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(i)

SUMMARY

Thebasicaimoftheworkpresentedinthisthesiswasto

elucidate the operational characteristics of the Hco3 , oH a,,d H+

transport systèms putatiúe1y located ín the plasmalenuna of CttarA

eo?q,LL¿.na. It r,ìras also hoped to determine the relative contrib-

utions,ifany,thatthesethreesystemsmaketowardstheetectrical

characteristics of the plasmalemrna'

photosynthetic 14c. assimiration was studied to obtain the

relationship between HCo, influx and total Co, fixation capacity'

It was for:nd that HCÖ, transport, at the plasmalemma, was capable

of extremely high fluxes. Maximum fixation raÈes in the presence

of exogenorr= 
tn"o, and H14co3 were considerably higher than Prev-

iously reported values. Reasons are proposed for this discrepancy'

Experiments conducted over the pH range 4'8 - 1l'0 denonstrated

that photosynthetic carbon could be supplied simultaneously bv co,

diffusion and HCO, transPort'

Mathematicalanalysisofthechernicaldiffusionsystemestab-

lishedbyindividualalkalinebandsindicatedthaÈtheydonot

develop from point efflux sourcesi band sources appeared to be

operating.IndividualoHbandefftuxvalueswerecalculatedby

fittingtheirestablishedsphericaldiffusionpatternstothe

equationofacontinuoussphericalsurfaceSource.Closecorrel-

ation was obtained betwe"" ttl4co, influx and total oH efflux

calculated bY this method'

Asimilardiffusiongtudywasperformedontheacidbanding

system;acylindicalcoordinatediffusionpatternwasobserved.

Net H+ effrux was estimated using the continuous cyrindrical surface

sourceequation.Thisvaluewascomparedwithother,estimaÈesof

H+ fluxes associated with Characean cells (Kitasato'1968; Spear'
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Barr and Barr,I969¡ Richards and HoperL974). It was considered that

experimental support was not obtained for the model proposed by

Spanswick (1972).

Ìln experimental systenr was designed to test the obligate

coupling between HCO3 and OH fluxes (i.e. a Mitchell-type anti-

þorter) proposed by Lucas and Smith (1973). The results of these

experirnents demonstrated categorically that the OH eff,Iux Process

could function in the absence of exogenous HCO, At the actual OH

efflux site. Hence, the obligate coupling hypothesis was invalidated.

Ttre inter-relationships between light intensity and activation

of the OH and H+ bands were investigated. The most significant feat-

ure of these results was Èhat all OH bands are not of equal status;

there was an apparent hierarchy of OH efflux bands. (A similar sit-

utation was not observed for the acid efftux system). en hypot\dùsis

is presented to accolütt for these results in terms of total cell OH

band activatíon and regulation of the HCO3 and OH transport systems'

It is suggested that when Hco3 is present in the bathing

solution, the Hco3 and oH systems, along with the H+ system, may be

involved in determining the electrical properties of the plasmalemma'

The infLuence of various ,'cationic treatments" on the Hco, influx

capacity supported this proposal.

spear et al. (1969) and Smith (1970) proposed two quite

diffferent h¡>otheses relaÈing CI transport to H+ rnovement across

the plasmalemma. Parallel studies on the influence of light intensity

on net H+ efflux and Cl uPtake were conducted to test these hypo-

theses; their apParent invalidation is discussed'

Ítre effect of (NH4) rson on 14c. fixation under both Co, and

HCO^ assimilating conditions was studied with a view to clarifying
3

its effects of €1 uptake. It was found that (NH4) rSon interfered
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with oH- efflr¡:¡, and at higher pH values the transport of Hco3

was inhibited. Possible inhibitory mechanísms are discussed'

preliminary biophysical measurement were made on tlpicaL

cells used in experiments detailed in this thesis. t¡ese values are

compared with those obtained by other wcirkers using this species'
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CHAPTER ONE

INTRODUCTION

Assimilation of Bicarbonate lons

The topic of photosynthetic assimilation of Hco3 by aquatic

plants has indeed been controversial. The controversy stems from a

lack of information and, understanding of the equilibria involved when

inorganic carbon is used in experiments relating to photosynthesis'

Many of the early reports on this subject were inconclusive (Draper,

L844¡ Grischow, L845¡ and Hassack' 1888) and unfortunately this is true

of some present day work (Rybova and Slavikova, L974) '

In much of the early work it was assumed that the presence of

caco, incrustations provided evidence that incrusting plants could

utilize HCO3 (Cohn, L862¡ Hanstein, L873; and Hassack, 1888). This

assumption \ñlas criticized, in principle, by Arens (1933) and will be

detailed later. Lewin (L962), in her review on calcification, also

pointed out that there are many aquatic plants which can utíIize HCO3

but do not form incrustations of CaCOt.

Moore, Í'thitley and V,tebster (192I) were the first authors to use

the ability of Plants to increase the pH of the bathing solution to

high values, as an indication of HCO3 assimilation. In the same year

Ruttner (192f) used electrical conductivity measurements to demonstrate

that leaves of ELod.ea could utilize HCO3 . He showed tlnat ELodea

could decrease the Co, and HCo, content of a Ca(HCO3), solution

to a level in which only carbonate and hydroxíde remained. Ruttnerrs

interpretation was criticized by Arens (1933), who pointed out

that if plants, bathed in a Ca(HCO3), solution, used only CO, they

could stíII raise the pH of the solution. He pointed out that if

the plants could remove all the co, from the HCoa solution,

eventually only OH would remain. This criticism is valid' Theoret-
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ically all the co, could be removed from the solution, but in fact

the respiratory generation of cytoplasmic Co, Prevents this from

occurring. This concept of Co, compensation will be discussed

presently. Based on this co, mediated pH rise, Arens suggested' that

if Ca++ solutions $¡ere present, CaCO, could be precipitated without

HCO3 being utilized. Therefore he proposed that incrustations on

photosynthetic tissue could not, by themselves, be used as a rigorous

indicator of HCo, assimilation. This point has been accepted and

continually stressed in the literature (Steemann NieIsen, L963¡

Watt and Paasche , L963; and Raven, L97O).

In ans\,¡er to the above criticism Ruttner (L947 ' 1948) demonstrated

that the rate of HCO3 assimilation, by ELodea, was considerably

faster than the rate at which co, could be scrr¡bbed from the HCO,

solution, either by boiling or aerating with cor-free air. sÈeemann

Nielsen (J:g47), using paratlel pH and photosynthetic 0, evolution

studies, showed EhaE Myr,íophyLLwn spicatwn could assimitate HCO, but

that the water moss FontinaLis antipytetiea cou]]d use onlY cor. The

results of these two workers are the first to show conclusively that

some aquatic plants can photosynthetically assimilate Hco3 .

Plants not able Èo utílize HCO, cannot, in general, raise the

bathing solution pH value above 9.0; it appears that at this pH value

assimilation stops. This maximum pH value can be termed the

,,compensation pH,' (Raven, L}TO), and the co, concentration at this

value depends upon the concentration of total inorganic carbon

present in the system. In the experiments of Ruttner (1948) the CO,

concentration would have been approximatety 4pM which is very close

to the compensation point co, concentration of 3.zpu (land plants)

quoted by Verduin (1954).
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criterÍa for Bicarbonate Assimilation

From the a.bove discussion it is clear that a criterion can be

proposed, by which it can be determined whether HCO, is actually

beÍng assimilated. Using the known equilibrium constants, it is poss-

ible to calculate the concentration of free CO, in the bathing

solution at the "compensatíon pH". Provided light is non-Iimiting,

this concentration corresponds to the Co, compensation point. Now, if

the "compensation pH" exceeds the calculated t'compensation pH"

(determined using the CO, compensation concentration obtained, by

experimentation, at a fower pH where only Co, exísted in solution) it

is proposed that the discrepancy can be taken as an indication that

the plant is assimilating HCO3 (Raven, 1970). The "compensation pH",

of cells which can apparently ut,ilize HCO3 , ranges from 9.2 Lo a

maximum recorded value of 1l.g (Spit'ogyna' see schutow, 1926). A

large number of "compensation pH" values for marine algae have been

reported by Blinks (1963), and the species which can assimitate HCo3

had compensation pH values ranging from 9.5 to 10.0.

The most serious source of error, when applying this criterion,

is that other'cellular processes exist which can alter the pH of the

bathing solution. For example, there may exist a proton efflux system

which may be related to the imbalance between cation and anion fluxes

(see Raven, I97O¡ and Raven and Smith, L974, for references) . It is

also difficult to assign a reasonable "compensation pH" value from

the carbon dioxide compensation point at low pH. The assumption

must be made that the range of bathing solutíon pH values employed does

not affect cellular photosynthetic fixation reactions (Raven, 1970).

A more rigorous method by which HCO3 assimilation can be iden-

tified has been detailed by Raven (1970). This involves the inves-

tigation of the relationship between the concentration of unhydrated.
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co, and the photosynthetic rate at low and high pH values. In the

experimental procedure the low pH value should be such that > 90t

of the total carbon exists as CO, and the high pH value such that

> 95? of the total carbon exists as HCo, ot cor2-. If the photo-

synthetic fixatíon rate is significantly greater, at the high pH,

than would be predicted from the level of CO, present, then it can

be concluded that HCO3 is entering the cell and contributing carbon

for photosynthesis.

The main difficulty in the Ínterpretation of the results pertain-

ing to Hco" assimilation is the fact that HCo, may be acting as a

reservoir of exÈracellular COr. Hood and Park (1962) attempted to

remove the CO, from the HCO3 solution and hence determine whether

photosynthetic fixation sti]l proceeded. Their technique, results

and conclusions were justifiably criticized by Watt and Paasche (1963)

and also by Steemann Nielsen (1963). Although it has since been

shown that the COr-reservoir-effect does not invalidate this criterion

(Raven, 19684 it is essential, in any new study, to establish this

fact (see Appendix D in relation to Chapter 3).

This second criterion for assimilation of Hco3 was applied to

the studies reported in this dissertation.

Characean Assimilation of HCo

Hanstein (1873) proposed that the ChaY,a species he was studying

could assimilate HCO, . However, like many of the early workers he

based his conclusion on the Presence of CaCO, incrustations. He

considered that Hco3 entered the cel1 as ca(HCO3) 

' 
and, that for

each ca(Hco3)2r one molecule of, CO, was fixed photosynthetically and

a molecule of CaCO3 vtas excreted.. When the solubility product was

exceeded, caco, was precipitated in and on the ceII wall. This

hypothesis of HCO3 transport has not received experimental verification.
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Arens (1939) alçjo proPosed al1 hypothesís whj.ch at't-entpted to

explain the CaCO, banding pattern observed in numerous Characean

specie,s. He consi-dered that the bare (non-incrusted) zones were

equivalent to the lower leaf surface of ELod.ea' namely that HCOU

\^ras absorbed through these regions. The encrusted zones were

assumed equivalent to the uPPer leaf surface of ELodea, i.e. through

this surface Arens suggested OH and 
"Or'- 

were excreted. This

hypothesis \^Ias also entirely hypothetical and again no supporting

evidence has been forthcoming.

Actually experimental evidence relating to HCO3 assimilation

within the Characeae is sparse. Hassack (1888) reported that cells of

NíteLLa graeiLis and. Chara foetida could synthesize starch when the

bathing solution contained 0.053 (6.02mM) or 0.1% (12.05mM) NaHCOr.

The pH values were not specified¡ but are unlikely to have been higher

than 8.3, assuming the solutions \^Iere freshly prepared. Therefore

starch synthesis coul-d have resulted from fixation of CO, supplied by

<liffusion of COr. Dahm Ug26), using Chara fragiLis, found that this

species could raise the bathing solution pH to 9,7 after I hours

illumination. On the basis of the results reported by Smi.th (1968a) it

woul<l appear that this species can utilize exogenous HCoa '

Ho\dever, it was not until- the work of smith (L967a, 1968a) that

it was conclusively shown that Characean cells could photosynthetically

utilize exogenous HCO3 This work will be dealt with in detait in

Chapter 3, in relat"ion to the photosynthetic capacity of these cells.

