplasts with ar added ATP-ose system did not
enhance calecium uptske in the light or dark. As seen in table 20, the
added ATP-ase system was 62% inhibitory to the light uptake. Further
the uptoke in the light with the ATP-ase system present was decreased

virtuelly to the dark uptoke with the system present.

Taple 20 Effect of an added ATP-ase system on calcium uptoke
cpm on filter -~ blank
+ ATP-ose Control
LIGHT 2783 11,004
DARK 24,95 6,523
(LIGHT-DARK) 288 3,481

Incubation time: L minutes.
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The effect of ATP concentration upon calcium uptake was studied.
Table 21 shows that in some instances low ATP concentrations were
capable of slightly stimulating uptake. Higher concentrations however
were inhibitorye The results also show thét ATP like ADP was more

inhibitory to the uptake in the light than in the dark.

Table 21 Effect of ATP upon calcium uptake
ATP concentration (pM) 0 50 100 200 1000
LIGHT 1 100%  110% 93% - 40%
2 100%  98% - 71% 41%
DARK 100% 108% - 82% L6%

Chloroplasts isolated and resuspended in Tri cine-sucrose pH 8.
Incubation time: 5 minutes. 0.120 mg chlorophyll /2_.5 ml, with 2.5 pe
calcium-45 and IouhM‘calcium"chloride.

In an attempt to demonstrate the persistence of the effect created by
light upon calcium uptake i.e. the uptake mechanism was light-triggered
and not light dependent, a series of incubations were carried out in which
tranyitions 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 resulted in a decrease of the calcium activity of the chloroplasts.
Using a different order of illumination figure 21 shows the effect of
pre-illumination, in the absence of calcium, upon the uptake of calcium

in a succeeding dark period with calcium present. The reaction mixture



Figure 20 Effect of interrupted illumination
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that was pre-illuminated shows a significant decrease in caleium uptoke
in the dark after one minute.

CMU is a potent inhibitor of oxygen evolution by isolated chloro-
plasts (181), and its effect upon calcium uptake was tested, togbther
with other additions designed to relieve the inhibitory action of CMU.
The results of such experiments are listed in table 22 as percentages of

-the eppropriate controls without any additionsa

Table 22 Effect of CMU and other additions upon calcium uptake
b uptake

Addition Concentration Light Dark (Light-Dork)
NONE - 100 100 100
cMy 10™7M 41 75 22
IS 3 % 10”1 77 92 36
CMU and PMS 85 61 109
Ascorbate /DEIP 10™m/10" "0 50 50 50
CMU and ascorbate /DPIP 75 53 88

Tncubation time: L4 minuies

Thus the inhibition in the light of calcium uptake by CMU could be
partially removed by the addition of either PMS or the ascorbate DPIP
couple. The situation regarding the dark and (light minus dark) uptakes
is complicated by the fact that both PMS and ascorbate /DPIP were somewhat
inhibitory and the addition of these substances to a CMU-poisoned system

in the dark did not result in an additive inhibitory effect.
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Other inhibitors of photosynthesis were tested upon the calcium
uptake, and the results of these experiments are shown in table 23 as

percentages of the control uptake.

Toble 23 Inhibitors of colcium uptake
e uptake
Addition Concentretion Light Dark
NONE - 100 . 100
Ammonium chloride I. 10™u 71 60
2. 107 110 102
Antimycin A hx 100M 70 -
CCOP I. 2x 107 29 76
. 2. 2x 10°%m w75
Desaspidin 1. 10”2 50 100
- 2. 10™ 100 100
EDTA 1075 12 2,
A 10”7 18 39

Incubation: L minutes

The inhibitions due to CCCP could be partially relieved by cysteine,
Table 24 shows that 5% 10-5M cysteine reduced the inhibition of the
(1ight-minus dark) uptnke from 100% to 87% with 2 x 10™2M CCCP and almost
halves the inhibition due to 2x 10"6M CCCP in the(light minus dark)
uptake. By itself cysteine was stimulatory to uptake in the light

but slightly inhibitory to the dark uptaoke.
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Table 24 Effect of cysteine on the inhibition of calcium uptake
by CCCP
o _uptake

Addition Concentration Light Dark
NONE - 100 100
CoCP 1. 2 x 107 29 76

2. 2 x 10~ 4 75
CCCP + Cysteine I. 33 83

2, 65 83
Cysteine 5 x 10™M 110 93

Incubation time: &4 minutes

Ammonium chloride at a poncentration of IO‘“M inhibited cyclic
photophosphorylation by over 50%, but gave a small stimulation to the
light uptake. At & concentration of 10-3M cyclic photophosphorylation
was completely inhibited whereas calecium uptake was only cut by approxi-
mately one-third. Mhtimycin A - a wezk uncoupler and inhibitor of
ferredoxin catalysed cyclic plotophosphorylation (66) (182) - inhibited
caleium uptake in the light by 30%. CCCP is a potent uncoupler of
photophosphorylation (183) (18%4) and is particulerly severe at low light
intensities (185). At n coneentration of 2 x 10 M the light stimulated
uptake was inhibited by 71% and the dark uptake by 24%, a concentration of
2 x 10'6M‘gave a 54% inhibition to the uptake in the light ond a 25%
inhibition to the dark upteke. Desaspidin uncouples photophosphorylation
(87) (186) and at concentrations of 107N completely abolishes any light-
activated uptake whilst leaving the dark uptoke unaffected. Concentration

of 107 were without effect upon coleium uptoke. EDTA is a powerful
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chelator of divalent cations (187) 2nd in these experiments it was
added in excess to the reaction mixture in an attempt to chelate all the
calcium present. EDTA completely abolished the light-stimulated uptake
and reduced the dark upteke by 76% such that light and dark uptakes were
the scme. PMA inhibits electron flow and stimulates ATP-ase (119) =nd
severely inhibited the light uptake by 82% and the dark by 61%.
Photosystem IT of photosynthesis has been shown to be irreversibly
destroyed by heating chloroplasts to 50°C for ~ few minutes (I88). Such
treatment of the plastids followed by incubation at 15°C resulted in the
complete loss of the light-activated calcium uptoke and further decreased
the dark uptoke by some 40%. This is shown in table 25.

