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ABSTRACT

The ionic relations of the blue-green alga fnacystis nidulans

were investigated. ITonic concentrations and fluxes were measured using
isotopic and flame photometric techniques. It wasfound that, although
the cell membrane was permeable to these ions, the cells accumulated
K" and €1~ and excluded Na+.

Measurements of the internal osmolarity of "protoplasts'" indicated
that the ions were in free solution. It seemed that the ionic gradients
must be maintained by the operation of at least one ionic pumpe.

The physiological state of the cultures used was altered either by
employing metabolic inhibitors or by varying the growing conditions. The
primary aim of these experiments was to determine which ions were out of
thermodynemic equilibrium and also to explain how the energy donating
processes of the cell were linked to active transport.

The use of valinomycin and the effect of temperature on K’ fluxes
suggested that the accumulation of this ion was passive. A comparison
of the Nernst potentials for KT, 01~ and Na' indicated that C1” was
actively taken up by the cell and Na+ actively extruded. It was tentatively
concluded that ATP was the energy source.

Dependence of the transport processes on photosynthesis was
difficult to demonstrate, possibly because common electron carrier systems
for respiration and photosynthesis were located on the lamellae in close
proximity to the probable ionic barrier, the plasmalemma, Such cellular
organisation, compared to that of the Bucaryotes facilitates the
maintenance of a constant ATP supply at the site of active transport.

In addition to the above mentioned ions proton transport was
investigated with particular emphasis on its relevance to the "Chemiosmotic
Hypothesis", Light induced pH changes occurred which seemed to be due to
proton translocation rather than 002 fixation, but no evidence was obtained
to suggest that these changes were directly related to photophosphorylation

or primary electron flow.
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ABBREVIATIORR

ADP Adenosine-E!—diphosPhgte

ATP Adenosine—St—triphosphate
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INTRODUCTION



INTRODUCTION

Living organisms maintain an internal ionic somposition which is
distinct from that of the environment. The cell membrane forms a selective
barrier which partly controls the movement of ions both into and out of the
cell, This phenomenon of ion selectivity has been studied in many diverse
systems ranging from bacterial oells to mammalian tissues, but so far the
study of blue-green algae has been neglected. To help remedy this omission

a detailed investigation of the ionic relations of Anacystis nidulans was

undertaken,

To understand the ionic relations of any organism some knowledge of its
structure and physiology is required. Before considering the ionic aspeots
of this investigation some relevant charaoteristice of Anaaystis will be

desoribed and an attempt made to justify id¥s use as an experimental organism.

1. Anacystis nidulans

Anacystis nidulans (or possibly Synechococcus leopoliensis (131))

is a unicellular rod-shaped blue-green algae. Blue~green algae are
procaryotic organisms, that is they have no disorete organelles or large
vacuoles, Thus they represent a simple system for the study of ion fluxes
compared to the multi~compartment structure of more advanced eucaryotes.,
Details of the general structure of blue-green algae can be found in a
review by Lang (135). Anacystis is an unusual blue-green in that the
micleoplasm and chromoplasm are fairly distinct., The photosynthetio lamellae
are around the periphery of the cell rumming parallel with the ecll surface.
(Figure 1), These lamellae originate fiom invaginations of the cytoplésmio
membrane ( 2 ) and are subdivided during the formation of cross~walls ( 3 ).
Closed flattened sacs comparable to the thylakoids of ohloroplasts are
believed to be formed, work by Wilton and Mercer (229) using Nostoc
(another blue-green alga) supporting this idea.

Though allied to the Baoteria by virtue of their oomparatively simple
structure, blue-green algae have an advanced photosynthetic meohanism
comparable to higher plants,

Amesz and Duysens ( 5 ) using Anacystis nidulans demonstrated two
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photochemical oxidation-reduction reactions mediated by two different pigment
systems, They postulated the scheme :

H,0 = (System 2) ~» Q —» cytochrome -> (System 1) -> XH = PNH > CO,
(arrows indicating direction of electron flow)e Recently Rurainski et al
(181) have queried this series formulation suggesting that the cytochrome is
involved in cyclic photophosphorylation and that its oxidation/reduction
level is only influenced indirectly by System 2 operation, depending on the
degree of use of a high energy intermedinte. The operation of two
Photosystems is, however, accepted, the main pigments involved being
Phycocyarin with an absorption peak at 620 mp and two forms of chlorophyll
a, "al“ and "a2" with absorption peaks at approximately 680 mps Chlorophyll
a2,associated with System 2, is fluorescent and chlorophyll &1, associated
with System 1 is not (75 ). The production of photosynthetic plgments by
growing cells is extremely variable and is dependent on temperature and the
wavelength . and intensity of incident light. In a comprehensive study on the
effect of temperature and light intensity on plgment production Halldal(87 )
suggested that in general low light intensities lead to higher phycocyanin
and chlorophyll contents (particularly the former) vhile high light
intensities give rise to a greater production of carotenocids which may have
a screening effect, The reduction of photosynthetic pigments by high light
intensities has been confirmed by Ghosh and Govindjee (75 ), Jones and
Myers (120) and also by Mary Mennes Allen ( 2 ) who found a corresponding
reduction in the rumber of vhetusyurthetic lamellaee

The wavelength of incident light is particularly important at higher
light intensities. Ghosh and Govindjee (75 ) found that strong orange light
reduced the ratiu of phycocyanin to chlorophyll a while strong red light
inereased it, A deviation from the '"normal" 1 : 1 ratio leads to a decxreas2
in efficiency of energy transfer and a reduced quantum yield of photosynthesis.
From measurements of phycocyanin and chlorophyll a fluorescences Ghosh and
Govindjee ( 75) have suggested that the efficiency of energy transfer from
phycocyanin to chlorophyll &, is reduced and the officiency of transfer tc

al is increased, These ohanges in efficiency may be duc to spatial



redistribution of the pigments and a possible local, as well as overall,
reduction in pigment concentration.

Like Ghosh and Govindjee (75), Jones and Myers (120 ) obtained cells
with a high phycocyanin to chlorophyll a ratio by growing bhe ocells in light
absorbed predominantly by chlorophyll a. They made a comparative study
of the action and enhancement spectra of photosynthesis in these cells (R
cells) and cells grown under white light (W cells) (119). They concluded
that in R cells the activity of System 1 was reduced and approximately half
the phycocyanin inactive, No fluorescence measurements to indicate the
efficiency of energy transfers were made, but the low levels of enhanozment
founu in the "%f ¥ region in R cells may be partly due to a reduced energy
transfer to Syestem 2 from phycocyanin.

There is gome evidence of redistribution of chlorophyll between the
‘two photosystems.Jones and Myers (119) found that in R cells System 2 has
an increased contribution from chlorophyll a at 670 and 420 mp and System 1
has a decreased contribution from 680 to 690 mp and 420 to 450 mp, A change
in quanta distribution in response to wavelength wus also postulated by
Amesz and Duysens ( 5 ) as a possible explanation of the anomaly that in
Anacystis the action spestrum of oytochrome oxidation in the presence of ICMU
is not proportional to that of photosynthesis in the presence of strong
620 mp background lighte This idea was elaborated by Bonaventura and
Myers (31 ) who suggested that chlorophyll "collectors" may distribute their
energy to either System 1 or System 2 depending on the wavelength of incident
light, In this manner the maximum rate of photosynthesis could be maintained.

This situation as described for Anacystis, that is variability of
pigment content, of efficiency of energy transfer and of pigment

contribution to each photosystem, seems to be common among phycobilin

* ("@f is a wavelength region defined by Jones and Myers in which quanta
are given in excess to System 1 and the photosynthetioc rate is limited

by System 2)



containing organisms.

In Porphyridium cruentum, a red alga, the phycoerythrin : chlorophyll

a ratio depends on the colour and intensity of the light used during growih
( 35). The efficiency of energy transfer from phycoerythrin to chlorophyil
a also depends on the growth conditions, but unlike the pigment ratio it can
be modified by a short term (1 - 3 hours) exposure to monochromatic light
(36 )« Wavelength has also been shown to affect the pigment content of

other blue~greens e.g. Tolypothrix tenuis (72 ) in which the precursors

of the phycobilins can give rise to varying amounts of either phycocyanin
or phycoexrythrin,

In the study of ion transport in photosynthetic organisms special
interest is shown in the source of energy for active transport, particularly
in vwhether the operation of System 2 or System 1 is required. Fhycobilin
containing organisms such as Anacystis are potentially useful experimental
nmaterial for the investigation of this problem as the absorption peaks of
their two main photosyntheticnlly active pigments (phycobilins and
chlorophyll) are quite distinct, thus facilitating the use of particular
wavelengths of light as a tool to differentiate between the two photosystenms,
The variability in energy transfer and possible movement of pigments would
also be advantageous, control of the culturing and experimental conditions
leading %o variation to a known degree in the operation of the two
photosystems. The organism Angeoystis was selected from the phycobilin
containing organisms because of its small size and simple structure and
also because of its possible common ancestry with the chloroplast. One
hypothesis of chloroplast evolution postulates the invasion of primitive
cells by blue-green algae and the establishment of a symbiotic relationshiﬁ

(99) (57 )s Symbiotic organisms such as Nostoc sphaericum in Geosyphon

Pyriforme and Skujapelta nuda in Glaucocystis nostochinearum have been

suggested as likely intermediates in the invasion process (135). The
endosymbiont in the former relationship has retained its cell wall, in the
latter it has lost it, presumably representing a later stoge in adaptation.

If this hypothesis is verified the blue-grcen algae may be enalogous to
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isolated chloroplasts, andwould seem to be ideal organisms for the study

of light induced ion movements. Ben-Amotz and Ginzburgh (20 ) justified

their use of intact cells of Dunaliella to measure light induced pH changes
by citing evidence that the cell membrane was highly permeable even to inulin
and probably allowed easy ion exchange between the chloroplast and thc cell's
environment. However, in their system interference by the cytoplasm could nos
be entirely ruled out - whereas in Anacystis the outer cell membrane mey
actually be analogous to the chloroplast envelope.,

Having decided on the experimental material the initial step in the
investigation of the ionic relations of an organism is usually to establish
vhich ions are actively or passively distributed. In order to retain
continuity in the preceeding description of Anacystis terms such as “active
transport" were introduced without precise definition, This will now be
remedied and the relationship between cell metabolism and ion transport will
be discussed in more detail,

24 Passive and Active Ion Transport and Cellular Metabolism

If the movement of an ion is passive it is distributed according to
its electrochemical gradients Two forces usually act on an ion, a chemiocal
force due to the concentration gradient and an electrical force due to the
membrane potential., The sum of these forces determines the final
distribution of an ion, provided it is an ion to which the membrane is
permeables If an ion is actively transported it is not distributed
according to its electrochemical gradienf and cellular energy is required
to maintain it out of thermodynamic equilibrium.

It follows that in order to ascertain whether an ion is aotively
or passively distributed the magnitude of the ei@troohemioal gradient to A
which it is subjected must be determined. The chemical component of the
gradient is usually measured as a concentration difference, although
striotly activity differences should be'used. The ei?trical component A
of the gradient, the membrane potential, is more difficult to estimate,
particularly if the membrane enclosed space is small and direct insertion

of micro-electrodes is not possible. Indirect technigues have been



devised; Jackson and Crofts (111) have reported that shifts in the

carotenoid spectrum of Rhodopseudomonzg chromatophores indicate changes

in membrane potential and Junge and Witt (124) have calculated membrane
potentials in chloroplasts from absorbancy changes at 515 mp due to chlorophyli.
b and carotenoids., It seems that these optical changes reflect the
disturbance of the electric dipoles within the moleculas induced by the
electrical potentials across the membrane on which the pigments are sited.

Another indirect method of measuring membrane potentials is by
measuring fluorescence yields of suitable dyes. Jasaitus et al (116) have
measured membrane potentials in mitochondria and sub~mitochondrial particles
using anilinonapthalene sulfonate (ANS™). This compound displays a high
fluorescence yield only in hydrophobic media (for example the membrane)
and as it is negatively charged the membrane potential partly governs ite
distribution.

‘If it is possible to decide without actually measuring the membiane
potential that an ion is passively distributed in a given system then the

potential can be caloulated from the Nernst equation,.

Em = 2.3 RT 1log (g_l_)
zr ACo

The derivation of this equation is given by Koech (130), It is applicable only
vnen no net transport of the ion is occurring.

Schultz et al (194) estimated the membrane potential of E. coll
from the equilibrium distribution of Ci and calculating the Nernst potentials
for Na© and K* postulated that the Na© efflux and K¥ influx were active
Processes.

Estimates of the potential difference across the red cell membrane
have also been made from measurements of ¢l distribution and have recenily
been confirmed by direct measurements with microelectrodes (137).

Indications of a passive distribution of an ion include insensitivity of
the fluxes to metabolic inhibitors and a propertional relationship between

internal and external ion concentrations. If after measurements of the



electrochemical gradient active transport of a particular ion seems likely,
the nature of the link between metsbolism and the transport of the ion must
be established, There have been two major theories as to the nature of theo
link, the Lundegardh - Robertson Hypothesis and the ATP hypothesis.

The historical developmengh;f the Lundegardh - Robertson Hypothesis is
reviewed by Robertson (176). Essentially the hypothesis stated that charge
separation was the immediate source of energy for ion transport and that
oytochromes probably acted as carrier molecules for anions with the catious
following passively. The alternative view that ATP was the energy source of
ion transport was supported by many workers, but it first received direct
confirmation in 1954 with the demonstration by Gardos (74 ) that ATP
containing red blood cell ghosts would actively take up K+. Since then
considerable evidence has accumulated for the involvement of ATP in both
plant and animal systems (as will be discussed in following Sections)o

These two theories of ion transport are not mutually exclusive,
Mitchell (152) has postulated that charge separation across a membrane is
a pre-requisite for ATP synthesis, so the two theories may represent two
stages at which the energy source may be tapped; +the energy of the initial
charge separation may be used immediately for active trensport or it may be
converted to ATP through an ATPase system to be used later, perhapse at a
different sitein the cell.

In a photosynthetic organism such as Anacystis there are two possible
gources of energy for active ion transport, respiration and photosynthesis.
In both processes phosphorylation occurs as electrons are trensferred down an
energy gradient. The atudy of photosynthesis is a useful alternative to
respiration as parts of the system can be operated independently, not only
by the use of specific inhibitors and uncouplers, but also as mentioned
pPreviously by varying the wavelength of incident light,

A scheme for the mechanism of photosynthesis in green plants is
given in Figure (ii). It is a simplified, still controversial scheme,

based on reviews by Boardman ( 29), Bendall and Hill ( 21) and Avron and

.
0y
P
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Neﬁ%anw(ll) and on a recent paper by Sun and Sauer ( 215).

Light is absorbed by the pigment molecules and the energy channelled
to the active centre of either System 1 (P~700) or System 2 (T)e Energy may
be lost either as heat or fluorescence, or may be used in the formation of
the primary reductants Z~ in System 1 and Q in System 2, Q loses its
electron to System 1 via a series of electron carriers and the overall
result is the flow of electrons from water through Systems 1 and 2 to
NADPY. ATP is synthesised as electrons are transferred down an energy
gradient, possibly at the site indicated (~ P), BEvidence is accumulating
that Q is identical with C-550 (66 ) or P 546 ( 22) and that cytochrome
b 559 may not be on the main pathway but on a side arm ( 30) or it may be
equivalent to "X" ( 66) (22). However, cytochrome b 559 has not yet been
found ia blue green algae ( 22). |

Cyclic as well as non cyclic electron flow may occur, two possible
pathways being indicated in Figure (ii). Teichler ~ Zallen and Hoch ( 218
have reviewed the evidence for cyeclic electron flow and phosphorylation
Ain vivo and suggest that in Anacystis 50 ~ 100% of the eleotron carrier
turnover is due to this phenomenone.

The data presented in this thesis will be interpreted on the
basis of the above scheme, recognising that for Anacystis some differencea
in detail will occur., The major differences arise from the fact that in
higher plants photosynthesis and respiration are spatially separated
occurring in the chloroplasts and mitochondria respectively, while in
Angcystis only one membranc system is involved which may be the site of
electron carriers common to both processes. Holton and Myers (W0) (101)
have characterised three Anacystis cytcchromes, ¢ ~ 554, ¢ - 552 and
¢ ~ 549, ¢ ~ 554 is believed to be analogous to cytochrome f which haz beun
implicated as an electron carrier in higher plant photosynthesis. The role of
cytochrome ¢ -~ 549 has not yet been ascertained, but it has unusual properiies
such as rapid autoxidizability and a sirongly negative redox.potential (=0ariV
at 270, pH 7); this suggests to Holton and lMyers that it may be a carrier

common to respiration and photosynthesis, The high concentration of






Figure (ii) A Z-scheme illustrating the possible sequential
operation of two photosystems as part of the
mechanism of photosynthesis in higher plants.
Arrows indicate the direction of electron flow.

Sl eeececcoccccscasees System 1

P=T00 eevevcecsceccsse Aotive Centre of System 1

S2 seeceevsccsescecenes System 2,

T eeovecoceccocecoease Active Centre of System 2

X e0e0000000000000000es Primary oxidant of System 2
Q eeeesececessscsessss Primary reductant of System 2
Z ee0eeeve00000000000ss Primary reductant of System 1
PQ eesve00cv0essesesss Plastoquinone

Pd eeovececevescceccass forredoxin

VP seev0scecesesecese Pos8sible phosphorylation site

—~-) ecesvescssscesess possible pathway of cyclic electron flow
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¢ - 549 is in accordance with such a role.

BEvidence for the photosynthetic lamellae also being involved in
respiration comes from work by Bisalputra et al ( 26), They found that
under a variety of conditions(i light, b succinate) potassium tellurite
and tetranitro-blue tetrazolium were reduced by Nostoc cells and that
the reduction products were always associated with the photosynthetic
lamellae (not with the outer cell membrane).

Carr and Hallaway ( 38) observed that in Anacbaena variabilis,

phenolindo ~ 2,6 - dichlorophenol (PICP) was reduced in the light and
in the dark. The two reductions varied having different pH optima and
responses to cyanide and iodoacetates They observed that at low light
intensities (300 foot candles) the dark reduction was minimal and
postulated inhibition of respiratory electron flow in the light. The
effect of DCMU on oxygen levels in illuminated Anacystis suspensions supports
this view( (98) and this thesis).

Respiration and photosynthesis are closely related in Anacystis
and may both support active fluxes, possibly through a common intermediate.
It was decided to investigate the relationship between metabolism and ion
transport in Anacystis selecting the ions Na+, K+, C1"and H' for studye.
These ions have been studied in many diverse biological systems and our
current knowledge will now be reviewed. It is hoped thatthe biological
significance of these ions will become apparent and that the basis for a
theoretical comparative study of ion transport in Anacystis and other

organisms will be provided.

3, Transport of K& and Na®

Examples of ATP linked ion transport are numerous throughout the
plant and animal kingdoms. However the classical ATP dependent ion pump
is the ouwabain-~sensitive Mg*+ dependent Na+/K+ ATPase first isolated by
Skou from crab-nerve (199). This enzyme system is vectorial, catalysing
the exchange of Na+ and kKt across the membrane. A review by Judah and
Ahmed (121), summarising work up to 1964, explains how its identity was

established. It is still uncertain whether ATP is required only to provide




21

energy or also to modify the enzyme site and whether the membrane contains
hydrophilic pores or if the ions are transported by a carrier protein,
Exactly how differences in affinities for Na+ and K+ arige is also still
unsettleds These and related topics are discussed in detail by Albers (1 )
and Whittam and Wheeler (227), but examples of current work will be
mentioned here to illustrate different approaches to the problem.

Aekari et al have recently produced a series of papers (8 ) (139
(7 ) ( 9) in which they outline a model of Na'/K' exchange based on
results obtained using an artificial substrate. They propose that two
enzymes are involved or at least two sites of ATP action. Using red
blood cells they have achieved a K'/Na' exchange in the absence of ATP.
They provided a phosphate derivative of a nitrophenol as a substrate and
suspended the cells in Na+ free medium. They believe their substrate
' replaces an Enzyme*P complex which has normally been phosphorylated by
ATP. A Na¥ free medium is essential as Na© appears to inhibit the second
enzyme ~ a translocase having accegs to both sides of the membrane. This
inhibition can be overcome by adding ATP externally.

Anothexr approach is that adopted by Glynn et al. If the pump
represents the operation of a single enzyme or a short sequence of cnzymes
it should be possible to reverse the sequence by adjusting the ionic
env;ronment, Glynn et al ( 78) have studied a ousbain sensitive XK' efflux
in red blood cells and found it possible to either partially reverse the
pump, i.e. promote a K+/K+ exchange ﬁhrough it, or in the presence of
sxlermal Na', allow a compicte reversal and the synthesis of ATP ( 77).
Ouabzin sensitive downhill movements of Na™ and KT have also been observed
by Lant et al (136),

There is some evidence for the existence of a ouabain sensitive
Na+/K+ ATPase in plant cells. MacRobbie has demonstrated the existence

of such a pump in Nitella translucens (l4§)p 48 in animal cells the

pump is inhibited by ouabain but at a high concentration (5 x 10‘5M).

Ouabain (107°M) also inhibits Na'/k' exchange in Hydrodictyon africanum (166),
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These are isoclated examplcse however and many lower organisms have been
shown to have ouagbaln insensitive Nat and x* fluxes including Chlorella

(198), Ulva ( 32), Chaetomorpha (54 ) and Neurospora ( 20). Even in

Nitella and Hydrodictyon africanum the inhibition of K+ uptake is only

Partial and K+ uptake is not completely coupled to Na+ extrusions.

Using a related species of Hydrodictyon (H, reticulatum) Janacek

and Rybora (115) were unable to confirm Raven's work. They found that
treatment with ouabain (10"4 -2 10—3M) caused swelling associated with a
gain of KC1l, but that the membrane potential and internal Na© concentration
remained constant, There was no evidence of inhibition of an outwardly
dirvected Na® pump.

Lai and Thompson (134 ) have isclated a Na /K  ATPase enriched
membrane fraction from Phaseolus cotyledons, but this enzyme differs from
the animal ATPase in that it does not require Mg*+, and Na+ and K+ do not
act synergistically. The effect of ouabain has not been determined.

It is generally believed that in higher plants and micro-organisms the
discrimination against Na+ and preferential uptake of K+ is achieved by a
less specific mechanism whereby other cations and anions can also function
as counter ions. These exchange mechanisms are presumed to operate
through a carrier molecule and concepts initially developed by enzymologists
have been most usefully applied to the kinetics of ion transport. The
interpretation of transport kinetics is discussed in relation to
Michaelis - Menton kinetics by Epstein and Hagen ( 61) and in relation to
alionteric effects by Jadetzky (113) and Hill (219). Exchange mechanisms
have teen studied in meny unicellular organiems, including fungi, bacteria
and algae. Most of the earlier work on fungi was confined to yeast cells.
Yeast acoumulates K' mainly in exchange for Na© or H' (45) (44) (79).
Conwey et al postulated that redox carriers were involved, one carrier
aocepting an olectron, taking a sodium ion across the membrane and
extruding it before passing electrons to a second carrier which took up K+o
Their evidence for two carriers was based mainly on differences in

sensitivity to inhibitors which was disputed by Foulkes ( 71 ). He also



postulated that two processes of K+ uptake were operating, one sensitive
to azide (a competitive inhibitor) and the other insensitive to azide anc
requiring the addition of glucose and Pi.

Conway and Duggan (42 ) by the application of Michaelis ~ Menton
engyme kinetics to K+ uptake in both fermenting and non-fermenting yeasts
cbncluded that & single K" carrier was involved which had affinities for
cations of the order K* > Rb' > 0st > Wat > 11T > Mgtt., These ions
all competed with Kt the ion transported under physiological conditions.

Armstrong and Rothstein ( 6 ) found the same order of selectivity
and demonstrated that K+ gelectivity was enhanced by the rapid turnover of
the transporting system when carrying this ion. They also found that between
PH 4 and pH 6 the inhibition by H' was non-competitive, particularly for X'
transport, They attributed thie to an allosteric effect as Ca++ could
substitute for H+ and was not transported intc the cell,

The yeast membrane is relatively impermeable to ions and if glucose is
added large quantities of X" can be accumulated, It has been suggested
(Rothstein 1960 (178 ))that the limiting factor is the increasing alkalinity
of the cell as the K'/H' exchange occurs, No specifio role for ATP has
yet been postulated bur there seems to be a relation between K+ and PO4 -
transport us discussed by Rothstein (180 ).

Salt tolerant yeasts have been studied by Norkrans and Kylin ( 160
and they also take up K' in exchange for H' and Na¥, The K*/Na® exchange

dominates which might be expected in a saline medium. In Neurospora crassa

K+/K+ exchange has been demonstrated (203 ). Under steady state conditions
k" uptake shows saturation kinetics (which suggests it is carrier-mediated)
and can be inhibited by DNP and Nat azide, As in yeast net xkt uptake occuxrs
in exchange for Na® and H' (201). It is thought to be an active process.
The membrane potential has been measured in growing hyphal tips (200) ana
provided one assumes it would be of the same magnitude in log-phase cells
(which are used in flux experiments) aotive X' transport would be expeoted.

It has been suggested that the same site is rcsponsible for all three
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exchanges, K'/kT, X*/Na* ana xt/" (201). 411 have the same V max and the
_same sensitivity to DNP and a mutant (single gene) has been isolated (204 )
in which all three exchanges are affecteds The Km for the K+/K+ exchange
is lower than for net uptake but it has been suggested that this is due

to an allosteric effect of the existing ion. Allosteric effects are alsc
postulated to account feor the sigmoid dependence of xt uptake on external
Tkt oat high pH'a (At low pH's the kinetics are of the standard Michaelis -
| Menton type). Simple models are proposed in which #t functions as an
activator at low pH's and K+ at high, but the slight discrepancies in

- fitting the data to these models suggest a multi-site carrier may bve

involved (202 ). Budd ( 37 ) has studied K" transport in nen-growing myceliw

of Neocosmospora vasinfecta. He concluded that net K+ uptake involves
exchange for Nat and to a lesser extent for H+. It appears to be an active
process as Na' azide (mM) and DNP (0.3 mM) depress the equilibrium level of
K+, but the membrene potential has not been measured. Ouabain has no

effect on Neurospora (201) but in Neocosmospora 10”4 cusbain inhibits KT

uptaké'by 15%. This does not suggest a Na+/K+ ATPase as in animel cells

as the Na+ efflux was unaffected,
s

A Naf/K+ ATPase has been isolated from a bacterium Streptococcus

foecalis) (187 ) (188 ) which although it achieves the same preferential uptake
ﬂéf xt aé the animal ATPase operates by a different mechanism, It does

hot catalyse exchange reactions and no phosphorylated intermediate has been
detecteds It is'not specifically stimulated by mixtures of Na+ and K+

and is inhibited synergistically by the products Pi and ADP. Schnelli and
Abrams suggest it operates by a "Rapid Equilibrium Randem Bi Bi' mechanism,
in which all possible substrate-enzyme and product-enzyme combinations
associate and dissociate rapidly and the only slow step- is the

interconversion of the enzyme-substrate complex and enzyme-product complex.