Bicarbonate Influx and Hydroxyl Efflux

It is generally accepted. that HCO, , once it has entered the

cell, supplies carbon to the chloroplasts via the equilibrium

reaction Hco3 + H+= H2o + co2, i.e. it is co, which is utirized

by the ribulose diphosphate carboxylase reaction (Cooper, Filmer,
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tüishnick and Lane, 1969). Hence for each mole of carbon fixed, a

mole of oH is generated in the cytoplasm.

The photosynthetic rate under exogenous HCO, and the character-

istic of photosynthesis in this experimental situatíon have been

studied by numerous workers, using a variety of aguatic plants.

However, the actual mechanism of IICO, influx and oH efflux has

received very little attention. Steemann Nielsen (1947) showed that

HCo. assimilation in Myr'íophyLLwn lnað, a lower quantum yield than was
3

observed when CO, was the exogenous carbon source. Th.is suggested

that there I^Ias an extra light-dependent reaction involved in the

cellular utilization of HCO3 compared with COr. Steemann Nielsen

(1951) proposed that HCO, entry was passive, he considered that it

was the excretion of OH which required the light energy. The cations

which were observed to move during photosynthetic HCO3 utilization

(Arens, 1936arb; and Steemann Nielsen, L947 ) were assumed to move

passively (cf. Lowenhaupt, 1958).

It has been observed that when exogenous HCO3 is employed, not

only does photosynthesis have a lower quantum yietd, but that under

light limiting and saturating conditions the rate is always lower

compared with that which is obtained using exogenous COr. Steemann

Nielsen (Lg47) attenpted to expJ-ain these observations on the basis

of Èhe oH efflux requirements. He suggested that under lÍght

limiting conditions a photochemical reaction associated with OH

efflux acted as the limiting factor. Under saturating light intensities

he proposed that an enzyme, specifically connected with oH

transport, acted as the limiting factor. Steemann Nielsenrs prop-

osals are weakened by his treatment of the entry of HCO, This

he considered to be a passive process and. his argument based on the

stoichiometry of anion influx with respiration (Lundegårdh, L949),

was criticized by österlind (I95I). österlind pointed out that
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photosynthesizing cells possess an energy souTce other than respir-

ation, and it is difficult to see why Steemann Nielsen could consider

OH efflux to be closely connected with a "photochemical reactionrl

and yet discard this possibility for HCO" The HCO" entry has-3 J -

been considered by other \dorkers, to be associated with a photochem-

ical reaction (see Raven, 19680.

The hypothesis developed by Lowenhaupt (1956) is worth discussing,

for he proposed an active cation pump to explain the HCO3 results of

Arens (1930, 1933, 1936a,b) and Steemann Nielsen (L947). He proposed

that "the concept of active transport of anions in the leaf (OH ,

HCO. or others) would appear to involve several theoretical contra-
J

dictions", unfortunately the nature of these "contradictions" was not

detailed. Lowenhaupt's hypothesis was that active transport of cations

occurred in three steps, the entíre Process was assumed to be light

st,imulated. The steps were !

(a) cation attachment to a binding group,

(b) reorientation of the group towards the other surface of the

active meÍtbrane, and

(c) release of the cation.

There was considered to be a requirement for photosynthetic energy in

that it facÍlitated the cation release sÈep. ln response to stePs

(a) - (c), synthesís of a bícarbonate-accepting compound was consid-

ered to occur in the plasmalemma. Lowenhaupt proposed that the

transport of HCO, was facilitated via this "compound".

It should be emghasized that this hypothesis was ProPosed for

the rather unusual HCO3 and cation system observed in the Ieaves of

MyriophyLLum anð, ELodea. It is unlikely that this hypothesis would

be applicable to HCO3 transport in Characean cells for large cation

fluxes,

(Raven,

associated with HCO3 assimilation, have not been observed

1970, p. 203-4 where reference is made to unpublished results).
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To date, the most complete analysis of HCO3 assimílation by an

organism is that presented for Hydrodietyon africanum by Raven (1968t| '

After demonstrating that ä. afnicanun could utilize exogenous HCO3

as a photosynthetic substrate and that it was not simply acting as a

reservoir for COr, Raven went on to show that the photosynthetic

rate h¡as always lower with exogenous HCO3 as the carbon source. This

supported the results of Steemann Nielsen (L9471 and Raven also inter-

preted his results as indicating that the light requirement to fix a

mole of carbon, supplied exogenously as HCO3 , \^tas greater than was

required to fíx a mole, supplied exogenously as CO2.

By the use of photosynthetic light filters, Raven showed that a

parallel "red drop" occurred. for fixation from both exogenous CO, and

HCO^ solutions. This parallel in response was also observed in the
J

presence of an increasing DCMU concentration, i.e. the requirement of

a higher quantum i.nput for HCO, persisted as photosynthetic fixation

was inhibited. This type of response was not observed r.vhen the un-

coupler CCCp was employed. Under its influence ' fixation was inhibited

to the same absolute level, whether the exogenous form of carbon I¡Ias

HCO3 or COr. Raven inferred from the CCCP results that AÎP per se

rÂras not required for the actual transport of HCO, . Following the

earlier hypothesis of Steemann Nielsen, Raven proposed that his HCO,

results indicated that there was an extra light-dependent step in

carbon fixation, when HCO, was the exogenous carbon source. In contrast

to Steemann Nielsen, he favoured the hypothesis that this step was

associated with the active transport of HCO3 into the cell. The

concept of actíve transport and the conclusions drawn by Raven concern-

ing HCO. transport will be discussed ín a later section. However,

it is worth mentioning at this point that Raven (1970) has extended

the active transporters required, under HCO3 assimilating conditions,

to ínclude an active OH efflux process.
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The Band Phenomenon and its 1a to HCO Assimilatior,

several hypotheses which have attempÈed to relate the process of

precipitation of caco, to HCo, assimilation have already been men-

tioned. One hypothesis which has not been considere<l is that proposed

by Spear, Barr and Barr (1969). These workers placed cells of NiLeLLa

cLaOata in a bathing solution which contained O.ImM phenol red (an

acid-base indicator). They observed that, in the light, the ceII surface

of /\/. elaUata was divided. into alternating acid and atkaline bands'

Spear et aI. (1969) proposed that the acid regions resulted from an

active H+ efflux system and they claimed that this offered experimental

support for the electrogenic proton pwnp postulated by Kitasato (1968) '

The alkaline regions vrere attributed to "a net passive H
+

influx". This hypothesis \das rejected by smith (1970) who suggested,

since the alkaline bands increased in intensity in the presence of

NaHCOr, that they were formed by the efflux of oH resultant from

HCO3 ínflux and co, fixation. It is noteworthy that smith (1970)

useð, Chara. eoraLLina for his studies' and that this species also

developed acid and alkaline bands, vtith the acid regions being d'ominant

in terms of coverage of cell surface area.

MacRobbie (1970) suggested that the Hco3 -oH hypothesis of

Smith (1970) needed experimental confirmation. This stipulation

should also have been applied to all the earlier hypotheses proposed

to account for this alkalinization Phenomenon. Lucas and Smith

(f973) demonstrated conclusively that the alkaline bands, which

devetoped on the ceII surface of C. cord.LL¿na, htere dependent upon

the presence of HCO3 in the bathing solution. The pH measurements

along Eine Chaya.cell wall indicated that the alkaline bands had

pronounced peaks \¡thereas the acid regions 1^tere broader and more

uniform. This alkaline and acid pattern htas assumed to support the
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concept of localized OH efflux, superimposed on an apparently

uniform H* efflux system, but the two processes may be related to

entirely separate cellular processes. These authors also suggested

that the HCO3 influx system vras not electrogenic (see later section

for full definition). They based this conclusion on the fact that

whereas the basic electrical characteristics of the,various Characean

species were similar, the species had very different abilities to

utilize HCO3 (SmithrLg68s. To estabtish a non-electroEenic system,

it was proposed that HCO, influx and OH efflux ldere coupled in an

obligate manner such that an electrically neutral carrier system

resulted. It should be stressed that there ís no experimental support

for this obligate HCO3 /OH coupled system. It is extremely important

that this be realized because such a system is of considerable

importance when the electrical properties of the plasmalemma are

being considered. It is unfortunate that some workers Ín this field

have assumed the obligate coupling proposed by Lucas and Smith to be

valid without experimental confirmation (Richards and Hope, L974) "

This hypothesis will be examined in detail in chapters 5 and 7.

The proposal by spear et al.that the acid regions convert HCo,

to Hrcor, which then enters the cell, must be incorrect since a

process of this nature could not result in a localized concentration

of OH . euantitative evaluation of the OH efflux associated htith

HCO3 transport has received very little attention indeed, the only

study being that performed by Lindahl (1963) on EnteromoYphq' Lì'nza,.'

He determined that this species gave off as many equivalents of OH-

as it took up Hco3 . A complete quantitative analysis of the oH

efflux and HCO, influx associated with Hco3 assimilation, will

be presented in Chapter 4.
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Active Tran svstems in "Gíant" Algal Cells

Definítion of Aetiue Tt'ansport

Before discussing the active transport systems which have been

identified in the algal cells of the CÏ¡,araceae and Chlorococcales,

the concept of active transport wilt be briefty reviewed. The first

rigorous definition of active transport was proposed by Ussing

(1949a). He defined it as the process by which an j-on is moved against

its electrochemical potential gradient. For this to occur, Ussing

proposed that the transported ion was coupled to a decrease in free

energy of some other cellular (metabolic) process. In a later paper

(Ussing, Lg4gb) he derived the no\^¡ very famíIiar Ussing flux ratio

equation,

J l-n (1. r)
Jout c', exp (z .F Y /RT)

where ,f" , J are the influx and efflux respectively of the jth
IN OUE

ion, co. and ci. are the concentrations of the jth ion on the two')l

sides of the membrane, the superscrípts o and i refer to the outside

and inside respectively , z. ís the algebraic valence of the ith ion,

V is the electrical potential across the membrane, F is the Faraday

Constant, R is the gas constant and T is the absolute temperature.

This relationship was also derived independently by Teorell (1949).

EquatÍon (1.1) has been used by both plant and animal physiol-

ogists to determine whether the ionic (net) flux is passive. The

expression is quite general fot p€&, independent movement of

ions and relates the fact that ionic movement is proportional to its

electrochemical potential difference" The derivation assumed

ideality of the solutions, which may not hold for some biological

systems. Hence it should be remembered that it may be necessary to

determine ionic activíties rather than concentrations. The other

co
)
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1ímitation, as pointed out by MacRobbie (1970), is that non-independence

and interaction of ions in the membrane may influence the magnj-tude

of the flux ratio. It is consequently more suitable to identify

active transport by a flux ratio which has the incorrect sign on the

logarithm of that ratio (MacRobbie, 1970). Other workers have

attempted to appty the principles of irreversible or non-equilÍbrium

thermodynamics to solve this problem (see Simons, 1969¡ and Thain,

1973). To use equation (1.1.) 
"ir,, 

Jout 
""j, "tj 

and V must all be

determÍned experimentally and this has at times proved to be difficult.

This difficulty becomes acute when dealing with ions like HCO3 which

can be converted to other chemical forms via various equilibrium

reactions.

In mature ce1ls it has often been observed that oir, = Joot "td
hence under these conditions, equation (1.1) reduces to

RT CO,ur j ""'(r'2)
Z .E Cr-- j - )

which is the well known Nernst eguation. Equation (1.2) has also

been used widely by plant physiologists to determine whether an ion

is in thermodynamic equilibrium. It should be stressed that applic-

ation of this equation is strictly valid only when influx and efflux

are equal, activities are equal to concentrations and the ionic

movements are independent"

Kedem (1961), usÍng the principles of irreversible thermodynamics

(see Katchalsky, 1961), extended the Ussing definition of active

transport. She developed equations relating the flow of each component

to its various driving forces of chemical potential, solvent drag

and ion-ion ínteraction. If there $ras an active component of flow

present, then a term which coupled the rate of a specÍfic metabolic

reaction to the active transport of that ion, was included in the

flow equation. Until experimental results indicated otherwise,
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Kedem proposed that all flows should be assumed j-nter-dependent,

especially the chemical or metabolíc reactÍon. Active transport was

considered to be operating when there h¡as a non-zero coupling co-

efficient betlÂIeen the flow of a particular ion and the chemical

(rnetabolic) reaction.