Table 25 Effect of heating chloroplasts upon calcium uptake

(cpm on filter ~ blank)

Experiment __Heated Control
Light 1 4850 13.224
2 52 13.102
Dark 1 1856 8053
2 5052 7825

Electron transport is uncoupled from photnphosphorylation when chloro-
plasts are isolated with EDTA (189) and electron flow is further stimulated,
Chloroplasts were isolated and resuspended in Tricine-suerose media at pHS.
The suspension was divided into two aliquots, one of which was incubated
in the dark for 10 minutes at I°C with ImM EDTA present. The other

aliquot was kept in the dark at 1°C for 10 minutes. Both aliquots
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were then re-centrifuged and the pellets resuspended in Tricine-sucrose
medium at pH 8. Calcium uptake by the treated and untreated chloroplasts
was then compared in the light ond dark. Table 25 illustrates that the

EDTA treatment did not affect calcium uptake by these chloroplasts.

Table 26 Effect of EDTA treatment upon caleium uptake
Experiment EDTA-treated Control

Tight 1. 7769 7290

2. 8755 8725

Dark 1I. 3883 3807

2. } 534 , - L5903

Simultaneous measurements of calciﬁm uptake and basal ferricyanide
reduction were made in an attempt to demonstrate some stoichiometry
between the two processes. Table 27 shows that cnlcium uptoke wes
initially coupled closely to electron flow with 2 Ca @ 2e of 0.58.
However this rotio was decreased after five minutes to 0.20. Calcium

itself had no effect upon ferricysnide reduction.

Table 27 Stoichiometry of calcium uptake and FeC¥ reduction.
FeCy reduction Calcium upntake
Time in minutes (Light-Dark) (Light-Dark) Ca 3 2e
1. 0.0207 p mole 0.006 | mole 0.58
5. 0.1296 | mole 0.013 | mole 0.20

Light intensity: 3000 Lux.
Much interest has been focussed upon the possible existence of
exchange-diffusion systems in isolated chloroplasts, following the

publication of the chemi-osmotic theory (150). Further interest in
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this theory has been prompted by the demonstrations of a light-induced
proton uptake by chloroplasts (232) (133) and of ATP - formation in the
dork by chloroplasts subjected first to acid  then to basic conditions
(190). Further evidence suggests that ATP - formation and the proton
uptake in chloroplasts are intimately linked. In an attempt to demon-
strate & connection between these processes and calcium uptoke, the
following experiments were conducted.

fhloroplasts were isolated in Tricine sucrose media at pH 7 and re-
suspended in 0.35M sucrose. Samples of the suspension were
pre~incubated for 5 minutes in the dark with 25mM Tricine-sucrose at acidic
(pH 5.5) or basic (pH 8.0) couditions. The suspensions were then
injected into calcium-%45 and 10”™M caleium chloride solutions in tho dark
containing the necessary amounts of NaOH, Tricine or sucrose, to make
the incubation phase alkaline, acid. or the same as the pre-incubation
phase. Toble 28 shows the results of such a series of experiments.

Table 28 Effect of pH transitions upon caleium uptake

cpm on filter - blank

Preuiﬁcubation pH Incubation pH Dark
5¢5 8.0 3558
-8.0 8.0 4007
8.0 5.5 2251

Incubation time with calcium: 2 minutes.
Tronsfer from acid: +to basic pH results in an 11% inhibition of

calcium uptake, tronsfer from basic to acid: conditions results in a
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56% inhibition to uptake, when both are compared to the suspension kept
at pH 8 throughout. |

A similar experiment was done in which 1 mM malic acid was present
throughout every incubation. These results are presented in table 29.

TabIle 29 Effect of pH tronsition (with malate present) upon
calcium uptake

%‘uptake

Pre-incubation pH Incubation pH Dark
5.5 (malate absent) 8.0 (malate obsent) 93
5.5 8.0 86
8.0 (molate absent) 8.0 (malate absent) 100
8.0 8.0 62

Incubation time with calcium: 2 mifiutes.

Tronsfer from acid. to basic conditions with malate present
increases the inhibition due to transference from acid. to basic conditions
itself. Transfer from acid to basic conditions with malate present
however resulted in a greater uptake than suspensions mainteined ot pH 8
with malate present. The effects observed in these experiments are thus
not comparable to the results obtained with phosphorylation in the
experiments of Jagendorf and Uribe. The results shown here would appear
to be related to the presence or absence of malate rather than to the

1

pH tronsition, and so the uptake of € - labelled malic acid was
investigated at three pH values in the light and derk. Table 30 shows
that at acid pH the amount of malate present in the' plastids in the light

incubation was fractionally greater than in the dark. As the pH was
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raised so the light/dark ratio increased but the absolute a_mount of
malate accumulated decreased.