The ATPase of Streptococcus faec&lis has also been studied in the
inteot organisms, It is believed to be responsible for KT/H' ana x/Nat

exchanges as both the ATPase and cation transport are inhibited by DCCD {92 ),



Dio-9 and Chlorhexidine (93 ), The evidence is not conclusive a8, though

all three compounds inhibit cation transport DCCD only inhibits the

ATPase membrane complex, so its effect is possibly secondary and Dio-9

~ and Chlorhexidine only inhibit the solubilised protein, The primary

process appears to be Na+ end H extrusion (94 ) as KT conduc tors such as
valinomycin have no effect on K accumulation (89 )(94) and proton conductors
such as tetrachlorosalicylanide (91 ) block cation exchange.

The fact that ATP is produced only by glycolysis and thus by
distributed to be reached, If the Na+/K+ exchange was a tightly coupled
system as it appears to be in animal cells, the addition of proton
conductors should have no effect - the proton conductors being unable to act
by uncoupling oxidative phosphorylation. The fact that cation exchange
‘ is blocked by these compounds in S. faecelis is best explained by an
electrogenic ;i pump with kt moving as a passgive counterion.“

The rate of glucose uptake by Streptococcus faecalis has been found

to be correlated with the rate of K uptake. Zarlengo and Schultz (230 )
have calculated that 1.05 moles ATP gre necessary to transport one mole of
k" and this has been confirmed by Harold and Baarda ( 90). The only other
bacterium in which Na© and k¥ relations have been studied in some detail is
E. coli Schultz and co-workers have established that in common with other
micro~organisms it exchanges KW for both Na' and m' (192) but as yet no
link with an ATP requiring enzyme has been demonstrated. From studies

of C1” distribution at equilibrium a membrane potential has been calculated
(194) and it has been concluded that both K™ and Na® are actively transported.
As in yeast (71 ) glucose stimulates K' uptake and H' secretion (91 )

and two sites for K™ uptaeke are distinguished (192). In E. coli one site
is specific to K'/H' exchange and the other to K+/Na+, vhereas in yeast

the sites were characterised by their sensitivity to azide. K+/K+

exchange has also been demonstrated in E. coli and appears to be tightly .

coupled in so far as the influx equals the efflux (64 ).



Damedien (51 ) has also investigated cation transport in E. coli
and concluded that at least a quarter of the K uptake can beexplained
by binding to cell protein. He has fragmented cells and found that although
the selectivity of the sites has been lost the total cation bound corresponds
to ¥ uptake by E, coli in the absence of glucose.

He has also isolated a mutant (50 ) in which only K+]Na+exchange
seems to occur, not K'/H'. The internal concentration of X' varies
sigmoidly with the external concentration and he explains this on the basis
of a metabolically independent ion exchange mechanism which is less selective
for X7 at lower concentrations, It is also possible to explain his results
by the suggestion that the K+/Na+ exchange operates through a carrier which
is allosterically affected by K. This would explain the sigmoid curve
for the mutant and the non-sigmeoid curve f&f the parent strain in which
Schultz et al (192) have already Gemonstrated that K+/H+ exchange is
predominant at lower externmal xt, -

Nat and x levels have been studied in the photosynthetic bacteriuﬁ
Chromatium (Barber and Dewar unpublished results). The average internal
Nat and K* concentrations were 85,7 T 3.8 (27) and 29.7 ¥ 2.1 (27);
the external concentrations were 207 % 2,4 (16) and 10.7 % 0.1 (16).‘
(These results are given in pequivalents per litre of packed cells"

2 S.EM. (No. of determinations)). The ratios Nai/Naoand K, /X are
0.4 and 2.8 respectively, indicating = preferential accumulation of xt.

Dark treatment had no effect on these ion levels., In Rhodospirillium

Tubrum ( also a photosynthetic bactezﬁlmgnet xk* uptake hasbeen shown

to be light stimulated (213), Light stimulation occurs under anaerobic
conditions and is believed to be dependent on cyeclic photophosphorylation.
It is not closely coupled to Net movement as it responds more slowly to
light/dark changes. Nat is maintained at the same level as the external
medium (~~ 34 mM) in the light, but the concentration approximately
doubles after a few days dark treatment. Attempts to further characterisc

the coupling between light and ion movement were unsuccessful as no



inhibitor used affected KT uptake at physiolbgiCai‘égncenfra%ions.
The application of the technique of using specific inhibitors has
proved more ffuitful with algal cells. In\g::;sélgae it has}been possible
1o demonstrate active k¥ and Na+ fluxes which are light stimulated and
through the use of specific inhibitors to determine their relation - if any - =«

to photosynthesis,.

In Nitella translucens MacRobbie has shown that both K and Na™
are actively transported. Both k+ influx and Nat efflux are light stimulated
and if the passive components of the fluxes are subtracted a one to one
coupling seems to occur. The exchange of internal Nat for external x* is
ouebain Bensitive and a membrane bound ATPase (at thénplasmalemma) may be
involved (143 ).

The dependence of cation transport on ATP has been further illustrated
by a study of the effects of inhibitors on x* uptake. Uncouplers such as
imidazole (10‘4M) and CCCP (5 x 10‘6M) inhibit K uptake, but inhibitors
of System 2 activity such as DOMU (6 x 10-7M)i gassing with nitrogen, or
illuminating with only far red light, have no effect., There appears to be
no requirement for carbon dioxide or bicarbonate (145) (146), In Hydro-

dictyon africanum in which similar K= and Na© coupled fluxes occur (168)

73 ) carbon dioxide inhibits KT uptake if the light intensity is below
saturation. Raven believed this to be due to competition between ocarbon
dioxide fixation and XK' uptake for available ATP (174). In Tolypella
intricata (206) the X" influx appears to be passive, but the Nat effiuex
although of small magnitude may be active as in Nitella (145) and

Hydrodictyen (168). The internal concentration of Na' in Tolypella is very

low, but this is probably due to the low permeability of the membrane to
Na+ rather than to an efficient pumping mechanisme.

The effect of Dio-9, an energy transfer inhibitor on these three
algae confirms the difference in the nature of the X' influx (175)e 1In

Nitella and Hydrodictyon the K+ influx is inhibited at a lower concentration

than photosynthesis, but in Tolypella carbon dioxide fixation is inhibited
first‘



Recent work by Saddler (183) suggests that in common with other

marine algae Acetabularia aotively extrudes Na+ at a rapid rate. No definiie

conclusions were reached as to the nature of the KT fluxes as the kinetics
of the efflux of this cation proved diffioult to interpret.

Most algae ohosen for ion transport investigations have large cells,
often coenocytio, which are amenable to complementary electrical studies.
The basic electrical measurement required is that of the membrane potential
vhich most studies on ion transport now include. The work of MacRobbie on

Nitella translucens for example was substantiated by the electro-potential

measurements of gpanswiock end Williams (210), The technique of voltage
clamping has also been applied to Characean cells and ion fluxes measured
at controlled membrane potentials(225). Experiments of this tyve have
lead to the idea that ions may not move independently through the membrane,
Semilog plots of flux ratios against potential differences do not give
the required slope for independent ion fluxes and must be multiplied by a
factor of at least two., This figure is probably an underestimate as the
sum of the oonductances of Na', XK' and 017, the most abundant ions, do
not account for the total electrical oonductance of the cell, and it has
been suggested that the fluxes measured are too low.

The technique of cell verfusion developed by Blinks (27 ) has

recently been applied to Valonia ventricosa and measurements of the short-

circuit ourrent (Isc) made. It was found as in the measurement of
conductonces in the Characcans that net fluxes of the three major ions were
insufficient to account for the magnitude of Isc. Perfusing the cell with a
solution of the same ionic composition as the bathing medium (approximately
that of normal cell sap) and reducing the p.d. to zero resulted in an influx
of Na+, k" and C1”. This sugecets active fluxes of these ions and increasing
the pede to + 40 mV further suggests that the Na+ and K+ active fluxes ax2
located at the tonoplast (84 ). Measurements of fluxes and membrane
potentials in the intact cell (85 ) confim active Na¥ and K¥ influxes: et

the tonoplast and in addition suggest that in common with many other aelgae
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Na+ extrusion and K+ upteke at the plasmalemma are also active fluxes.
However C1~ appears to be passively distributed and Gutknecht suggests the
discrepancy may be due to vesicle formation (see MacRobbie (144)), Valonia

is unusual in that the vacuole is electropositive with respectto sea water.
Thig may be due to o large potential difference across the tonoplast, K+ and
Ne© fluxes have also been studied in detail by Hope and co-workers using

Charn corallina (formerly C., australis) and more recently species of

Griffithsia. In Ghara k¥ fluxes are thought to be largely passive (102)

end Nab to ve actively extruded at the outer membrane (106)., Unlike in

Nitella translucens (143) and Hydrodictyon africanum (169) X" uptake

in Chara is not affccted by ouabain (102), but the effects of DCMU, CCCP
and other photosynthetic inhibitors have not been determined. The anproach
to cation transport in Chara has been mainly through the study of electrical

properties. The characteristics of ion fluxes in Chara and Griffj thsia

are summarisedin recent papers by Findlay et al(( 62) and (69 ) ( 70)
respectively). Griffithsia is particularly unusual in that the
plasmalemma has a very low permeability to Na+ relutive to Kkt the PNé7R(+
is even lower than that reported by Smith for Tolypella (206)(0.004
compared to 0,017)s As in Valonia (85 ) which is also marine, K' influx
at the tonoplast is active and so is Hd+ efflux at the plasmalemma.

Fluxes have also been investigated in. one non-vacuolated unicellular

alga, Chlorella pyrcnoidosa. Despite its small size the membrane potential
1as been measured and it was found that the active fluxes across the cell
membrane were outwards for Na' and inwards for X* ( 15), The mechonism

of Nd+ and K+ transport in this orgonism is similar to many micro-
organisms in that exchanges seem to occur across a fairly impermeable
‘membrane ( 16) (17 ) ( 18). The estimated XK' permeability for example is

about ten times less than in Witella or Hydrodictyon ( 17). As in

orgaﬁisms like Neurospora the exchange mechanisms are dependent on
metabolism even when no net flux is occurring. A modifying effect of ATP
on the transport site has been postulated ( 18). More recently net xt

uptake in Chlorella has been studied (198), It ocours in exchange far o'
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and’ to a lesser extent H+. Use of the inhibitor DCCD has implicated a

membrane bound ATPase in Na'/KT exchange.

4. Pransport of C1~
As the nature of the Na' and KT fluxes vary depending on the

particular organism so the nature of the C1~ fluxes depends on the system
under investigation. In non-photosynthetic organiams 01” is usually
passively distributed. A passive Cl-,dist:ibution has been démonstrated
across the membranes of for e#amplg isolated fat éells (164) red blood
cells (221) and the distal (53 ) and proximal (52 ) kidﬁey tubules of rats.
Most non-photosynthetic micro~organisms are either almost impermeable to

C17, for example Staphylococcus eureus (156) and yeast (41 ) or, like in

E. coli-(194),the ion is passively distributed and can be used as an indic-
ation of the membrane potential.

Many photosynthetic organisms actively acoumulate C1 . This is a
feature of considerable interest, primarily because the anion is pumped
into a strongly negative vacuole, but also because the active uptake
of C1” may be reiated to its proposed role as a cofactor in oxygen
evolution (141). Bvidencc for the involvement of C1~ in System 2 activity
is reviewed by Hind et al (97 ) (95 ), Satoh et al (186) and Cheniae (39 ).

The controversy over the mechanism of C1~ uptake in plants was

initiated by work by MacRobbie using Nitella translucens. In 1965 she

suggested that there was coupling of C1~ uptake with electron transfer
reactions and that photophosphorylation was not directly involved. Her
suggestion was based on the results of experiments using selective
wavelengths of light, inhibitors and different gassing conditions. 01"
uptake was found to be not supported by System 1 operation alone (145) (146)
and was stimulated by uncouplers such as COCP and imidazole (146).

Raven obtained similar results with Hydrodictyon africanum (168)

and in addition showed that 01~ uptake, like photosynthesi% exhibited
the "red drop phenomenon" in quantum efficiency, whereas the ATP

supported KT/Nat excharge did not (171).
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However, Jeschke, attempting a similar series of experiments
with Elodea found that ATP was the probable energy source for C1~ uptake.
He found that the uncouplers atebrin and CCCP both inhibited C1  wuptake
without affecting ~ or slightly stimulating - oxygen evolution and that
carbon dioxide fixation and C¢1~ influx competed for ATP both in 681 mp
light and in the presence of ICMU (117).

This may represent a real difference between Elodea leaves and

algal cells, but experiments with Chara and Chlorella for example

suggest note. Coster and Hope (46 ) have measured €1 fluxes in Chara and have
concluded that the MacRobble hypothesis is not tenable, particularly on
the basis of phlorizin results. At concentrations of 10_3M this energy

transfer inhibitor had no effect on €1~ influx in Hydrodictyon

africanum (170) but Coster and Hope claim a 50% reduction at 30 — 100 mp.
Barber (14 ) has measured €1~ fluxes in Chlorella and from the use of
specific inhibitors has also concluded that an ATP dependent mechanism

is involved,

Raven et al (175) have recently modified the classical MacRobbie
Theory suggesting that a high energy intermediate may be the source of
energy. They obtained a stimulation of €1~ influx with Dio~9 and suggested
that this was due to an accumilation of a high energy compound, but this
interpretation is not entirely compatible with their results with CCCP
and the dependence of €1~ uptake on System 2.

Smith and West (208) havesuggested that most of the difficulties in
interpreting conflicting results arise from not testing the sffects of
inhibitors on carbon dioxide fixation as well as oxygen evolution. They
have recently oonsidered four inhibitors, imidazole, CCCP, Dio~9 and
phlorizin and their effect on C1~ uptake and after measuring the above
rarameters they concluded that there was no need to postulate an
electron transport motivated €1~ influx. Smith (207) later enlarged

his theory of C1~ transport suggesting that many inhibitors which have



been thought to act on ion transport through photosynthesis are actually
interfering directly with an ATP dependent pump at the plasmalemma.

The counterion for C1~ movement has not yet been determined.
Spear, Barr and Barr (211) studied the localisation of acid and alkali

areas at the surface of Nitella clavata and found that €1~ influx occurred

in the acid areas. With a recent theory of Kitasato (129) in mind ~ that
most of the electrical oonductance in Nitella is due to H' fluxes —
they postulated that the €1~ influx was accompanied by a corresponding
influx of H'. However, Walker and Hope (225) have disputed Kitasato!s
conclusions and the question of the counterion remaing open.

Smith (207) has suggested that OH diffuses out of the cell as
C1” is pumped in., Although Spear, Barr and Barr (211) rejected this
idea as the outside medium would become alkaline, Smith postulated an
outward pumping of H+ in exchange for other cations which move in
passively. Thus a large pH gradient would not build up and the net result
would be an influx of C1~ and cations and an efflux of H' and OH .

Some linkages between Na' and K transport and €1~ influxes heve

been noted. In Chlorella C1~ has been shown to be actively transported

into the cell; the influx probably being linked to Na' uptake (19 ).
This phenomenon has also been observed in Nitella (Na+) (205).

Tolypella (X*) (206) and Hydrodiotyon (K™ and Na™) (169). (The possible

linked cations are shown in brackets)., In all these organisms no definite
chemical coupling has been demonstrated and the relatién may be purely
eleotrical. In Acetabularia (182) low temperatures, dark treatment and
the addition of CCCP, all give a rapid parallel inhibition of the c1”
influx and depolarisation of the membrane. ‘Saddler has postulated that
this pump is electrogenic and that any ion to which the membrane is
permeable can function as a counterion, none being chemically linked.
Whether the C1~ pump is eleotrogenic in the previously mentioned

' examples is not yet determined, but the fact that the accompanying

cation in Telypella is not Nat to which the membrane is highly impermeable



is slight evidence that it may be in this organism. Thus apparent
linkages between cations and Cl~ uptake are compatible with Smith's
theory provided effluxes of H' and oH™ also occur.

However in addition to specifying related cation and C1™ fluxes
in Nitella, MacRobbie has postulated inward salt transport by means of
rinocytosis. This theory originated as an explanntion of the fact that
K' and €17 fluxes acrogs the tonoplast appeared to be related to the active
c1~ uptake at the plasmalemma. The formation of small vesicles which
discharged salt into the vacuole was envisaged (144 ), Later a study of
the initial kinetics of the 01~ influx indicated that a three compartment
series model was insufficient to explain the rapid labelling of the
vacuole, and pinoocytosis, i.e. the infolding of the plasmalemma to form
vesicles was postulated as a mechanism of salt transfer (147 ). The
fact that C1 influx was found to be quantized (148) supported this
mechanism and suitably sized "minl~vacuoles" were observed under the
electron microscope ( 47). Findlay et al ( 70) thought pinocytosis
might explain the large fluxes of K@ and 1™ across the highly

resistant tonoplast of Griffithsia. However after a critical examination

of their data on 01~ fluxes in Chara and MacRobbie's corresponding
data for Nitella they concluded that the measurements of Mov/MT* were
not clustered around discrete values andthere was no evidence in favour
of the quantization hypothesis ( 68).
Lilley and Hope (138) have recently measured oxygen evolution,
carbon dioxide fixation and C1  uptake in Griffithsia and have concluded that
C1” uptake is supported by non-cyclic photphosphorylation. The response
of light stimulated €1~ uptake to DOMU parsllelled the inhibition of

oxygen evolution, and carbon fixation and C1~ uptake were similarly

Mov ¢ Influx to vacuole from outside solution

=2

Influx into cell from outside solution



inhibited by CCCP.

Their theory is compatible with Smith!'s (207) idea of
chloroplast control of c1 uptake being mediated by the effect of ATP
on a plasmalemma ATPase., Migration of ATP could occur directly - with
LTP being shuttled across the chloroplast membrane (185) or indirectly
by the migration of a photosynthetic intermediate which could be used
to increase the state of phosphorylation of adenosine phosphates in

the oytoplasm (128),

S5e Trangport of gl

Interest in the transport of protons has considerably increased
since Mitohell introduced the Chemiosmotic Theory in 1961 (152),
Basically he pdstulated that the transfer of protons across a proton
impermeable membrane could be achieved by the sequential operation of
alternate H and e carriers and that the pH gradient so formed was a high
energy intermediate in the formation of ATP (153),

General evidence in support of Mitchell's theory has been reviewed
by Robertson (176), Greville (82 ) and Schwartz (195). Evidence obtuined
from the study of pH changes in photosynthetic micro-organisms will be
reviewed here.

If ATP formation requires the establishment of a pH gradient then
shifts in the pH of a cell suspension should be observed on changing from
phosphorylating to non-phosphorylating conditions and vice versa.

Light induced pH changes have been observed in unicellular algae
(190) ( 20) (189), bacteria (139) ( 59) and bacterial chromatophores
(189) (224).

In using intact eucaryotic cells such as Chlamydomonas and

Dunaliella there are indications that the measured pH changes are not
related to phosphorylation. For instance Ben-Amotz and Ginzburgl ( 20)
observed a lag phase in the rate of proton uptake in Dunaliells

vhich could be interprcted either as evidence that the outer membrane
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wés;limiting proton uptake or that the pH change was not the primary
‘8tep in photophosphorylation.
" ¥
Neymann and Lfvine (159 ) conclusively demonstrated that light

induced pH changes in intact Chlamydomonas did not occur under nitrogen, nox

did they occur in a mutant (F-60) which could phosphorylate but not fix
002. However if the cell chloroplasts were isolated normal proton pump
activity was observed. They interpreted these observations by postulating
that the light induced pH change in intact cells was due to carbon dioxide
uptake. No external ions were required and it séemed that the considerable
cation efflux which would be required to balance the “proton influx" was
unlikely.

In bacterial and blue-green algal suspensions the interpretation
of pH changes is somewhat simplified due to the lack of organelles.

Scholes et al (189) have demonstrated light induced and oxygen

induced pH changes in fAnaebaena variabilis, Rhodospirillum rubrum and

Rhodopseudomonas spheroidess In intact cells both induction methods

lead to proton extrusion which supported the previously mentioned theory
that in blue-greens (and probably also in photosynthetic bacteria)
electron carriers may be common to respiration and photosynthesis.

it was also observed thet the extent of profon translocation in

R. rubrum and R. spheroides wase dependent on the method of growth and

relativé pigment development. In cells grown anaerobically in the light,

the extent of the pH shift was greater if light-induced. 1In cells

grown aerobically in the dark, oxygen induction was more successful.
Edwards and Bovell have studied light induced pH changes in

R, rubrum in more detail (159) (60 )s» Results obtained using inhibitors

and uncouplers were in accordance with the association of the pH shifd

with phosphorylation. For example, CCCP which has been shown to increase

5" conductance in artificial membranes (108) inhibited pH changes

if added prior to illumination. PMS which stimulates photophosphorylation,

stimulated H' transport and was able to partially relive inhibiticns
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by electron blocking compounds such ag Antimycin A and HOQNO.

Similar results have been obtained using R. rubrum chromatophores
(112) (189), but the polarity of the pH shift is reversed, i.e. protons ave
taken up in the light. It has been suggested by Mitchell (154) that this
is due to inversion of the membrane on sonication.

One major difference observed with chromatophores is that the pH
shift can be inhibited without affecting phosphorylation., Compounds
which achieve this inolude nigerioin(with K*) (197) and ammonium salts
(34 )o It has been suggested that unlike chloroplasts amd intact
organisms, with chromatophores and sub-.chloroplast particles the major
factor for phosphorylation is the membrane potential and that both the
membrane potential and the pH gradient must be dispersed to inhibit ATP
synthesis. There is some experimental evidence in favour of this
hypothesis, e.g. the synergistic inhibition of ATP synthesis by valinomycin

and nigericin (112),
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MATERIALS AND METHODS

1, Culture Methods

An agar slope of Anacystis nidulans was obtained from the

Biophysical Laboratory, the State University, Leiden, the Netherlands.
The alga was subcultured on agar, using a modified Hughes medium.

Modified Hughes medium ( 4 ) pH 7.8

SALT g/litre
I\Ta.'NO3 1e5
KQHPO4 0.039
MgSO4.7H20 0.075
Na2003 . 0.02
03012 0.027
N325i03.9H20 00058
EDTA 0.001
Citric acid 0,006
Pe citrate 0,006
Microelements* 1 ml/litre

# Composition of Mjcroelements

H3BO4 2486
Mh012.4H20 1.81
ZnSO4.7H20 0,222
Na2M004.2HéO 0,391
CuSO4.5H20 04079

Co(N03)2.6H20 0.0494

38



Liquid cultures were grown in a modified Kratz and Myers medium.

Modified Kratz and Myers medium C (133) pH 8,2

SALT g/litre
NaHOO, 0.84

MgS0,, +TH,0 0.25
K,HPO, 1.00
Ca(NO3)2.4H20 0,025
‘KNOB 1.00

tri Nat citrate 2,0 0.165
Fe2(804)3.6H20 0,004

A5 Microelements* 1 ml/litre

* Composition of Mjicroelements

HsB0, : 2,86
Mn01, «4H,0 1.81
ZnS0, + TH0 0,222
CuS0, «5H,0 0,079
(NH4)6M07024.4H20 0,018

Cells were also grown in "Na© medium" obtained by equimolar
substitution of Na© salts for K', and in "C1” medium" obtained by adding
NaCl or KCl to give 1 mM C1™.

Media were sterilised by autoclaving at 15 1bs/eq. inch for
15 minutes. Agar was autoclaved separately and mixed with culture
medium at 40°C to give the required concentration.

Cultures were grown at a temperature of 2Si o and at a light
intensity of 500 foot candles (epproximately 3 x 104 ergs/cm2 gec )
maintained by a row of 100 watt light bulbs("Atlas Lamps"). Liquid
cultures were grown in 500 ml Dreschel bottles and bubbled with a
mixture of 96% air 4% CO,. Liquid stock cultures were started every two
months from agar and transferred to fresh medium onoe a week.

Cells for experimental use were grown under oontrolled conditions.
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A standard inoculﬁm was added to sterile medium and the cells harvested
after four days when in ;he late log phase of growth (Pigure (iii))s The
cells were harvested by centrifugation and resuspended in fresh culture
medium to tlie required density. Cell densities were measured in terms
of pl packed cells/ml by spinning aliquots in graduated narrow bored

tubes. All centrifugation was at 2500 g for ten minutes.

Use of filters for culturing under different wavelengths

The pigment content of the cell was varied by altering the
wavelength of the incident light. "Cinemoid" filters nos, 5 (orange) and
25 (purple) were folded around the Dreschel bottles enabling cells with
different pigment conténts to be cultured at the same time. The light
intensity was reduqed to 250 foot candles using filter 5 alone and %o
about 25 when using 5 and 25 together. The transmission spectra of the
filters and absorption spectra of the cells are given in Figures (iv)
and (v)., With filter 5 alone the chlorophyll a/phycocysnin ratio was
greater than one, with both filters it was less. Pigment absorption
ratios were estimated from absorption spectra obtained using a Unicam
S,P. 800 ultraviolet spectrophotometers 1 om cuvettes were placed close
','to the photomultiplier and were equipped with 1,5 mm opal glass plates
'to reduce spectral distortion due to scattering. In estimating pigment

ratios the absorption at 700 mp was taken as zero.

2. Measurement of Cell Quantities

() Cell Numbers and Dimensions

Cells were measured using a microscope (magnification x 400)
in conjunction with a haemocytometer and a calibrated eyepiece. A

methyl cellulose gum wae used as a fixative.

(v) Extracellular Space

The extracellular space was determined by adding 100 pl of 140
(carboxylic aoid) inulin to 10 mls cell suspension, giving a specific

activity of 0.17 uC/ml.,
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Figure (iii) Growth Curve for Anacystis nidulans under the
culturing conditions normally employed. Cells

vwere usually harvested in the late log phase.
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Figure (iv) The Transmittance of the Purple and Orange Filter
Combination used to control the wavelength of
incident light when growing Anacystis superimposed
on the Absorbance of the resulting culture (Cell
density 2.5 x 107° Lpc/ml).
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Figure (v) The Transmittance of the Orange filter used to
Control the wavelength of incident light when
growing Anacystis superimposed on the Absorbance
of the resulting oulture (Cell density 2.5 x 10
Lpc/ml).
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Cells were spun down as for the determination of packed cell
volume, except that larger tubes were used. This did not affect the
accuracy of the determination provided the eell suspensions were dense
(® 30 pl packed cells/ml). Samples (100 pl) were taken from the
supernatant, dried atroom temperature on ringed aluminium plarchets and
counted. These standards gave a relationship between volume and counts
per mimite. The rest of the supernatant was discarded and the pellet
blotteds The cells were washed four times by alternate resuspension in
distilled water and centrifugation. All supernatants were retained for
counting. Samples of the final pellet were zlso counted to check whether
inulin had been adsorbed or taken up by the cells.