MacRobbie (1970) criticized Kedem's description of active transport,

Ievetling her criticism at the indirectness of the coupling between

Èhe specific process of actíve flow and the driving reaction(s) of

metabolism. A further limitation is that, îox plants in particular,

it is difficult to ascertain the exact contribution, of the total

metabolic rate, that is coupled to the actíve process. This Ís partíc-

ularly true for photosynthetic tissue where, in the light, both

respiration and photosynthesis could act as energy sources. This

difficulty has meant that, as yet, the irreversible thermodynamic

treatment has rarely been employed in ion transport studies related

to plants.

'Actiue Ehnes of K*, Na+ and. cL-

In the work described in the following discussion the acÈive

nature of the ionic flux was determined, by the various v¡orkers, bY

employíng eÍther eguation (1.I) or (1.2). Of the ionic fluxes studied'

K+, Na+ and Cl have recej-ved the greater attention (an extensive

Iist of references to t}is work is given in the review by MacRobbie,

1970, p. 2591. In general it, has been found that in all giant algal

species studied, Na+ is actively extruded wbilst Cl is actively

accumulated. The sitrration wÍth respect to K* is not as uniform,

NíteLLa tv.ansLueens (MacRobbie, Lg62l, NiteLLa eLauata (Barr and

Broyer t Lg64) and Hydtodietgan aftieanwn (Raven, L967' Possess an

+-+actÍve K- uptake mechanism while ín Chara eopa.LLì'na' K' appears to

be in passive equílibrium and the fluxes have therefore been assumed

to be passive.
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Apparently in /t/. tz'ans,ucens and H, afyieanum the active

++transport of Na-, K- and CI is controlled by two independent systems;

both systems are líght stimulated. One is a coupled f+7Ua+ system

which is ouabain-sensitive (Raven, Lg67) and its coupling ratio is also

light dependent. Under dark conditions the Na+ efflux is reduced to

approximately 5oB of its varue in the right, but K+ Ínflux in the

dark is reduced to a very low level. A small passive contribution to

the total cation fluxes is also present when the cell is illuminated,

the passive cation permeability being considerably reduced in the

dark.

The second system involves the coupling of cation fluxes to

active chloride transport. The cation associated with this CI influx

varies from specíes to species, ê.g. Na+ is the cation involved in

N. ty,ansLueens (Smith, 1967b), K+ for ToLypeLLa intv'ieata (Smith,

I968b) and Raven (I968b) showed that the cations K* and Na* could

contribute to this flux in I/. africanum. A reduction in CI influx

occurs when monovalent cations are excluded from the bathing solution.

It has been suggested that this C1- stimulation is correlated with

the relative passive Permeabilities of these cations (Raven, 1968b) '

MacRobbie (1970) suggested that this apparently inplied that cl

influx was electrogenic (this Èerm wi]l be defined in the section

relating to membrane potentials). However, since timited experim-

ental support has been obtained for this hypothesis, MacRobbie

favoured the alternative explanation of these results, namely that

the CI pump transferred neutral salt. lnlork with C. eo!'aLLina

(Findlay, Hope, Pitman, Smith and Walker, 1969) suggested that

+part of the K- influx may be due to Cl transport which "alters the

effective membrane potential difference". However thÍs contribution

to the potential was smal], the mean value observed when cells htere

transferred from a CI to a SOn= solution was + 14mV. Pickard (1973)
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also shovred ttrat replacing C1- by son= had very little effect on the

resting potential, in thLe caee the potentLal beca¡re more negatfve by

5 to 10nV. At this polnt lt ls probably worth pointing out ttrat tf¡l-s

observed cation,/catíon and a¡rÍon/cation coupling deuronstrates the

restriction whích must be placed on the use of tÌ¡e Ussing flux ratio

equation, sínce this e:çresgion requLres índependent Íon movement.

For these specific cells (tlr. trarteLtrcens artd, H, africønnn), ttre

energry for the K+^¡a+ system has been deupnstrated to be ÀTP, produced

by photophosphorylation. lltre Cl Bystem does not aPPear to reguire

photoslmtlretically generated ATP¡ tlre nature of the coupling between tJre

photoslmthetic light reactlons and tt¡is CI transport system has not

been fully elucidated. MacRobbie (1965, 1966) suggested ttrat tf¡e CI

system was lír¡ked to a non-cyclIc electron trar¡sfer reaction, however tl¡e

nature of thÍs linkage renalng obscure. Spear et al. (1969) a¡rd Ranren

(1969b) pro¡nsed that the triose phosphater/phosphoglycerate shuttle

(Latzko a¡rd Gibbs, 1969), across the chloroplast, me¡ibra¡re, provided NADII2

and ATP in t}re cytoplasm and that one (or bottr) of these high energy com-

por¡rtds was ínvolved ln the tra¡report of Cl- across tlte plasnalelura.

Chana eonalLina does not have a K+^¡a+ linked transPort systen, as

uæntioned previously, K* appèars to be in passlve flux equllibrir¡¡r
+(Hope, L9621. However, there is ari active Na effhu< system preaentt

but this ie not light stimulated (Findlay et al. ' 1969) . lfhe Cl

infh¡x can be light stimulated, and if so, is sensitive to DCMU or

CMU (Coster and Hope, 1968; a¡rd Snlth and Raven, L9?41. It is ir

portant to note ttrat the extensive e:çerinente of Findlay et aI.

(1969) de¡pnstrated that C,' eonaLlina can exist in various "g!g!g''

and that tl¡e CI infh¡x nay not alwaye be light stimulated nor

respond to the renpval of "counterions". lftre "State A" of Findlay

et al. corresponds to the reep,onse obseñted in ,lV. ttøteLuceze a¡rd

II. afrieøton, but in "states B-D" the K+ a¡rd CI flr¡xes are aPPar-

ently índependent. ift¡e natr¡re a¡rd reason for tÌ¡ese states remains
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unknown and must surely serve as a li¡arning that at least this ceII

ís physiologi.cally different from the other Characean species.

The energy source for CI influx into C" cov'd.Llina appears Èo

be different from that present in /l/. transLueens anð, H, afrieanum,

Coster and Hope (1968) showed that low concentrations of DCMU lowered

Cl influx in the light and Smith and V'lest (1969) demonstrated that

CCCP also reduced the light stimulated CI influx. The work of Smith

and West provided no evidence which supported the hypothesis Èhat CI

influx was directly linked to non-cyclic photosynthetic electron flow

reactions rather than photophosphorylation. The energetics of Cl

transport in this cell was extended by Smith and Raven (L974'), who

proposed that cyclic phosphorylation cannot supply ATP for cI trans-

port in the absence of photosystem II. Even so the CI sÍtuation does

not seem to have been resolved completely, fot example the competitive

inhibition of Cl influx by HCO3 has not been successfully explained'

and OH Fluxes: Active or Fa ilitated

It has already been mentioned that Steemann Níelsen (L947) and

Raven (f968!) demonstrated that assimilation of exogenous HCO3

required more energy per mole of carbon fixed than when co, entered

by diffusion. Both authors considered that the extra energy $tas

requÍred by the cell for transport of either Hco3 or oH . However,

to determine whether these fluxes are active or passive it is necess-

ary to obtain experimentally accurate values of all the parameters

associated with equatÍon (f.I). To date this has not been accomplished,

the values which have not been determined are the cytoplasmic con-

centrations of HCO3 and oH .

Raven (196Ð and Smith (196e4 did not use equation (l.I),

instead they assumed that the cytoplasmic HCO3 level was zero and

that the Goldman (1943) equation could be applied" (rhe timitea
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use of this equation will be discussed in the following section on

membrane potentials). These \^¡orkers calculated HCO3 permeability

coefficient (Pucor-) values of lo-4 cm s I W, afz'ieanum) and

-¿. '-q -15 x 10-* to 5 x 1O-' cm s-' (several Characeae). Raven (1970) con-

cluded that since P---^ - \¡Ias aPP 
q

" 
PHCO'- \^Ias approximately 10- times greater than

Pcl-, the entry of HCo, into the cell was not passive but occurred

via "some chemical interaction of bicarbonate with the membrane".

However, HCO. entry may not be active, but could stitl occur via
'3

facilitated diffusion, i.e. passive entry of HCo, mediated by a

membrane bound carrier. lf. this was so, the facilitated diffusion

mechanism would elçlain the high calculated "permeability coefficient."

The same conclusion, concerning the nature of HCO3 entry, could

have been obtained using equation (LI). Again an assumption of the

cytoplasmic HCo3 concentration is necessary. Since 
"o*"or- 

h¡as

usualty ImM (see Smith, 19690, c1,^^ was assumed to be non'zero
HCO3-

and lOyM was used as a "working" concentration. It is also necessary

to make an estÍmate of the membrane potential (V --\ under HCO"cor
assimilating conditions, this is complicated by the sensitivity of

Y to pH. The bathing solution pH value for HCO3 experiments !'\¡as
co

usually between 9 and 10. It is unfortunate that data for V"o t"

sparse in this pH range and also the few reported values seem to

vary for each species (cf. Spanswick | 1972; Volkov, L973¡ and

Richards and Hope, 1974). Using the data of Richards and Hope (r.9741,

Y _^ for C. coya'l,l.ina would be approximately 170 to 180mV. The flux
co

J.
ratio -in is > I because there \¡¡as net transport of HCOa into the

Jout Jin
cell, hence t"n 5| must be positive. Hovtever, employíng the

out
above estimates of Cr - and y in eguation (I" I) , it was

HCO3 co

found that the logarithm of the equation was equal to -1.O44.

According to MacRobbie this would indicate that HCO3 transport is

not passive,



18

It is possible, by holding co - and V^^ constant' to- HCO3 co

estimate the maximum concentration which could be established by

facilitated diffusion. This was obtained by íncrea"irrs Ct""or-

until. the sign of the logarithm became positive, the value at which

this occurred was 0.9w. Hence the supply of HCO3-, vía facilitated

diffusion, must remain as a possibility, but' the internal HCO,

concentration would be very low. In consequence there would be the

requirement of a very low Km for the photosynthetíc fixation reaction'

Raven (1970) stated that, at least fot H, aft'ieartum, the experímental

data did not support thís low Km hypothesis and he concluded that it

r^¡as more likely that HCo, transport was active. Ravents argument

was supported by the work of werdan and Heldt (L972). These workers

considered that inorganic carbon crossed the chloroplast outer mem-

brane by diffusion of COr. (If there had been an acÈíve HCO3 transport

system in the chloroplast membrane it's Km may have been low) '

The data avaiLable for C, eoy'aLfina is insufficient to enable

a definite conclusion on whether Hco3 transport is active. This

is because the kinetic data for co, fixatíon is incomplete and

second,Iy it is not yet clear whether Hco3 can be assumed to move

independently. Lucas and smith (1973) considered Hco3 movement

to be obligately coupled to oH efflux. If the transport is coupled,

equation (I.1) cannot be used to determined whether the movement

is passive or acÈíve" Hence, although the literature almost always

refers to HCo, influx as active, ít can be seen that there must

still be some doubt concerning the acceptance of this status.

There is also some doubt concerning the OH efflux situation

in C. eoraLLina" The cytoplasmíc pH of plants can be assumed to

lie between 6.5 and 7.5 (Vüaddell and Bates, L969; Shieh and Barber'

l9'7L¡ and Raven and Smith, T974 for a review of this Literature) '

However this is the average value of the cytoplasm and for
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C" eoraLLína this nay not be equivalent to the pH value at the OH

efflux sites. Nevertheless using o.lUM ror ci*-, IOUM for coo*-

(experimental pH of the bathing solution generally > 9.0) and

l8OmV for \}' in equation (r.1) gave a negative logarithm. The
co 

.T.

net OH movement is out of the cell, therefore log 3L must also
Jout

be negative, which would suggest that the observed OH' efflux could

be passive.

For Chaya eoraLLina the cytoplasmic pH may not be 7.0, espec-

ially during HCO3 assimilation, and also the localized OH efflux

pattern (see Lucas and Smith, Lg73) may establish a situation which

can only be explained by invoking active OH efflux. Further exper-

imentation is required before the status of either the HCO, or OH

system can be completely defined. Tt is also important Èo not'e

that since, for the OH ion, the influx and efflux rates are not

Iíkely to be equal, equation (1.2) cannot be applied to determine

the status of this ion.