Table 30 Acecumulation of malate

cpm on filter - blank

Incubation pH Light Dark Light/Dark
6.2 5730 5426 1.06
7.1 2278 183 1.53
8.0 1977 1252 1.59

Chloroplasts isolated in Tricine-sucrose pH 8 and resuspended in 0,35M
14

sucrose. 0.10 mg chlorophyll per 2,5 ml. sample with 1 o d -malate.
Incubation time; 4 minutes. Temperature: 10°¢. Light intensity:
1500 Lux. Filters pre-~washed with 0.IM malate and af'ter chloroplast
filtration washed with 0.35M Nacl.

The effect of transferring suspensions from basic to acid conditions
was investigated further. éh10r0p1asts were isolated and resuspended iﬁ
EEM"Triqine-sucrose media at pH 8, and were initially incubated at pH 8
with calcium - 45 and carrier present. Uptake was measured in the light
‘and dark for a period of L4 minutes at which time sufficient Tricine was
injected into the suspension to lower the pH to 6.3. Uptake measurements
were then continued for a further period. Figure 22 shows the results of
this experiment. Tt can be seen that a part of the previously accumulated
calcium is lost on exposing the chloroﬁlasts to aci& conditions.

This experiment concluded the work done to investigate the metabolic
nature of the observed calcium uptake. The final section on calcium
uptake was concerned with the localisation of the calcium within the

chloroplast.
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Figure 22 . Effect of acid conditions upon previously

accumulated calcium by chloroplasts

Plastids ( 0.120 mg chlorophyll in 2,5 ml, ) incubated at pH 8
with 2,5 jic calcium—45 and 10~%4 M carrier calcium., Tricine was
injected into the incubation mixture to alter the pH to 6,3

 Light intensity : 1500 Lux

Temperature : 15°%

Uptake measured by filtering 2.5 ml, samples,washing
and counting the filters for calcium-45 activity
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(3) Localisation of the accumulated calcium

The experiments of Nobel et al (156) indicate that the calcium
accumulated by spinach chloroplasts is deposited upon the granal system
of the plastids (probably as imsoluble phosphate salts).  Further Nobel
(155) found that inorganic phosphate itself markedly stimulated calcium
uptake and that phosphate uptake required the presence of calcium. In
the experiments performed in this work, phosphate was found to produce
almost a 20% stimulation to calcium uptake in the light when the concen-
trations of calcium and phosphate were less than 50 pl , At higher con-
centrations (not high enough to exceed the solubility of calciﬁmiphosphate
at pH 8 in the medium) the stirulation to the light uptake was less than
10%. The dark calcium uptake was slightly stimuloted (less than 5%) at
all phosphate concentration used. Table 31 shows the effect of phosphate
concentration upon the rate of calcium uptake (at equivalent concentrations)
in the light.

Table 31 Effect of phosphate upon calcium uptake in the light

Fate of uptakesmp moles Ca/min
1

Concentration pM i CaCl, CaCl, + K HFO,
25 0.40 047
50 0,61 0.73
100 1,00 1.05
200 1.31 1.0

Incubation time: 1 minute
The comparative abilities of intact and broken chloroplasts to

absorb calcium in the light and dark were investigated. Table 32 shows
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that broker. chloroplasts in both the light and dark were able to sbsord

more calcium than intact plastids.

Table 32 Effect of membrane integrity upon calcium uptake
My moles calcium ; »
Light Dark
Time Whole Broken Whole Broken
1 minute 0.38 0,50 0.3%0 0,35
& minutes 0.95 1.33 0.40 0.51

6 ml of chloroplasts contained in a 50 mL conical flask with 6pe
calcium-45 and IOuﬁM calcium chloride, 2.5 ml. samples (0.120 mg
chlorophyll) filtered,

In an attempt to define further the location of the absorbed calcium,
chloroplasts were incubated with carrier-free calcium-45 and collected by
membrane filtration. The filters were dried and then held in place upon
o planchette with a metal washer, such that only the membrane area with
chloroplasts was exposed.  Blanks were also treated in this way.  After
counting the filters were replaced on the filtration epparatus and washed,
using various solvents, dried and re-counted. For some experiments this
procedure was repeated several times. The wash solvent was allowed to
flow slowly (20-30 seconds) through the filters.

- Bigure 23 illustrates an experiment in which & series of washes with
water were given and the filters counted after each wash. Curve A is
the plot of cpm remaining on the filter against the wash number,

Curve B is the Iogarithmic plot of cpm remaining on the filter against

wash number. From curve B it can be seen that there is not a linear



Figure 23 Extraction of calcium-45 from labelled plastids 111

Light intensity : 1500 Lux Temperature : 15°C
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relationship between counts remaining and wash number,

emphasised in figure 24 where the logarithmic plot of cpm remaining
against wash number is shown for chloroplasts lobelled in the light and
dark. Both figures zlso show that some 10% of the accumulated

calcium=45 is relatively difficult to wash out with water from both

light and dark tresatments.

The fact that the logarithmic plots in figures 23 and 24 are not

This effect is
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Iinear suggests that the calcium moy be bound or present on more than one

component of the chloroplast.

chloroplasts and then, after counting, washing the filters with various

solvents and recounting the washed filters,

ments are shown in toble 33.