14C mannitol was used instead of 140

inulin in some determinations,
but was found to be unsatisfactory (probably due to adsorption on the cell
Wall) .

(¢) Relationship between wet and dry weights of cells.

Cells were harvested by centrifugation and the surface of the
rellet blotted. Samples were weighed in tared crucibles at timed
intervals, each sample being weighed twice (enabling corrections for
evapcration to be made). The wet weights varied from O.1 to 043 g
The crucibles were kept at 110° until a constant weight was obtained
(usvally after 12 hours).

(&) Relationship between dry weight and packed cell volume

Cells were suspended in distilled water and the packed cell
volume determined. Samples were pipetted into tared crucibles and
evaporated to dryness as above (Section (¢)). The volume of the samples
varied but was such that the quantity of cells used per determination

ranged from 50 to 250 pl packed cells,

3 Fluorescenocs Measurements

Chlorophyll fluorescence was measured using a laboratory
constructed fluorimeter, The blue exciting light transmitted by Schott

cut-off filters BG 18 (4 mm) and BG 38 (2mm) was focused on to a 1 om



cuvette containing 3 mls of cell suspension (5 plpacked cells/ml). The
resulting red chlorophyll fluorescence was detected with an EMI 820
photomultiplier (type 9558) which was shielded from the exciting light
by a Baitzer B40 iqferference filter transmitting at 689 mp coupled
with Schott cut-off filters, 6 mm RG 665 and 4 mm RG 695,

. The signals were amplified and displayed on a Honeywell chart

recorder (HElectronik 194).

4o Oxyeen Measurements

Oxygen measurements were made uéing a Rank electrode system
(Figure vi)s The platinum cathode and silver anode were bathed in
saturated KC1 solution and separated from the test guspension by an oxygen
permeable Teflon membrane. A potentiatiné vpltaée of 600 mV‘was'applied.
The resulting current, which was propbrfional 1o the oxygen concentration
was measured ag the voltage across a variable resistor and recorded
using a Rikadenki twin-channelled chart recorder,

The electrode was calibrated using distilled water equilibrated
with air at 25o and either sodium dithionite solution or distilled water
saturated with nitrogen. Partial pressure values were converted to
oxygen concentrations in pmoles/ml.

Cell suspensions of 5 to 10 ul packed cells per ml were used. A8
the cells were suspended in oulture medium, which contained sodium
bicarbonate, carbon dioxide was not usually found to limit oxygen
evolution. Rates of oxygen consumption and evolution remained steady
over a wide range of oxygen tensions but were usually calculated between
9 and 15 umoles Oz/ml. In most cases Znhibitors (from stocks used in
isotope experiments) were added during the experiments, successive
additions increasing the concentration. Ococasionally the cells and
inhibitor were pre-incubated, but this did not seem to increase the
inhibitors potency.

The light source was a Rank Aldis 2000 projector, the intensity

of which was varied ar described under Fluxes(Section 6(b)). For
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Figure (vi) Diagram of a Section through the Rank oxygen

electrode system.
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standard experiments a broad band red filter was used and a light intensity
of 1000 foot candles. 4 black cloth was used to obtain dark conditions.
The temperature was maintained at 250 by circulating water from a
thermostatically controlled tank.

When €1~ fluxes and oxygen measurements were made using samples
from the same cell suspension, the C1~ influx was measured in this
apparatus. The screw cap was not used, but as the experiments were of
short duration evaporation losses were negligible.

5 Internal Ton Analyses

(a) Flame Photometry

Na+ and X internal concentrations were determined by fleme
photometry. The cells were harvested and washed by resuspension in double
distilled water, the sides of the tube and pellet being rinsed after
each centrifugation. Known aliquots of about 100 pl packed cells were
digested by boiling for ten minutes with one to two mls concentrated
nitric acid. On cooling the volume wés adjusted to 10 mls by adding
double distilled water. The Na' and X' levels were determined by ‘
comparison with known standards.

When net movements of Na' and X were followed the washing
procedure adopted was less etficient. Small samples were taken and to
minimise cell loss the pellet was not rinsed. Assuming that the residual
liquid would be no more than 100 pl, it was calculated that an error
of no more than 10% would be introduced.

All samples analyéed by flame photometry were duplicated and
nitric acid controls werec run.

(v) Isotopic Equilibrium Analyses

Internal Na', X* and €17 concentrations were measured by this
method. The cells were suspended in culture medium and the appropriate
radioisotope added. After an equilibrium period the cells were
separated from the medium and assayed for radioactivity (as described
under Influxes Seotioné(c))e The length of the equilibration period

depended on the ion. For Na+ and K+ determinations the cells were left
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overnight, but for C1~ an hour was usually sufficient.

6e Flux BExperiments

(a) Isotopes and Inhibitors used

The isotopes used were K42, Na24 and 0136, all of which were obtained
24

from the Radiochemical Centre, Amersham. K42 and Na~ ' were supplied as
isotonic salt solutions (approximately 155 mM KC1 or NaCl)., The specific
activity of the potassium on arrival varied from 4 to 40 uC/mg K+, while
that of the sodium was usually 70 uT/mg Na+. C136 was supplied as

0.1N HC1 with a specific activity of about 10 pC/mg C1 .

The inhibitors used and the concentrations of their stock solutions

are given belowe.

Inhibitor Molarity
ICMY 1072
My 1072
cocP 1072
Ouabain 1072
Gramicidin 6 x 1074
Valinomyein 5 x 1074

All stock solutions were made up in alcohol and stored between O - 5°C.
The concentrations were such that on addition to cell suspensions the
alcohol content was no more than 1%,

ICMU was obtained as Diuron Technical 95% and was purified by
twice recrystalliging from alcohol. All other inhibitors were considered
sufficiently pure for immediate use.

(b) Description of the Apparatus

Experiments were carried out in a perspex tank which wasg
temperature controlled by oirculating water. When temperatures of less
than 5°C were required the reaction vessels were surrounded by ice. The
cells were illuminated from one side by two 20 watt GEC warm white
fluorescent tubes, giving a light intensity of about 750 foot candles.

The sides of the tank vere covered with aluminium foil to reflect unabsorbed



light.

The reaction vessels were of two sizesy; the smaller vessels
measured 1.6 cm in diameter and were 9.5 cm long, their maximum capacity
being 15 cgs; the corresponding measurements of the larger vessels were
3,6 cm and 11 cm with a capacity of up to 85 ces. Some vessels (of both
sizes) were covered in black tape for determining dark fluxes. The vessels
tapered at the base and formed a narrow bored tube which served as a gas
inlet. During experiments the cells were gently bubbled with moist air
which besides ensuring that the cells were continuously aerated, helped
to maintain an even suspension., In some experiments cells were gassed
with nitrogen or a mixture of 002 and air., Nitrogen was bubbled through
0.5 M X0H (to remove 002) and distilled water before use and the CO,/air
mixtures through distilled water only. The vessels were covered with
loosely fitting perspex lids. After long term experiments packed cell
volumes were redetermined to allow for possible evaporation or cell growth.

When measuring x* and C1~ influxes at different light intensities
and anelengths the experiments were not carried out with the cell
suspension in the usuwal experimental bath.

K+ fluxes were measured in "lollipop flasks" with a capacity of
about 5 mls., The flasks were wedged in a small Perspex bath with a flat
gide of the flask facing the light source. The bath was maintained at 250
by circulating water. The cells were aerated and kept in suspension by
bubbling moist air to the base of the flask through nylon tubing of
diameter about 1 mms One flask was covered in black tape as a dark contrcl.
The 1ight source was a Rank Aldis 2000 projeotor connected to a variable
voltage transformer. Baltzer interfereace filters with a half band width
of 10 mp were used to seleot the wavelengthe. Light intensities were
measured using an ISCO spectroradiometer (Model SR) with an optic probe.
Samples were taken as described under Influxes (Section 6(c)) except
that four were taken after half an hour and averaged to caloulate the rate.

C1™ fluxes nt different light intensities were measured in the

oxygen olectrode set-up as described in Sootion 4., €1~ influxes and
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oxygen evolution could thus be measured under exac*ly comparable conditicne.

(e) Influxes of Na', K znd C1~

Influxes werc measured by following the uptake of radioactive
isotopes., Before the isotope was added the cells were equilibrated at the
required temperature, light intensity and gassing conditions for at least
half an hour, Inhibitors were added at the beginning of the equilibraticn
period.

Addition of the isotope altered the external conccntration. The
chloride in the medium was negligible ( 9 pmoles MhClz. 4H20/L) so adding
H0136 to give 0,2 mM initiated a net influx. The quantity of K42 Cl or
Na24 Cl used depended on the specific activity. The external xt wag not
altered by more than a few per cent, but the Na© concentration was
frequently increased by up to 25%. In the results.section the external
Nat concentrations are given for each influx experiment and the effect
of this variation is discussed.

After injection of the isotope the time course was followed by
taking samples (0.5 or 1.0 ml) at intervals and isolating the oells
by filtration. Two types of membrzne filter were used (both of pore
size le2 p), either Ssrtorius -~ Membranfilter G mb H, Cat. No. SM11305
or Millipere RAWP 02500, The membranes were held in a Millipore |
filtering apparatus conﬁected to a motorised pump. The cells were
injected into about 20 mls of distilled water above the membrane and were
washed with a further 20 mls after sedimentation. The time taken to
complete the filtration was about one minute.

The number of washes required was checked by sampling radiocaotive
culture medium{of the same specific activity as the cell suspension)
and subjecting the samples to the washing procedure. Two washes were
sufficient to remove all external C1~, but not K" or Na's The insufficient
washing was allowed for in oalculating Na+ end xt fluxes, This was felt
to be more satisfactory than prolonged washing and less frequent sampling.

The membranes were glued to aluminium planohets using a water

baged paste. After drying they were assayed for radioaotivity using
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a Nuclear Chicago gas-flow counter. The gas used was 90% argon 10% methanec.
In all experiments samples cf between 10ul and 100 pl were taken

from the cell suspension, dried on ringed aluminium planchets and assayed

as above, These standards enabled the specific activity of the isotope

to be calculated in terms of counts per unit time per equivalent.

Counting was carried out to an accuracy of - 1%. The counts obtained
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from K™ and Na~ " samples were corrected for decay.

()  Effluxes of Na' and XK'

Tracer was added to cell suspensions which were illuminated over-
night in the experimental tank to reach isotopic equilibrium. Before
each efflux experiment the packed cell volume of the loading suspension
vas checked and samples and standards were taken to determine the internal
concentration.

The cells were spun down and resuspended in fresh culture medium
to give a packed cell volume of Sul/ml. Inhibitors were added to the
suspending medium with no preincubation period. Samples were taken,
washed and assayed for radiocactivity as described under "Influxes",

(¢)  Net fluxes of Na', k¥ and 01~

Net fluxes were gtudied either by flame photometry or isotopicallye.
The fluxes were measured as changes in internal ion concentrations with
times The methods used are given under Sections 5 (a) and (b).

Influxes and effluxes were expressed as equivalents of the ion
ver litre of packed cells per second, or, in terms of surface arca,; as
equivalents per square centimeter per seconda
Te pH Changes

Light induced pH changes were studied using intact Anacystis cells.
The apparatus is shown diagrammatically in Figure (vii). The reaction
vessel was a glass cylinder of diameter 2 cms, length 7.5 cms, A minimum
volume of 4 mls was required to cover the porous plug of the combination
electrode, thus ensuring satisfactory electrical contact. The suspension
was vigorously stirred using a magnetically energisecd flea and by

bubbling with 002 free nitrogen. The primary function of the nitrogen was



Figure (vii) Diagram of a Section through the pH electrode

system,
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to reduce any effects of the equilibrium

H.CO éH++HCO.5

2°73

on the pH of the system.

The Beckman combination electrode was connected to a Beckman
expandomatic meter (accurady z 0.01 pH unit). Changes in pH were
recorded using a double channelled Rikadenki chart recorder.

PH changes were induced by illuminating with light from aRank
Aldis 2000 projector, the wavelength and intensity being varied as
previously described (Section 6 (¢)). Under stendard conditions a broad
band width red light filter was used which reduced the light intensity
to 1000 foot candles. A constant temperature was maintained by circulating
water from a temperature controlled tank. A black box surrounded the
apparatus, holes being cut for the insertion of the electode and for the
gas and water supplies. A shutter allowed light from the projector to
illuminate cells when required.

After harvesting the cells were washed once by resuspension in
double distilled water, spun down and resﬁspended in double distilled water
to give a packed cell volume of 10 pl/ml. The cells were left in the dark,
bubbling with nitrogen until required (within 6 hours).

KC1 (1.0M) was added to each aliquot to give an external
concentration of 25 mM (that is a little above the K+ concentration of
the culture medium)  KOH was added to bring the pH from about 6 to
between 7.8 and 8,2, It was difficult to maintain a steady background pH
as the suspension tended to become acid. In an attempt to overcome this
the cells were suspended in 2 mM Tris pH 8,02, a method employed by

Edwards and Borell (59 ) with Rhodospirillum rubrum, but it seemed that

this concentration of Tris was too high and no pH changes were detected.
Cultures in which the acid drift was very rapid were discarded or the
rate of the drift given in the results.

The periods of illumination and darkness varied from a half to

two or threo minutes. A light/dark cycle was most easily established by
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illuminating the cells until the maximum extent of the light induced acid
shift had been attained and then switching off the light until the pH
increased to background. The exact procedure adopted is described for each
experiment.

At the end of each experiment a known quantity of HC1l or KOH was
added in the dark to determine the buffering capacity of the suspension.
The rate and extent of the pH shift was expressed in equivalents gt per
second per unit volume or surface area of cells.

There is cevidence that the buffering capacity of chloroplasts may be
increased by illumination (166 ). An attempt was made to compare the
buffering capacities of Anacystis cells in the light and dark by sequential
additions of acid or alkali covering the pH range 5.5 to 9.5. Unfortunately
it was difficult to determine the extent of the immediate effect on the
PH as the cells usually rapidly compensated. This means that the
quantitative aspects of the pH changes in this study are only epproximate.

Inhibitors were added from the stock solutions described under
"Flux Experiments". DNP (10—1 M in alcohol) and Nigericin(6.8 x 1072 M
in aleohol) were also used. Pyocyanin and PMS, cofactors of cyclic
phosphorylation were kept at 5° in the dark as 10 mM and 20 mM stock
gsolutions in water. Addition of some inhibitors and PMS caused a drop

in pH which was corrected with alkali before the light induced shift was

determined.
8 Osmotic Phenomena
*
(a) Preparation of "protoplasts"

"Protoplasts" were prepared by a modification of the method used
by Biggins ( 23) and by Dwain  Vance and Bailey Ward (56 ). The

cells were harvested, washed once in mannito%/;hosphate buffer and

* Lindsey et al (139) have recently reported that only the inner layer - the
LII layer- of the cell wall is removed by lysozyme go although inacystis

"protoplaste" prepared by this method are amenable to osmotic studies, they

are in fact spheroplasts,
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resuspended to give a packed cell volume of 20 pl packed cells/ml,

‘The coitposition of the buffer was as follows

Mennitol \ 91 g/L.

K3H PO4 5.2 gfLe

HC 1(N) to adjust the pH to 6.8
Grade I lysozyme from the Sigma Chemical Company was added as a powder to
give a concentration of 0.05% or D.1% (w/v). The Buspension was incubated
at 350 with occasional shaking for between 5 to 18 hours. After incubation
the "protoplasts" were spun down at 5° and washed free of enzyme by
resuspension in a large volume of cold mannitol-phogphate buffer. They
were concentrated by centrifugation and stored at 50 until required (within
12 hours).

To.itest the efficiency of this method a control was run to

which no enzyme was added. The enzyme treated cells and control cells
were diluted with distilled water to give an external osmolarity of
less than AOmosmoles. Under these conditions the "protoplasts" lysed. The
number of whole cells was counted and was found to be reduced by 88% in the
enzyme treated cells. This figure agrees with that reported by Dwain Vance

and Bailey Ward (156) who found that 10% of fnacystis cells were lysozyme-

resistant.
(v) Determination of Internal Osmolarity
(1)  "Protoplasts" prepared by the above method were added to

mannitol phosphate solutions of different osmolarities. After
twenty minutes the optical density of each suspension was measured
at 710 mp, changes in optical density reflecting turbidity
changes as the "protoplasts" swelled and burst (155). A graph

was plotted of optical density against external osmolarity. The °
osmolerity reading corresponding to half the maximum optical
density, was taken as equivalent to the internal osmolarity of

the cells (Mitchell and Moyle (155))a



(ii) Thie method was similar to the above, but after addition
to the mannitol -~ phosphate solutiong the "protoplasts" and
cell debris were spun down and the optical density of each
supernatant measured at 620 mp to indicate the degree of
phycocyanin release. A graph was plotted of optical density
against external osmolarity, but no satisfactory method of

analysis was apparent.
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CHAPTER III

RESULTS AND DISCUSSION

The Transport of K+ and Na+



THE TRANSPORT OF X' AND Na'

1. Preliminary Measurecments of Cell Quantities.

Ionic fluxes and internal concentrations arc conventionally
exﬁressed in equivalents cm—2 e;ec"1 and equivalents/litre of cell water
respectivelys To describe the ionic relations of Anacystis in these

terms some preliminary measurements of cell quantities were required.

(a) An estimation of the membrane surface areca.

The surface area of the Anacystis cell membrane was estimated from
the cell dimensions assuming that like E. coli (193), Anacystis could be
geometrically represented by a cylinder with hemispherical ends. Optical
measurements gave dimensions of up to l.4p in diameter and 3.4p in
overall length, rather larger than values reported by Komarek (131).
Assuming an average value of 1lp by 3u the surface area of a single cell
was calculated to be 944 x ld—gm.g

As experiments were usually conducted using cell suspensions of
density 5ul packed cells/ml, the relationship between packed cells and
surface area was determined. Cell numbers were estimated in suspensions
ranging in density from 0.5 to 2.5u1 packed cells/ml. The average number
of cells corresponding to o litre of packed cells was 28i 1x 1013
(15 determinations), which gave a surface area of 2.64 x 107 cm2/litre of

packed cellse.

(b) An estimation of the volume of cell water.

It was found that the average dry weight of a litre of packed cells
was 329 i 5¢ (7 determinations) and that the wet weight/dry weight ratio
of the cell pellet was 4.6 = 0.2 (12 determinations).

The extracellular space of the packed cell pellet was measured
using 14, inuline An average value of 47% was obtained (and used in
calculations). This value was in reasonable agreement with the 41%

estimated from cellular dimensions.
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Using.these measurcments the dry weight/wet weight ratio of the
actual cells {(not the pellet) wag calculated to be 04344, slightly higher
than corresponding estimates for B. coli (63 )« On a fresh weight basis,
the water content of living plant tissues averages about 80% (240),

Procaryotic organisms such as Ee. coli and Anacysiis seem 1o have water

contents below averzge. This might be related to the lack of large vacuoles:

2. K* Fluxes
\
(a) K+ Acoumulation and its relation to internal osmolarity
Many bacteria have an internal K+ concentration higher than that of
the external medium. There has been some controversy over whether this
. acoumulation is due to KT binding to intracellular macromolecules or to the
selective uptake of x* by the cell and its retention in an osmotically

active form within the limits imposed by the cell membrane.

Epstein and Schultz (65 ) support the second hypothesis and have
reﬁiewed the evidence in its favour. From their own experiments with E. coli
they have concluded *hat a high internal osmolarity is required for growth
and that it is achieved in BE. coli (and probably in other bacteria) by
an exchange of intermal protons for external potassium ions ~ the source
of the protons being weak intracellular acids,

Measurements of the internal osmolarity and X" content of /Anacystis
cells were mades The internal osmolarity was measured by suspendiag
Anacystis “"protoplasts" in different mannitol solutions and measuring
the resulting turbidity changes as differences in optical density at
710 mp, Typical results arc given in figure X 1 indicating an internal

osmolarity of about 460 mosmoles.



Figure K1, Methods of Estimating the Internal Osmolarity of
Anacystis cells

(a) Release of Phycocyanin from "protoplasts" suspended
in mannitol solutions of known different osmolarities.
The "protoplasts" were spun down and the optical
density of the supernatant measured at 620 mp.

(b) Changes in turbidity measured as changes in the optical
density at 710 mp as the protoplasts were suspended in
mannitol solutions of known different osmolarities.
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A similar method was employed by Mitchell and Moyle (155 ) to

determine the internal osmolarity of Stephylococcus aurens "protoplasts",

They obtained a value of le4 osmoles which they later confirmed using
other téchniques (156 ).

An gttempt was made to confirm the value obtained for Anacystis
by using phycocyanin release as an indication of cell lysis, a method
used by Biggins ( 23) to assess the degree of protoplast formation in
Phormidiums This method was found to be unsatisfactory as phycocyanin
leakage seemed to increase exponentially with decreasing osmolarity of the
external medium (Figure K1 ).

Flame photometric measurements of the internal xt concentration
gave an average value of 149 mequivalents/L cell water, which taking
into consideration the corresponding anions,other cations and non-charged
solutes would be éufficient to account for an internal osmolarity of
460 mosmoles.

It seems. probable that,like E. coli, Staphylococcus, Neurospora

and other organisms)_K+ is present in an osmotically active form, but no
evidence was obtained for a possible role of k' in regulating the internel
oémolarity of the cell. Varying the external osmolarity did not affect the
K' influt or its internal concentration, whereas in E. coli an increase in
the external osmolarity had lead to an immediate parallel increase in
the internal salt concentration by the active uptake of K+.

There are two alternative explanations for this difference between

Es. coli and Angeystis, either in Anacxstis;some other ion is involred in

adjusting the internal osmolarity té compensate for changes in the medium,
or fnacystis maintains a steady internal osmolarity irrespective of the B
environment. The second alternative seems more likely. In its natural
habitat Anacystis, unlike E. coli, would not usually be subjected to a
hyperosmotic environment so a flexible osmoregulatory system would not be

required to ensure sufficient turgor pressure for growth. Moreover

the possibility that another ion was regulating changes in internal
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osmolarity seemed remote as K was accumulated from the medium in
preference to other cations, even when their concentration was

significantly increased,

(v) The Preferential Uptake of K' rather than Na'.
An attempt was made to determine the degree of specificity of the
K" uptake by growing Anncystis cells in media of different K' and Na©
concentrations. The results are presented in Figure K2. Even at very
low external K' concentrations, with correspondingly high Na© concentrations,
the internal Na'/K' ratio was rarely equal to or greater than one. Similar
determinations have been made with other unicellulor organisms. E. coli,
in the log phase of growth, maintained a high internal Kt concentration
independently of the externzl concentration over the range .05 to 120
mM K* ( 63). The green alga Chlorella also maintained a constant internal
Na'/k* ratio provided there was sufficient K' for growth to occur (196).
In most organisms some degree of exchange of internal K+ for Na+
will occur, particularly under non-growing conditionse At very low
K concentrations the internal Na'/K' ratio in Chlorella was found to
excead ope(198) and in E.coli in the stationary phase the internal ratio
;a,pproa;héa that of the medium (193). Yeast also took up Na' if fermenting
on a K" free medium (43 ). Anacystis was unusual in that when growth
ceased the KT level within the cell remained high anu very little
exchange for external Nat occurred. This suggested that the membrane
of égggggﬁgg was particularly impermeable to cations and that wnder
adverse conditions no ionic leakage took place, It was decided to
investigate the nature of K+ retention by Anezcystis, using radioisotopes

to characterise fluxoes across the membrane.

(e) The Kinetics of XK' fluxes.
Initial experiments showed that the cell membrane of inacystis was
permeable to potassium ions. Figure K 3 illustrates a typical

experiment in which the uptake of K42 by the cells was measurcd as a
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Figure K2, Effect of the External Concentrations of Na' and

K+ on the Internal Concentrations of these Ions.

4 The oultures were inoculated at the same initial density
210- Lp6/300 mls) and were grown for the same period of time
6 days). Ionio Concentrations were determined by Flame
Photometry.,
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Figure K3, Time Course of the Uptake of x* by Anacystis
oells in the Light and Dark.

The oells were suspended in oulture medium at a density
of 5 x 106 Lpo/ml. They were gassed with moist air.

Temperature 250.

Light Intensity : 750 foot ocandles.
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Figure K4, Semilog Plots of the Uptake of xt by Anacystis
cells in the Light and Dark.

The cells were suspended in culture mediuvm gt a density
of 5 x 10~6 Lpo/ml. They were gassed with moist air.

Temperature 3 25°.

Light Intensity : 750 foot candles.
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function of time. Flame photometric measurements of similar systems
suggested that all cell K+ was exchangeable and that uptake represented

a K+/‘K+ exchange with no net movement occurring. Under these conditions
the equatims for deseribing tracer behaviour outlined in /ppendix I can

be applied. The unidirectional influx is shown plotted semilogarithmically
in Figure K4, A two compartment system is suggested with one rate limiting
barrier,probably the plasmalemma. Similar kinetics have been observed
with other non-vacuolated organisms including log phase Neurospora

cells (203) E. coli (191) and Chlorella (17).

i Rates were estimated either from the initial slope of the uptake
curve (Figure K3) allowing for the high initial intercept or from the
rate constant measured from the semilog plot (Figure K4). The avevage
rates in the light and dark were 1.3 - 0,14 (38) and 0,26 % 0.04 (32),
respectively, rates being expressed as pmoles xt c:m"2 sec:"1 s S.E.Me
(Wo. of determinations). The light influx was similar in magnitude
to the influx observed in E. coli (191) and to the light rates of xt
uptake observed in many fresh water algaé including Nitells (143), Chara
(102) and Chlorella (17). Influxés observed in marine algae such as
Griffithsia (70) were usually higher.

To confirm that the cell represented a single compartment for K+
exchange &that steady stafe fluxes were maintained under experimental
conditions, the loss of K" from isotopically.loaded cells into non-
radioactive cul’ure medium was investigated. Figure X5 shows a typical
time course, Rates were calculated by multiplying the average rate

constant by the agverage internal concentration. The results are

preéented in Table Kl.



Figure K5, Semilog plot of the Efflux of X" from Anacystis
cells into Culture Medium in the Light and in
the Darke.

The cells were suspended at a density of 5 x 10-6 Lpe/

ml. They were gassed with moist air.
Temperature : 250.