There is one other extremely important ion which has not been

discussed, this ion is of course the proton. The discussion relating

to this ion will be deferred at this stage because it wíIl be con-

sidered in the secÈÍon on electrogenic membrane components in the

Characeae. The other mínor ions, which include sulphate, phosphate

and acetate, will not be discussed since they have little or no

bearing on the subject maÈter presented in this dissertation.
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. . . (r.3)

Pcts -*'Lüe Di f fr,Lsi.on F it l: e n t i.al s

During the early elcctrical studies on the Characean membrane,

i.t was gerrerall-y thought Lhat the electr-j.cal potential ol:served across

the plasrnalemma was cleverl.operrl by passive ionic fluxes, Í.e. it was

considered to ::esult- from an asymmetric distribution of ions across

the menbrane and the faet that ions of the sal.ts involvecl had different

ioni.<; mobj-lities. The asynnretry in conce¡rtration was considered to

.resrrlt fr.om neutral active transport systems (Dainty, 1962). Excell-

errt reviews of this early wc,r:k have been Presented by Dainty (19621 ,

I

MacRobbie (I9?0) a.nd Higinbotham (f973).

In general, equation (1"2) was empJoyed. when only one ion was

involved. Hcdgkilì and K.;rtz (l-949) developed the expression for the

sj.trration where more hhan one |cn was involved. They used the

Gol¿nan flux eguations (GoJ.rlmar., 1943) to express the various ionic

currents, in their case K+, Naì' and CI . By combining these currents

ar¡d mak:i rrg bhe assr.rnrpticn th¡¡t t-he net rJtlrrerlt \^Ias zero, Lhey

obt"¿¡ ineci t.he expr:ession,

Y = I[ln
co !'

+
PK{' [K ]

o+"P +
Ne luun lo * ""r- [c].-li

P+
K [K+]1 + p * [uo'' ]i + P lcr- lo

Na cli.

The srrperscripl:.s i ancl c.r inflj.clat-e the t:w<> sides of the membrane,

insj<ie (cytoplasm) and c.¡utside (bathi.ng solution) respectj'velY. Pr r

the perrreabj.Iity cceffic-:ie:nt of ther 3th ior,, is a compl.ex parameter

and can be clefined at¡ P. = ll' .EI f , (after Hodgkin and Katz,
I la l

).949¡ and Dainl-y, Lg62\, wher:e U', is the j-onic mobilit'y within

t,he membra.ne, a is ttre membr.r¡re thickne-ss and k. is the ion

partition ç.qçffjç:ient betwe.en the membra¡re arlcl the sol.utic¡n.
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Equation (I.3) was found to fit the potential of the Characeae

under certain conditions. This generally involved the absence or

very low concentration of C"++ i¡ the bathing solution (OsÈerhout,

1949¡ Kishimoto, LgSg; Hope and v{alker, 196I; Spanswick, stolarek

an{ Vüi]Iiams, L967 ¡ Kitasato, 1968; Spanswick, L972i and Gillet

and Lefebvre, 19731. Hohlever, the non-indePendent movement of many

of the ions associated with these cells and their potential, must cast

doubt on the vatidity of the application of this expression (MacRobbie,

t96g). spanswick et al. (1967) proposed that, "when c-+* i" present

in the bathing medium, there is no form of the Goldman equation which

can be used to describe Y ".
co

There are also numerous reports in the literature of potentials

which are more negaÈive than can be predicted by either equation (I.2)

or (I.3) (see for an excellent example, Spanswick, 19721, i.e. there

would appear to be some other factor contributing to the membrane

potential. Perhaps the most significant short-coming of these eguat-

ions and the theory upon which they have been based, ís their inability

to predict the correct experimentally observed meÍìbrane conductance.

The calculated value is usually about an order of magnitude smaller

than the experimentally d.etermined, value (Dainty, L962¡ Wilfiams

,Johnston and Dainty, L964¡ and Walker and Hope, 1969). However,

spanswick (1970þ) showed that the membrane resistance may take

several hours to recover from the effect of insertion of the micro-

electrodes used to measure potential and resistance. He considered

that if "all" the ionic fluxes were included, the disagreement bet-

ween theory and experimentally obtained values would be small. This

proposal does not seem to have received support in the ensuing

Iiterature, Spanswick himself seems to discard it in favour of an

electrogenic transport system which contributes to the total conductance

(Spanswick, 1972, 1973t L974).
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Although equation (r,3) and the Goldman eguatíons do not sat-

isfactorily represent the membrane potential of the Characeae, they

are still beíng exployed sínce, as pointed out by Richards and Hope

(Lg74t, there is not a more suitable alternative. This point should

be stressed, for the results obtained using these equations should

always be viewed with this in mind'-

Elect"togenie Cornponent of the Menbrane Potenti'aL

The inability of the Goldman and Hodgkin and Katz equations to

fit the experimentalty observed potentials' prompted numerous prop-

osals of electrogenic PumPs which !{ere considered to contribute

towards determÍning the membrane potential (Slayman, L965; Hope, L965¡

Spanswick et al., 1967, and Kitasato, 1968). An electrogenic transport

system can be defined as a carrier system whích by its action trans-

fers net charge across the membrane and hence generates electrical

potential at the expense of metabolic energy (S1ayman, L965i and

Higinbotham, Lg73). The general criterion for the existence of an

electrogenÍc pump is the presence of a potential more negative than

can be accounted for using either equation (I'2) or (1.3) (Kitasato,

1968; and Spanswick, Lg72). Dainty (1962) described the experimental

procedure which could be employed to determine whether an electrogenic

pump vüas contributing to the membrane potentíal. This involved the

use of metabolic inhibitors which would stop the electrogenic pump'

He suggested that a rapid change (i.e. towards a less negative

value in the Characeae) in potential would probably indicate the

presence of an electrogenic pump. He proposed that a slow change

would indicate the inhibition of a neuÈral pump, which contríbutes to

the passive diffusion potential by maintaining an asymmetric con-

centration.



23.

perhaps the most elegant work demonstrating the existence of an

electrogenic pump was that of slayman (1970) and slaymant Long and Lu

(1973) " In this work slayman and his collaborators showed that the

membrane potential of the fungus NeWospora ena.ssa dropped rapidly to

a ne\d resting level when respiratory inhibitors were added. It was

suggested that protons h¡ere transported across the plasmalemma in an

electrogenic manner (stayman, 1970) and srayman et al' provided very

convincing evidence that the energy was supplied by ATP. Numerous

reports have been made of possible electrogenic contributioni to the

membrane potential of the Characeae. The main body of thís work in-

volves the response of the membrane to changes in the bathing solutÍon

pH.

fnfLuenee of pH on Characnon Y 

"o
Kishimoto (1959) was the first worker to report that Y"o of

C, eoyalLina \.ras extremely sensitive to the pH value of the bathing

solution. He found that increasing the pH caused Y"o ao become more

negative, attaining a maximum negative value ( g - 205mV) at approx-

imately pH 6.7" The value of Y"o, at pH values >7.0, decreased in a

nanner which was almost slrmmeÈrical to its increase at pH values < 7.0.

Kishimoto did not offer an explanatíon for this variation of V.. wiÈh

pH.

Hope (lg6Siinadvertently changed the pH value of the bathing solution

by adding NaHCOr. He attributed the observed hyperpolarization to

an electrogenic HCO3 transport system. (In this present study the

membrane is considered to become hyperpolarized when the value of V.o

becomes more negative than the control value of V"o, which existed

prior to the particular experimental treatment). It is proposed to

discuss this work in detaÍI in the section relating to the influence

of light on the value of V -^ and so no further comment will be made

at this point.
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The work of Kitasato (1968) was probably the most important

report on the infl.uence of pH on Characean $'.o" His hypothesis was

ehat in NiùeLLa claUata, in the pH range 5 to 6, the proton conduct-

ance \ñras substantialJ.y equal to the membrane conductance, and that

f-here existed a H* extrusion mechanism, Iocated in the plasmalemma,

which contributed electrogenically to t'cori.e, passive H+ influx

was balanced by an active proton efflux mechanism such that the cyto-

plasmic pH value was kept constant. He proposed that under these con-

ditions the membrane potential could be expressed by

tl¡ Fø +
HY+

H
(1 4)co

cf-m

where ø,,+ ís the active efflux of protons, Y"+ is the dÍffusion
H

potential with respect to protons and g* is the passive membrane con-

ductance.

Kitasato observed a depolarization of the membrane when 0.2mM

2,4-dinitrophenol (an uncoupler of respiratíon) was included in the

bathing solution. The decay "f 
Y"o to a ne\^t resting potential was

not anlmhere near as rapid as that observed by Slayman et aI. (1973) 
"

A sÍmilar effect to that reported by Kitasato, was observed by

Richards and Hope (l-g74l; in both reports this depolarization \^Ias

assumed to índicate the Presence of an electrogenic pump.

Kitasato's work stimulated ínterest in this field and numerous

biophysícal studies \^7ere conducted to test this hypothesis. The

maÍn weakness of the hypothesis appeared to lie in the proposal of a

high passive permeability to protons (Walker and Hope, L969 i Coster,

L969¡ Lannoye' Tarr and Dainty, t970; Spanswick, L972t L973,

Raven and smith, Lg74; and Richards and Hope, ],974r. The high passÍve

proton permeability concept did not aPpear to be supported by

Kitasato's own data nor by Èhe later work of Saíto and Senda (f973b)
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or RÍchards and Hope (1974). Inhibition of the electrogenic com-

ponent caused the membrane potential to fall to a level close to

the K+ diffusion potentiar, and not the tt+ diffusion potentiar as

postulated by Kitasato. Hence Y"+ in equation (I.4) should not be

substituted for v diffusion, which can be calculated using

equation (f"3).

The main support for Kitasato's hypothesis tilas the observation

by Spear er aI. (1969) and Smith (1970) that cells of NiteLLa

cLaUata anð. CLnra eona,LL¿nd. develop light stimulated acid bands on

their surfaces. Lucas and Smith (1973) demonstrated the time-course

of this acid efflux, but no identification of its relationship to

metabolism has been forthcoming. Rent, .fohnson and Barr (1972)

measured the passive H* influx ínlco NiteLLa eLauata aE pH 4.7 and

from their results they catculated that this flux was of the same

order of magnitude as that proposed by Kitasato. Ho\,'rever, ít is

dÍfficult to ascertain whether Èheir exPeriments, conducted at this

pH va1ue, are at all meaningful sínce later work from this laborat'ory

described the experimental conditions as "rather severe" (Brown,

Ryan and Barr, 1973). Bro\^n et al. calculated passive H* influx

values as high as 220 p*or "*-2s-r, a value which appears to be

absurdly high" This doubt was given further weíght by the work of

Richards and Hope (Lgi¡l who carcurated that the H+ efflux at pH

5.0 was onry r.2 pmor .*-2"-I, i.e. a value which is an order of

magnitude smaller than the value obtained by both Kitasato (1968)

and Rent et aI. (Lg72l. The work was done on dÍfferent species

and it is possible that the proton fluxes are ín fact signíf-

icantly differenti however, the similarity in the response of V"o

with pH suggests that the mechanism, at least, must be common to

both species.
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It would appear that the situatíon is far more comPlex than

was first envisaged by Kitasato. For examPle, his suggestion that

high external pH values decreased the H+ pump activity due to an

íncrease ín the cytoplasmÍc pH value is unsubstantiated by exper-

imental evidence. Added to this was the fact that, rather than the

decrease Ín conductance which would be consistent with this reduced

H+ efflux activity, the experimenÈal conductance often increased as

the pH value was raised (vüalker I L962, 1963; Coster, 1969; and

spanswick, Lg72) " Hence g'n *y not be substantially equal to g*

over a very wide PH range.

spanswick (Lg72) proposed a modification of the Kítasato (1968)

hypothesis. He assumed that the passive "permeability of the

membrane to aII ions, including H+, was low, and the electrical

properties of the membrane reflect those of the postulated electro-

genic pump,'. He supported Kitasato in assuming thaÈ the electrogenic

pump was an active proton efflux system. His main extension to the

membrane potent"ial theory was that the pump conductan". 9p, in the

tight, was assumed to be much larger than the passive membrane

conductancê g*, i.e. equation (1.3) would contribute very little

to V except when the electrogenÍc pump was inoperative'
co

spanswick based his model on the system proposed by Rapoport (1970)

+ + - -^-r-----^- T+ j
for the Na'-K pump located in numerous animal membranes. It is

not intended to describe in detail Rapoport's entire model' but

bince both his and Spanswick's models are of importance in this

field, the basic postulates will be described before dealing with

Spanswick's hypothesis. Rapoport proposed that:

(í) The membrane concerned was anisotropic in that it was partit-

ioned into two regions which acted as if they were electric-

ally connected in paralIel; one region hras assumed to
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(iÍi)

(iv)

(v)
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functÍon as the site for active transport and through the

other, passive ionic fluxes \dere assumed to occur.