Table 33 Effects of washing with various sclvents upon the

This was investigated further by labelling

calcium content of chloroplasts

% activity lost on washing

The recsults of these experi-

Solvent (10 ml) Light Dark
Water 61.8 62.3
0.01M EDTA pH 8 91.k 97.6
0.1N HCl 97.0 .7
0.1N NaOH 92.1 93.3
0.01M CaCl, S0.4 91.6
0.0IM Fe CI, 91.6 91.5
Chloroform/methanol

(2:1 v/v) 5.1 k.3

Chloroplasts isolated and resuspended in Tricine-sucrose media pH 8.

Incubation time 2 minutes at 1500 Lux with 2.5 Pc calcium~45,



Figure 24
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‘Extraction of calcium-45 from lahelled plastids

Plastids ( 0.120 mg chlorophyll in 2.5 ml, ) incubated
with 2.5 uc calcium-45

Light intensity ¢ 1500 Lux Teﬁperature : 15°C
Plastids filtered,filter washed (NaCl) counted and then

rewashed with 10 ml, water and recounted ( after drying )
for calcium-45 activity., Blank similarly treated,

'

Wash number ( 10 ml, water )
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washed with NaGl(Q.35M)prior to counting.

It is concluded that all solvents extract approximately the same
percentage of calcium from both the light and the dark. Caleium is
present as a water soluble=—component representing approximately 60% of
the total calcium accumulated. It is assumed that washes with all the
other aqueous solvents also remove this aqueous percentage. Using this
assumption it can be seen from figure 25 that 2ll the aqueous solventsused
extracted & further 30% (approximately)e A 10% froction of the calcium
remained udextracted. The chloroform/methanol solvent removed approximete~
1y 6% of the accumulated cxlcium.

The water extract obtained in the previous experiment was further
treated with TCA (to a final concentration of 5%) to precipitafe any
water-soluble proteins present. The precipitate was counted for calcium-
45, after & further woter wash, and opproximntely 10% of the total water -
soluble calcium fraoction was present, equivalent to 6% of the total
calcium accumulated. This data, together with the data of table 33 are
represented in figurcec 25.

The samll fraction of calcium associcted with the TCA protein preci-
pitate was investigated further. Chloroplasts were labelled in the light
with carrier-free calcium-45 and thefn centifruged. = The chloroplast pellet
was then resuspended with 2m}. Tricine-NaOH buffer pH 8, to breck the
chloroplasts. The buffered suspension was kept overnight at IQOG ond
then centrifuged for 10 minutes at 5,000 x g to removed particulate
matter. The supernataont was removed and Iml placed on & Sephadex-G25

column previously ecquilibrated with Tricine-NaCH buffer pH 8.



Figure 25 , Extracted fractions of calcium-45 from labelled plastids

Figure compiled from the data of figures 23 and 24 and table 33
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Fractions (0.5ml) were collected ond analysed for protein_and calcium=45
content. Figure 26 shows the results of this separation, the protein
and calcium-k5 fractions are quite separate so any calcium bound to a
protein must be either very‘small (beyond the columm resolution) or non-
existente. These experiments concluded the work done with calcium-45

upteke.



Figure 26 Separation of soluble protein and calcium-45 fractions from labelled plastids

Plastids (0.120 mg chlorophyll in 2,5 ml,) incubated with 2,5 pc 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 results reported here with respect to chloride uptake by
Elodea confirm that uptake is stimulated hy light. The fact that the
values for Km differ for uptake in the light and dark suggests that two
separate processes are involved. The observation of Michaelis~Menten
type kineties however, cannot be taken as proof of a chloride-carrier
complex, and the application of this type of analysis to an intact
tissue or(chloroplasts) is debateable. Further evidence for the exist-
ence of two acecumulatory processes is provided by the results obtained -
using anaerobic conditions. Uptake in the dark was inhibited under
anaerobic and 002~free conditions indicating that chloride absorption is
dependent upon respiration and/or a dark COz-fixing mechanism. The dark
anaerobic~-resistant uptake obsqrvea is probably accounted for by the free
space uptake. Chloride uptake under COerree nitrogen was supported by
Tight to the extent of"8h% of the aerobic uptake. This indicates that
respiratory processes contribute only a part (16%) to the light-stimulated
uptake. The existence of two accumulatory mechanisms in the light and
dark for green tissues has also been noted by Kylin (see Introduction).
In COQ-free nitrogen. in the absence of a terminal acceptor for non-cyclic
electron flow, only cyclic photophosphorylation should occur (aasuming
there is no large endogenous acceptorfpool). The possibility however of
maintaining a green tissue completely araerobic in the light is remote;
& certain amount of oxygen produced by photosynthesis could be maintaining
a pseudocyclic flow of electrons as well as a small amount of

respiratiom,
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Chloride uptake in the light was stimulated in 002~free air, showing
that the effect of light is not mediated %hrough carbon fixation but by
the prtial reactions of photosynthesis. This view is substantiated by
the finding that bicarbonate was inhibitory to chloride uptake in the
Iight. Taken together these results suggest that chloride absorption
and carbon fixation are in competition for some product of the light
reactions of photosynthesis. Further, the very similar 31”02/0136 ratios
seen under 650 and 797 ﬂr illumination also suggests that the carbon-
fixing and absorption mechanisms are in competition.