Light Intensity 3 750 foot candles.
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TABLE K1. Average light and dark X* effluxes from cells
suspended in normal culture mediume. The results

are given X S.E.M. (Number of determinations).

LIGHT DARK
Rate constant 3.6 = 0.5 x 1074 (11) 1.54 £ 0.21 x 1074 (12)
(sec—l)
Internal K+ 93 £ 2.3 (45) | 93 % 2.3 (45)
(.nequivalents
prr Lpc)
Effluxes 1.27 £ 0.21 0.54 % 0,089

(pmoles K* ém-e'sec—l)

There was a good agreement between the fluxes in the light, but
in the dark the results suggested a net efflux of 0,27 Pmoles om.-2 seo-l.
A net efflux of this magnitude was considered unlikely. It was calculated
that if this efflux was maintained after ove:ﬁight dark storage the
. internal K+ would be reduced to almost zero. This was not observed by
fiame photometry. A possible explagation ig that the allowance made for

the initial interoept when calculating the dark influx was too high,

leading to an under—estimate of the initial rate.

(@) X" Influxes into XK' starved cells.

" Having est?blished that in cells grown in normal medium the
membrane was permeable to ¥" and that a rapid K+/K% exchange occurred, an
attempt was made to study net influxes of K+ into cells grown in Na+
medium, It may be recalled that fnacystis cells starved of potassium lose
some intracellular K¥ in exchange for Nat. Average internal and external

concentrations determined by flame photometry are given in Table K2,
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TABLE X2a The internal and external Na+ and K+ concentrations

of Anacystis cells grown in Na+ medium. Concentrations

are given in mequivalents X' or Na'/Lpe & s.E.M.

(Number of determinations),

Internal X' 3043 = 4.5 (15)
Internal Na© 20.8 & 1.3 (15)
External XK' 0.011 % 0.003 (15)
External Na' 33.7 £ 0,07 (15)

It was hoped that by introducing K+ into the external medium a net

uptakse of ¥t in exchange fox Na© would be induced. The results of such an

experiment are given in Table K33 even after six hours no change in internal

ion concentrations was observed. (When as in Table K3 no S.E.M. is stated,

internal concentrations can usually be assumed to be X 10% of the stoted

values, When the level of Na+ is less than 5mM the error is greater)

TABLE K3. The effect of an injection of K, 4

+ . . . + .
and X concentrations in cells grown in Na medium.

HPO. on the internal Na@

Concentrations are given in mequivalents ¥t or Na+/Lpo.

Time (hrs.) Internal KT  External XT  Internal Na©
0 5941 0404 28.3
Injection of K2HP04
0475 55 44 4.5 20,8
3433 59.1 4.5 2245
65 6343 4.5 2347

External Nat

32,

324

32,

32,

This contrasts with results obiained using other microorgonisms. External K+



80

readily exchanges for internal Na+ and H" in Chlovella (198),

Neurorpora (201), Yeast (43), Streptococcus (94) and E. coli (192), The

degree of coupling between Na.+/K+ exchonges depends on the organisme. In

Streptococcus (94) Na+ extrusion is probably a primary process generating

an electrical potential to which the K+ passively responds. Blectrogenio
punps of this noture are suspected to be common in microorganisms but thei:z
existence is difficult to demonstrates Assuming an electrogenic Na+ pump
in Anacystis one possible explanation for the lack of effect of the K+
injection on the internal Na+ and X levels would be that the harsh
treatment of the cells - the prolonged K+ starvation -~ had lead to a
"fightening" of the membrane so no K+ could diffuse into the cell in
response to the membrane potential. This seems unlikely for growth in Na+
medium did not severely affect Yeast (43), Chlcrella (198) or Neurospora
(201) and artificial X' depletion by monactin did not permanently damoge

Streptococcus (90). Al were able to readily revert to high intermal K+

when the conditions changed. Furthermore the resuspension of Na+ grown
cells in radiocactive normal culture medium showed K+ influxes only slightly

different from those of the controls (Table K4).

TABLE K4a A comparison of the average light and dark influxes of
K+ into cells grown in normal and Na+ media. To determine

the influxes both cell types were resuspended in normal
2 =1 +

. + -
medium, Influxes are expressed as pmoles K ocm ~ sn0

SeE.M. (Number of determinations).

LIGHT DARK
Cells grown in Na' medium 0.830 + 0.046 (9) 04305 * 0.64 (6)
Cells grown in normal 1.30 % 0.14 (38) 0.267 & 0,04 (32)

medium
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It geemed that though the plasmolemma was permezble to kKt in that
it allowed thé exchange of homologous ions, nét.movements of this cation wece
difficult to demﬁnstrate. Possibly the K+/K+ exchange was carrier -
mediated as suggested for Neurospowa and the requirements for conversion
to a K+/Na+ carrigr had not béen fulfilled under experimental conditions.
' The difficulty in inducing net ion movements was further demonstravec

in a study of K+Vefflux into different media.

(e) The efflux of K' into different media.

It was found that the K’ efflux was considerably reduced if inacystis
cells were resuspended in distilled water. Injection of a counterion such
as Na+ had little effect, but the corresponding K injection induced an
efflux comparable. to that into culture medium (Figure K6).

There afe two possible explanations of these observations, either
Lower vwoy + . .
akbewing” the external XK' induces a change in membrane potential which
inhibits the X© effiux, or the ion exchange system is highly coupled and
under the experimental conditions only K+/K+ exchanges occur. Barber (18)
obtained similar results with Chlorella and discussed these two alternatives.,
He favoured a highly coupled system as the efflux also showed saturating
kinetics., Epstein and Schultz (64) suggested a tightly coupled xt exchange
system in E. coli as (like Barber (18)), they observed parallel effects
of temperature and metabolic inhibitors on the influx and efflux.

in injecvion of Triton X-100 into /Anacystis suspensions caused
an immediate loss of K' (Figure K7), suggesting that an intact membrane wa-
esscntial for the control of K#/K+ exchanges and also substantiating the
previously outlined argument that xt is rresent in Anacystis in an
osmotically active forme.

Al though o K+/K+ exchange was demonstroted in Anacystis there wus
no clear evidence for either a Na+ or K+ eclectrogenic pump or a corvier
mediated ion exchange. Yet considering that the concentration gradients
of K+ and Na+ were of opposite polarity it was argued that one or both

of these ions was actively transported. in investigation of the cffects cf



Figure K6, Effects of adding Na,H FO 4 (—~2,5mM) and
K,H PO, (-—~2.5uM) on the Efflux of X" from
Anacystis cells into distilled water.

The cells were suspended at a density of 5 x 10-6 Lpc/

ml. They were gassed with moist air.
Temperature : 250.

Light Intensity : 750 foot candles.
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Figure K7. The Effect of Adding Triton”%y- 100 on the Uptake
of X' by Anacystis cells,

The cellas were suspended in culture medium at a density
of 5 x 10~6 Lpo/ml. They were gassed with moist air.

Temperature : 25°.

Light Intensity : T50 foot candles.
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metabolical inhibitors and ionophores on K+ fluxes suggested that Na+
was the actively transported ion and xt was in electrochemical

equilibrium,

(f)  Evidence for the passive distribution of X',

Unequivocal evidence for the active or possive distribution of an
ion is obtained by the measurement of the elctrochemical gradient to which
it is subjected, but frequently the nature of the distribution can be

inferred from the effects of metabolic regulators and ionophorese.

(1) The effect of temperature on K* fluxes.
The temperature dependence of the K" upteke in Anacystis was rather
unusuzl. The rates obtained are given in Table K5 and are presented

again in an Arrhenius plot in Figure K8,

TABLE K5 The effect of temperature on k" influxes in the light

and dark., Rates are expressed as pmoles e gec™T,

Temperature °C. Light Influx Dark Influx
5 2,04 2,04
12 2.28 1420
26 3.24 1.26
38 10.65 4410
52 595 5495

Although deviations from e straight line relationship occurred at the
temperature extremes, activation energies for the light and dark influxcs
could be calculated inserting the values obtained at 26° and 380 into

the equation 3
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Figure K8, Arrhenuis Plot of K Influxes into Anaoystis
cells over the Temperature Range 5 - 520.

The oells were suspended in culture medium at a density
of 5 x 106 Lpo/ml., They were gassed with moist air.

Light Intensity : 750 foot candles,
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1°g(Eé)‘= By . (5 ~ 1)

2,303 R T2_T1

EA = gctivation energy'
k2 = rate of K+ uptake at T2

kj_ = 1" i 1" " |1 Tl

Other terms have their usual meaning
(The derivation of this equation is given by Glasstone and Lewis (76))

The activation energies with the corresponding QlO's are presented

in Table K6.
TABLE K6.  Activation energies and Q) , obtained for dark
and light influxes of X'.
LIGHT . DARK
B, 18.1 koal mole ™ 1749 keal mole™r
Q0 2,82 2,87

Stein (212) has compiled a list of temperature coeffioients
obtained for cation permeabilities in many different systems, including
water, ion exchange resins and artificial and cell membranes, The values
obtained for fnacystis are of the same order of magnitude as those
bBtained using animal oells. They are sufficiently high to conolude
that free diffusion of K through cellular pores is not ocourring, but
are not as high as the values of 28 - 32 keal mole™  obtained for the
active K* influx into Elodea (118),

The inhibition of the light influx at 52° was probably the result

of overheating. If snaoystis oells were killed by inoubation at 60° for

N



ten minutes the K@ influx was reduced to almost zero. (Figure K9). The
apparent stimulation of the dark influx at low tenperatures suggested that
the irflux wes passive. Further experiments confirmed cold stimulation in
the dark, but the results obtained in the light were variable. At 5o theve
was no light/dark difference and whether the light fluxes were stimulated or
inhibited depended on the degree of light stimulation in the control, Figure
K10 shows typical light and dark influxes at 5° and 25°, The K' efflux was
also stimulated at low temperatures. This could readily be demonstrated by
changing the temperature during the course of an efflux experiment (Figure
K11). Insufficient rates were measured to decide whether the fluxes were
covpled, that is whether the influx equalled the efflux, but flame photomet.?y
measurements suggested a small net loss of K+ was occurring partly in

exchange for Na' (Table K7).

TABLE K7. The effect of cold temperatures on the internal Na' and K'

levels in fnacystiss. Concentrations are given in mequivalents,

Lpc.
+ +
Internal Na Internal X
25° 2.9 7543
After overnight storage
at 500 11 ¢3 66 2

K efflux was stimulated at 5° even into Nat medium (Figure K12)
suggesting K+/Na+ exchange ocourred at: this temperature. However no efflux
into distilled water could be induced by dropping the temperature.

Low temperature stimulation of K+ fluxes is an unusual phenomenon. In
most organisms studied, active and passive fluxes are reduced by low

temperatures, which act by inhibiting metabolism and by decreasing the
membrane conductance., Some examples of fluxes reduced by the cold include”
the metabolically controlled K /K exchange in Chlorella (17), the K /x*
exchange in Staphylococcus (73) and the passive influx of k' across

the plasmalemma of Griffithsia (103), In Acetabularia Saddler (184)

observed a low temperature stimulation of the K+ efflux. He suggested

an increased passive permeability to K+, but the interpretation
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Figure K9. The Effect of Heating on the Uptake of xkt by
Anacystis cells,

Th26oells were suspended in culture medium at a density
of 5 x 10™° Lpc/ml., They were gassed with moist air. The
temperature was raised to 60° for ten minutes before the
addition of the tracer,

Temperature during the experiment : 250.

Light Intensity : 750 foot candles.
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Figure K10, The Effect of Cold Temperatures on the Influxes
of x* into Anacystis cells in the Light and Dark.

TheGOells vere suspended in culture medium at a density
of 5 x 107° Lpc/ml. They were gassed with moist air.

Light Intensity : 750 foot candles.
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Figure K11, The Effect of Changing the Temperature from 25°
to 5° on the Efflux of K' from Anacystis cells
into Culture Medium,

6

The cells were suspended at a density of 5 x 10~
Lpo/ml, and were gassed with moist air.
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Figure K12, The Effects of Transferring Anacystis cells from
25° to 5° on the Dark Effluxes into Na+ and K+

media.

-£

The cells were suspended at a density of 5 x 10 = Lpc/

ml. and were gassed with moist air.
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Figure K13, The Effect of Valinomycin on the Uptake of x*
by Anacystis cells,

The cells were suspended in culture medium at a density
of 5 x 10~6 Lpe/ml. They were gassed with moist air.

Temperature @ 250.

Light Intensity : 750 foot candles,
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of X¥ efflux data was not straightforward due to conflicting electro-

chemical and metabolic measurements and complex three compartment kinetics,

The K+ efflux from E. coli is stimulated at 50. This is probably

connected with the role of X' in regulating the osmolarity of the cell.

Epstein and Schultz(63) have demonstrated that a sudden decrease in

the external osmolarity (a "downshock") leads to a rapid efflux of K"

particularly at low temperatures.

The cold temperature stimulation of X" fluxes in Anagystis seems

to suggest that K is passively distributed and that the permeability of

the cell membrane to this cation was increased in the cold.

(i1) The effects of Valinomycin and Gramicidin.
Valinomycin and gramicidin are ionophorous compounds which
facilitate K+/K+ exchange (123) and general cation transport (167)
regpectively. If the action of cold temperatures was to increase
the membrane permeability to K+, then flux stimulations would be
expected using these ionophores.

The effeoct of valinomycin is shown in Figure K13. _The predicted
stimulation of the K influx occurred with no change in the
internal X' concentration. This was taken as evidence for a
passive distribution of K+ in Anacystis. To exclude the possibility
that no net ion movement was occurring because no counterion was
available IO—SM CCCP was added to facilitate proton movement, Under
these conditions a net X' flux should be immediately electrically
neutralised by an opposing proton flux, both ions being free to
move across the membrane, This method of employing two ionophores
in conjunction was also used by Karlish and Avron (126) to
demonstrate synergistic uncoupling of chloroplasts.

. The Na+ and X' levels of valiromycin and CCCP treated cells weru
determined after three hours by flame photometry. The results are

presented in Table K8,
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TABLE K8, The effects of valinocmyein and CCCP on Na© and Kt

24
Je
4.

levels in Anecystis., Samples were taken after thrae
hours. Na+ and K+ ~oncentrations are expressed in

mequivalents/Lpc.

(2) (v) (e} (2)
Concentration of
Valinomycin. 0 1,02pM 0 1.021M
CCCP concentration 0 0 10~ 10™M
Internal KT 83 76 81 79
Internal Na™ 2.1 1.7 0.9 1.1

The effect of gramicidin was determined, As this compound promotes
general cation exchange a stimulation of K+ fluxes was anticipated
and a redistribution of X in response to other cation movements.
No effect was observed even at concentrations of up to 1 pg/Ll
packed cells (5 mg/L of suspension). It may be that the structure
of the cell wall or cell membrane of Anacystis is such that it
is gramicidin-resistant.

Harold and Baarda (89) have demonstrated that the growth of

Streptococcus faecalis is inhibited by valinomycin and gramicidin

and that the inhibition is due to loss of cell K'. Evidence
was presented to sugzest that the loss of K* in the presence of
valinomycin was a membrane effect and not due to the specific
inhibition of a K* pump (89)(94).

The results obtained with Anacystis support the membrane

specificity of valinomycin and suggest that like in Streptococcus

e .
K is acocumulated by a passive mechanisme



J
(iii) The effect of the external K concentration on the rate |
+
of X' uptake,

' The effect of external Kt condentrations on the rate of xt uptake
might be considered subsidiary evidence for a passive accumulation
of K+. When ion accuqulation_operates by an enzyme or caxrrier
mediated procesé saturation of the enzyme or carrier can occur

such that fﬁrther increases in the external concentration of the

'ion dg.not increase its ate of uptake. Saturation of the X influx
has been observed in Chlorella (17) at about 0.4 mM K+,and_in
Neurospora (203) at about 5 mM XK', In some higher plants saturation
occurs at two different levels suggesting two mechanisms of x* uptak:
(62)s 1In inacystis saturation wae not observed although the effect
of external X concentration was studied over the range 0.l fo 14.5
M xF (Figure K14). This does not entirely exclude the possibility
ot a carrier or enzyme operated mechanism in inacystis asg it may b?\

that in this organism a higher concentration of external ¥t is

required for saturation of the transport mechanism,

(g)  The effect of light on K fluxes.
It may be renalled that in Figures K3 and X5, X' fluxes were
shown to be stimulated by light. This is not inconsistent with a passive
distribution of K+, In most photosynthetic organisms light stimulated
cation fluxes are associated with an increased level of ATP, but there are
examples of light affecting the permeability properties of the cell membrarc,
Using Elodea Jesghke (118) calculated that the ATP produced in
the light was insufficient to support fhe‘light stimilated X influx.
He suggested an increased cation permeability contributed to the stimulated
influx. The problem of ascertaining the passive proportion of an influx
was discussed in a review by MacRobbie (149), She suggected that in
Characcan cells the Na+ and kt influxes measured in sulphate solutions

in the presence of ouabain were passive. From the effcct of light on
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Figure X14, The Effect of External x* Concentration on the
Rate of K Uptake by Anacystis cells.

+ The cells were suspended in culture media of different
K molarities at a density of 5 x 10™° Lpo/ml. They were
gassed with moist air.

Temperature : 250.

Light Intensity : 750 foot candles,
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these fluxes she caloulated that the permeability to xkt and Na+ was
reducel. by 30 ~ 40% in the dark.

It is conceivable that in Anacystis the approximate doubling of the
Kt fluxes in the light was due only to increased permeability but a series
of experiments was devised to check whether the light stimulation was
related to metabolism and if so whether it was a direct or an indirect
relationship.

To determine whether K+ fluxes were dependent on.phomosynthesis
the inhibitors CCCP, CMU and DCMU were used. As it was essential to
know at what concentrations these compounds affected photosynthesis,
measurements were made of their effects on oxygen evolution and the
fluorescence of chlorophyll as A digression to discuss these measurements

will be made before returning to the central problem of K+ relations.

(1) The effects of DCMU and CCCP on oxygen evolution.

ICMU was shown to inhibit oxygen evolution (Figure XK15), but as
some difficulties were encounteréd in estimating ﬁhotosynthetic
rates the exact degree of inhibition was not calculated. The
conventional method of estimating photosynthetic rates, that of

o A.'wxck Yo ) . .
subtracting the dark oxygen uptake fxsm the light oxygen evolution,

\or V\wugnlg),\‘\'é
was not applicable,\, a8 according to Hoch et al (98) two different
mechanisms of oxygen consumption were operating, Normal respiration
which occurred in the dark was inhibited by light, but a second
oxyéen consuming procass was light stimulated, The net result
was a redvction in oxygen uptake at low light intensities and a
stimulation at high. The cross-over point unfortunately varied
- from culture to culture, 80 correotion factors for oxygen

consumption could not be calculated even though the light intensity
was known,

Similar difficulties were encountered wren measuring the

effect of CCCP, so the results are presented (Table K9) in terms
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Figure K15, The Effect of DCMU on oxygen evolution in
Anacystis cells,

_sThe cells were suspended in culture medium at a density
of 10 - Lpc/ml.

Temperature 250.

Light Intensity : 1000 foot candles.
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of net oxygen evolution and oxygen uptake.

TABLE K9, The effect of CCCP on net oxygen evolution and uptake
in Anacystis. The rates are expressed in mumoles

oxygen min"1/5p1 packed cells.

Concentration of CCCP Oxygen Uptake (dark) Net oxzrgen evolution
(Light)
0 2.6 2846
5 x 1070 M 0 2048
107 52
5x 107 M Oud

The results confirm the sensitivity of blue-green algal respiration
to photosynthetic uncouplers (FCCP) reported by Biggins (25).

Dark respiration rates determined by this method are fairly
reliable., An average value of 4.2 ulitres O2 per hour per mg of
dry weight of cells was obtained, which was similar to the values
of 2 = 4 ul reported by Biggins (25).

Changes in oxygen concentration using the same cell suspension

were found to be accurate to within 5%.

(ii) The effects of DCMU and CCCP om chlorophyll & fluorescence.
Figure K16 shows the effects of DCMU and CCCP on chlorophyll

a fluorescence. The cells were subjected to light and dark periods

of one minute and four minutes recspectively. The inhibitors were

added towards the end of the dark period, their rapid effects

suggesting that there should be no penetration problems in

flux experiments.
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Figure K16, The Effects of DCMU and CCCP on chlorophyll a
fluorescence using intact Anacystis cells.

The cells were suspended in culture medium at a density
of 5 x 107° Lpo/ml. The time interval between each one minute
light period was four minutes. The inhibitors were added
towards the end of the dark period,
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DCMU was shown to stimulate fluorescence. It has been
suggested that this is because it blocks system 2 electron flow
such that Q becomes fully reduced and energy which would normally
be used in forming @ is lost as fluorescence, Alternatively a
less specific effect of DCMU on the physical properties of the lipo
Protein matrix has been postulated, the effect on chlorophyll a
molecules being indirect (162).

CCCP was shown to flatten the fluorescence curve, a slow
decrease in the fluorescence level being observed. Both CCCP and
ICMU removed the initial fluorescence peak, so an attempt was made
to determine its relation to the photosynthetic state of the cells.
From consideration of the timing it seemed likely that the "initial
peak" observed with Anacystis corresponded to the second peak (P2)
of chlorophyll a fluorescence in green algae (13). If so, it
was probably associated with the exhaustion of the initially active

oxidant, Bannister and Rice (13) observed that in Chlamydomonas

the fraction of initially active units declined with increasing

dark periods leading to a reduction in the P2 level and a

deepening of the second trough (MQ). The fluorescence measurements

with Anacystis were not sufficiently rapid to follow these changes

closely, but it was observed that a dark period of at least

four minutes was required to observe the "P2 peak", (Figure K17).
Similar results with DCMU and FCCP were obtained by Bannister

(12) using Anacystis, Chlorella and Chlamydomonas. In addition

he demonstrated that FUCP reduced fluorescence even in the presence
of DOMU. He suspected that it could not be acting by directly
oxidising the primary reductant and suggested its action was
related to its uncoupling ability and that ATP levels controlled
fluorescence in System 2. Alternatively the action of FCCP may

be to influence the redox state of Q by increasing the membrane

conductance of H& and decreasing the membrane potentiol.



113



Figure K17, The Effect of the Length of the Dark Period on
the "P2" chlorophyll a fluorescence peak using
intact Anacystis cells.

The cells were suspended in culture medium at a density
of 5 x 10~6 Lpc/ml. The light period was one minute.
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Papageorgiou and Govindjee (163) uging Anacystis and Chlorella

observed a correlation between the H' status of the oell and
yield of chlorophyll a fluorecence, but as yet they have not
deteimined whether the correlation is direct or indirect.
Before describing the effects of these inhibitors on k" fluxes
two points should be mentioned; first that CMU had qualitatively
the same effect as DCMU on both oxygen evolution and chlorophyll
a fluorescence, but usually higher concentrations were required;
and secondly that the effectivenese of inhibitors was also determined

before their use in the Na+ and C1- flux measurements to followe.

(iii) The effeots of CMU, DCMU and CCCP on K¥ fluxes.

10-5M CMU was shown to inhibit both the influx and efflux of
K+ in the light (Figure K18). The influx was about 75% inhibited
and the efflux about 50% which was consistent with the overnight
net efflux of XK' observed by flame photometric methods.

The inhibitory effect of CMU does not disprove the hypothesis
that in Anacystis k¥ is passively distributed, There are other
possible interpretations of thié result which do not invoke
active K+ transports ¥irst the K+ Permeability of Anacystis
may be System 2 dependent.as has been suggested for Na+ and C1~
in Tolypella (205) and Chara (105) respectively; Secondly CMU
may be inh.biting an active System 2 dependent ion flux and the
acéompanying passive movement of k" and thirdly CMU may be
direotiy affeoting membrane permeability. The direot effeot on
membrane permeabilit& seems most likely. Supporting evidence comes
from the effect of CMU on Cl™ fluxes (to be discussed later) and
from the inhibition by ICMU of dark as well as light k¥ influxes
(Figure X19).

CCCP inhibited the K+'inf1ux at 10-4 M, (figure K20) but not -
at 5 x 10-5 M. Flame photometry measurements showed that at this

high concentration of CCCP net inward and outward movements of Naf
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Figure K18, The Effect of CMU on (a) the Influx and
(b) the Efflux of K using Anacystis cells.

The cells were suspended in culture medium at a density
of 5 x 10™° Lpe/ml., They were gassed with moist air. With
(a) CMU was added 30 minutes before the isotope, with (b) it
was in the resuspending medium.

Temperature 13 25°.

Light Intensity : 750 foot candles.
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Figure K19, The Effect of DCMU on Light and Dark Influxes
of X in Anacystis cells.

The cells were suspended in culture medium at a density
of 5 x 106 Lpe/ml. They were gassed with moist air., DCMU
was added 30 minutes before the isotope.

Temperature : 250.

Light Intensity : 750 foot oandles.
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Figure K20. The Effect of CCCP on the Influx of K+ into
Anacystis cells.

Zhe cells were suspended in culture medium at a density of
5 x 107° Lpc/ml., They were gassed with moist air. CCCP was
added 30 minutes before the isotope.

Temperature : 250.

Light Intensity s 750 foot candles.
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and K* respectively were induced (Table K10).

TABLE K10. The effect of CCOP on internal Na' and X' levels in
Anacystis. Samples were taken after 3 hours and analysed
by flame photometry. Na+ and K+ concentrations are expressed

in mequivalents/Lpc.

Internal Internal
CCCP concentration k' Na+
Control 90.8 1.3
10~ Ty 88.0 1.4
1076y 8647 1.2
10”2 94.2 1.3
10™%m 5645 23.0

s 10—5M CCCP reduced oxygen evolution to 20% of the control value
and yet had no effect on K' fluxes, it was assumed that the

effect of 107 COCP on Wat and X' distribution was the Tesult

of inoreased membrane permeability., Poseibly at high concentrations
CCCP loses its specificity to protons and becomes a general cation

ionophore.(127).

(iv) The effect of different gassing conditions on K' fluxes.
Although neither CCCP nor CMU experiments suggested dependence
of K+ fluxes on photosynthesis, the effects of different gas

mixtures were investigated. In Chlorella (17) and Hydrodictyon

(174) competition betwcen carbon dioxide fixation and X' uptake
for available ATP has been implicated, but as anticipated in

Anacystis increasing the carbon dioxide oconcentration had no
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effects Gassing with oxygen and carbon dioxide free nitrogen also
had no effect. Assuming that under these conditions System 2

is at least partially inhibited, this confirms the suspicion that
the effect of CMU is not related to its action on System 2 and in
addition sugéests that Aﬁacxstis is able to maintain a constant

membrane potential under dark anaerobic conditions. Table K11

shows that after 4 hours no obvious net movements of Na+ and K+
had occurred. , »
TABLE K1l. The effect of gassing with 002 and Oé-free nitrogen

on Na+ and K+ levels in Ana¢ystis. Samples were

taken after 4 hours. Concentrations are expressed

in mequivalents/Ipc.