Hydrolysis of ATP within the active region htas assumed to

be coupled to the movement of Na+ out and K+ into the cell.

The rate of this hydrolysÍs (Jr) was related to the current

passing through the active region by the term JrF (r*.* ,R*) ,

rh
where ?r. was the stoichiometric coefficÍent of the j

)
(i.e. the number of moles of j transported per mole of ATP

hydrolysed) .

The pump is only electrogenic when ,*"* I ,**

The free energy change of the driving reaction (AFr) is

d.ependent upon the membrane potential when the pump is

electrogenic, i.e.

Arr 'N.*' a [*"* ?rK+ . A¡ 
K+

... (r.s)+

ron

^ü^ 
-

E

where AI- is the change in free energy of the non-transported'p

component of the drivíng reaction, and Ap. is the electro-
J

chemical potential difference of the ith ion across the

membrane.

The rate of the driving reaction is given by

Jr = Lrr(-AFr) (1.6)

where Lrr is a thermodynamÍc conductance coefficient.

(vi) lrlhen the ¡nembrane is in a steady state, the current through

the active and passive components of the membrane are

equal and opposite.

Turning now to the application of these postulates to the

Characean plasma membrane, Spanswick (L972, L973) proposed that

an unidentified metabolic reaction, associated with the plasmalemma,

caused the transport of ? moles of H+ per mole turnover of the
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driving reaction" No counter-ion was considered to be transported

in the opposite direction, hence the syste* torrru always be electro-

genÍc and would generate a current equat to JrFrH+. For a Char-

acean cell the e:<pression for ÀFr, f:rom equation (I.5) is simply

AFr

Remembering that AY"+ = RTln

(r.7) gives

ZF Ym, substitution into

zF Ym) . (r.8)

H
6Ur -u +.^u +

H

"H* +

(r 7)

I

o
+

Arr Âuv̂

a
H

I

u--+ . (nr In aH+
¡¡o

fu+

+

From equations (I.6) and (1.8) it can be seen that the rate of the

driving reaction for the electrogeníc system is influenced by the

membrane potential.

spanswick suggested that by equating all passÍve permeabilities

to zero, an expression could be obtained, for the maximum emf which

the pump could generate, Í.e" Y* would increase until ÀFr became

equal Eo zero. Applying this to equation (I.8) gives

i
AUP 2g+. (RT ln tH* + Zr vm)

a
H

o
+

Rearrangement gives

AUP ln
i

ar
H'

"q +
H

(the pump emf)

RT

ZF
Y

(t e)

(1 10)
m zîüH,+

where, according to SPanswickr Y* = -u,- ¡P

To stop at this point is unrealistic since the passì.ve permeabilities

are not zero and it is unfortunate that Spanswick did not develop

the steady state expression for Y"o i. terms of its electrogenic and

passive diffusion components.
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He has suggested, however, that on his model, "most of the current

injected during resistance measurements will pass through the active

channel", which should result in H+ being effluxed into the external

medium at an increased rate. This statement has ¡rot, as yet, acquired

experimental support (see for example the attempts by vtalker and

Hope, 1969). The observed hyperpolarization in the light was proposed

to result from a more negative value of Aü", but just how this could

possibly occur was not detailed by Spanswick and it does seem to have

been left as a rather vague statement. The other weakness in Spanswick's

hypothesis is related to the response of v* and membrane conductance to

changes in external solution pH values. Spanswick (L972, p. 88) suggest-

ed that the initial hyperpolarization observed when the external pH

value was changed to Z.O, could be explained by a change in ao*. one
H.

assumes that he considered the expression of a change in aon to be
H

interpreted by its substitution into equation (1.10). But it must be

pointed out that at thÍs pH value he considered the electroEenic

pump to be operating, for he suggested that it caused a decrease in

i.'*. (This, he suggested, caused the depolarization of the membrane
H

following the initÍal hy¡rerpolarization). If the Pump \4tas operating

Jr I O and hence the results cannot be explained by applying Spans-

wick's arguments to equation (1.I0). This eguation only holds for

the particular case of Jr = O and zero passive fluxes'

It also seems that spanswick's hypothesis cannot explain the

observed increase in conductance as the external pH value is raísed'

If the electrogeníc pump does raise the cytoplasmic pH value, in

response to an external pH increase, the situation must surely develop

r¡¡here the cytoplasmÍc pH vatue actually causes the electrogenic pump

to stop. If this was not so, the cytoplasmic pH would soon be raised

above physiological Ii¡nits. stopping the pump would reduce the

memlcrane conductance. However, Spanswickrs own data (Spanswick,
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L972, Fj.:g.3) demonstrated that at pH values greater than 7.0' the

conductance actually rises to a maximum value.

Thus, although it is realized that equation (I.3) does not ex-

plain the membrane potential under a1l physiological conditions, there

is not at present a comprehensive hypothesis in the literature which

can explain afl the electrical properties of the Characean pf""*"

membranes. This appears to be especially true for the depolarization

of the membrane potential when the cell is placed in contact with sol-

utions of pH > 8.0.

The e of Y to lllumination

The membrane potential of many green plants cel1s apPears to be

sensitive to illumination (Higinbotham, 1973). The phenomenon of

the electrical response of the Characean plasmalemma, to illumination,

was first reported by Brown (1938). However the response appears to be

extremely variable and inter species and seasonal differences may add

to the complexity of this phenomenon" Nagai and Tazawa (L962), using

cells of. NiteLLa f\eæíLis, found that Y 
". 

became hyperpolarized when

their cells were illuminated. Andrianov, Kurella and Litvin (1968),

working with the same species, reported a depolarization of approx-

imately the same order of magnitude, following illumination. The

work of Nishizakí (1963, 1968) on Chara braunii may enable an explan-

ation to be offered for thís rather perplexing contradiction in

membrane response, observed usÍng the same species. Nishizaki showed

that Lhe medbrane resPonse to illumination depended upon the ionic

compositiori of the bathing solution and also the duration of the dark

period prior to illumination. A long dark period was reported to

result in an hyperpolarizatíon, a short dark period of between 8-30

mínutes, resulted in the membrane depolarizing upon illumination. Since

Andrianov et al. employed alternating light and dark periods of 4-7
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minutes, it would appear that their results are consistent with the

response reported by Nishizaki.

The electrical changes produced by light have an action spectrum

similar to that of photosynthesis (walker, L9621. It is not sur-

prising, therefore, that the membrane is not responsive to light of

wavelengths greater than 70Onm (Walker, L962; and Volkov, f973).

Andrianov et aI. also noted that there \^¡as an analogous effect between

the shape of the response of the membrane potential and the inducÈion

of photosynthesis upon illumination. This involvement of photosynthesis

has also been shown by the sensitivity of the plasmalemma-resPonse Èo

photosynthetic inhibitors. !'ralker (L9621 , using C. eoraLL¿na, and

Volkov and. Petrushenko (1969), Volkov (1973), Saito and Senda (1973a'b)

using /t/. fLeæì.Lis, all reported that DCMU (or CMU) completely abolished

the light sensitivity of the membrane potential to illumination.

Excellent conformation of the coupling between changes in V"o and photo-

synthesis was obtained from the work of Andrianov, Bulychev and Kurella

(1970). They demonstrated that when the rhizoids of /V. fLeæilis were

free of chlorophyll, no light induced changes occurred in the resting

potential. However, as the rhizoids developed chloroplasts, the

restíng potential became sensitive to illumination"

In the above studies it appeared that both photosystem I and II

\^¡ere required to enable the cellular erçression of a membrane elec-

trical response. However, Vredenberg and Tonk (1973) and Spanswick

("19741 have suggested that only photosystem I is required, in /l/. trans-

Lueens, for this stimulation to occur. This result again serves as

a warning that the varíous Characean ce1ls may differ significantly

in their physiological detaiL.
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There has also been the suggestion that the resistance change,

produced by light (see Hope, 1965) r mây be due to an increase in the

permeability of the membrane to one or more ions. Walker (l.962)

suggested that this ion might, in fact, be HCO, " Hov/ever he did
J

not stipulate the m¿rnner in which HCO3 \¡ras supposed to interact with

the light reactions. He reported later (Vfalker, 1963) that no correl-

ation could be found between increasing the HCO3 concentration at a

fixed pH, and the hyperpolarization of the membrane which was observed

in the 1i9ht (cf. Volkov, 1973). Nishizaki (f968) demonstrated that

the change in electrical resistance associated with the transition from

dark to light, had a slower time-course than the light-induced change

in V . This would suggest that the changes in resistance and Y--co-co
cannot be explained solely by changes in ionic permeabilities-

An electrogenic role for HCOa was first

Spanswick (1970a) refuted this, claíming that

change vlas independent of the chemical nature

and that HCO. produced, the hyperpolarization

proposed by Hope (1965),

the electrical potential

of the buffer employed,

via íts buffering action.

However, it should be pointed out that the conditions used by Spans-

wick were not free of HCO, and therefore his results do not eliminate

a specifÍc role for HCOa It also is important to note that

spanswick used NiteLLa tz,ansLucens whitst Hope conducted his exper-

iments on Clnra cor.allina.

Hope showed that the hyperpolarization, due to HCO, r wâs light

sensitive, as was the decrease in membrane resistance. This is

interesting in two respects; firstly the later work of Hope and

Richards (1971) and Richards and Hope (L9741 demonstrated a membrane

potentíal which appears to be almost completely light-irdependent'

an inconsistency which has not been accounted for by these t^torkers.

Secondly, Spanswick (1970a) reported that the hyperpolarization ín
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the presence of HCO3 was independent of illumination, Yet in his

later publicaÈions he demonstrated that there \¡tas a difference

between V--, at pH 7.0, in the dark compared with the light (see
co'

for example, Spanswick, L972, Fig. 2). This inconsistency within

the literature is confusing. The explanation may lie either in the

seasonal variation of the various cells or perhaps by the cells exist-

ing Ín various ,'states" as demonstrated by Findlay et al. (1969).

Other reports of the influence of HCO, ot Y"o are those of

Nishizaki (f968) and Saito and Senda (I973a). Nishizaki found, in con-

trast to Hope (1965), that changing from unbuffered bathing solutions

to solutions containing O.2mM NaHCor, in the dark, gave an hyperpol-

arization of approximatety gQmV. Illunination caused a slight

further hyperpolarization, followed by a rapid depolarization, a

result which is at variance with the resPonse which Hope (f965) ob-

tained usÍng C. eoya.LLina. Ho\^¡ever, if the HCO3 effect ís simply to

change the pH from approximately 5.7 to a value of 7.2 - 7.4 (i.e.

pH of O.2mM NaHCOT) then the results obtained by Nishizaki (1968) would

fit the response obtained by Spanswick (T972, FiE" 2 or Fig. 6). It

would seem thaÈ for Chata by,aunií a stable pH-induced hyperpolar-

ization only exists up to a pH value of 7,0 (ce. Kishimoto' 1959, to

Spanswick, L972).

saito and senda (1973a), using NiteLLa fLeæiLís and N¿teLLq'

anilLí,fonnis, found that l.OmM NaHCO, (pH 7.8) added in the dark,

gave a small hyperpolarization of approximately 20mV, and illum-

ination caused a further stable hyperpolarizatíon of about 40mV.

This response \¡¡as cfoser to that observed by Hope (1965). Contrary

to Richards and Hope (L9741 SaÍto and Senda always obtained a much

more negative V"or Ín the light, compared with the dark situation.