The inhibition to the dark uptake in COz—free condition; may reflect
a dependency of dark uptake upon a dark COz—fixing mechanism, which is well
developed in Elodea and explains the high 61402/0136.ratios seen in the
dark,

Since carbon~fixation and chloride uptake appear to be in competition
for a product of the light reactions, the most likely product of the
light reactions is ATP. Light of 650mr, activating both photosystems,
“and light of 705 or 725 s activating photosystem I, were capable of
supporting a chloride uptake greater than the dark uptake. These
results would implicate both cyclic and non-cyclic electron flow and/or
photophosphorylation as being able tqsupport chloride absorption in the
Iight. The results of the enhancement experiments showed that simul-
taneous illumination of Elodea with red and far-red light usually
results in less chloride sbsorption then found using red (GSOQF) light
alone. This suggests that photosystem I is reducing the efficiency of

photosystem IT for chloride absorption. This effect may be viewed as an
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increased carbon fixation occurring with both wmvelengths present thereby
reducing the ATP available for chloride uptake.

More chloride absorption was found with 650 mp light indicating the
importance of photosystem II in chloride absorption, a feature that is
also emphasised by the. inhibiting action of DCMU upon absorption,
although a conflicting view is seen in the inhibition of uptake by DCMU
with 707’ﬁr Iight. Further evideice that the product of the light
reactions utilised in uptoke is ATP, is provided by the work of Jeschke
with Elodea (see Introduction), which shows that both c¢cyclic and non-
cyclic photophosphorylation support chloride uptake.

In summary, the competitive effects of bicarbonate and carbon
fixation upon chloride absorption, the effect on uptake of far-red light,
the stimulation to upfake by COz-free air together with the lack of any
marked inhibition in anaerobic conditions, all support the view that
chloride uptake in the light is mediated through the partial reactions
of photosynthesis and in particular by photophosphorylation. The dark
.uptake of chloride is dependcnt upon aerobic conditions and CO2 and thus
differs from the uptake in the light.

Thus the mechanism for chloride movement in Elodea differs from that

described for Nitella and Hydrodictyon (see Introduction). The greater

efficiency of the mechanism under conditions allowing non-cyclic photo-
phosphorylation may be due to low rates of cyélic photophosphorylation
in vivo, although it has been shown that cyclic photophosphorylation

in vivo has a faster turnover them oxidative phosphorylation (191).

Alternatively, the sites of cyclic and non-cyclic photophosphorylations
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may be physically separated and only the ATP produced by the non-cyelic
mechanism may be ecasily 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 o fast
method for separating chloroplasts from solutions and in part to the
varisbility found in the chlovoplast preparations.

The chloride content of aqueously prepared chloroplasts was calcu-
lated 4o be 1.9 x 16"2M. In view of the many contaminants present in
these preparations this value is certainly an over-estimate. By contrast
plastids isolated non-aquecusly from labelled Ieaves werc not contaminated
(as judged by the lack of fumarase activity in the suspensior and had a
calculated chloride concentration of approximately 2 x 10‘2M1 This result
indicates that pea chloroplasts in vivo have the ability to accumulate
chloride at least in 1opg term feeding periods - although whether by an
active or pzssive mechanism cannot be determined from this result.

Using the supernatant snalysis technique showed that a small light-
activated uptake was present and this was confirmed by the Millipore
filtration method. However, the kinetics of uptake are completely
different when the results of the two methods are compared. A further
difference is seén betwsen.the two methods whon the dark uptakes are
compared. Using the supernatant analysis technique no dark uptake
was observed, however with the filtration technique a gradual accumulation
of chloride in the dark is observed. This difference may reflect a
difference in the force applied during the separation of the chloroplasts.

Tt further demonstrates that the uptake in the light results in =
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distribution of chloride within the chloroplasts more resistant to
centrifugal forces. However, the analysis of chloroplast pellets
centrifuged through & layer of buffer failed to detect any increase of
chloride-36 activity with time. This may have resulted from a
"leaching" effect of centrifugation as noted by Stocking and Ongun (148).

The results found on comparing the abilities of whole and broken
plastids to absorb chloride show that the membrane in vitro is acting
as o barrier to the entrance of chloride. Uptake by broken chloroplasts
is greater than that seen with intact plastids in the dark although the
difference is less in the light.

Of all the additives tested to increase the size of the uptake,
only ATP was effective and more so in the dark than in the light. The
dark uptake decreased after I0 minutes incubation and this effect was
not due to breskage of the plastids since microscopic examination of the
“experimental suspensions at the end of experiments did not indicate any
significant increase in the numbers of broken chloroplasts. Chloroplasts
shrink in the light and dark on the addition of ATP (as measured by the
absorbancy changes at 540 my ), The @ilution of the supernatant by the
extruded water was calculated to be not more than 1% of the activity
present. This was less than the effect on chloride upteke observed.

The observed effects of ATP upon chloride absorptioﬁ were not
apparently mediated by an added ATP-ase system. This is in agreement
with the work of Nobel (see Introduction) who found no chloride
absorption in spinach plastids.

The effects of sucrose molarity upon chloride movements show that

light exerted an effect upon the water movements due to the sucrose
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concentration. At molarities less than 0.4, the‘activity (cpm) of

the solution increased, more in the light than dark, indicating that

water entrance occurred without concomitant chloride influx (unless
chloride was effluxed as fast as it was influxed). The existence of a
pump solely effluxing chloride from the chloroplast however is not con-
sistent with the finding that in vivo chloroplast accumulate chloride.
Water entrance and exit from the plastid is known to be affected by light
and certain ions. The existence of a light-activated chloride influx
however is not evident in these experiments under conditions of chloroplast
volume:.increase. Further, at 0.8M sucrose where the chloroplasts are
shrunken no changes in supernztant activity were detected. This suggests
that much Iess than 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 also shrinks the chloroplasts)
must be more specific than an effect of shrinkage.