Experimental N N Adx Adr

Conditions ﬂDa%k Liéht Dark Light
Internal X' 103 107 93 94
Internal Na* 1.3 4.6 1.3 1.2

The lack of effect of N2 on the Na+ and X' distribution can be
explained in two ways, either the membrane of Anacystis becomes
impermesble to cations under anaerobic conditions( unlikely
congidering no inhibition was observed in the flux experiments)

or the distribution is actively maintained using food reserves
from which energy is made available by substrate phosphorylatiora.
The latter seems likely as the presence of large energy reserves
was also indicated by the fact that overnight dark aerobic storage
did not affect the XK' levels. The electronmicrograph (Figure (i))
of Anacystis shows many a particles (glyoogen) and f particles

(1ipids) and it would be interesting to see if these were recduced
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in number after exposure to the above mentioned conditions.

(v)  The effect of wavelength on K influxes.

ts the light stimulation of the K' influx was readily
reproducible an attempt was made to determine whether it was
System 1 or System 2 dependent by varying the wavelength of the
inoident light, In a preliminary study the effect of light intensity
on the K' influx was determined (Figure K21). Choosing the intensiiy

2 gec™t (below saturation) nine different inierference

130 er@s cn
filters were used correwponding to peaks end troughs in the absorption
spectrum of lnacystise No effect of wavelength on the degree of

light stimulation was observed.

From these experiments it was concluded that K+ was passively
distributed and that the permeability to kt was increased by light.

A comparison of the internal/external ratios for K+ (about 7.3)
and Nat (about 0.4) strongly suggested that Na+ was actively
extruded., Attempts to obtain evidence to support the active

transport of Na+ will be presented in the next sectione.
3e Na+ Fluxes

()  Na© fluxes in Na' and X* grown cells.

Using cells grown in normal medium it was found that the rapid
attainment of isotopic equilibrium together with the low internal Na+
made measurements of the fluxes difficult. To try to facilitate the
demonstration of an active Na' efflux oells were grown in Na' medium to
inorease the internal Na' conoentration. However it was found that there
was no overall advantage in using Na+ rich cells for as the internal
oonoentration inoreased so did the fluxes. In addition there was the
disadvantage of the high denth rate experienced with Na+ Tich celis,

If Anaoystis was oultured for more than one week without potassium the cells






Figure K21, Effect of Light Intensity at two different
wavelengths on the rate of K' Uptake by Anacystis
cells,

The cells were suspended in culture medium at a density
of 5 x 106 Lpc/ml. They were gassed with moist air.

Temperature 3 250.
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failed to evolve or take up oxygenes Table N1 compares the fluxes

of the two cell typese.

TABLE N1, A comparison of Nat fluxes in Nat and x* grown cells.

-1

Rates are given in equivalents Na™ em ™ sec™t x 10710 £ SeEcM.

(Number of determinations) For Nat grown cells light

o Qn)cst&
and dark fluxes were summed a8 few measurements were made.

- K+ G‘rownr Na+ GI‘OW'n
Influx Light 6.1 £ 1.0 (9) y
. 5248 = T3 (6)
Dark 5.1 = 1,19 (9)
Efflux Light 3.2 £ 0,74 (7) .
. 19.2 £ 2,1 (8)
Dark 3.2 2 0.74 (7)

In Chlorella (Barber and Shieh J. exp. Bot, in press) Na*
exchange in Na+ grown cellg is about fifty times faster than in kt grown
cells, but in Neurospora (201) there is virtually no difference. It was
thought at first that in Anacystis the rapid fluxes in Nat rich cells
might be due to a large percentage of the Na+ cells being dead and unable
to regulate their ionic levels. Accordingly the rates of oxygen uptake
and evolution and light and dark Na® influxes were measured in two cultures
which were representative of both cell types. The results are presented

in Table N2.
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TABLE N2, A comparison of the oxygen relations and Na+ fluxes

in two cell cultures. Rates are expressed as moles O2

2 13

or Nat em™® sect x 10” .

kt Grown cells Na+ Grown cells
Oxygen evolution (1light) 41.0 10.3%
Oxygen uptake (dark) 8ed i
Light Influx of Na¥ 10.6 67.0
Dark Influx of Na' 99 86.0

These oxygen measurements were not conclusive because there was
no basis for assuming metabolic rates in Anacystis to be similar in Na+
and K¥ 6ellse Roughly comparable rates would be compatible with a large
percentage of dead Na+ cells if metabolic rates were enhanced in Na+ cells
compared to K+. However assuming all cells were contributing to the oxygen
concentration changes the increased Nat fluxes in Nat cells did not
appear to be entirely the result of low metabolic activity.

The decreased rate of oxygen evolution shown in Table N2 was
frequently found in Na® grown Anacystis cells (as in Chlorella (398).

It was usually associated with a yellow green colour, but there was
probably no direct correlation as low pigment ratio ¥t cells did not
necessarily photosynthesise slowly. Nat cells usually required less
DOMU to inhibit oxygen evolution than XK* cells, which could have been
related to their lower photosynthetic rate,

Another possible explanation considered for the stimulated Na+
influx into Na® grown cells was that én Na© grown cells the inward
driving force on the Nat ion might be considerably greater than in cells
grown in normal medium. An estimate of the permeability coefficient for
Na+ in K+ grown cells was made and assuming it was the same in Na+ grown
cells, the influx expected was calculated using the Goldmen equation

(Appendix 2)s The da%a required for these calculations is given in
Table N3,
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TABLE N3 A comparison of observed and calculated fluxes in Na

grown cells, The data requiréd to calculate the Na™

influx is also given.

Internal concentrations are

expressed in mequivalents/L of cell water, fluxes are

. -2
in Pmoles cm sec

External Na™

Internal K+

External K~

En (%.)

Observed influxes (Na')
P+

Na
Calculated influx (Na+)

K+ Grown cells

Na+ Grown cells

237 m

48.6

0.011 mM

~210 mV

53

2 x 100 omsec™t

546

The observed influx of Nq+ into Na* grown cells was close to

+
the calculated value suggesting the change in driving force on the Na

ion alone was sufficient to account for the stimulated influx. This

theory could not be accepted entirely without reservations for two reasons;

. . . . . . +
a rapid influx was occasionally maintained even if Na cells were

resuspended in normal medium and increasing the external Na.+ in KT grown

cells did not appear to increase the Na© influx (Table N4).o



TABLE N4, The effect of external Na+ oconcentration on the

influx of Na' into cells grovn in normal medium.

Culture No. External Na© (m) Influx ( pmoles Na' em 2 sec )
14/4 1341 0.46
28/4 13.2 037
24/11 14.3 0.59
11/11 14.4 0.78
28/4 1446 0.99
14/4 14.9 0.31
22/4 1449 1.07
24/11 22,8 0.12
11/11 24.6 0.79

Addition of isotope to estimate influxes gave rise to large
increases in external Na+. The resultis presented in Table N4 suggest
that this did not lead to major inaccuracies. Over the concentration
range used, the external Na' aid not appear to govern the Na+ influx.
However it can be seen in Table N1 that estimetes of Na' influxes were
higher than the corresponding effluxes, though flame photometric
measurements suggested the cells were in flux equilibrium. It was felt
that some indication of the probable origin of this discrepancy was

r2quired.

(b)  The Estimation of Na' Fluxes.

The discrepancy between the average Nat influx and efflux probably
arose from overestimating Na* uptake., The problem of measuring the
initinl rate of Na© uptake was never completely solved. It was
impossible to wash the membranes sufficiently to remove all external Na+
and at the same time monitor the initial rapid change. Figure N1 is a

plot of vat uptoke against time for Nat and k" grown cells. The external
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Figure N1. Time Courses of the Uptake of Na+ by Na+ and kt
grovn Anacystis Cells.

The cells were suspended at a density of 5 x 10-6 Lpc/ml,
in either Na' (Na' grown cells) or normal medium (X~ grown cells).
They were gassed with moist air.

Temperature : 250.

Light Intensity : 750 foot candles.
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concentrations during the experiments were 36 mM Na+ and 15 mM Na+
respectivelys Originally it was decided to take the first samples immediately
after the addition of the isotope and to calculate the initial rate using
this point as zero uptake, i.es +to determine the rate from the initial
slope of the s0lid line (Figure N1), However this method lead to influxes
and effluxes differing by factors of x 10 or more in systems believed to be
in flux equilibrium. Using a second method in which the fluxes were
calculated from the dotted line (Figure N1) gave a better agreement, but
the influxes were always somewhat faster.

Semilog plots were not very satisfactory (Figure N2), but assuming
a steady state and a two compartment system, rate constants could be
measured from the initial straight line.

The effluxes were easier to estimate. Rate constants were
measured from the initial slope of semilog plote (Figure N3) and
multiplied by the internal concentration.

With these plots it was difficult to estimate whether there was
a second slower flux component. Neither the influx semilog plot nor the
efflux gave a straight line relationship for more than a few minutes,
but during this period more than half the total isotope exchange occurred,

suggesting a single cellular compartment.

(¢)  The effect of Metabolic Inhibitors on Na® Fluxes.
Although the estimates of the Na+ fluxes were only approximate,

gualitative determinations of the effects of inhibitors were possible.

(1) The effect of low temperatures.

Like the K fluxes the Na' influx was stimulated at low
temperatures (Figure 4 (b)) suggesting the uptake of Na' wae
passive. The efflux was virtually unaltered (Figure 4 (2)) an
unusual result, if as the electrochemical evidence suggested
the process was active. Possibly the low temperature inhibition

wag relieved by the stimulus of an increased internal Na©






Figure N2, Semilog Plots of the Uptake of Na* by Na* and x*
grown Anacystis Cells,

The cells were suspended at a density of 5 x 10'6 Lpo/ml.
in either Na' (Na" grown cells) or normal medium (K~ grown cells).
They were gassed with moist air.

Temperature : 250.

Light Intensity : 750 foot candles.
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+
Figure N3. Semilog and Linear Plots of the Efflux of Na
from Na' grown Anaoystis Cells into Na* Medium.

The cells were suspended at a density of 5 x 10-6 Lpe/ml.
and were gassed with moist air.

Initial internal Na' concentration : 8.5 mequivalents/Lpc.
Temperature : 250.

Light Intensity : 750 foot candles.
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Figure N4, The Effect of Temperature on Na+ Fluxes.,

(a) Semilog Plots of the Effluxes of Na' at 5° and 25° from
Anacystis Cells grown in Normal Medium,

Initial internal Na+ concentration : 4.6 mequivalents/Lpc.

(b)  Time Courses of the Uptake cf Na' at 5% and 25° by
Anacystis Cells grown in Normal Medium.

In (a) and (b) the cellg were suspended in normal culture
medium at a density of 5 x 10™° Lpo/ml. They were gassed with
moist aire.

Light Intensity : 750 foot candles.
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concentration and the cells adapted to the change in temperature.
Caleulations of Em and B +suggested that at 5° an active

component of the Na' efflux could still be operating (Table N5).

TABLE N5. Nernst potentials for Na© and K' in cells grown in
normal medium, but pre~treated for 12 hours at 500.
Internal concentrations are expressed in mequivalents/L

cell water,

Internal Na* 9,2
External Ne© 11 oM
Internal K~ 7345
External XK' 18.6 mM

En(B+) = =34 oV
m..ENa-i- = - 34 - 406 = - 39 mV

Saddler (184) suggested that the Na' efflux from Acetabularia

waa controlled by the internal ¥a© concentration. He demonstrated
o low terperature adeptation in which the efflux was initially
lower at 50, but then start=d to recover as the internal Na+
increased. (This recovery period was probably not observed with
Anacystis as the cells were left for over an hour at 5o before the
efflux mesmurements were made).

Nat fluxes in the two algae Acetabularia and Anacystis have

much in common, At 5O stimulated influxes and increased
Permeability coefficients were observed with both organisms

(Table N6), though fluxes in fAcetabularia were considerably fastex.




TABLE N6, A comparison of the effects of cold temperature on

Na+ influxes and permeability coefficients in

Anacystis and Acetabularia (Saddler (184))

Temperature Anacystis Acetabularia
Na© Influx 59 5.05 120
(p moles om? sec’l) 25° 1,02 40
PNa+ (cmsecul) 5° 24 x 1070 7 x 1070
25° 8  1.2x10¢

2 x 10

(i1) The effects of CCCP and DICMU.

The similarity between Acetabularia and Anacystis did not extend

to the effect of light on Na+ fluxes. in Acetabularia (184) the effluy

was light stimulated as would be expected if the process was active,
but in Anacystis Na+ fluxes were unaffected by light even though
the ATP levels werealmost certainly higher in the light than in the
dark., (33)« The lack of a light effect on Na* fluxes was unusual.
Even passive Nat influxes have been showm to be light stimulated in

for example Chlorella (19), Nitella (205) and Hydrodictyon

(169). The stimulation was partly due to some degree of coupling

between Na' and €17 influxes but light induced increases in the

passive permeability were also tentatively suggested (169)(205).
Even though in inacystis CCCP uncoupled both respiration and

5

photosynthesis at 10~ M, it had no effect on Na+ fluxes at less
than 10"4 M., At this concentration the influx was stimulated
and the efflux inhibited (Figures N5 and N6) leading to an
accumulation of Na+ within the cells. In efflux experiments
inhibitors were added with the fresh medium so there was no
incubation period. The initial rapid efflux (Figure N6) was

probaply due to a lag period before CCCP became effective. Flame

photometric evidence for net Na+ uptake is presented in Table K10,



Figure N5, The Effect of 10-4M CCCP on the Uptake of Na+ by
Anacystis Cells grown in Normal Medium,.

ghe cells were suspended in normal medium at a density of
5 x 107" Lpo/ml. They were gassed with moist air. The Inhibitor
was added 30 minutes before the isotope.

Temperature : 250.

Light Intensity : 750 foot candles.
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Figure N6, The Effect of 10~%M CCCP on the Efflux of Na*
from Anacystis Cells grown in Normal Medium.

Zhe cells were suspended in normal medium at a density of
5 x 10°° Lpc/ml. They were gassed with moist air. The inhibitor
was added with the resuspending medium.

Initial Internal Na.+ concentration : 1.3 mequivalents/Lpc.

Temperature 3 250.

Light Intensity ¢ 750 foot candles.
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Calculations of Em and ENa+under these conditions suggest that
1074 M CCCP induced o passive distribution of Na'. (Em - B, =41+
30 = ~11 ﬁﬂQ. Further evidence for a net Na' influx is given
in Figure N7. CCCP (%o give 1074 M) was injected into a
suspengion of cells fully loaded with‘Na24. The internal Na+
concentration trebled in less than an hour.

Assuming that the effect of CCCP was on membrane permeability,
values for Py + were estimated (see Appendix 2) for the
controls and CCCP treated cells. CCCP apparently increased PNa+
from 2.4 x 10'"8 to T3 x 10"'8 cm sec_l. Thise can be compared

with Saddlers work on Acetabularia where 5 x 10-6 M CCCP stimulated -whe

influx of Na© and increased Pyt from 0.5 to 3.0 x 107% om sec™?.

The efflux of Na' was not inhibited in Acetabuleris and Saddler

suggegted the active component might be dependent on electron
transport rather than ATP,

DCMU had no effect on Na' fluxes at concentrations which
completely inhibited oxygen changes. It was previously argued that
ICMU affected KT fluxes by altering the ocell permeability. The
lack of effect of DCMU on Na+ fluxes suggestved either that the
hypothesis &hculd be modified to include System 2 control of
permeability, or that the decreased permeability was specific to
K+. Further discussion will be deferred until after the effect of

ICMU on C1~ fluxes has been considered.

(iii) The effect of gassing with nitrogen @._0 o and O, free,
Nitrogen had no immediate effect on Nat fluxes or internal Na*

levels, This was discussed in Section 2. (g) (iv).

(d)  The efflux of Na™

Although the CCCP and cold temperature experiments suggested that
the Nat efflux was active, no evidence was obtained as to the mechanism
of Ne© extrusion or its energy source. In animal cells Na+/K+ exchanges

are usually mediated by & ousbain sensitive Mg'' dependent ATPase (227).
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Figure N7, Time Course of the CCCP induced Net Uptake of Na+
by Nat grown Anaoystis Cells.

zhe cells were suspended in Na+ medium at a density of
5 x 10™° Lpe/ml. They were gassed with moist air. The
inhibitor was added at zero time.

Temperature : 250.

Light Intensity : 750 foot candles.
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As there has been some controversey over whether such an enzyme complex

ocours in plants, it was of interest to determine the effect of ouabain on

+ . .
the Ne. efflux in Ainacystis,

(1) The effect of ouabain.

I+t was observed that injecting K+ into a suspension of Na+ grown
cells did not induce net X' and Na' movements (Table ¥3)e In an
attempt to initiate a Na.+/K+ exchange Na™ grown cells were loaded
with isotope and left overnight in the dark at 50, thus ensuring
the maximum internal Na+ concentration. The next morning the
cell suspensions were incculated with either Na, HPO4 (to give 5 mM Ndﬁ
or K2 HPO4 (to give 5 mM K+) and allowed to return to room temperature
in the lighte The injections did not significantly affect the
specific activity of Na+ and in both suspensions the same efflux of
isotope occurred. No preferential uptake of K+ was observed.

10-4 M ouabain was added to a2 suspension to be injected with K+,
but without effect (Figure N8). (The same ouabain solution at
10'-5 M induced a rapid drop of potential difference across frog skin.

Y.J. Shieh ~ personal communication).

(ii) The effeot of external ions.

The Na+ efflux into distilled water was slow conpared to that
into oculture medium (Figure N9), suggesting an external cation
requirement, Unlike the K" efflux, the Na© efflux into distilled
water was stimulated equally by the addition of either Na.2 H PO4
or K2 H PO4. This was a olear demonstration of a net Na' efflux
but under the experimental conditions employed it was not
necessarily active.

The efflux experiments in general suggested a lack of
discrimination between Na' and X* as counterions for Na+ extrusion.
One could speculate from this that the mechanism underlying x*
accumulation in Anacystis is related to the degree of specificity

of the counterion requirements of cation effluxes, This will be
elaborated in Chapter VI,
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Figure N8, The foects of Ne,H PO 4 (~2.5mM), K H PO (- 2,5mM)
and ouabain (10~ 4M) + K2H PO (~ 2.5mM) on the
internal Na 24 level of Na® grown Anacystis Cells.

Lpc/ml. They were bubbled with moist air. Ouabain
wag added at the beginning of the Experiment together with
K2H PO4.

Light Intensity s 750 foot candles,

ghe cells were suspended in Na+ medium at a density of
5x 10
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Figure N9, The BEffect of the External Medium on the Bfflux
of Na+ from Na.+ grown Anacystis Cells.

The cells were suspended in either distilled water or Na+
medium at a density of 5 x 10° Lpc/ml. They were gassed with
moist air.

Tnitial Internal Na' concentration : 7.6 mequivalents/Lpc.

Temperature : 250.

Light Intensity : 750 foot candles.
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4a A Discussion on K and Na+ Fluxes,

(a) Discrimination between X' and Na'

It was found that in common with most other organisms Anacystis
was able to regulate its internal ionic composition. In particular it
voesessed an efficient mechanism for discriminating between Na+ and K+.
The measurement of Na+ and KV fluxes in Anacystis suggested that the cells
were permeable to both these ions and therefore the basis of discrimination
was not a Nat impermeable membrane., Preferential internal binding of K&
(as discussed by Cirillo (40))also seemed unlikely. The high internal
esmclarity of the cells, together with the rapid loss of both K42 and Na24
on addition of Triton x~100, suggested the ions were in free solution.
Regulation of the ionic composition by some form of control exerted at the
Plasmalemma was envisaged. At flux equilibrium the kinetics of tracer
uptake and extrusion supported a two compartment system with a single
rate limiting barrier, probably the plasmalemma. Although Figure (i)
gives the impression of a series of membrane barriers to be surmounted
before the tracer is evenly distributed, there are believed to be gaps betwecn
the thylakoids and only the plasmalemma is continuous.

Control at the plasmalemma may operate through an electrogenic

prump (28 suggested for Streptococcus (94))or through specific cation

exchange systems (which are thought to occur in E. coli (192) and
Neurospora (201)} Fluxes of K' and Na' in Anacystis will be considered
with the aim of distinguishing between these alternatives.

In many microorganisme including Chlorella (17), E. coli (64)
and Neurospora (203), K fluxes (under steady state conditions) appear
to be closely linked., Treatment which affect the influx usually have
the same effect on the efflux and no net movement of X' ooéurs. Closely
linked fluxes of this type are believed to operate through carrier systems
and to be metabclically dependent., Siayman and Slayman (201) suggested
that in Neurosporas the K+/K+ exchange carrier converts to K+/H+ or

N :
K /Na+ when net K' uptike ococurs, but in Chlorella there is some



evidence that more than one carrier is involved (198).

In Anacystis tightly coupled kT /k* exchanges occurred, which
could be explained either by a high permeability to Kt compared to other
ions, or by a carrier mechanism for Kt transport,. K+/K+ exchanges in
Neurospora (203)and in Chlorells (17) both exhibited saturationvkinetics,
one interpretation of this being that carrier molecules were involved.
K+/K+ exchange did not saturate in Anacystis when the external concentration
was increased to 15 mM, but this is not completely convincing evidence
~ against a carrier considering the 1l0-fold difference in the saturation
levels of Neurospora and Chlorella and that many net K+ transport processes do
not saturate until 20 - 30 mM K (201)(61).

The potassium distribution in Anacystis is probably passive.
The stimulation of the fluxes by cold temperatures and valinomycin support
this hypothesis. A passive distribution is not incompatible with a carrier
mediated exchange., Such facilitated diffusion is common in microorganisms
and under suitable conditions the mechanism may adapt to active upteke

(88)s 1In Chara and Nitella the C1~ efflux is dark stimulated. Hope et al

(105) have suggested this is due to the reversal of the carrier which in
the light is responsible for active C1™ uptake., Whether the postulated
K+/K+ exchange mechanism in Anacystis could convert to a K+/Na+ exchenge
will be discussed later.

Assuming a passive potassium distribution the membrane potential
can be calculated for a steady state condition using the Nernst potential
(Appendix 2). The membrane potential (EKf)for cells growing in normal
medium was calculiated to be -30 mV and +the Nerns® poteniial for Na+
(ENa+) to be + 25 mV., This gave an electrochemical potential for Na*
of =75 mV suggesting an inward driving force was acting on the Na+ ion
and at least part of the efflux must be active, However as there had
been some doubt from the isotopic measurements as to whether a steady
state was maintained the Ussing-Teorell flux ratio equation (Appendix 2)

was also applied, Asruming a membrane potentigl of -50 mV a flux ratio of
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2.3 was predicted which can be compared with the observed ratio of 1.9,
The fact that the observed ratio is less than the calculated indicates
that an aotive extrusion of Na+ may OCCUr.

Active Na+ extrusion at the outer membrane has been suggested for
many microorganisms (15)(45)(94)(194)(201), although there are a few
exceptions among marine phytoplankton which accumulate Na+ and K+ in
preference to bivalent ions and so regulate their specific gravity (86).
Accepting that the Na+ pump in Anacystis is active, the question arises as
to whether the extrusion is chemically or electrically coupled to counterion
movement. In the classical ATPase of animal cells, chemical coupling of
X" and Na* occurs, but as there are doubts as te whether it is 2 1 : 1
coupling, the pumps may also be eleotrogenic. In plant cells some ohemical
coupling of K+ and. Na+ has been suggested to explain equal but opposite
X" and Nat fluxes (168) and Na®/k" exchenges through a carrier have been
postulated for Chlorella (198) E. celi (192) and Neurespora (201).

There is however no evidence for chemical Na+/K+ coupling in Anaoystis.
Ouabain, a specific inhibitor of Na'/K' ATPasc had no effect on the Ne©
efflux and a less of Na® from Na+ grown cells could not be readily induced
by adding K+ to the mediume. x* seemed to induce a net Na+ efflux when the
cells were bathed in KZHPO4 solution, but the change in external medium
had probably altered the electrochemical potential difference for Na+, and
the efflux may have been passive. There is also the possibility that a
Na+/H+ exchange was cccurring. The lack of effect of ouabain suggests
that if a Na+/K+ ALTPase does occur in Anacystis it is different from that
of animal ocells or it may be sufficiently proteoted by the ocell wall to be
ouabain insensitive. '

Assuming that in Anacystis the Na+ pump does contribute to the
membrane potential the inside of the cell would become more negative with
respeot to the medium depending on the rapidity af the movement eof the
counterion,

There are several examples of ionic pumps contributing to everall

membrane potentials., Using Anisodoris nerve oells Marmor and German (151)



observed that the Goldman equation (Appendix 2) did not accurately
describe the resting membrane potential unless the Na+ pump was inhibited.

Gradmanr and Bentrup (81) demonstrated that in Acetabularia crenulata the

membrane potential did not equal the gt diffusion potential unless cell

metabolism was inhibited. Working with a related species A. mediterranean

Saddler (182) observed an electrogenic C1~ pump which was probably responsible
for the discrepancy between the membrane and K+ diffusion potentials.
However as in Anacystis the membrane potential was estimated from the passive
distribution of X~ all components of the potential are accourted for
irrespective of source, so it is valid to use these estimates to determine
which fluxes are active and passive, even if undetected eleoctrogenic pumps
may be operating.
Values obtained for the membrane potential can also be used to calculat:

permeability coefficients. Using the Goldman Equation (Appendix 2) PNa+
and PK+ were calculated assuming both influxes were passive. The values
obtained were :

P+ = 2.8 x 107° em sec™t

Py * = 2.0 x 1078 om sec ~

PK+/PNa+ - 0,7

Even allowing for possible inaccuracies in these calculations, the
results do not suggest an apparent close coupling of K" fluxes due to
comparatively high K+ permeability, nor do they suggest the operation of a
pump/leak gystem of K+ accumulation which relies on differential permeabilities.
In plant cells PNa+/PK+ ratios are usually in the range 0,002 to O.Q%hsﬁgt :s
the membrznes are at least five times more permeable to Kt than Naf/calc Rted

for Anacystis is of the same order as corresponding estimations for other algas

including Nitella (205) Acetabularia (182) and Tolypella (206). The PNaﬁ/PK+

ratio seems to be higher due to a comparatively low potassium permeability.
From the preliminary investigations of K+ and Na+ fluxes it was
tentatively concluded thet the K distribution was passive and that Na~

was actively extruded. An investigation of the relationship between Na©
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and K+ fluxes and metabolism was undertaken anticipating that some
knowledge of the energy source for the maintenance of the ionic
distribution, might contribute to characterisation of the mechanisms

involved.