However, Ín a fater paper (Saito and Senda, 1973b) they reported

that under some circumstances the hígh pH-sensÍtívitY of V"o was

also observed in the dark. This stability of the líght induced
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membrane response, in the presence of 1.0mM NaHCo3 (nH 7.81 , compared

with the depolarization observed by tlishizaki (1968) was probably

<lue to the fact that the pH-induced changes i^ Y"o were sta-ble to

pH values up to 8.5 (see Saito and Senda, 1973a, Fig. 3b). As an

indication of the type of variation which can be found in the lit-

erature relatj.ng to these ce}ls, Andrianov, Vorobeva and Kurella

(1968), who also used Â/. fLeæilis, found that the hyperpolatlzed'

state \^tas not stable above pH values of approximately 7.8.

The possible role of HCO, in influencing the membrane potential

of. N. fLeæíLis has also been proposed by Volkov and Mísyuk (L969),

Volkov and Petrushenko (f969) and Volkov (1973). These \,lrorkers report-

ed that Yco r^¡as sensitive Èo pH and illumi.nation and Volkov and

Misyuk proposed that this hyperpolarization of the membrane ÌÀ¡as a

direct result of an increase in the plasmalemma permeability to

HCO3 , the HCO3 entry being passíve. What is not clear is whether,

during their HCO3 concentration experÍments, these workers held the

pH of the bathing solution constant. If it 1^7as not held constanÈ,

the observed hyperpolarization would fall into the general category

of pH-mediated change in membrane potential. Passive permeation of

HCO. was also proposed by Volkov and PeÈrushenko; however Vo]kov
J'

(1973) suggested that the hyperpolarization may be caused by either

the existence of an electrogenic pump or an increase in plasmalemma

permeability to some ion. He qualified this statement by suggest-

ing that the connection between the hyperpolarization of the plasma-

Iemma and the commencement of the electron transport chain and

hence the Calvin cycle could be through a cytoplasmic change in

the concentration of HCO, or H*. The mechanism that he invoked

$¡as a change in membrane permeability to either H* or HCO3 rather

than the operating of an electrogeníc pump. The passive proton case

has already been discussed and must be discarded, for it cannot
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account for the large negative membrane potentials (Kitasato, 1968;

and Spanswick, L972).

The HCO. proposal Ís difficult to evaluate because of the
J-

Iimited data avaitable. It is possible, however, that if t""Or- it

very large and [Hcor-]i r"ff to a very low level, that equatÍon

(1.3) would simplify to equation (I.2) with HCO3 acting as the dom-

inant ion. The strongest evidence agaÍnst this proposal is that it

cannot explain the depolarization which occurs at pH values greater

than 7.5 to 8.0. This is especiallyso since HCO3 is the dominant

species of carbon present in this pH range, remaining so up until

pH 10.3. Sirnilarly it does not offer an explanation for Èhe trans-

itory nature of the hyperpolarízíng response observed by many workers,

including Volkov (1973). Hence the role which HCo3 plays in deter-

mining Y requires further experímentation, especially in the area-co

of the Hco3 - OH couple proposed by Lucas and Smith (1973). Unless

this proposal is shown to be incorrect, the above hlpotheses relating

to HCo^ , are almost certain to be invalid.
3

Summary

In conclusion, it has been shown that Characean cells can utilize

exogenous HCO3 during photosynthesis and that the entry of this

ion probably requires an active transport mechanism. Ho\âIever, tttis

membrane transport process and its relationship to OH efflux has

not been studied in detail. The membrane potential of these cells

cannot be successfully fitted to the Hodgkin and Katz (1949) relat-

ionship (equation (f.3)), and acceptable agreement betweet Y.o

(experimental) and Y.o (equation (1.3)) is only obtained when non-

physiological cond.itions are employed. It can also be accepted

that Y_- is very sensitive to the pH value of the bathing solution
co
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but the nature of this sensitivity has not as yet been completely

r¡nravelled. V is probably composed of a diffusive and an electro-
co

geníc component, part of this electrogenicity probably being assoc-

iated with an active g+ P*np.

Although the perturbation of the membrane potential elicited

by light, via the photosynthetic light reactions, has been recorded,

the naÈure of the coupling mechanism between these reactions and the

plasmalemma is not weII formulated. Whether H+ is the only ion involved,

or whether HCO3 and OH are also important in determining ùhe value

of V remains to be sho\¡rn, but there are cerÈainly strong indications
co

that HCO, may be an imPortant ion.

The original aim of the present study vras to investigate the

acid and alkaline banding phenomena in Chara eoraLLina with the víew

to characterizing these Processes. It was hoped that this would

provide the basis necessary for a biophysical study on the involve-
¿-

ment of H-, OH- and especially HCO3 , in relation to the electrical

properties of the Characean plasma nembrane'
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CHAPTER TWO

MÀTERIAT,S AI{D METHODS.

I. Chara eoraLlina Culture Material

CeIIs of Chara eoraLLinlwere used throughout the work

presented in this dissertation. The cells were cultured in the

Iaboratory in 80 litre plastic containersi illumination was provided

by fluorescent lamps (Osram MCFE Daylight tubes)'and the int'ensity

at the sorution surface was r5-r7 wm-2. A 12h light : 12h dark

regime was employed, the light períod commencing at 6.30a.m. At

Ieast one culture tank was illuminated by direct winflow light.

This provided ce1ls with a lower chlorophyll concentration compared

with those grohrn under the artificial lightÍng system. The temp-

erature of the cultures was allowed to follow the seasonal variation

of this area.

New culture tanks vrere proPagaÈed vegetatively by transplant-

ing branches from an existing culture into a nel^t tank. This was

done by covering the bottom of the new tank, to a depth of 12cm,

with a later of garden loam. The soil \^Ias covered by blotting

paper and then 60 litres of deionized water was slo\n¡Iy added; the

blotting paPer minimized the mixing between the soil and the water

and was removed. when all the water had been added. The only nut-

rients added to the deionized water were NaCI, KCI and CaSOnr to

give final concentrations of 1.0, 0.1 and"O.2nM respectively. The

garden soil appeared to supply atl the micronutrients necessary

for growth; hence the culture med.ium detailed by Forsberg (1965)

I¡¡as not used.

The previous name of this species, Chana austtaLis, has now been

replaced, in accordance with the revísed cl$sification of the

Characeae (Wood and Imahori, 1965), by the name Chara coraLLina,

*
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In general, ít took 6 to 8 weeks before cells could be harvested

from a new culture and used for experimental purposes" Once estab-

lished, a culture tank could be used for several years, and regen-

eration of young cell-s was obtained by cutting the culture back to

half its mature height. To maintain a constant nutrient level, the

unwanted harvested cells vrere crushed so that the soluble nutrients

h¡ere extracted and added back to the culture solution.

The ionic composition of the cult"ure tanks was monitored

during thís work; the indicator ions measured were N.*, K*, c"**, H*,

CI and HCO. . An EEL flame photometer $¡as used to determine the
J

concentrations of Na*, K+ and C"**, CI concentration \^las measured

using an Orion solid state halide electrode and a Radiometer pH meter'

in conjunction with a Beckman pH electrode, was used to measure the

+activity of H-. The concentration of HCo, was determined by

potentiometric (pH) titration (see Appendix A). The data for the

culture tanks, from which the majority of cells h¡ere harvested during

this study, are presented in Table 2.1.

Chara coy,aL.L¿na, cells were al-so collected from a site on the

River Murray (Mannum, South Australia) and the concentrations of

the indicator ions at this location are also presented in Table 2.

The Mannum cerrs were used i¡ r4carbon fixation experiments to

ascertain whether fixation rates of the laboratory cultured cells

v¡ere comparable with fÍeld ce1ls.

The details relating to the cutting of culture cells for

experiments will be given in a later section.
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II. Experimental Sol-utions

The standard experimental bathing solution, which was

prepared using glass-distitled water, contained l.OmM NaCl,

O.2mM KCI, and O.5mM CaSon. This working solutíon was prepared

from stock solutions, and during all preparations solutions were

thermostatted at ZOoC t 2. All chemicals used in this work were

of Analar Reagent grade. The glass distilled water was prepared

from rainwater, which \^tas used in preference to deionized víater,

since the latter was found períodically to contain ion-exchange

residue. The specific cond.uctivity (Ks) of the glass-distilled

water was monitored using a Philips conductivity cell (Type

P.!{. 9510) and a Philips Resistance Meter. After atmospheric

equilibration (CO2), the K" value was usually l.og x tõ6 to

-e -t -ì1.I8 x lO-" ohms -cm -. This value is well within the specific-

ation stipulated by Bates (1964) for the preparation of standard

buffers to enable pH meter calÍbration to withín 0.01 pH units.

The ionic composition of solutions, which were modified

from the basic form, will be specified at Lhe relevant points

in the text.

For some experiments a cor-free form of the standard bathing

solution was required, This was obtained by scrubbing the

solutíon with air from which CO2 had been removed. Either a

commercial source af Cor'free air was used t or CQr-free air

was prepared in the laboratory by pumping it through two

Drechsel bottles (sintered dome pore size 40-60Um) which contained

concentrated NaOH and finally through a Drechsef bottle which

contained. boiled distíIled water. This third bottle was used

as a "trap" to prevent the transfer of NaOH into the experimental

solution, The glass scrubbing vessel was gas-tight except for
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the entrance and exit sites for the gas. A 250m1 volume of

bathing solution was scrubbed by cor-free air, which flowed at a

rate of 0.6 litre" *-1, through a sintered glass bubbler (pore

size 4O-6OUm) r the solution was stirred continuously using a

magnetic "flea" system. The pH value of the solution h¡as monitored

and it was found that a period of aÈ least lh was required to raise

the pH value of the solution from 5.7 up to 7.0 (J0.05). As an

added precaution all COr-free solutions \^¡ere scrubbed for 2h before

being employed in an exPerimental sequence. The apparatus in which

these COr-free solutions l^/ere used is described in Section VIf of

this Chapter.

IIT. Techniques and Procedures Empl oved for l4c"tbon Experiments

The CO, fixation rate, in the Presence of exogenous CO, or

Hco3 , \¡ras determined using the radioisotope ul4cor- (obtained

from the Radiochemical Centre, Amersham, U.K. ' or New England

Nuclear, Massachusetts, u.s,A., "s uattl4cor). A stock solution of

NaHCO, (lOOmM) was prepared just before it was required in the

experimental sequence, and from this the valious pretreatment and

radioacÈive solutions were prepared. NaHCO3 l^/as used to Prepare

stock solutions for some of the jnitial experiments; however,

experimental solutions having pH values hígher than 8.3 had to be

prepared by titrating the solution with NaoH. This involved the

use of freshly prepared, carbonate-free, NaOH, in order that the

experimental total carbon concentration remain unaltered. It

became obvÍous that an easier method of obtaining these high pH

values \^ras to prepare a stock solution of NarCO, (pH approximately

IO"4). Using this solution, the required pH value was obtained
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by titration with toomM H2so4r the acid did not contaminate the

experímental solution with an unknown amount of carbon.

Most experimental HCO3 and CO' solutions contained concen-

trations of HCO, or CO2 that were not in equilibrium with the

Level of. CO, in the air. Hence exposure to the atmosphere lÁ¡as

¡nini¡nized and all treatments were csnducted in sealed test tubes

(25mr) " The radioactive Nagl4co, aliguot was added to the experim-

ental Solution not more than I0 minutes prior to the use of this

solution in the experimental sequence. The specific activity of

the various solutÍons l^las determined at the commencement of each

experimental sequence. Samples (O.ImI) were pipeÈted onto planchettes

to which 0.2m1 0f fresh 1o0mM NaoH had been added. The NaoH was

required to convert the tnaorot Hl4cor- to r4co'r- 
"" 

that during

the drying process the loss uf LACO., to the atmosphere, $las reduced

to a negligible amount. Discs of lens cleaning tissue were used

on all planchettes to facilitate the uniform distrÍbution of so1-

utíon; a condition necessary to minimize 'self-absorptionr by the

dried sample of N.rl4COr. Tt \^tas found that this even distribution

(for planchettes containing specific activity samples or an exPer-

ímenta1 cell) could be enhanced by the addition of 0.1mI of

ethanol, which probably acted not only on the surface tension of

the solution, but also on the cell membranes, rendering them freely

permeable to solutes.