When the Millipore filtration technique of experimental solutions was
tried much more preciser data were obtained. Very large and fast movements
of chloride occurred in the first minutes of illumination. A general
pattern of initial net influx upon illumination followed by net efflux
was observed. Examination of the data of Jagendorf and Neuman (134) shows
that proton entry into the chloroplast is almost saturated after 30
seconds end fully saturated after 1 minute. The increase in chloride
activity in the,chioroplasts 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
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proton entry or as an accompanying anion entering with the proton. The
subsequent net efflux of chloride would then have to be mediated by an
active mechanism. The amount of chloride absorbed in 10 seconds as
iTlTustrated in figure 11 was equivalent to 0.75 B moles/mg chloréphyll.
Ehe data ofnggendorf an&"Noumnn show that between 0.65 - 1.0 {. moles
of protons/mg chlorophyll were sbsorbed in approximately 30 seconds.
Tt would thus seem that only part of the chloride influx could be related
to proton entry. In ssveral other experiments however all the chloride
inflvx could be accounted for on the magnitude of the proton movement.
The filtration experiments, in contrast to analyses of° supernatant
activitigs, showed that in the dark the chloroplasts gradually accumulated
chloride. This demonstrates that the plastid membrane is permeable to
chloridc when in the dark =nd the greater chloride movement scun in the
light may be rclated o the productionm of ATP by photochemical processes.
Dark to light transients show that the chloroplasts have a limited
net capacity for chloride. This could result from the existence of a
definite number of adsorption sites. .Figure 12 shows that after a derk
incubration with chloride-36, the activity found in the chloroplasts on
subsequent illumination does not increase so quickly &s when chloroplasts
are incubated with chloride in the light. Return to a dark period efter
illumination causes an efflux of previously accumulated anion. This
suggests that light is an essential factor for the maintenance of chloride
Tevels in the chloroplast. The outpumping mechanism .however returms the

chloride~36 level almost to zero.
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The absofption of calcium by pea chloroplasts is stimulated by
light, the initial rate of uptake in the light being almost double the
dark uptake. Both upteke in the light and dark are very lIabile and the
chloroplasts very quickly lose their absorption capacity on storage im the
dark at ISOC. This fact, together with the finding that there are two
pH optima, strongly suggests that the absorption process is mediated by
an enzymatic mechanism rather than by adsorption phenomena. This view
is strengthened by the degree of specificity seen when divalent cations
other than calcium are present in the incubations. The QlO values are
variable probably because the decay factor will also be & function of
temperature.

Uptake in the light is saturated between 200 and 400 Iux, at which
\intensity negligible photophosphorylation is detectable (at 1500) although
electron-flow is measurable (195). Calcium itself is an uncoupler
(probably by activating en ATP-ase (158) and at saturating concentrations
for uptake, photophosphorylation was severely reduced. The independence
of calcium uptake and photopl.osphorylation is sen further in the inhibit. ory
effects of added phosphorylative systems, although these systems were also

found to inhibit the dark uptake. These effects may be the result of

chelation of calcium by the added nucleotide thus decreasing the amount of
free calcium present ir the medium. Addition of excess EDTA to chelate
all the calcium in solutions shows that the chloroplasts, in the light or
dark, can absorb little calcium from a chelated form.

”~
An added ATP-ase system was inhibit ory to calcium absorption and as
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upteke in the light and dark was epproximately the same, this again
suggests that the added nucleotide is chelating the cation thus
reducing uptake. Howeve:)low concentrations of ATP alone give almost =
I0% stimulation to uptake in both light and dark. It remains possible
that some small fraction of the observed uptake is mediated by an ATP-ase
system. The ATP-ase system described elsewhere in connection with
caleium uptake is activated by light and com function in uptake (after
activation) independently of light for several minutes (155); no such
effest was found in the experiments reported@ here. This indicates that
the calcium uptake into pea chloroplasts is dependent upon light, although
if the decay time (in the dark) of light-activation were of the order
of seconds any effect of pre-illumination could have escaped detection
in these atperiments, An additional complication was that pre-illuminatiom
of plastids in the absence of calcium followed by & dark incubation with
calcium present resulted in a cessation of the dark uptake after 1
minute. The mechanism of this effect was not investigated further.
Removal of the coupling factor with EDTA and low concentrations of
the uncoupler ammonium chloride both 2llowed calcium uptake to continue
unabated. Measurements of the Ca:2e ratio showed that initially
approximately 3 calcium are accumulated for every 10 electrons transported
and this occurred under saturating light intensity. These results
suggest that the effect of light upon calecium accumulation is mediated by
a mechanism associated with electron flow. However, the rates of
photophosphorylation and Hill reaction did not show the seme rate of

decay on storage as did calcium uptoake. This suggests that calcium
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uptake, whilst closely associated with the photosynthetic light rcactions
may not be mediated by the principdl pathway of electron flow but by

a related branch or even a Iabile adsorption site that is influenced by
light.

If an adscrption site such as a protein were involved in uptcke, the
differing pH optima for light and dark uptskes shows that light must be
able Lo alter the charge upon this site. Electrophoretic studies (196)
show that spinach chloroplasts are negatively charged and become 15%
more negative in the light. This increased light-induced negative
charge however was not apparent if the plastids were disrupted, but 4did
show the same low light intensity requirement as does the calcium uptake
reported here. Calcium uptake was more efficient with broken chloroplasts
in both the light and dark, so it seems that the mechanism of uptske is
not whol}ly concerned with the light-induced change in electronegativity
vhich is associated with the presence of a bounding membrane.