(b)  The relationship of K and Na® fluxes to cell metabolisma

As Anacystis ie a photosynthetic organism particular attention
:was given to the action of light on ion fluxes. Kt fluxes were light
Astimulated, but as there was fairly convincing evidence that the K+ fluxes
':were passive, the stimulation was attributed to an increased number of
carriers in the membran% to an increared carrier turnover, or to a
"widening" of the "pores" through which xt diffuses.

Nat fluxes were not light stimulated. The source of energy for
Na© extrusion is usually believed to be ATP (16)(145)(168), or less
frequently electron transﬁort (184). In the light ATP levels and the
rate of electron flow are believed to be increased in fnacystis (33) 80
the lack of a light effect on Na+ fluxes is somewhat surprisinge. Possibly
the effeet of light is not immediately lost on +transferring to dark
conditions. Gutknecht (83) found that & pre~treatment of between 10 -~ 20
hours darkness was required to observe light stimulation of the Na+ efflux
in Gracilaria., (7This technigue of inducing light stimulation was adopted
with varying success in studying C1~ influxes in Anacystis)e

The effects of CCCP on KV and Na‘t fluxes in Anacystis are
consistent with this compound affecting the membrane potential and
inducing the mnaesive diffusion of Na+ down the electrochemical gradient.
4t 107 COCP the Wat influx wes increased (due to an increase in PNaf)
and the efflux was inhibited, but at lower concentrations CCCP was
ineffeotive.

6

At 5 x 107° M CCCP Saddler (184) observed that the Na® influx .a

loetabularia was stimulated, but that the efflux was unaffeoted. With

some reservations he attributed this to an electron transport linked Na+

extrusion. Such an explonation is feasible for Anaoystis. ATP linked Na+
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transport seems unlikely as besides reducing chlororhyll a fluorescence .
and oxygen evolution at concentirations much lower than 10"4 M, CCCP

at 5 x 10”6

M probably reduces the ATP level to about 20% (25).

System 2 operation does not appear io be required, as neither DCMU nor
gassing with nitrogen (CO2 and 0, free) affects Na' distribution. Two
other possibilities remain, either Na+ extrusion utilises a high energy
intermediate as an energy source, or sufficient ATP is available from

substrate phosphorylation to maintain the flux.

Raven et al (175) have concluded that ATP is not the energy source

for 1~ uptake in Njtella, Hydrodictyon or Tolypella. Using Dio-9,

an energy transfer inhibitor, they fovnd that the C1 influx was

frequently stimulated which suggested the accumulation of a high energy
intermediate. The Bystem 2 requirement for C1~ uptake was rather anomalous
unless two series of electron carriers and corresponding high energy
intermediotes were ppstulated. In Anacxstis there would be no such
anomaly and it would be interesting to observe the effects of energy~-
“transfer inhibitors on Na+ extrusion. Dioig is believed to inhibit
membrane bound ATPases (93) so if a stimulation rather than an inhibition
of the Na+ efflux was observed it would provide fairly conclusive cvidence
for control vy tﬁe level of a high energy intermediate. ’

An alternative hypothesis is that substrate phosphorylation provides
the energy for Na+ transport. Under dark anaerobic conditions the pool size
of ATP is reduced by about 60% in under half an hour. A quasi-steady
state is achieved but there is no indication of its duration (25)a The
pool (1.2 pmoles ATP/g dry weight of cells) may be sufficient to account
for the lack of effect of 1light. nitrogen and CCCP (at low concentratioﬁs)
on the Na+ fluxes. The energy requirement'to maintain the Na+ distribution
can be calculated. The work performed in extruding one mole of Na© is

given by the equation
W="F (Emn + ENa+)

Under normal conditions W is equal to 7250 joules taking Em + ENa+ as



Co075 V and F as 96500 coulombs, This suggests that only about 5
molecules of Na+ are transported for every ATP molecule hydrolysed (ATP
ADP + Pi)’ so unless replenished the ATP pool would be exhausted in a |
matter of minutes. Replenishment would have to come from the utilisation
of food reserves as Anacystis is an obligate autotroph (25).Gubknecht (83)
has found'thaﬁ Gracilaria is able to maintain its ionic distribution for
up to five days under dark aé%robic conditions, but this may be the result
of decreased membrane permeability rather than the utilisation of internal
substrates.

To help clarify the source of energy it would be useful to study
net ion movements, which might occur in experiments lasting over a period
of days (such as those of Stenn (213)). Inhibitors of glycolysis, such as
iodoacetdte could also usefully be applied and as mentioned above energy
transfer inhibitors such as Dio=9. The effécts of xt analogues such as
Bb' and 0s* would also be of interest and might confirm or exclude
the possibility of carrier mediated xt transport.

Although no definite conclusions regarding the mechanism ér energy
source of Nat/K® discrimination in Inacystis could be reached, it was
felt that some speculative mechanism could be proposed on the basis of the
efflux results. It seems that in Anacystis a carrier system operates in
which the specificity of cation uptake is govermed by the exiting ion.

K" extrusicn seems to be compulsorily linked to K" ugtake, but internal
Na+ seens to exchange as readily for K+ as Na+. If this mechanism opexates
it requires either that gt diffusion, independent of the specific carrier
system, is low compared to the corresponding Nat diffusion or that the
carrier has a greater affinity for ¥t than Na© at its external surface

(as has been postulated for the ouabain sensitive ATPase (227).
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THE TRANSPORT OF C1~

la The Uptake of C1™

Cl™ distribution has been studied in relatively few micro-organisms,
but the indications are that the active transport of C1™ is a featuve of
those which are photosynthetic rather than non-photcgynthetic. As the
blue—-greemns occupy a unique position in being related to both the algne and
non~photosynthetic bacteria, an investigation of the C1™ relations of

Anacystis was undertaken.

(a) The Kinetics of C1  Uptake

As Anacystis cells were usually grown in C1™ free medium the additicn
of 0136 initiated a net influx., Figure Cl shows the time course of a typicel
C1™ uptake experiment, the influx calculated from the initial slope being
1,36 x 10712 equivalents C1~ om 2sec™ ., Similar exponential curves were
obtained with cells grown in C1” medium suggesting that like XK' and Na®, Ci~
movement was restricted only by one rate limiting barrier, probably the
plasmalemma.

The initial influx was found to depend on the external C1~
concentration. Figure 2b is a plot of rate of upteke against concentration
for different ccll culturcs, One culture was grown as usual in Gl free
medium, the othews in media of different C1™ molarities, o the measured
influxes would represeat a (1~ exchange with no net movement, The initial
influxes of the C1~ gcown cells were comparatively slow, poobably becausc
of the reduced inward driving force., However ccoztrol of the influx by a mo-
complex mechanism was indicated by the initislly higher accumulation »f ¢i.”
in -C1” grown cells. Goldman et al (79) have studied the effect on E. coli
of changing from a - x* medium to a + K+ medinn, They found that various
metabolic changes accompanied the transfer. Stimulation of the Kkt intlux
occurred and a repid K+/K+ oxchange was maintained for up to an hour afior

the attainment of a ne# steady state. They postulated that low cytopiasmic
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Figure Cl., Time Course of the Net Uptake of C1~ by
Anacystis Cells,

The cells were_guspended in oulture medium at a density
of 5 x 10~6 Lpe/ml. 36C1 was added to give an external C1
concentration of 0.,2mM. The cells were gassed with moist air.

Temperature : 250.

Light Intensity t 750 foot candles.
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Figure €2 (a) The Effect of External C1~ Concentration on the
Internal C1~ Concentration of Anacystis Cells
grown either in the Absence of C1~ or in Media
of different C1~ Molarities.

Both + and - C1~ grown cells were suspended in a range of
C1™ media such that with the -~ €1~ grown cells net movements
would occur but with the + C1~ grown mainly Cc1l ~/C1” exchange.
After overnight equilibration the internal Cl~ concentrations
were determined.

The cells were suspended at a density of 5 x 10-6 Lpe/

ml, and bubbled with moist air.
Temperature : 250.

Light Intensity : 750 foot candlcs.

(b) The Effect of External C1~ Concentration on the
Rate of Upiake of G1™ by Anacystis Cells grown
either in the Absence of C1” or in Media of
different C1~ Molarities.

The conditions of the experiment werc as in (a) but the
influxes were determined immediately, so both net and exchange
rates of C1™ Uptake werc obtainod.
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K" levels stimulated'the synthesis of a prot%L required for uptake of this
cation. If protein synthesis was irhibited during the x* period, eithex by
addihg ahloramphenicol or depriving the oells‘pf,required amino acids,
transferring the cells to a K+ medium did not initiate the ﬁsual gtimulated
fluxes,

A protein reduired for C1~ uptake could be synthesised in excess during
- C1” growth in Ainacystis. This might lead to an initial high internal c1™
concentration after transfer from a ~C1” to a + C1 mediume. Blue-green algau,
like bacteria, are chlo;dmphenicol sensitive (58) but if using this compound

vwitr inacystis one could not easily distinguish whether an effect was mediated

through the inhibition of protein synthesis or‘oxidative phosphorylation (223).
After overnight incubation with different external €1~ concentrations

the interﬁal levels of this anion were similar in + €1~ and - C1° grown cells

(Figure62a). This suggested that a new steady state had been reached in the

- C1” cells, but no measurements of fluxes were made.

(b),  Evidence for an active uptake of C1~

1f the K+ distribution is accepted as an indicator of the membrane
potential, the C1~ intlux is probably active. At equilibrium in the light
the average intermal €1~ concentration was found to be 2.82 pd 0.24
mequivalents/L of cell water (23 determinations) when the external
concentration was 0.2 mM (calculaied). This gives a Nernst potential for Cl;
of 86 mV compared to a membrane poteatial (EKQ of - 50 mV, i.e. there seecms
to be a large outward driving force acting on the internal €1~ ion.

Further evidence for an active uptake of 01" came from the effect
of temperature on the C1” influx., It was considerably rcduced at SOC
(Figure C3). A comparison of Egfand By -vwas made after overnight storage
in the dark at 500. The difference between the values had greetly decrcascu
indicating that the C1~ ion was approaching passive distribution. Table CI.
gives the ionic concentrations on which calculations of the Nernst poteriialu

were based.( When no F.E.M. is indicated, as in Table Cl, intecrnal c1






Figure C3. The Effect of Temperature on the Uptake of C1~
by Anacystis Cells,

The cells were guspended in culture medium at a dengity

of 5 x 1076 Lpe/ml., J°C1 was added to give an external Cl

concentration of 0,2mMe The cells were gassed with moist air.
Light Intensity : 750 foot candles.,

L = Light on.
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concentrations can usually be taken to be accurate to within z 10%

of the stated values).

TABLE C1. A comparison of the Nernst potentials of €1~ and X' at 5°C.

I0N CONCENTRATION METHOD OF DETERMINATION
Internal K* 735 mequivalents/L cell water Flame photometry
Internal C1~ 0.18 " " " Isotopic

External K1 18.2 mM Calculated

External C1~ 0,19 mM n

B+ = Byy= = = 35 = (= 1.8) nV = ~ 33 nV.

Assuming that at 5° the 01” ion is near passive distribution the
permeability coefficient can be calculated using the Goldman equation
(Lppendix 2). The value obtained is 7.7 x 10‘7, glightly higher thaa that
obtained by Barber (14) for Chlorella basing his estimate on the C1~ efflux
at 2500. It seems that photosynthetic microorganisms without a large central
vacuole are much more permeable to C1~ than the coenocytic algae such as

Njtella (143), Chara (107) and Hydrodictyon (168) in which the C1™

permeability coefficients are of the order 10"9 cmsec”l.

Recently Thorhaug (220) has cast some doubt on applying the Nernst
equation at low temperatures and hence on the validity of the permeubility
coefficient calculated by the above method. But calculations bascd on the
influx under another almost non-metabolic condition, i.c. gassing with
nitrogen in the dark, gave a similar value (4.1 x 10”7 cmsec—l). The high
chloride permeability coefficient of fnacystis may account for the rapid
net efflux of C1~ on transferring cells from the light to the dark
(Pigures G5 and C6).

The effects of specific inhibitors of metabolism are discussecd
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under (d). They lend support to the theory that the transport of C1~ in

this organism is active and probably occurs by an ATP-dependent mechanisme

(e) The effect of Light on the 1~ Influx

C1” uptake in fnacystis may be light stimulated. The average light
influx was greater than the average dark (Table C2) but the degree of light
stimulation varied from zero to several hundred per cent. Examples of the

two extremes are given in Figures C4 (a) and (b).

TABLE C2. A comparison of average light and dark C1~ influxes
. - =2 -1 + . .
equivalents Cl om “sec = = S.E.M. (No, of determinatione)
Light Influx 2.13 £ 0,26 x 107 (23)
Dark Influx 1.04 % 0.20 x 10712 (27)

It was found that when cells were transfefred from light to dark a
net efflux of Cl  occurred, but a corresponding répid net influx on
transferring from dark to light was not so readily observed (Figure C5).

The rapid net efflux occurred irrespective of whether the C1~ influx
was light stimulated, but in cells in which the light and. dark influxes were
the same a recovewy was made in gbout thirty minutes. Figure C6 shows the
net ion movement in such cells frow the time of the light to dark transfer.
These cells were stored overnight in the dark. The internal €1~ level
dropped, but not significantly more than in control cells kept in the
light (Table C3).

The net efflux on transfer from light to dark (Fisures €5 and G6)
may represent an adaptation period to the lower level of ATP in Anacy:sitis

in the dark (33).
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Figure C4., The Effect of Light on C1~ Upiake by two
Different Anacystis Cultures.,

(a) Light Inhibits €1~ Uptake.

(b) Light Stimulates C1~ Uptake.

The6cells were 2uspended in culture medium at a density
of 5 x 10~ Lpc/ml. 2°C1 was added to give an external C1l
concentration of 0.,2mM., The cells werc gassed with moist air.

Temperature ; 250.

Light Intensity : 750 foot candles,
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Figure C5. The Effect on C1~ Uptake of Transferring Anacystis
Cells from Light to Dark and from Dark to Light.

Thgécells were guspended in culture medium at a density

of 5 x 107° Lpo/ml. 2901 was added to give an external C1

concentration of 0.2mM. The cells were gassed with moist air.
Temperature : 250.

Light Intensity : 750 foot candles,
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Figure C6., The Effect of a Light to Dark Transfer on the
Internal C1~ Concentration of non-S Anacystis

Cells.,

The cells were suspended at a density of 5 x 10~6 ch/ml.
in culture medium to which had been added 2°C1 to give an external
€1~ concentration of 0.2mM. The system was allowed to reach
equilibrium before the light to dark transfer was made. The cells
were gassed with moist air.

Temperature : 250.

Light Intensity : 750 foot candles.
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TABLE C3. The effect of Prolonged Periods of light and dark on the

Internal C1° concentration of an Amacystis culture not

exhibiting light-stimulation.

Conditions of Incubation Pre-incubation Overnight Overnight

25° Light 25° Dark
Internal Cl ' 0.71 0,62 0.59
mequivalents/Lpc

There appear to be several factors which control the degree of light
stimulation. It was observed that cells which showed an apparent light
stimulation of the C1~ influx often had a particularly low dark irnflux,
ieee 1t seemed that & dark reduction of the influx was occurring rather
than an actual light stimulation. Assuming that in these cells photosyntheeis
was providing the energy for C1  uptake in the light and respiration in the
dark, it was considered likely that their respiratory rate was in some way
impaired. Attempts were made to induce a light/dark difference by dark
storage of the cells. It was hoped that this treatment would reduce the
level of energy reserves in the cell and hence the dark respiratory rate.

In some cells this treatment was successful and the degree of light
stimulation was shown to be a function of the dark storage time, but this
relationship did no’ always hold and sometimes there was no reduction in the
daxk C1~ influx even after 36 hours dark storage. Figure C7 illustrates the
difference betwecen the twoiitypes of cells. Influxes were measured as interual
concentrations after thirty minutes incubation with the isotope.

It was noticed that cells in which a light/dark difference could be
induced were usually blue-green (high phycocyanin cells) and those irn which
no induction occurred were yellow-green (low phycocyanin cells)s Tucthew
elucidation of the nature of the light stimulation was therefore sought in
its apparent relationship to the pigmentation of +the cells., The two main
photosynthetic pigments in fnecystis are phycocyanin and ohlbrophyll a -

different forms of chlorophyll a forming the active centres of the two
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Figure C7. Histogram illustrating the Effect of Dark Storage
on Light and Dark €1~ Influxes in High and Low

Phycocyanin Anacystis Cells.

The cells were zuspended in culture medium at a density
of 5x 10~6 Lpe/ml. 39C1 was added to give an external Cl
concentration of 0.2mM., The cells were gassed with moist air.

Temperature : 250.
750 foot candles.

Light Intensity
L = Light. D = Dark,
The Influx was measured as the internal C1  concentration

after 30 minutes.
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photosystems (5)(75). It was thought that C1~ uptake might reflect the
efficiency of energy transfer from the accessory pigments to the active
centres; light stimulated €1 uptake occurring most readily when the
Pigment ratio was 1.0« i.e. when the system was operating at maximum
efficiency (75). Table C4 comparec the pigment ratio with the percentage
light stimulation, calculated from the difference between the initial rates.
No obvious correlation was found and it seemed that deviation from the
normal pigment ratio did not necessarily lead to a reduction in the degree

of light stimulation of the C1  influx.

TABLE C4. A comparison of pigment ratios and the degree of light

stimulation of the C1™ influx in cultures of Anacystis.

Pigment rotio Percentage Light culture Noe
EAbsorption at 620 mu) Stimuletion o
( " " 680 mu;

0,76 0 7/1

0,80 370 . 50/10%%
0.98 0 25/3
1.08 400 50/107 1
1,14 0 26/%
140 340 /1M
1.84 42 1/4

1.93 360 23/3

It was possible however that another aspect of cell pigmentotion wae
controlling the €1~ influx i.e. pigment concentration. It was observed thot
growing the cells with different filters was leading to variction in the

Pigment density as well as in the pigment ratio. The red filteg,being



more opaque than the orange was tending to encourage overall pigment

development as well as a preferential increase in phycocyanin.

particulaf interest as the pigment density could conceivably indirectly

control the respiratory rate by competing for sites on the membrane.

balance achieved bétween rhotosynthesis and respiration could then be

i
cO
&9

This was of

The

reflected in the difference between the €1~ influxes in the light and dark,

In Table C5 rates of oxygen evolution and uptake are compared with light and

dark €1 influxes in different cell types.

The distinction between highly pigmented cells (H cells) and cells with

a low pigment density (L cells) was arbitrarily made depending on the degree

of dilution of the cell suspension necessary to obtain an absorption

spectrum.

TABLE C5,

Culture No.

E 30/1007
H 30/10III
L 7/1

g 7101

L 26/3

L 25/3

H 23/3

H 1/4

A comparison of oxygen relations and €1~ influxes in cultures

of different pigment densities.

-2 -1
p moles cm "sec .
Rate of oxygen

uptake

1.78
0.89
5460
2.44
0.96
1.78
0.52

Very slow

Rate of oxygen

evolution

7402
9.21
11,50
12,46
10.54
7.02
4.58

15,70

Rates are expressed as

Light €1~

Influx

04317
0,383
0,146
0.041
0,209
0.148
0,276

0.133

Dark C1~

Influx

0,015
0.021
0.135
0.033
0.163
06322
0.025

0.066
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No correlation was observed between the oxygen measurements and C1~
fluxes, H cells did appear to have a slow dark influx, but it was not
correlated with respiration rates.

On the basis of these results it is difficult to decide whether or
not light stimulated C1~ uptake is a direct result of increased availability
of ATP., Vhen light stimulation does occur it saturates at a lower light
intensity than oxygen evolution (approximately 90 foot candles compared to
900). This does not exclude the possibility that ATP from photophosphorylation
contributes to C1~ uptake, but it suggests that another limiting factor is
operating. Saturation of the C1  influx at a low light intensity was also
observed by Barber using Chlorella (14).

The apparent lack of correlation between metabolic rates and light
and dark C1~ influxes ngy be explained by the difficulty in estimating
oxygen consumption and evolution in the light. The experiments of- Hoch
et al (98) referred to earlier were only qualitatively reproducible so
their results could not be used to introduce a correction factor in the
oxygen measurements presented in this thesis. Oxygen evolution measurements
in the light are therefore almost meaningless as they probably represent the
net result of at least two processes, light stimulated oxygen uptake and
photosynthesis.

But even assuming that the oxygen measurements are the reason for
the apparent lack of correlation between metabolic raies and C1 fluxes,
some inhibitor experiments also gave reasons for querying ATP levels as
the major controlling factor in C1™ uptake. Purther discussion on this
point will be deferred until the results cobtained with inhibitora have been

outlined,

(a) The effects of Metabolic Inhibitors

The effects of inhibitors varied depending on whether or not the
cells exhibited a light stimulated Gl upteke. To simplify the description
of resulte which follows cella which exhibited‘light atimulation will be

referred to as "S cells" and those which did not as "non-S".
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(i) The Effects of CCCP

The effects of the uncourler CCCP on light and dark influxes were
determined. In S cells CCCP reduced the dark influx but did not
affect the light stimulation (Figure C8). 1In non-S cells both light
and dark fluxes were reduced by about eighty per cent (Figure C9).
These vesults suggest that if C1~ uptake is ATP dependent the
availability of ATP does not appear to be the major rate limiting
factor under normal conditions. Either both light and dark influxes
are similar (non-S cells) although differences in ATP levels almost
certainly occur (33) or the light influx is faster (S-cells) but

unaffected by CCCP.

(ii) The Effects of ICMU and CMU

4 similar pattern was observed with the system 2 inhibitor CMU
in that no inhibitory effect on the light stimulation was observed
in S cells (Figure C10). Nun-cyclic electron flow did not appear
to be a requirement for light stimulated C1~ uptake. In non-S cells
the results were more variable and difficult to interpret.
Occasionally CMU (like CCCP) reduced the light and dark influxes
(Figure €9) but the more usual effect observed both with CMU and
ICMU was the induction of 2 light/dark difference. This is
illustrated in Figures C1ll and €12, In Figure Cll a rapid influx
is observed in the CMU treated cells on transferring from dark to
light and in Figure C12 DCMU treated cells are shown to have a rapid
light stimulated C1~ uptake (25.4 x 107L5 equivalents C1~ omhzsec_l),
which is complete in less than a minute.

The mechaniem of induction of a light/dark difference in non-S
cells may be related to competition between carbon dioxide fixation
and C1™ uptake for available ATP, Adding CMU (or DCMU) inhibits
non-cyclic electron flow. A4s C1™ uptake, nnlike carbon dioxide
fixation, is probably independent of available reductants, CMU

may be said to channel ATP to Cl™ uptake. However this does not
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Figure C8, The Effect of CCCP on C1~ Uptake by "S" Anacystis
Cells.

The cells were guspended in culture medium at a density
of 5 x 106 Lpc/ml. J9C1 was added to give an external Cl
concentration of 0.2mM. The cells were gassed with moist air.
The inhibitor was added 30 minutes before the isotope.
Temperature : 250.
Light Intensity 3 750 foot candles.

(L = Light on.)
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Figure C9. The Bffects of CCCP and CMU on Cl  Uptake by
'non-S" Anacystis Cells.

The cells were suspended in culture medium at a density
of 5 x 1076 Lpe/ml. 3601 was added to give an external C1
concentration of 0.2mM, The cells were gassed with moist air.
The inhibitors were added 30 minutes before the isotopee.

Temperature : 250.

Light Intensity : 750 foot candles.

(L = 1light on)
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Figure Cl0. The Effect of CMU on C1~ Uptake by "S" Anacystis
Cells.

The .cells were guspended in culture medium at a density
of 5 x 10~6 Lpe/ml. 2°C1l was added to give an external C1°
concentration of 0.2 mM, The cells were gassed with moist air,
CMU was added 30 minutes before the isotope.

Temperature @ 250.
Light Intensity : 750 foot candles.

(L = light on)
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Figure Cll, The Effect of CMU on C1~ Uptake by "non-S"
Anacystis Cells.

The cells Wereésuspended in culture medium at a density
of 5 x 10=6 Lpc/ml, 2°C1 was added to give an external Cl
coneentration of 0.2mM. The cells were gassed with moist air.
CMU was added 30 minutes before the isotope.

Temperature : 25°.

Light Intensity : 750 foot candles.

(L = light on)
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Figure Cl2, The Effect of DCMU on C1~ Upteke by "non-S"
Py Anacystis Cells,

The cells were 2uspended in culture medium at a density
of 5 x 106 Lpc/ml, 30C1l was added to give an external C1~
concentration of 0.2mM. The cells were gassed with moist air,
ICMU was added 30 minutes before the isotope.

Temperature 250.

Light Intensity : 750 foot candles.
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explain why, if cyclic photophosphorylation is responsible for the
induction of light stimulation it is not always sufficient to
support a rapid light influx (see Figure C9 where no induction
occurs) .

Another anomalous effect is the reduction of the dark influx by
MU (Fagures 09, €10, and C1l), an inhibitor believed to be specitic
to System 2. This reduction could conceivably be related to a
reduction in the rate of respiration. Biggins (25) has reported that
cxidative phosphorylation in blue-green algae is unusual in its
sensitivity to FCCP and apparent lack of sensitivity to oligomycin.
Sensitivity to CMU may be another peculiarity. It has been suggested
(162) that besides acting directly at System 2 sites, CMU may combine
with the surrounding lipo-protein matrix. In higher plants this
would not be expected to interfere with respiration which is sited in
the mitochondria, but in blue-green algae which have only one
membrane system, some interference would be feasible. Against this
interpretation is the fact that no effect of ICMU or OMU on dark
oxygen uptake was observed.

This effect of OMU (or DCMU) on dark fluxes is not confined to 01«
Fluxes of K+ vwerealso inhibited under both light and dark conditions.

(iii) The Effect of Nitrogen (co2 and 0, free)

2

The effect of nitrogen on non-S cells was usually to reduce both
the light and dark influxes, but particularly the dark so that an
apparent light stimulation was induced (Figure C13). An actual
light stimulation was also found on one occasion (Figure C14) which
wag gimilar to that found with OMU (Figure Cll). The effect on
S~cells was not determined.

As nitrcgen,like GMU}inhibits carbon dioxide fixation, these

results can be readily explained on the basis of competition for

available ATP; 1light stimulation under nitrogen ocourring






Figure Cl3., The Effect of Gassing with Nitrogen on "non=S"
Anacystis Cells, I,

The cells were guspended in culture medium at a density
Cof 5 x 1076 Ipe/ml. 35C1 was added to give an external Cl-
concentration of 0.2mM., The cells were gassed with nitrogen
(co, and 0, frea).