It should also be mentioned that a O.Iml sample of a 24

sucrose solution was added to planchettes containing experimental

cells, the sucrose acting as an adhesive between the cel! waII

and the planchette. This same quantity was added to specific

activity planchettes to a]Iow for the 'self-absorption' of this

component. The aluminium planchettes used for specific activity
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determinations were treated with heat resistant polyurethane to

prevent the IOOnM NaOH from reacting with the metal. Three plan-

chettes v/ere used, Per treatment, to obtain an average specific

activity va1ue. These were ahvays dried and counted immediately.

Specific activities of the various solutions emPloyed ranged from

250uCilm Mole to 2nCí/m Mole.

L4
The experimental apParatus, used for these carbon experiments,

is shown in a diagrammatic form in Figure 2.1. The light' source ï¡as

a Rank-Aldis 24V, 15OW Quartz-Iodide projector. Light intensities

were attenuated usíng a range of nickel-nicron neutral density

filters. These filters r¡Iere Prepared by the Physics Department'

University of Adelaide, and each filter was checked on a Perkin-

Elmer spectrophotometer to ensure that its absorption $¡as in fact

neutral over the wavelength range 450 to 750nm" only filters

having a A optical density of -( 0.03 units, over this wavelength

range, were selected for use"

Light intensities were measured using a silicon solar cell

(IRC, Type no So510E ?PL) which $tas calibrated using a miniature

Middleton pyranometer, Model CN6" (The Míddleton pyranometer was

calibrated by the C.S.I.R.O. Division of Meteorological Physics,

Mordialloc, Victoría, Australia, and the calibration rdas quoted

to be accurate to 1 5B). This silicon solar ceII was mounted in

a small perspex block so that it could be Ímnersed in the water

bath and positioned between two experimental test tubes (for its

location see Figure 2. I) . This enabled lighL intensities to be

monitored, during each experimental run. The output of the silicon

solar ceII was measured on a current to voltaEe transducer, which

r^¡as constructed in this laboratory, and was capable of measuring
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the signal reproducíbly to t- O.25mV. The calibration graph used

to determine light intensities, when the Quartz-Iodide lamp was

employed, is shown in Figure 2,2, Periodic checks on this calib-

ration graph revealed that the silicon solar cell remained stable

during the period of this study.

A nnp of the light intensities within the experimental plane

(i.e. the plane in which the test tubes were to be held) was con-

structed and it was found that a uníform light intensity band, 7cm

high by lQcm wide, could be obtained. It was within this band that

all experiments were performed and its location is indicated on

Figure 2.1. The band width of IOcm restricted the number of test

tubes which coul-d be used at any one time to four and the band

height of 7cm determÍned the maximum tength of the experimental

cells. A mírrored surface was mounted flush against the glass waII

of the water bath (see Figure 2.I) and this surface l¡tas l.5cm from

the rear of the test tubes. This mirror \¡tas incorporated into the

apparatus to improve the illuminatíon of the surface of the cells

which faced away from the light beam of the J-amp. As a further attempt

to obtaÍn a sample of uniformly itluminated cells, the test tubes

were rotated through I80o every 15 rninutes.

The general experimentaf sequence followed to determine the

photosynthetic rate under a given set of conditions was as follows:

(i) Internodal cells \dere cut from the culture tank and the

whorl cells trimmed off close to t,he node. The experimental

cells \^¡ere cuL from the third to fifth internodal regÍon

(i.e. back from the apex) and in many cases the fourth and

fifth internodal" cells were used as pairs. The cells were

hendled using the remaining small segment of the cell wall

of the adjacent internodal cells. cells \^tere cut into glass
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containers, and during the cutting procedure they were bathed

Ín pond water taken from their respective culture tank.

A 90 minute resovery period was employed immediately after

the required number of cefls had been cut. During this period

the cells were bathed in normaL bathing solution (at ZOoC)

and were illuminated by fluorescent lighting (8.3 I'üni2).

At the conclusÍon of the recovery phase the cells were

batched for the various experimental treatments, with 14-16

cells used per treatment. CelI diameters were measured

under X1OO magnification, using a binocular microscope (Leitz,

Wetzlar); Lhe actual diameters could be determined to the

nearest 12Um. At the same time the cytoplasmic streaming

rate was checked. (It was found that, in general, cells re-

covered their normal streaming rate of 50 - TOUm s-I within

15 minutes of being cut from the culture") The length of

each individual cell was traced accurately onto graph paper

and this trace was used both for determining the cell length

and also identifying the cel1 aL the conclusion of the

experiment. with these two experimental measurements the

cell surface area was computed.

After batching, the cells were transferred to test tubes

contaíning normal bathing solution and these test tubes

were then sealed using Parafilm "M". The test tubes were

then placed in the holde.r: housed in the water bath. (ft

is important to note that stirring of the experimental

solution was considered undesÍrable, because it was found

that unless cells were held by some form of rigid support'

spontaneous action potentials l^/ere induced by the flowing

solution. Hence all radioisotope experiments \¡tere conducted

(iv)
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in unstirred solutions). The cells were then given a th dark

pre-treatment.

Cel.ls were then pretreated for 30 minutes in the light (at the

intensity specified by the experiment), in non-radioactÍve exPer-

j-mental solutions. These solutions contained, in addition to the

normal bathing solution constituents, x mM NarCO, titrated to the

requíred pH value. Some solutj-ons were also buffered using "arti'

ficial" buffers, the details of which will be given in Chapter 3.

At the conclusion of (v) , radioactive solutions \ÂIere substituted

for the required period, which was usually one hour.

At the conclusion of the expeximent, cells vlere washed with non-

radioactive solutions (5 min) before being cut and dried onto

planchettes. (The nodes r^rere discarded before the addition of 0.l¡nl

of a 22 sucrose solution which was followed by 0. ImI of ethanol) .

The pH value of the radioactive solution was measured before and

after the experímental period. In some experiments the streaming

rate was also measured before the cells \^7ere cut onto the

planchettes.

L4 *
(viü )After drying, the Carbon activity in the cells l^/as counted

under a thin end-vtindow Geiger tube (GEC Type E.H. M 25) using

an EKCO Automatic Scaler (Type N 530F), coupled to a Berthold

Automatic Sample Changer (Type LB 271).

(ix) Planchettes r¡¡ere then treated with 0.5m1 of IOOmM Propionic acid

L4 L4 Propionicto remove the precipitated Ca co and unfíxed co
23

The counting time l^¡as generally that required to give 31000 or

IOTOOO counts, i.e. the error attributable to the counting proc-

edure was less than t2%"

*
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IV

acid hras selected for this acidÍfÍcation because, owing to

its volatile nature, it did not add to the 'self-absorption'

layer on the planchettes. A minimum acidification time of 3h

was employed, but the most frequent period used was 12 hours'

At the end of thís acidifícation period the planchettes were

re-dried and the activity counted as in (viii) '

(x) The photosynthetic fixatíon results \¡tere comPuted on a cell

surface area basis and are expressed as the mean value of

each treatment in pmor 
"*-t"-1 

and arl errors quoted are ex-

pressed as the standard error of the mean.

Determination

During the months over which these experiments l^¡ere performed'

the chlorophyll concentrations of the various culture tanks were

monitored. The cells used for these determinations were given the

same treatment as III (i) to (iii) , each cell of a partÍcular batch

was then cut into lmm segments and, transferred from the end of

the cutting scissors to a small (3mI) test tube. A 2mI aliquot

of an 80* acetoneliJ.rO solution was used to extract the chlorophyll

from these cells. The test tubes were spun in a Martin-Christ

centrifuge, at 4oo x g for 5 minutes, to sediment the cell walls

and particulate matter.

The absorption spectrum, in the wavelength range 640 - 700nm,

was measured on a Beckman DB spectrophotometer and from this the

optical density values aE 645, 652 and 663nm were determined.

ChlorophylJ concentrations were calculated using the corrected

expressions derived by Arnon (|949) (see appendix e). The mean

chlorophyll concentration for each sample was obtained using

the equation,
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Mean chlorophyll concenÈration

r=f,f.nt"l * lchlb]¡+ [crrruur,Ji (r surrace area) x 2

where [ ] represents concentration, chl a, chlb and Chla'2 are

the concentrations of chlorophyll a, b and total chlorophyll

estimated from the opitcal density at 652nm, respectively (the

relationship between these values and the measured optical density

is given in AppendixB) and Isurface area is the cumulative sur-

face area of al-t iJne Chdya cells used in a particular determination.

The average value for each culture tank i,s given in Table 2.1.

36CI Time-Course Experiments

A series of time-course experiments were performed using

36"t- (obtained as Hydrochloric acid, from the Radiochemical Centre,

Amersham, U.K" ) " The stock solution (ampoule) was neutralized'

using loomM NaoH, and díluted with glass-distilled water to give

a final volume of lOOml. The NaCl concentration of Èhe bathing

solution used for these time-course experiments was obtained by

using O.6mM non-radioactive NaCl and then an aliquot of the radio-

active stock solution was added to give a final NaCI concentration

of I.OmM. The specific activity of these solutions was 50 VCi /

m Mole.

The experimental procedure was similar to III (i) - (iv);

however, following (iv) the cells were given a 30 min dark pre-

treatment in the radioactive experimental solution. This sol-

ution was unbuffered and its pH value was 5.8 ! 0.1. fn later

experiments the solution was buffered at the same pH value by

smM HEPES. Following the 30min dark pretreatment, the cells were

illuminated, for the required period, and then the sequence was

again identical to III, (vii) and (viii).
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VI. Measurement of the PH Va lue at the Surface of Chara Cells

(d The pH ELectv'odes

small pH electrodes were prepared in the Iaboratory (see

Bates, 1964) using a fine, so1id, pH-sensitive glass rod,

which was obtained from Titron (Melbourne). The full details

of this procedure were reported by Lucas (f971) and electrodes

prepared during this earlier work were employed throughout the

period of this study. The characteristics of these electrodes

were as follows:

(i) The supporting stem for the pH'sensitive glass tip was

approxÍmately Scm in length and tapered rapidly to a

uniform outside diameter of Imm.

(ii) The pH tips were Lsmm (approximately) ín diameter and

the actual pH-sensitive tip area was hemispherical (see

Lucas and Smith, Figure 2E).

(iii) The electrodes had Nernstian responses of 55mv to 58mV

per pH unít and resistances of approximately 3'O x tO9 f¿

(iv) The electrodes were found to be practically insensitive

to illumination, as they gave maximum responses of

only O.Ot5 to 0.02 pH units upon illunination'

(v) The response of the electrodes, with time, was stable

in either stagnant or stirred solutions"

(b) I'he ELectrieaL System

A block diagram of the electrical circuit employed for

measuríng pH with these electrodes is shown in Figure 2.3.

The Vibron Electrometer (EIL, Model 338) was required because

of the high resistance of the electrodes. The electrometer

input resistance r^¡as fOI3 f¿ . The signal from the pH electrode
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was connected to the high input terminal of the electrometer

using thermally ínserrsitive, polythene-insulated, coaxial cable.

The low input" terminal \^¡as connected to the Cambridge Vernier

Potentíometer (Type No. 44246) and the circuit was closed by

connecting the potentíometer to a calomel reference elecÈrode

(Radiometor, Type K401) whjch made electrícal contact with the

test solution. The Cambridge Vernier Potentiometer (with an

accuracy of 15¡t Volts) was incorporated so that the electrometer

signal could be backed off, thereby allowing the use of the more

sensitive ranges (10, 30 and 100mV) of this instrument. The pH

electrode signal was recorded by connecting the recorder terminals

of the electrometer to a Rikadenki (Model TO2NI-H) recorder. As

shown in Figure 2.3, the pH and calomel electrodes were housed

in a Faraday cage in order that the spuríous electrical noise

factor be reduced to a minimum. All instruments, except the recor-

der, were connected to a common earthing terminal.

Calibration of this electrical system was performed in the

following nanner.

I. Electrometer

(i)

The input switch was set to rpositiver, then

the hum control was adjusted to give a minimum value

on the appropriate test socket;

the gain control was then adjusted by connecting a J"ow

resístance source of 10mV (accurately known) across

the high and low terminals and with the range switch

on the lOmV scale, the gain was adjusted until the

meter gave a fuIl scale deflection;

the electrometer was then connected back into the cir-

cuit with the input, switch set to tnegative'.