Changes in chloroplast volume, by altering the membrane, might
expose or conceal charged groups. The results of Dilley, already
discussed, indicate the existence of o Donnan system within the osmotic
compartment of the chloroplast. TIlIumination may result in an increase in
the number of negative charges and/or an sltered permeability of the
membrane to allow catiors to enter and neutralise these charges.  However,
although light-dependent volume changes have becn describedin ionic
media (see Introduction), calcium uptoke was just as efficient in sucrose
solutions, which inhibit light-activated volume changes (131).

The effects of selected wavelengths of light upon uptake showed that
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photosystem IT was most efficient in promoting absorption, but
appreciable uptake did occur in far-red light showing that cyclic
electron flow could also support uptake. Enhancement of uptake was
not observed and the effect of simultameous illumination with 650 and
725 s light was approximately the same as that produced by 650 m light
alone, The effect of far-red Iight may be inoperative whilst
illumination with 650 mp light is present. Further evidence of the
dependence of calcium uptake upon photosystem II is shown by the inhibi-
torwr effects of CMU upon absorption. The destruction of photosystem
IT by heating to 5000 also inhibited calcium absorption.

The interaction of photosynthesis and calcium was defined further by
Tinding that the inhibition due to CMU was partially relieved by the
ascorbate~-indophenol couple which supplies electrons to the system
beyond the CMU-sensitive site which lies on the reducing side of photo-
system IT (53). The incomplete inhibition of uptake by CMU is probably
due to endogenous cyclic electron flow occurring. That eyclic electron
flow can support calcium up:ake is shown further by the relief given to
a poisoned uptake system by PMS. Some inhibition was seen with PMS
itself and this may be due to a cation competitive effect, since FMS
ie a cation at the pH value used. The inhibition seen with the
ascorbate~indophenol couple may result from the over-reduction of a
component of the photosystems. Desaspidin at concentrations of
10’7ﬁ, which uncouples cyclic photophosphorylation (186), was without
effect upon calcium accumulation, at concentrations of 10-5M, which

uncouples non-cyclic photophosphorylation, the light-stimulated calcium
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uptake was inhibited. Thus it appears that uptake is maintained by
a non-cyclic process.

The fact that many of the photosynthetic inhibitors tested affected
the dark uptake is surprising, especially as the inhibiting effects due
to PMS or CMU were not additive, not were the effects of CMU and the
ascorbate~indophenol additive when placed together in the dark incubation
mixtnre. These effects imply that electron flow is occurring in the dark.
Althoagh the dark uptake exhibits a similar specificity towards calcium as
does uptake in the light, there are sufficient differences between the
uptakes to show that they are mediated by separate mechanisms. Purther,
as the decay curves for uptake capacity at 1500 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 measured as the difference
between light and dark uptakes).

The involvement of sulphydryl (-SH) groups with absorption in the
Tight is seen from the results with PMA gnga cystcinc.

PIA drastically inhibited uptake. Cysteine could relieve part of the
inhibition due to CCCP and by itself stimulated calcium uptake in the
light by 10% whilst inhibiting the dark upteke — a further difference
bevween the two uptakes.

Attempts to demonstrate an exchange of calcium for protons accumu-
lated in plastids showed that calecium uptake was inhibited by protons
inside the chloroplasts (derived by incubation in acid media). This
inhibition was increased by the presence of & penetrant organic acid

(providing protons to the inside of the plastii) as shown using malate.
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With malate present transfer from acid to basic conditions however
relieved part of the inhibition due to malate in suspensions majntained
at pH 8. This effect may be explained either as being dus to malate
{entering in the plastid at low pH) scting a2s an anion for calcium or as
malate competing with calcium at pH 8 for entry into the chloroplast.

At acid pH)malate absorption was independent’of light whereas at basic
pH, although the amount accumulated was less, a light-stimulation to
malate uptake was observed.

Calcium azccumulated under basic conditions was partially lost on
transfer to acid media. This effect was greater in the dark and suggests
that the loss of accumulated calcium was not due to exchange for protons
since a greater proton uptake occurs in the light. More probable is
that the membranes become "leaky" to calcium in acid conditions or that
for the retention of aceumulated calcium the sccumulatory mechanism must
continue to operate and this requires basic conditions.

The loss of previously accumulated calcium in acid media meay also be
considered from & chemical change. If the calcium were present in the
chiloroplast either partly or totally as an insoluble phosphate salt at
pH 8 the species would be mostly GaHPOh, ot pH 6.3 again CaHPOh would
rredominate with a very small amount of Ga(HzPOA)z. The chenge in pH may
give a change in the form of the calcium salt resulting in a greater
amount of calcium ion inside the plastid which then leaves to re-establish
the equilibrium.

The effects of inorganic phosphate upon calecium asborption suggest

that some deposition of calcium as phosphate salt may occur since the
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effect of phosphate is not mediated through added phosphorylative
systems. The small stimulus by ATP to calecium accumulation may then
result from the liberation of phosphate from the nuclectide by the
ATP-ase allowing calcium to be deposited as an insoluble phosphate. This
effect, by removing calcium from solution would maintain a sink for
calcium entrance.