Temperature : 250.
Light Intensity : 750 foot candles,

(L = light on)
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Figure Cl4. The Effect of Gassing with Nitrogen on "non-S"
Anacystis Cells. II.

O——————p———————

The cells were guspended in culture medium at a density
of 5 x 1076 Lpo/ml. 3C1 was added to give an external Cl-
concentration of 0.2mM., The cells were gassed with nitrogen
(co2 and 0, free).

Temperature 25°.

Light Intensity : 750 foot candles.
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a3 the result of‘gnused accumulating ATP fror cyolic photo-
phosphorylation. The darl reuwuvction under nitrogen is also readily
explicable as under these conditicns ATP would be limifed to that
produced by substrate phosphurylation. As an alternative to
considering ATP levels,; the effects of inhibitors could be
interpreted in terms of induced changes in membrane potentirl. This

point will be elaboratzd in the discussion.
2 A Discussion on the C1 Influx

(a) The relationship between €1~ uptake and Metabolism

4s in many photosynthetic organisms (19)(206)(182)(145) the uptake
of C1” in Anacystis seems to be active., The rate of uptake is comparable
with that of Chlorella (14), but is somewhat slower than the influxes
int&vacuolated algae (145)(168)(206)s The permeability coefficient for C1~
has been calculated from the iInflux at 50 and the influx under nitrogen ia
the dark. The es*imates are probably too high as active fluxes may not be
completely inhibited under these conditions. However the membranes of
/nacystis and Chlorella (14) do appear to be more permeable to 1™ than
the membranes of vacuolated crgenisms (107)(143)(168) which may explain why
the internzl €1~ levels are low compared with the cytoplasmic valucs
obtained for examplr. using Porphyra (81 mM), Valonie (138 mM) and
Bryopsis (475 mM)(86).

C1” vptake in fmacystis is ioequently light stimulated. Light
gtimulation of ion fluxes is usually the result of either an increase in
membrane permcability or an increase in available cnergy. Considering the
stimilated €1~ uptake by Anacystis the former explanation seems unlikelys,
The permeability of membranes to 01~ can be affected by light (105), butb
the stimulation of the C1~ influx ohserved in inncystis secms to be an
increased net inward movement against the electrochemical gradient. The
energy available from photosynthiesis is more than sufficient to support

an active €1~ uptake, as can be calculated using the method of Lilley oand



Hope (138). An average rate of oxygen evolution of 10 pmoles om 2sec
can be assumed (probably an undewvestimate as no corrections for oxygen
uptake were made) and allowing that the approximate free energy of
photosynthevis is 112 koals per mole of oxygen evolved, then the total

free energy is about 47 ergs om 2gec L, Assuming an average light influx ol
0.2 pmoles C1~ om2gec™t and an electrochemical gradient of 0.165 V the
energy requirement for €1~ uptake is only about 0.026 erg cm—zsec~ .

Lilley and Hope (138) and Smith (207) using Griffithsia and Chara
respectively also found that the energy required to maintain the light
dependent 1~ influx seemed to be only a small fraction of the total free
energy of photosynthesis., This may partly explain why in Anacystis the

€1~ influx saturates at a much lower light intensity than photcsynthesis.

Accepting that c1 uptake by Anacystis was active, and dependent on
available energy, experiments were carried out to help to determine whether
the immediate energy source was electron flow, some form of high energy
intermediate or ATP.

CCCP reduced the dark and light uptake of G1™ in non S cells
which was compatible with its uncoupling effect on blue~green algal
respiration and photosynthesis. It was effective in the light at approximately
the same concentrations as it reduced chlorophyll a fluorescence and oxygen
evolution, which suggested that the inhibition was mediated through its
uncoupling ability =nd that concentrations high enougn to induce net Na+
and K¥ transport were not required. The effect of CCCP on S cells was
somewhat anomalcus and will be referred to later.

CMU (which throughout +this discussion may be teken to include DOMU)
was also effective at concentrations which inhibited photosynthesis but the
interpretation of CMU results was not straightforward for two reasons;

CMU sometimes induced a light stimulation in non—S cells and it frequently
affected dark as well as light influxes.

Considering first the CMU induction of the light effect, assuming

that C1~ uptake is regulated by ATP levels it could be argued that CMU, by
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inhibiting oxygen evolution, probably reduced non cyclic electron flow

and carbon dioxide fixation., This might be expected to stimulate cyclic
photophosphorylation and lead to an increase in available ATP. Supporting
this argument is the induction of a light stimulated C1~ influx by gassing
with nitrogen (CO2 and O2 free) which like CMU would probably encourage
cyclic electren flow and phosphorylation, depending on the pool size of
electron acceptors under these conditions.

The effect of CMU on the dark influx cannot be considered a
photosynthetic effect. Possibly CMU affects blue~green algal dark
respiration and thus the level of available ATP, but there is no evidence
for this in the oxygen measurements. As interpretation in terms of ATP
levels was not entirely satisfactory in explaing all CMU effects, other
possible explanations were considered.

Smith (207) has postulated that a metabolically dependent mechanism
for C1” uptake operates at the plasmalemma of the Characeans, and that
the pH gradient across this membraine is an important factor in controlling
C1l” fluxes. He suggests that compounds such as ammonium sulphate and
inmidazole stimulate C1~ uptake by altering the pHe. The stimulation by CMU
in Anacystis cannot “e interpreted in the same way as this compound induces
only a transient decresse in the external pH of insufficient duration to be
responsible for the stimulated C1™ influx,

Smith'!s suggestion that wome inhibitors and uncouplers act directly
at the outer membrane and not through photosynthesis can be extended to

Ayacxstiso There is some evidence that CMU affects the permeabilitiy of the
membrane. K' fluxes are partially inhibited and a net efflux occurs,
suggesting a reduction of the membrane potential (the inside of the cell
becoming less negetive with respect to the outside). However it doce

not scem likely that a change in membrane potentialalone is respongible for
the stimulated C1~ uptake. Calculations of the Nernst potential for K" in
the presence of CMU suggest that the uptuke of C1° would still be agoinst
an electrochemical gradiente Furthermore CCCP, which like CMU decreases

the internal K* inhibits the C1™ influx in the light.
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A further difficulty is to explain the simultaneous induction of a
light stimula*ed influx and an inhibition in the dark by postulating CMU
effects just on membrane permeability. The simplest explanation probably
involves both changes in permeability and ATP levels. If one assumes that
the membrane is less permeable to ions in the presence of CMU, but that in
the light sufficient ATP is available to overcome this barrier, then the dark
inhibition and light stimulation in the presence of CMU are compatible,

ATP has been implicated as essential for C1~ uptake ir Acetabularia

(182), Griffithsia (138), Chara (208), and Chlorells (14). In the 1960's
MacRobbie (145) proposed that in Nitella C1~ uptake was dependent on electron
flow rather than ATP but more recently she and her co-workers (175) have

favoured dependence on a high energy intermediate using Njtella, Hydrodictyon

and Tolypella as the experimental organisms. Their conclusions were based
mainly on the stimulation of the C1™ uptake by compounds such as Dio-9
an effect which Smith (207) has since tentatively attributed to changes
in pH across the plasmalemma.

Two mechanisms of C1~ uptake have recently been proposed, both
implicating an ATPase at the plasmalemma, Saddler (182) has sugzested

that in Acetabularia an electrogenic mechanism of ¢l uptake occurs which

is not dependent on electron flow, but a more generally applicable mechanism
has been proposed by Smith (207). He supports a compulsorily linked

OF /C1™ exchange at the plasmalemms of Characeans, the movement of OH
occurring as the result of the activity of an outwardly directed ATP
dependent proton pump. His theory is similar to those proposed to explain the
ionic relations of higher plant systems including roots (110)and isolated
mitochondria and chloroplasts (153); all are based on the primary

separation of piotons across a membrane.

The results obtained with Anacystis are compatible with an ATP
dependent pump at the plasmalemma, but there is no evidence as to whether
the C1~ uptake is electrogenic or relies on a proton pump initiating ion
transport, According to Smith's nypothesis (207) the proton pump does

not give rise to a change in pH of the external medium, as both H+ and OH
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leave the cell. A steady drop in pH was frequently observed on suspending
Mnacystis in FC1l solution, but this drop was more likely to have been

related to KT uptake than C1~ movement.

(b) Are C1” and caticn fluxes linked ?
There has been some controversy over whether Cl~ influxes are link.d

to cation uptake. In Acetabularia (182) the C1~ influx is believed to be

electrogenic and any ion to which the membrane is permeable can theoretically
C -
fungtion as a counterion. Some degree of cation/ﬂl coupling has been

demonstrated in Hydrodictyon (1€9), Nitella (205) and Tolypella (206) .

k' and Na¥ influxes are reduced in the absence of C1~ and vice versa, and
parallel changes in the influxes are induced by inhibitors. The net uptake
of sodium and chloride by Chiorella has also been implicated (19).

The mechanism of cation/Cl™ transport is still obscure. The linkage

could be only electrical as in Acetabularia (182)or could be the result

of close chemical coupling as suggested by MacRobbie (148). MacRobbie
originally speculated that in Nitella salt, rather than ion, transport
occurred by pinocytésis at the plasmalemma followed by the discherge of the
salt containing vesicles into the central vacuole « Recently she has
modified this theory (149) as further experiments suggested a gquantised flux
orly across the tonoplast.

There was no evidence for any chemical linkage between cation and C1
fluxes in Anacystig. In most Na© and @7 flux experiments the external C1~
was negligible, and the addition of €1~ did not significantly alter the
rate of cation exchange. Morcover cation and Cl™ influxes responded very
differently to metabolic inhibitors; particular examples include the
response of K" and 017 to cold temperatures and the light stimulation of
the Cl-, but not *he Na+ influx in the rame cell culture. The possibility
that eacn cation influx represented the sum of several components only one
of which was C1l™ linked camnot be excluded. If the €1~ linked component
of the cation influx was sufficiently small, it might bc maskod by larger

cation fluxes occurring independently of €1~ movement. Both Na+ and K+



influxes were faster than uptake of C1~ by factors ¢f about 3 and 7

respectively.

(c) The uature of the light stimulated uptake

The problem of the basis of the difference between S and non=-S
cells was left unsolved, The degree of lignt stimulation did not appeer
to be related to the pigment content of the cells or to the rates of oxygzn
uptake and evolution. Anacystig is not unique in exhibiting varying degrees
of light stimulation, so does Griffithsia (138) but in this case a change frcm
the natural habitat to laboratory storage conditions seems to induce a light/
dark difference by reducing the dark influx. The low light intensity under
which the cells are stored seems to be sub-optimal for the growth of
Griffithsia and the ATP levels may be depleted. In Anacystis, a light/dark
difference was occasionally induced by dark storage, but often up to three
days in the dark was completely ineffectiﬁe.

Light stimulation was frequently induced in fnacystis by either
gassing with nitrogen (CO2 and 0, free) or adding CMU. This seems to
suggest ATP levels are involved, but it would have been more conclusive
if CCCP had been added as well to check whether the induction was ATP
dependent. Assuming ATP! is the energy source for C1~ transport it is
difficult to see why dark storage did not standardise the light/dark
response and why CCLP did not reduce the light inflix in S cells. The lack
of any obvious ccrrelation between metabolic rates and dark and light C1~

influxes also argues against close control by the level of ATP.
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THE TRANSPORT OF H'
1. Light Induced pH changes,

Over the past few years there has been some controversy over why
the combined fluxes of K+, Na© and €17 are frequently insufficient to
account for the observed membrane conductance in Characean cells. Kitasatfo
(129) suggested that proton fluxes should also be considered, putting
forward evidence of a high H+ conductance in Nitella., A4t first his findings
were disputed (225) but recently Hope and Richards have revalued his
results and concluded that under some circumstances an electrogenic proton
pump may operate at the plasmelemma (104), Such a pump has beea proposed
by Smith (207) as the basis of the mechanism of C1~ uptake by the Characeans.
As proton fluxes in these organisms may be of some magnitude (about 40
pmoles om~2gect (129) it seems that a complete study of the ionic relations
o2f an alga ghould include an investigation of proton movements as well as
those of the more conventionally studied cations.

Anacystis belongs to a unique group of algae the blue-greens. It
has been speculated that these organisms have ancestors in common with the
chloroplasts of eumcaryotic cells and that a free-living cell such as
Inacystis may be considered analogous to an isolated chloroplast (57).

This introduces anoiher aspect into the study of proton transport in this
alga, One of the postulates of the Mitchell theory (152) is that in energy
transfer processes primary electron flow is linked to the vectorial transport
of protons. Some evidence in support of his theory has come from the
demonstration of light and oxygen induced pH shifts in isolated

chloroplasts (114)(158) and mitochondria (157) and in procaryotic organisms
(59)(189). Scholes et al (189) observed a light induced proton extrusion

in Anaebaena which is consistent with the isolated chloroplast analogy

as it is possible that whole chloroplasts may also extrude protons in the
light (J. Emmett, personal communication), However, the analogy camnot

be carried too far as blue-green algae are also capable of respiration and
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an oxygen pulsge similarly induces outward proton purpinge

The effect of light on the pH of Anacystis suspensions was studied
with two aims in mind; to relate proton fluxes in this organism to the
ionic fluxer. already observed and to extend the work of Scholes et al (189)
by trying to relate light induced pH changes in fnacystis to primary
electron flow,

The fact that light affected the pH of fnacystis suspensions was
relatively ecasy to establish but problems were encountered both in
quantifying the study and in interpreting the complex pH changes which

occurred.

(a) Some of the problems encountered in studying light induced pH

changes in fnacystis.

(1) The establishment of light/dark cycles of proton movement,

In Anacystis it was found that pH changes could be induced by
illumination, but that the process was not unidirectional
(Figure Hl)a On first switching on the light the cell suspension
became more ecid, but after a few minutes the net proton flux
appeared to be inwards and the suspension became more alkaline., In
order to simplify the experiments it was usual to consider only the
first component of the pH change, switching to dark as the minimum
PH was reesched. /s with the dark to light change there were two
components of the light to dark transition. Initially the
suspension went alkaline, but eventually drifted in the acid
direction,

One of the major problems was adjusting the timing of the light
and dark pexriods 80 only the first components were measured and
reproducible light/dark cycles as illustrated in Figure H2 were
obtaineds Recently Kahn (125) has proposed the existenoe of two
Proton pumps transferring protons in opposite directions across the

Euglena chloroplast membrane. He did not report a reversal of the
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Figure Hl, The Effect of Light and Dark on the pH of
Anacystis Suspensions.

The cells were suspended at a density of 10-5 Lpe/ml. in
a 25mM KC1 solution., They were gassed with nitrogen.

Temperature ¢ 25°.

Lipght Intensity : 1000 foot candles.
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Figure H2, The Establishment of a Light/Dark Cycle of pH
Changes by Standardising the Length of the Light
and Dark Periods.

The Anacystis cells were suspended at a density of 107
Lpe/ml, in a 25mM KC1 solution. They were gassed with nitrogen.

Initial pH : 7.8
Temperature : 250.

Light Intensity : 1000 foot candles.
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light induced proton movement as has been observed with Anacystis,

but based his proposals on the relatively slow proton uptake by
Euglena chloroplasts and the effects of inhibitors and uncouplers. He
suggested that the two proton pumps were associated with two different
chloroplast compartments and that the pH gradient between them was
critical in attempting to correlate electron flow, pH changes and

photophosphorylation.

(i1)  The maintenance of a steady background pH.

Another major problem in measuring pH shifts in Anacystis
was the maintenance of a steady background pH so quantitative aspects
of the pH change could be considered. Prior to each experiment the
cells were suspended in either KC1l or NaCl solutions and bubbled with
nitrogen in the dark. The pH was adjusted vwhen possible to between
T«8 and 8,2 by the addition of KOH or NaOH and HCl, There was a
continuous acid drift which was occasionally so rapid that the pH
did not remain steady long enough to attempt a light/dark cyole.
An example is given in Figure H3 where the effect of additions of
NaOH to a cell suspension containing only NaCl are showne. NaOH
produced more rapid changes than KOH -~ suggesting Na+ may exchange

readily for internal H+.

(iii) Determination of the Buffering Capacity and the estimation
of fluxes.

The rapid compensation by the cells when acid or alkali was
added made determination of the buffering capaoity of the cells
difficulte This difficulty was increased by the fact that the
degree of compensation varied +ith the pH. However some general
observations were made. Larger pH changes were found to ocour when
additions of aoid or alkali were made in the light rather than in

the dark. (This is opposite to chloroplasts which have a greater
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Figure H3. The Effect of Adding NaOH solutions to the pH of
Suspensions of Anacystis cells.

The cells were suspended at a density of 107 Lpo/ml.
in a 25mM NaCl solution. They were gassed with nitrogen.

Temperature 3 250.

Light Intensity 3+ 1000 foot candles.
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buffering capacity in the light (166)), It suggests that in
Anacystis the rates may have been overestimated by a factor of
about three, as estimations were made from the effects of acid
or alkali added in the dark. It was also observed that the
maximum pH changes both in the light and dark occurred in the pH
range 7 to 8. Most experiments were carried out at pH 8. z 0.2,
partly because of the low buffering capacity at this pH and also
because this was the normal pH of the cell suspensions used in
flux experiments. L steadier background pH could have been maintained
at a lower pH (4 to 5), but these would have been unphysiological
conditions under which to operate.

Bearing in mind that because of these difficulties the
quantitative aspects of this study are doubtful, the results will
be discussed in more detail with particular emphasis on their

relevance to preceeding sections.

Evidence that the initial light induced pH change may be linked

10 primary electron flow,.

(i) The effect of gassing with nitrogen (002 and 0, free).
One of the first facts to be established in characterising
light induced pHd changee is that they represent a movement of H+
or OH™ across the membrane and are independ;nt of carbon dioxide

fixatione

Recently light induced pH changes in Chlamydomonas (190)

and Dunaliella (20) were interpreted as proton movements, but
later experiments (159) showed them to be the result of changes

in the equilibria

-

co 2

2 a7t - oyt
o + HQO =3 H2CO3 aH + HCO3 2 H +CO

ard dependent on carbon dioxide uptake in the light.,
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According to Neumann and Levine (159) the most reliable
method of eliminating carbon dioxide interference is by gassing
with COz-free nitrogen. Anacystis cells were gassed with nitrogen
immediately before and during the induction of pH changes and no
deperdence on 002 was observed.
(ii) Kinetics of the pH Change

A study of the kinetics of the initial proton extrusion also
puggested that it was independent of carbon dioxide fixation. If
proton movement is linked to primary electron flow there should be
no delay in the initiation of changes in the pH gradient as the
cells are illuminated or placed in the dark., With Anacystis there
is a delay on illumination of about one second and an overshoot on
changing to dark conditions of several seconds, but these delays
are. - not of sufficient duration to be due to the lag period htefore
carbon dioxide fixation (190) and are probably the result of the

sluggish response of the glass electrcde (109).

(iii) The requirement for external ions

It has been observed (190) that pH changes which are dependent
on carbon dioxide metabolism do not require external ions, This
does not appear to be the case with the light induced pH changes
in Anacystis. To determine the effect of external ions the cells
were suspe.aded in distilled water. Illumination for one minute
egstablisbhed that no pH shifi{ sccurred. Either KC1 or NaCl was
added and after the pH had steadied the cells were illuminated
again; a shift occurred in the NaCl cell suspension (Figure H4).
(The addition of salt solutions disturbed the pH suspensions, but

corresponding additions to distilled water had a similar effect).

The lack of effect of KC1 compared to NaCl in inducing pH
changes was not confined to this low pHe. In another experiment
cells were resuspended in either 2.5 mM NaCl or 2.5 mM KC1 and

brought to a higher pH, Both suspensions showed a light induced
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Figure H4, To Illustrate the Comparative Effectiveness of NaCl
and KC1l in PFacilitating Light Induced pH Changes

in Anacystis.

The cells were suspended at a density of 107 Lpc/ml.
in a 25mM KC1l solution., They were gassed with nitrogen,

Temperature 3 250.

Light Intensity : 1000 foot candles.
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pH change, but again Na+ induced a greater response., The rates

and extents obtained from this experiment are compared in Table Hl,
("extent" in this context meaning the total proton extrusion per
unit surface area of membrane). The background acid drift was rapid
in this experiment, but both Nat and x* suspensions were illuminated

for une minute when the external pH was initially 8.3

TABLE Hl. A comparison of the rates and extents of the pH shifts
in cells suspended in NaCl or KCl solutions. The rates are
expressed in pmoles H' cm—QSec—l, the extents in pmoles H'

om ~+ No correction for background drift was made in

estimating the initial rate.

"NaCl cells® "KC1l cells™
Initial Rate 1.89 0.34
Rate of background drift 0.12 0.09
Extent of pH shift 3446 14,0

These experiments imply that like Na' and XK effluxes, the proton
efflux requires an external cation. It is interesting that NaCl
appears tc be more effective than KC1l in inducing pH changes. This
seems to suggest that the raie determining membrane is more permeable
to Na¥ than ¥ under these conditions. Alternatively a preferential
closely coupled Nn+/H+ exchange may exist in the cell membranes.
Cations have been implicated as counterions in light induced pH
changes in intact cells of R. rubrum (59) and isolated spinach
chloroplests (161), but no preference for Na® over k' has

previously been reported.
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(iv)  The effect of Ionophores

If the rate of the proton efflux is partly governed by the
membrane permeability to ions then the addition of ionnphorous
compounds such as valinomycin, gramicidin and nigericin might be
expected to affect the pH change.

The effects of valinomycin and nigericin on Re rubrum pH changes
have been determined, In chromatophores valinomyein stimulates the
k¥ efflux in exchange for ut (112) and in whole cells it increases
the rate of H' extrusion (60). The effect of nigericin has been
shown to depend on the electrochemical gradient to which the ions
K" and HT are subjected. For example when chromatophores are
suspended in a concentrated K+ solution, the addition of nigericin
gives rise to a net influx and efflux of K' and H' respectively (112).

With Anacystis valinomycin did not affect the proton efflux, even
at concentrations at which it was known to stimulate X" fluxes
(up to 5uM). This lack of effect, which has also bern observed
with chlornplasts (142) suggests that B extrusion was not limited
by the membrane permeability to K+, and thus provides some evidence
that the Na+ ion is more efficient than XK' in promoting an u
efflux because of a closely coupled Na+/H% exchange mechanism.

Nigericin caused a steady drop in the pH indicating that external
X was exchanging for internal H+; light induced pH changes, though
somewhat r1educed, still occurred, superimposed on the decreasing pH
of the suspension (Figure H5,. Nigericin (6 x 10—6M) had no effect
on oxygen evolution with cells suspended in culture medium, but with
the cells in 25 mM KC1 solution all oxygen changes in the light were
inhibited at a low pH. For an accurate interpretation of these
results changes in the magnitude of the pH shift should really
be correlated with oxygen changes in the same cell suspension over a
wide range of pH values.

Gramicidin (5 mg/L) was without effect on the light induced pH

shifts and the rate of oxygen evolution (irrespective of whether
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Figure H5. The Effect of Nigericin on the Light Induced
pH Change in Anacystis.

The cells were suspended at a density of 10-5 Lpe/ml. in
a 25mM KC1 solution. They were gassed with nitrogen.

Temperature 3 250.

Light Intensity : 1000 foot candles.
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the cells were suspended in 25 mM XC1l or culture medium). This
suggests that this compound is unable to diffuse through the cell
wall to the membrane (as was also suggested by its lack of inhibition
of K fluxes), It would be interesting to add gramicidin to
Anacystis "protoplasts", in which any resistance by the cell to
pene*ration would be considerably reduced.

It seems that the proton efflux from Anacystis may be related to
primary electron flow and independent of carbon dioxide fixation.
In order to test this hypothesis, the relationship between photo~
synthesis and light induced pH changes was further investigated

using various metabolic regula*ors.

(c) The use of metabolic regulators to investigate the relationship
between photosynthesis and light-induced pH changes,

One of the most direct methods of indicating a relationship between
Photosynthesis and any other physiological process, is the cemonstration
that both processes exhibit & similar wavelength dependence. Several
attempts to obtain an action spectrum of the light induced pH change were
made, but were hamperel by the dinminishing response to light as the
experiments proceeded. From preliminary experiments it was observed that
the proton efflux saturated at a light intensity of about l.2 x 103 ergs
cm‘zsec"l, which is approximately the same as the satarating intensities
of the KT influx and oxygen evolution; %but the results obtained from
wavelength dependence studies were unsatisfactoiy.

A more indirect approach was also adopted, analysing the effects of
photosynthetic cofactors and inhibitors on the light induced pH shifts.

(1) The effect of oofactors of cyclic photophosphorylation

FMS and pyooyanin aot as cofactors of cyclic photophosphorylation
in blue-green algae as well as higher plants. The addition of PMS

(1 mM) to Anaoystis suspensions, together vwith alkali to compensate

for the associated drop in pH, was found to have no effeot on the

rate or extent of the light induced pH shift, The addition of
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pyooyanin at the same concentration sometimes stimulated the rate

by a factor of up to x 4. In blue-green algae pyocyanin is usually
considered to be less effective than PMS in promoting cyclic photo-
phosphorylation, particularly under nitrogen (55)(165). Either this
does not apply to intact Anacystis cells, or it would seem that the
effects of pyocynanin and PMS on proton extrusion are not related to
their possible stimulating effects on cyclic electron flow. The first
alternative seems more acceptable. Pyocyanin has been shown to
stimulate light induced pH changes in chloroplasts (158) and PMS

has been reported to have & similar effect in R. rubrum cells (60)
and chromatophores (112). In these cases the proposed stimulation of
electron flow by cofactors has seemed an adequate basis for the
interpretation of the results.

Occasionally cultures of Anacystis were obtained which did not
show light induced pH shifts or evolve oxygen in the presence of
carbon dioxide and light. Neither PMS nor pyocyanin induced a light
sensitive pH change in these cultures.

The light induced pH changes observed with Anacystis were

sensitive to me%abolio inhibitors.

(i1) The effect of cold temperatures

At 50 the pH changes in fAnacystis were usually completely
inhibited, but occasionally if the temperature was rapidly dropped,
the extent of the shift was increased (Table H2). This was mainly
due to the stimulating effect of dark storage (the cells were kept
in the dark while the temperature waschanged), but may also have
been related to the cold inducing an increased membrane permeability

to Nat ang x.



TABLE H2,

induced pH shifts. The extents are expressed in pmoles H+cm— .

Treatment

Change in temperature from 250

‘o 50. Trensition took 5 minutes.

Dark storage for a corresponding

time,

Control,

(iii) The effect of CCCP

229

<

The effect of dark storage and cold temperatures on light

2

Ixtent of the pH shift

138

120

38

The two components of the light induceld pH shift showed different

gensitivities to CCCP,

The proton extrusion was more sensitive than

the proton uptake, so at higher concentrations of CCCP the

suspension became more alkaline on illumination, The results are

given in Table H3, proton uptake being indicated by a negative sign.