The results of washing out calcium-labelled chloroplasts with water
show “hat most of the cation is present as a water soluble component (a
phosphate deposit may be part or all of this). Some 60% of the
accummulated calcium is easily removed by water and the remainder is
removed only on prolonged wasning. This resistant fractiom may indeed be
water soluble but could also be the result of fragmentation of the plastids
upon the filter by the forces applied during filtration. Of the water
soluble fraction a portion ecuivalent to some 6% of the total calcium
absorbed may be present as a protein-cation complex (i.e. that
precipitated by TCA). The association must however be a loose one since
na combination of protein anu calcium was found upon fractionation using
Sephadex columns. The amounts extracted by EDTA suggest that only 5% of
the calcium is tightly bound to the chloroplast amd further the amounts
ertracted with ealcium and ferric chloride solutions suggest that 30% of
the total cation acceumulated is bound but is readily exchangeable. The
inereased efficiencies of HCl and NaOH solutions over water as extracting
solvents also suggests that the calcium is bound to a chloroplast
component, possibly o protein. These results zll indicate that some form

of binding between chloroplast components and calcium is occurring. Some
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6% of the accumulated calcium is found associated in a chloroform/
methanol soluble fraction and this may represent calcium incorporation
into & Iipid or chlorophyll fraction.

The amounts of chloride accumulated by pea chloroplasts initially
are large enough to act as counterions to calcium, the subsequent
efflux (in the light) of chloride is not followed by calcium influx.

The counterion to calcium could thus lie in o system of negative charges
present in the plastid.

In summary, the uptake of calcium by pea chloropIasts is related to
electron flow rather than to phosphorylation or ATP-ase activity. As
the decay times on storage of Hill reaction and calcium uptake are differ-
ent, the connection between the processes could be indirect. The
differential effects of ammonium chloride, CCCP, ATP, EDTA uncoupling and
phosphorylative systems are consistent with this idea and that the
mechanism may lie very close to the site of coupling between electron
flow and the phosphorylative enzyme. A possible location is indicated
in figure 27.

The proposed sites of uncoupling are in figure 27 indicated by the
hiorarchy of action of uncouplers upon light-induced conformational
changes and the results of Gromet-Elhanan and Avron (197). CCCP by
uncoupling at the start of the coupling chain sequence prevents any
changes occurring in the proposed related pathway concerned with calcium
uptake. Ammonium chloride by operanting after the branch point of the
coupling chain and calcium pathway allows calcium uptake to continue

and may stimulate uptake in the light by diverting more flow through the
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Pigure 27 : ’ ‘Proposed site of calcium uptake
' in pea chloroplasts
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side branch. The inhibitory effects of high ammonium concentrations

upon calcium uptaoke may be due to o cation competitive effect. The
inhibition of calcium accumulation by added@ phosphorylative systems on
this proposed scheme, would result from the chelating properties of the
ad&é& nucleotides rather than from a competitive effect. This conclusion
is strenthened by the fact that both uptake in the light and dark is
redused to approximately the same level indicating the sbsence of any
effect of photophosphorylation. EDTA also acts after the proposed site
of uptake and allows flow through the relevant part of the chain. The
stimulatery effect of ATP suggests that 2 small part of the calcium uptake
may be mediated by an ATP-ase system. The absence however, of any light-
triggering effects and the inhibitory action of' an added ATP-ase system,
implies that the effect of ATP upon uptake is not mediated by an ATP-ase
system.

The previously reported instances of calcium uptake into chloroplasts
(155) (199) differ markedly from the calcium accumulation reported here.
Brown, using pea chloroplasts, could find no evidence for a light-activated
calcium uptoke. This may be due to the rapid decay of uptake capacity in
his material. The light-activated calcium absorption reported by Nobel
ir médiated by an ATP-ase system. It differs from the work reported here
in so many aspects as to provide further evidence that the calcium
accumulation in pea chloroplasts is not mediated by the same mechanism
as in spinach chloroplasts. Some of the differences between calcium

uptake in Fea.and spinach chloroplasts are illustrated in teble 3.



Table 3% Comparison of calcium uptake by spinach and pea
chloroplasts
Feature Spinach Pea

(Light 7.9 8.5
pH optima

Dark 7.0 8.0
Saturating Light (Iux) 30,000 " 400
Saturating calcium .
concentration (Light) ImM 1-2.5mM
Optimun ATP
concentration 3mM 50pM (approx)
Light/Dark ratio 6 2
Stoichiometry to
electron flow (Ca:2e) 0.05 0.58

Omission of P, -

>95% inhibition

20% inhibition

Requirement for

No

Magne sium Yes

PMS Yes No

Sulphydryl group Yes No
Chelating agents No effect Inhibition

Stability of accumulated
calcium

> 90% firmly bound

< 10% firmly bound

Light triggered

Yes

No
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The function of the ions accumulated by the chloroplast may lie in
the cofactor requirements of the photogynthetic reactions. Thus
chloride is known to be an essential factor for oxygen cvolution. The
role of calcium is less certain. A calcium-requiring ATP-ase is known
to be present in chloroplasts (158) and insoluble caleium phosphate salts
are also present. Calcium may therefore regulate the delivery of
phosphate to the photophosphorylation system. As the intermal pH of
the chloroplast changes on illumination this would result in chenges in
the form of phosphate to an extent determined by the level of calcium.
Also in the dark, the cytoplasm and mitochondria would be unsble to
sequester phosphate from the insoluble calcium phosphate deposits in the
chloroplasts. Calcium is also known to be required for the maintenance
of membrane structure and function end may thus play a part in maintaining

the large membrane systems of the chloroplasts.
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