The cells were illuminated for one minute ani kept in the dark for twou.

TABLE H3.

The effect of CCCP on the rate and extent of the pH shift,

+ =2 =1
Rates arc expressed as pmoles H com “sec ~, extents as pmoles

-2
cm *

Concentration of CCCP(M) Rate of proton movement Extent of the pH shif%

Control
5 x 1070
5.5 x 1077
5.6 x 1076
1072
4.0 x 167

1074

Fel
3.0
3.4
~1l.1
-0.9

~0.4

67
61
55
-68
~58

-24

No light response No 1light response
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If the initial light response represents 1he establishment of a

pH gradient prior to ATP synthesis (153) CCCP could be said to
uncouple at between 5.5 x 1077 and 5.6 % 10"6 M, which is in
accordance with the oxygen evolution and chlorophyll a fluorescence
measurements. The lack of g light response in the presence of 10*4 M
CCCP sufports the hypothesis that Na+ and XK' fluxes may be affected
by CCCP induced permeability changes.
CCCP and FCCP have also been shown to inhibit the formation of proton

gradients in R., rubrum and Rhodopseudomonas cells and chromatophores

(189)(112)(59).

(iv)  The effect of DOMU

ICMU, as a system 2 inhibitor, was not expected to have much
'effect on the light induced pH changes, as they were initiated under
nitrogen whsn system 2 activity was probably already reduced, the
degree of reduction depending on the electron acceptors available.
However as DCMU had been shown to induce a rapid net influx of C1~
in the light, it was anticipated that this compound might affect the
pH changes by alitering the membrane permeability. The injection of
DCMU into the cell suspension gave rise to a pH shift similar to that
induced by light (Figure H6), but no overall net proton movement was
observed as after a few minutes the pH returned to background value.

The effects of metabolic regulators on the light induced pH shifts
were compatible with the initial proton extrusion being linked to cyclic
electron flow, but othcr interpretations of these results are also
rossible and will be outlined in the discussion.

2. Discussion of the Nature of the Light Induced pH Changes

One of the reasons for undertaking the study of proton movements
in Anacystis was to estatlish whether (as in chloroplasts (158))a
light induced pH shift occurred and if so whether it acted as an
intermediate between electron flow and photophosphorylatione.

Anacystis cells seem to. extrude protons when first illuminated.

The pH changes observed are independent of carbon dioxide fixation
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Figure H6. The Effect of 10~ /M DCMU on the pH of an
Anacystis Suspension.

The cells were suspended at a density of 107 Lpo/ml.
in a 25mM KC1 solution. They were gassed with nitrogen,

Temperature : 250.

Light Intensity : 1000 foot candles.
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and may be the result of cyclic electron flow. Evidence for this
came from several observations. For example some cultures had rates
of oxygen evolution and uptake which were unusually lov and in these
celle light induced pH changes were correspondingly reduced, The
inhibition of metabolism by the exposure of cultures to low
temperatures also reduced both oxygen and pH changes.

The action of ionophores was not incompatible with the proposed
relation between electron and proton movement, but with the exception
of CCCP the use of these compounds did not provide any supporting
evidence. CCCP inhibited the pH change at concentrations at which
it was known to reduce chloropryll a fluorescence and oxygen evolution
and it was possible that all these effects of CCCP were due to its
propogsed stimulation of H+ exchange across the membrane andthe
resultant decrease in ATP production (30).

The stimulation of the light induced pH shift by pyocyanin was
also in accordance with the proton extrusion being linked to electron
flow between the two photosystems.

However this interpretation of the results is not entirely
satisfactory. There are some indications that the proton pump which gives
rise to light induced pH changes in Anacxstis suspensions is not
directly related to electron flow. Various dyes have been used in
bluc-green algee to determine the sites of reduction, wnder both
aerobic anl anaerobic conditions (97)(98), but as yet ro reduction
site has been observed on the outer membrane., This suggests that
either the operation of proton pumps at the thylakoid membranes leads
to a passive proton extrusion at the plasmalemma, or that an
electrogenic proton pump exists at the outer membrane, which although
dependent on metabolism, is not intimately linked to primary electron
flow,

The first alternative seems unlikely as it would lead to a
reduction of the pH gradieniv across the thylakoid membrane. Assuming

that the pH gradient is a component of the driving force for



ATP synthesis, a proton pérmeable outer membrane would almost
certainly lend to a decreased efficiency in ATP production.

Suspensions of whole chloroplasts show very limited pH changes
suggesting that most of the light dependent proton pump activity
occurs within the chloroplasts and that the outer membrane acts as a
barrier to proton movement. Ppssibly the plasmalemma has a similar
function in Anacystis, any préton movement being regulated by an
exchange mechanism or an electrogenic pump.

It has been known for some years that many ﬁicro-organisms
acidify their media. Proton extrusion in exchange for K" has been

143 130 0\
observed in E. coli (¥3), Yeast, (¥#2), Neurospora (¥ ) and Chlorella

148
(377) and an electrogenic proton pump has been proposed for

q
Streptococcus (iﬂés. The possible existence of an electrogenic proton

pump at the plasmalemma of coenocytic algae was largely ignored until
recent work by among others Smith (3%), Spear et al (%) and
1729

Kitasato (&) remedied this omission. It is now thought likely by some
workers that an electrogenic proton pump contributes to the uptake of
both cations and anions by Characeans 6;;(1§;¥and that it may be
partly responsible for the high level of conductance in these cells
+ + A\ 104 .

compared to the Na~ and K= fluxes (4)(&3%).

It is possible that the light induced proton extrusion by
Anacystis reprecents the operation of a proton pump, which although
independent of primary electron flow does require ATP. This would be

compatible with the relation to metabolism observed including for

example CCCP inhibition. The rate of proton extrusion is somewhat

A \Qx
slower than that observed in Characeans (#) and E, coli (%),
VA
but is comparable to those reported for Chlorella (3#r and

20\

Neurospora (i%2).
Assuming the proton pump in Anacystis is independent of electron

flow, it may be either electrogenic or chemically coupled to the
transport of another ion. The only ion fluxes measured in fAnacystig

vhich were comparable with the proton extrusion were K+ fluxes, but
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as these appeared to be olosely linked in cells suspended in culture
medium a K+/H+ exchange seemed unlikely. In cells suspended in
25 mM KC1, the H+ extrusion may have been linked to K+ uptake.
Further experiments could usefully include a comparison of K+, Na*
and H' fluxes in simple solutions perhaps using cation sengitive
electrodes.
The arguments presented above have ignored the second component
of the light induced pH change, the proton uptake which occurs after
two or three minutes. This component seems to be quite distinct
rom the proton extrusion mechanism as shown by its greater resistance
to CCCP and its occurrence in gome cells which did not exhibit the
initial acidification of the medium, No attempt will be made to
congider the nature of this proton uptake as it merits further study
in it own right, However its existence suggests that the pH gradient
across the outer membrane, even if related to primary electron flow,
is unlikely to be the precursor of ATP synthesise. In chloroplasts
and most micro-organisms in which the pH gradient has been implicated
as the driving force for ATP production, the gradient is usually
maintained until the suspensions are transferred to dark conditions.
It is concluded that the mechanism of H' extrusion at the outer
membrane of Anacystis is likely to be related to the transport of
another ion such as ;gi;gg%um and that its dependence on
Photosyntresis is likely to be indirect. One argument against
this theory is that the rapid establishment of the pH gradient suggests
that the transport of ATP (or some other high energy compound) from
the site of synthesis to the plasmalemma muct be an extremely fast

PTrocess .
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GENERAL DISCUSSION AND CONCLUSIONS

1. A Summary of the Ionic Relations of Anacystis nidulans.

In Anacystis nidulans the distribution of xt appears to be passive.

In many algae kKt is close to electrochemical equilibrium and a passive
distribution has been postulated for Chara (67), Griffithsia (70),

Halicystis ovalis (28) and Nitellopsis (150). In the case of Nitellcpsis

however Dainty (49) has since suggested that a xt pump may be operating,

but is not rcadily detected because of the high passive permeability of

tte plasmalemma tc this cation. If K& is rassively distributed in Anacystis
then a comparison of the Nernst potentials for K+, Na+ and C1~ suggests
that both Na¥ and C1” are out of thermodynamic equilibrium, Na® being
pumped out of the cell and C1™ being pumped in. The fluxes and
concentrations of these ions are summarised in Figure Gl.

Before comparing the ionic relations of Anacystis with those of
other organisms, the validity of applying the Nernst Equation under these
conditions will be discussed to give an indication of the reliability of
the conclusions diagrammatically represented in F.gure Gl.

One of the requirements to be fulfilled before using the Nernst
Equation is that the system under investigation be in flux equilibrium,
i.eo the influx of the particular ion being considered should be equal
to its efflux. This was satisfactorily demonstrated for k¥, The
agreement between the Na+ fluxes wa. not good but the organism
maintained steady Na+ levels. In the case of C1 only net influxes were
measured and it was assumed that equilibrium conditions had been attained
when no further uptake occurred.

Another likely source of error was the substitutior of
"concentration" for the "activity" term in the Nernst Equation., As yet
there are no accurate determinations of activity coefficients within the
cytoplasm, but it is unlikely that they will be the same as oorrespondin

measurements in the external nediume.
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Figure Gl, A Tentative Summary of the Ionic Relations of
Anacystis nidulans.

Dotted lines indicate passive movements of ions, solid
lines active transport. The fluxes and concentrations are
those measured under normal conditions in the light at 25°.
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Applying the Nernst Equation at low temperatures may also have led
to further inaccuracies as discussed by Thorhaug (220).

Bearing in mind that the calculated Nernst potentials were subject
to the abuve assumptions, differences between them of about 10 mV were
considered insignificant - the pcstulated active transport of Nat and C1~
under normal experimental conditions was based on differences of 75 and
140 mV respectively.

In Figure Gl no linkages between ion movements have been indicated,
but it seems that the KW efflux is fairly closely coupled to the influx,
being considerably reduced in Na© medium or distilled water. It is not
known whether the proposed Na+ and C1~ pumps are electrogenic, but if so
the conclusions regarding active and passive transport would not be
invalidated, since the estimation of the membrane potential from the
Passive distribution of K is indepenédent of the origin of the potential

developed.

2e A Comparison of Anacystis nidulans with other Microorganisme and Algas.

When comparing the ionic relations of Anacystis with those of other
microorganisms and algae particular emphasis will be laid on the evolutionary

significance of the similarivies and differences observed.

(i) C1™ Relations
Cl” influxes have teen siudied in very few non-photosynthetic
microorganisms. There is some evidence from "protoplasts" of

Staphylococcus (156) that the membrane is almost impermeable to

Cl-, but this anion is readily taken up by the bacterium E. coli
and it has been suggested that the Cl~ distribution is according
to the electrochemical grudient (194). The €1~ relations of fung:
have not been widely investigated, but yeast (177) and Neurospors

(200) like Staphylococcus (156) seem to be virtually C1~ impermeable -
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Work on the C1  relations of photosynthetic bacteria is also
limited. Jackson et al (111)(112) using R. rubrum chromatophores
have suggested that the membranes may be impermeable to C1°,

but hearing in mind the postulated differences between C1~
Permeabilities of chloroplasts and sub-chloroplast particles (142),
the extrapolation of their results to include the intact bacterial
cell is probably invalid.

Active C1 influxes have been fairly conclusively demonstrated
in both marine (86) and fresh water algae (149). Anacystis like
other algae seems to actively take up C1  the rate and extent being
comparable to those observed in Chlorella (14).

Anacystis and Cnlorella are the only two non-vacuolated algae

whose €1~ relations have been studied in detail. It is interesting
that they seem to exhibit much slower influxes and maintain much
lower internal €1~ concentrations than any vacuolated algae so far
investigated.

- Chlorelle, like Nitella, Tolypella, Chara and Hydrodictyon, is a

a member of the Chlorophyta, but so far as C1l™ relations are
concerned the vresence or absence of a vacuole seems to over ride
any phylogenic considerations.

One reason for the difference in magnitude between C1l~ fluxes
and levels in vacuolated and non-vacuolated omganisms, may be that
in the fermer C1™ is required to maintain a high osmotic pressure
in the vacuole,.

The possession of a C1~ pump by Anacystis is probably associated
with its photosynthetic nature. It is e property shared by most
other photosynthetic organisms even if distantly related. Non-
photosynthetic microorganisms such as some bacteria, have not becn
shown to actively take up C1l~ even though they are believed to be
closely allied to the blue-greens. The problem of the variability
in the light dependence of the proposed active €1~ influx may have

been partly due to the lack of distinct organelles. In using a



gtructurally simple organism such as Anacystis some problems

related to the lack of spatial separation of the metabolic processes
are almost certain to be encountered. It seems highly probable that
in fnacystis respiration and photosynthesis have electron carriers

in common and may even share phosphorylating sites. This may explain
the difficulty in establishing light effects on ion transport which
are mediated through photosynthesis rather than membrane permeability.
Changing from light to dark or vice versa may not affect the
availability of ATP at the plasmalerma. This would not be expected
to arise with eucaryotic algae which have distinct mitochondria and
chloroplasts. It seems quite likely that in these organisms

the time taken for a high energy compound to reach the plasmalemma

would vary depending on its site of synthesis,

(ii) Discrimination between Na' and k'

Many functions have been ascribed to Kt in living organisms, It
is believed to be involved in many cellular processes including the
synthesis and secretion of proteins (122)(140), the uptake and
extrusion of other ions (226)(227), oxidative phosphorylation (80)
and the regulation of internsl osmolarity (65)(63)(179)(222). It
is not surprising therefore that inacystis in common with many
other organisms maintains a high internal K concentration almost
irrespeciive of the Na'/K' ratio in the medium.

This discrimination is probably largely due to an active
extrusion of Na+, but there is some indication from efflux
experiments that another discriminating meclianism may be operating.

It may be recalled that using normal finscystis cells, the
effluxes of Na™ and KT intc distilled water were much slower than
into normal culture medium. The Na~ efflux into distilled water
could be stimulated by the addition of either Na'® or KT, but the
X" efflux had more specific requirements, the efflux into distilled

water being stimulated by K+, but not by Na®. These results
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suggested that the efflux of x was compulsorily linked to a
corresponding xt influx, but that internal Na+ ions exchanged as
readily for K+ as Na+. The rapid Na+ efflux induced on the addition
of ¥* to the suspending medium (distilled water) could have been

due to the initiation of active transport when suitable counterions
(k") were available, but the further stimulation of the Na' efflux
observed by dropping the temperature implicated a permeability effect.

If this control of the specificity of the efflux was maintained
under most growing conditions, it would tend to lead to the gradual
preferential accumulation of K+ rather than Na+.

Active Na+ extrusion is a property common to many organisms, both
photosynthetic and non-photosynthetic, so the probable existence of
a Na+ pump in Anacystis does not preferentially strengthen its
aliiance to either the eucaryotic algae or the bacteria. However
the lack of inhibition of the efflux under daxrk anaerobic conditions
does suggest that like with bacteria (91)(192) substrate
phosphorylation can support active transport. Anacystis is
unusual in that growth in Na¥ medium normally ceases before the
internal K' lovel becomes too "diluted", Unlike Neurospora (201),
Chlorella (198)end Yeast (43), Na® is not accumulated in the cells
in exchange for XK' and an internal K'/Na' ratio of less than one
has not beer observed,

In nornal medium K+ and Na+ concentrations do not seem to vary
during the different stages of the life cycle. This contrasts with
E. coli (193) which does not regulate its ionic levels in the
stationary phase. In organisms like E. c0li net uptake of K+
is a pre-requisite for growth, but in organisms such as Anacystis
in which no great loss of K+ occurs, net K+ uptake may take ploce
only during growth making net movements of ions difficult to detect
(even in X* starved cells) except over periods of days rather

than hours.
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1

Na''and X" fluxes and concentrations in fnacystis may be

compared with the fluxes of these ions across the plasmalemma and
»thei; cytoplasmic concentrations in Characean cells. The internal
ion éonéentrations agree fairly well considering that the growth
conditions employed vary fiom species to species. The cytoplasmic
estimates of Na© and KT in, for example, Nitella (210) are 14 and 119
mM>fespectively, suggesting that this organism is only a little

less efficient than fnacystis in discriminating between these cations
(the corresponding values for Anacystis are about 6 mM and 150 mM).
The ionic fluxes in fnacystis appear to be slower than in Characeans.
Values quoted for the coenocytiic algae are of the same magnitude as
for inacystis (about 1 pmole Kt en 2sec™t and 0.5 pmole Na' om 2sec”
(149)), but these rates are achieved at external ion concentrations
far lower (about 0.1 mM K' and 1.0 mM Nat (149)) than those in
Asacystis medium. At about 0.1 mM external K the XK' influx in
Anacystis is only 0.2 pmoles om~2sect,

It should be realised that although these figures give an
indication of the rate of tracer movement across the cell membrane,
the rate of attainment of equilibrium in a system such as Ahacystis
ie much faster than in a vacuolated cell which has a much lower
surface erea : volume ratio. This direct compariscn between fluxes
in Anacystiv and vacuolated algae is not strictly justified as the
effects of other ions in the medium have not been taken into account.

For the same reason no accurate comparisons between the non-vacuolated

Chlorella and inacystis can be made., The influxes of k' in the

light appeared to be of the same magnitude (about 1 pmole cm_zsec-l)
but the Na* influx in Chlorella seemed slower than in either
Anacystis or coenocytic algae. With Anacystis this may be expliceble
on the basis of different external Na' concentrations.

Overall it can be concluded that there were no major differences

detected between K+ and Nab fluxes and concentrations in vacuolated

and non-vacuolated algae.
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b The Nature of the Light Induced pH Change,

The concentrations and fluxes of H' were left out of the summarising
diagram (Figure G1l) for two reasons, the internal pH was not determined
and the fluxes were only investigated in cells suspended in comparatively
simple salt solutions. The problem of the nature of the light induced pH
shift was not resolved. It seems likely that the change is either linked
to primery electron flow as suggested by Mjitchell (152) or is due to the
operation of a proton pump requiring energy derived from other photosynthetic
brocesses., The evidence in favour of each of these interpretations will be
summarised.

So far as the action of uncouplers, inhibitors and photosynthctic
cofactors is concerned there is no evidence in favour of either alternative,
the results are explicable either in terms of the level of ATP, or the
rate of cyclic electron flow.

The immediate response to light supports a link with electron flow.
If this response was due to increased ATP levels stimulating a proton
pump then a longer delay may be expected before the pH change was oﬁserved,
depending on the rate of transport of ATP or another high energy compound
from the thylakoids. A second point against the initial pH shift being the
result of a higher ATP concentration in the light is that from the
neasurement of Na+ fluxes under dark anaerobic conditions it seems possible
that substrate vhosphorylation may be sufficient to maintain active transport
for a period of hours., No immediate light effect would therefore be
anticipated,

Against the rclation of the pH shift to primary electron flow is
the unlikelihood of the proton gradient being establishcd across the
outer membrane, if it is, as Mitchell (152) suggests, the precursor of
ATP. It seems improbable that a gradient of sufficient megnitude could
be maintained across the plasmalemma as when Inacystis cells are in their
natural environment, they must almost certainly be subjected to infinite

dilution. Moreover the fact that the reduction of dyes has been observed



only on the inner membranes seems to support the proposed lack of

electron carrier systems at the outer membrane.

4 Suggested Improvements and Ideas for Future Work.

This study has given some insight into the ionic relations of

Anacystis nidulans, but there remain questions which need to be answeredp

questions such as what is the mechanism of the observed Na+/K+ discrimination,
why is the degree of light stimulation of the €1~ influx so variable and
what is the basis of the light induced pH shifts.

Clarification of these points would lead to a more detailed knowledge
of ion transport mechanisms in Anacystis and would form an essential part
of a more comprehensive comparative study of photosynthetic and non-
photosynthetic microorganisms. Such an investigation might be expected
to reveal important evolutionary trends and further our understanding
of the significance of the different ionic relations likely to be
observed.

However before attempting to solve these problems a more detailed
study of the metalolism of fnacystis would be useful. Very little is known
of the interaction between respiration and photosynthesis,of the rate of
substrate phosphorylation under different conditions, of the factors other
than light and temperature which control cell pigmentation and of the
degree of energy transfer between the two photosystems. PFurther information
on these topics would make the interpretation of the ionic relations more
meaningful.

The importance of understanding the cell's metabolism has recently
been stressed by Smith and West (208) particularly with reference to the
interpretation of inhibitor effects. They believe that most of the
controversey surrounding the 01~ influx into Characean cells has arisen
from insuffioient knowledge of the mechanism of action of inhibitors and

uncouplerse In lnacystis the situation is aggrevated by an incomplete



244

understanding of even the basio metabolism,

Before undertaking a further series of experiments with inacystis
it would be useful to grow the cells under continuous culturing conditions.
This might remove some of the variability found by Hoch et al (98) when
studying the oxygen relations of Anacystis and also observed in the
unreliability of the light stimulation of the €1 influx (this thesis).

As it is, it is difficult to say how much of the varigbility is due to
extreme sensitivity to changes in light and temperature.

More accurate determinations of the pigment concentrations could be
made, extracting phycocyanin and chlorophyll a from the cells. This might
demonstrate a relationship between the pigment content and metabolism tot
previously observed,

Further experiments directly related to ion fluxes could also be
carried out. Raven et al (175) and Harold et al .(.92)(93) used the
energy transfer inhibitors DCCD and Dio~9 to determine whether membrane~
bound ATPases were involved in ion transport. Such compounds could be
usefully applied to Anacystis determining both their effect on ion movements
and general cell metabolism. ITodoacetate could also be employed as
glycolysis may significantly contribute to the enexrgy balance of the
Anacystis cell,

Since completing the experimental work of this thesis it has
occurred to me that a crucial experiment could be carried out, modelled
on the system used by Harold et al (94)e They were able to determine the

electrogenic nature of Na+ extrusion in Streptococcus by exploiting the

anaerobic non-photosynthetic nature of this organism. They argued that

the faot that Na® extrusion was inhibited by CCCP strongly suggested

the operation of an electrogenic pump - as in these circumstances CCCP
would be functioning only as a proton translocator and not as an uncouplers.
Ne¥ fluxes in Linacystis are not inhibited by dark, anaerobic conditions
when only substrate phosphorylation is likely to be occurring. The
addition of CCCP to this system might therefore indicate if the extrusion

of Na+ is electrogenic or ATP dependent.



More use could be made of Anacystis protoplasts, particularly
in flux experiments., Treatment with lysozyme removed some cell wall
layers which may allow inhibitore easier access to the cell. There is
no evidence for a non-metabolic uptake of K+ or Na+ associated with the
cell wall, but a comparison of fluxes in "protoplasts! and whole cells
would be interesting as electronmicrographs of "protoplasts" (139) show
that some dilation of the thylakoids has occurred and differencesg in
permeability may result,

Protoplasts are metabolically active in so far as they show light
induced pH changes similar to the intact organism. Biggins (24) has
obtained particles from Phormidium "protoplasts" by dilution of the
suspending medium., These particles are capable of cyclic and non-
cyclic photophosphorylation. Similar particles could be obtained from
Anacystis which might show pH shifts. Light induced pH shifts have not
Previously been demonstrated in blue-green algae particles, and it
would proﬁably be most irformative to compare the direction of the shift
and the response to metabolic regulators and ionophores with similar
measurements made in bacterial chromatophores (111)(112) and broken
chioroplasts (109)(114). The study of pH shifts in "whole" and 'broken"
Anacystis cells might give an indication of the validity of the

chloroplast analogy.,

In summary although problems may be encountered Anacystis is a
potentially useful experimental organism for +the study of ion transport.
Greater knowledge of its metabolism would be useful, particularly of
the inter-relation of aerobic respiration and photosynthesis and their
dependence on relative pigment concentrations. With this information
ionic fluxes could be more easily interpreted and comparisons with

bacteria and euceryotic algae facilitated.



APPENDIX 1.

The Theory of Tracer Behaviour in a Two Compartment System.

(a) Influxes.
‘In deriving equations to describe the influx ofvtracer into a

cell certain assumptiohs are made :
(i) that the cell and medium are two distinct compartments with
rapid mixing of radiocactive and non-radioactive ions occurring
within each.
(ii)  that no growth or incréase in cell volume takes place and
that the ion under investigation is in a steady state (which should

not be affected by the addition of tracer).

If these conditions are fulfilled then the rate of increase of
internal activity after the addition of tracer to the medium may be

represented by :

in L é¢iso - s¢osi

dt
Substituting Si =qg£ and integrating gives
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At flux and tracer equilibrium ﬂl = ¢o and 87 = S+ Thus
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or if = k, a rate constant of unit time
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The influx can be evaluated either by measuring the initial rate
when the efflux of the tracer is negligible
i io0o0
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or by plotting log a against time which gives a straight line

of slope 273 k -
05 -

a~

o= ez oht .
138
(b) Effluxes.

If S° is maintained at a low level by, for éxample, allowing tracer

to efflux invo a large volume, then the rate of decrease in internal

activity is given by

d_:ﬁi = of°s

dt

Substituting S

® = 2" exp

i

1 ~a' and intergrating gives
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The efflux can then be evaluated using the expression
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amount of radinactivity in the cell at tracer
equilibrium (counts minute —1).

initial amount of radiocactivity iu the cells
(counts minute 1),

amount of radioactivity (counts minute -1).
Specific activity (counts per minutezmole).
area om

3

volume om

Superscripts "i" and "o" indicate internal and external quaentities.

For other abbreviations see paga'7



APPENDIX 2.

Transport Equations.

Equations have been derived to describe the movement of ions across
cell membranes. Details of the derivation of the more commonly used
transport equations are given by Koch (130). The equations are based on
the assumption that the only driving forces acting on an ion "j" are the
electrical and chemical gradients across the cell membrane. No
allowances are made for ionic interactions, "pore" effects, differences

in hydrostatic pressure or active transport.

(1) The Nernst Equation - applicable only when no net transport

is occurring,.

E.=RT 1n ¢° v
J Z.F J
3 n
h|

(i1) The Goldman Equation - assumes a linear potential gradient
across the membrane.

$. = ~P, 7, FEu,/RT

J 373
1 - exp(Z 3 FE/E)

[cg - cé exp (2, FEm/R’l)]

Pj may be calculated by considering either the influx or the efflux

of tracer. TUnder these conditions 03 or Cg is assumed to be zero.

(iii) Uesing - Teorell Equation. Like the Goldman Equation the
Ussing - Teorell or Flux Ratio Equation is applicable when

net transport is occurring, but it does not assume a constant

field,
i o
¢j - ~C:3L .
o .
¢j Cy exp (ZjFEm/RT)

Abbreviations - see page /
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