(ii ¡

(iji)
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This procedure was performed at monthly intervals or whenever

valves had to be replaced. The daily operation of thÍs instru-

ment simply required the adjustment of the set zero control to

give zero on the meter and using the emf supplied by the

potentiometer, the accuracy of the various mV ranges was

verified.

Potentiometer

The voltage to the potentiometer was supplied by two, 2.O

Volt Exide (Type no O42) wet cell batteries connected in parallel

(combined capacity of 54 ampere-hours), the current load of the

potentiometer was 20 milliamperes. V'Ihen the circuit was jnit-

ially assembled, the accuracy of the potentiometer was checked

by standardizing the instrument using a Standard Weston CeII and

then the emf of a second Standard lrleston CeIl was determined

using the potentiometer. This value agreed exactly with the

value quoted on the calibration certificate of the second

Standard Weston CelI (given to the nearest 10UV). It was there-

fore assumed that the potentiometer could be used as an accurate

voltage source to apply a backing potential to the electrometer.

On a daily basis the potentiometer was standardized using the

followÍng procedure:

(i) The potentiometer was disconnected from the measuring

circuit.

(ii) The control switch was changed from the test to the

standardize positíon.

(iii) The galvanometer was switched into the potentiometer

circuit and the potentiometer was standardized against the

standard Weston CeJ-t by rotating the battery rheostats

until a null point was achieved.

liv) The gal-vanometer was then shorted out of the potentiometer

circuit and steps (i) and (ii) reversed.
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Vùhen the batteries were in good condition, this standardizatíon

was adequate for a 6h experimental period.

Pen Recorder

The recorder was calibrated at the commencement of each

experiment. The zero on the recorder was adjusted to agree with

the zero reading on the electrometer. The electrometer was then

switched Èo the range required for the particular experiment and

the recorder and electrometer zeros checked, the recorder full

scale potential that would. be required by the experiment was then

applied, via the potent,iometer, and the recorder calibrated to

give this value.

(c ) pH ELectrode CaLì.bru,tion

The electrodes were calibrated against the response of a commerc-

ia1 pH elecÈrod,e used in conjunction wíth a Radiometer pH Meter.

This commercial pH measuring system was standardízed using Beckman

Buffers and then the Beckman pH electrode and the experimental pH

efectrode were supported, inside the Faraday cage, such that they

were both immersed in the experimental solution.

A series of experimental solutions were employed to calibrate

the experimental pH electrode over the pH range 5 to 10.5. The

region pH 5.0 to pH 6.5 was measured using 1mM MES buffer' the pH

vaÌue adjusted using IOOnM NaOH; lmM HEPES was used to buffer the

region pH 6.5 to pH 8.0. The region pH 8.5 to pH 10.5 was buffered

by lmM NarCOr, the pH value in this case was adjusted using I00mM

H2SO4.

All measurements were made in stagnant (i.e. non-stirring)

solutions and the simultaneous measurement of the experimental pH

electrode response on the electrometer (recorder) and the value

on the Radiometer pH Meter enabled the construction of a calibration

3
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graph. A typical calíbration graph is shown ín Figure 2.4; it

was from such a graph that experimental pH values were determined.

On a daily basis the stability of these electrodes, and

hence the calibration, was checked using two experimental sol-

utions l¡¡hose pH values had been predetermined using the stand-

ardized Beckman pH electrode-Radíometer pH meter system. It was

found that the maximum daily variation was smalI and random in

sign, being of the order of Imv. The maximum error in pH deter-

minations was therefore approximately f 0.015 pH units.

Eæperimental System

The experimental measuring system is shown diagrammatically

in Figure 2.5A and B. The thermostatting jacket and central

experimental chamber were constructed of clear Perspex so that

the entire central chamber could be illumi.nated. The volume of

the central- chamber h¡as approximately 300m1. Water, from a large

t.hermostatted bath, vtas pumped through the outer water jacket

using the pump as a Braun temperature control unit. In this

way the temperature of the central experimental chamber was

maintained at 25 i O.IoC.

The Chav'a cov'aLLina cell under invesLigation htas held in

an agar block (see Figure 2.5). The procedure for preparing

this agar block, inserting and orientating EtIe Chara cell in

the block, and positíoning the block within the experimental

chamber, was as follows:

(i) Bathing solution, containing 0.78 agar powder, was

boiled until the agar dissolved and then the agar was

poured into petri dishes containíng special perspex ceII-

holders. (The internal measurements of these holders
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were l.4cm wide by 1.0cm high by 9.0cm long. The three

supporting watls of these holders were perforated with

holes (diameter 1.5mm), to reduce the resistance to

diffusion of ions into and out of the agar block).

Once the agar ge1 had set, the blocks were cut from the

setting-dish and transferred to glass vessels (250m1)

which contained specific experimental bathing solutions.

In these covered glass vessel-s, the agar blocks could be

stored for 7-10 days without becoming contaminated by

bacÈeria.

A stainless steel tube, of lmm outer diameter, was used to

make a centrally located hole in the agar block (see

Figure 2.58) into whích the Chav'a celI could be inserted.

(This technique has been described previously by Lucas

(I971) and Lucas and Smith (1973)). vÍhile the stainless

steel tube was located in the agar block, a suction pipetÈe

with a tip diameter of Imm was used to cut a channel in

the agar" Thís channel, which was cut vertically onto

the staínless steel tube, commenced 3-5mm from one end

of the agar block and the total length of the channel was

determined by the length of the experimental cell, i.e.

a 3-5mm lip was left at each end of the cell to hold it

firmly along the bottom of the channel.

The cell to be investigated was then inserted into this

chamber via the centrally located hole in the end of

the agar block.

The cetl was checked, to ensure that its streaming rate

was normal. and then the agar block , which contained

the cell, vras lowered into the central experimental
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chamber which contained the thermostatted experímental

solution. The agar block was wedged firmly into place by

two pieces of clear perspex (see Figure 2.58).

A mícromanipulator (Leitz lrtetzlar) was used to position

the pH electrode directly above the nodal orientation cell

(í"e. a whorl cefl left attached to the internodal cell'

see Figure 2.54). using the vertical adjustment control on

the mÍcromanipulator (vertical movement could be controlled

t 0.01mm), the electrode was lowered until the crown of the

hemispherical pH-sensitive tip just made contact with the

cell wall, The electrode was then traversed the small

distance to the centre of the node, and the position of the

node was then read on the micromanÍpulator scale. This

value of the nodal location was used throughout the exper-

iment to ensure that the cel1 had not been moved, or it

was used for realigning the cell into a fixed position if

the experíment required the transfer of the cell to another

agar block.

The electrode was then raÍsed and traversed so that the

pH-sensitive tip entered the channel region, the electrode

was again lowered until its tip just touched the cell

wall. Within this channel, the pH electrode could be trav-

ersed along the complete cell waII, except for the 3mm

secti-ons at each node.

An equilibration períod of 30 minutes was employed before

commencíng an experimental sequence. This was to all.ow

ful1 recovery of the cell from the transfer process and

Lo permit the re-establishment of thermal equilibrium.
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When the experimental solution required the presence of a

specific concentration of HCO3 , procedure (i) above was

replaced by the following procedure, The bathing solution,

containing the O.?B agar' was boiled until the agar powder

dissolved. The solution was then transferred to a measuring

cylinder and hot distilled water added to replace that lost

during the boiling process. A water bath was then used to

cool the solution to 4Ooc.

While the hot agar was cooling, a stock sofution of

NarCo, (2OmM) hras prepared and when the agar solution had

cooled to 4OoC, the NarCO, stock solution was used to prepare

an agar solution wÍth the required Hco3 concentration. The

pH value, specífied by the experiment, was obtained by

titrating the warm agar (NarCOr) solution with 100mM H2So4.

Ehe setting of the agar blocks was identical to (i) 
' except

that sealed petri dishes were used. The bathing solutíon

required for the experimental chamber \^ras also prepared from

this NarCO, stock solution and íts pH value was adjusted to

the same value as the agar block. Usíng this procedure the

bathing solution and the agar block pH values agreed to

wiLhin 0"01 pH units"

In all experiments in which HCO3 was involved, a

liquid paraffin seal (lomm thick) was poured over the surface

of the bathing solution to isolate the experimental chamber

from atmospheric COr. In this way the pH value of the

bathing solutÍon and the background value of the aEar block

remained constant for the duration of the experiment.
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(e) Light Sgstems EmpLoyed. foz, Eæperiments Condueted in the Fanadøy Cage

(1) Two twin-batten fluorescent fittinEs (L4530 H) were mounted

on opposite walls of the Faraday cage and these held a total

of four, twenty watt Osrarn MCFE Daylight, D65, tubes. This

Iight system gave a light intensity of 13-15 InÌn-2, at the

centre of the experimental chamber, when measured through a

0.7mm thickness of agar.

(2) The fluorescent J-ight. source, detailed above, \^tas used for

many preliminary experiments in which an invariable light

source was suitable, but when experiments required a range

of light intensities, the Rank-A1dis light system deÈailed in

SectÍon III, was employed. Because of the higher infra-red

component of the Quartz-fodide lamp, an additional water

jacket was placed between the projected and the permanent water

jacket to increase the total water path to 10cm. To prevent

the entry of stray light during these experiments, the Faraday

cage was covered. by heavy duty velvet"

VI'I Chay,a Cell-Segrment IsoJ-ating Apparatus

In some experiments a ceIl segment, conlaining an operational

hydroxyl band, was isolated from the rest of the ce1l which was ín con-

tact with the bulk bathing solution. This isolation was achieved

using the apparatus shown Ín Figure 2.6. It consÍsted of two clear

perspex blocks, of which one vras a large basal block and the other a

smaller movable block which contained the isolating chamber. The basal

block had a channel l.Icm wide and l.Ocm deep cut into its upper

surface (see rigure 2.64 and C) and centrally located in the base of

this channel there was a second, much smaller channel. This small

channel, which was 1.5mm wide and 1.0mm deep was just large enough to

hold a Cltara eeJ;-. (see Figrrre 2.6 B and C). Two removable perspex
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plates ÌAlere used to seal the open ends of the channel in the basal

block"

The bottom section of the smaller, movable block, was machined

so that it seated, wÍth precisíon, into the channel of the basal

block (see FÍguxe 2.6c). A cylindrÍcal chamber, with an end diam-

eter of 6.Omm, was cut through this block such that it was located

over the smaller channel of the basal- block" Two stainless steel

tubes were set into thÍs smaller block, one was used as an inlet for

experimental solutions and, this tube entered the isolating chamber

close to its base. The second, tube \^/aS used as an outlet and was

located 4mm below the top of the isolating chamber.

Experimental solutions were injected into the isolating chamber

using an adjustable volume Manostat Mini-Pet Syringe system. The

expelled solutions were drawn off using a vacuum pumP connected to

the outlet tube. Screw clips vrere located on the inlet and outlet

tubes to seal the system, thereby preventing the movement of sol-

ution during an experimental sequence.

The experimental procedure, exployed during the use of this

isolating chamber, was as follows:

(i) x cvnra cell was investigated usíng the agar block technique

described in section VI (d), and from Èhis the exact location

of each OH band was determined. A map of the celI length,

showing the location of these bands, was drawn on a narrovl

piece of graph PaPer.

(ii) X]¡e Chapa ce]] was removed from the agar block and the cell

wa1l, in the region surrounding the hydroxyl band that was to

be isolated, was dried using "Kleenex" tissues. A small

quantity of silicon grease (Dow Corning, high vacuum grease)

was injected into the small channel, at a distance of 5mm on
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eíther side of the oH band centre" The cell was then placed

into this small channel such that the selected hydroxyl band

was located centrally between the two greased regions.

The entire lower surface of the small movable block was covered

with a uniform layer of silicon grease prÍor to the perform-

ance of (ii). This enabled the snall block to be quickly

sealed into place over the top of the hydroxyl band. (The

silicon grease completely sealed the sections of the cell wall

that were beneath the lower surface of the block, but the sec-

tion of cell walI which was directly beneath the Ísolating

chamber remained free of grease). The unit was then transferred

to the central experimental chamber (see Section VI (d) and

Figure 2.5A and B) where it was wedged into place using small

perspex blocks.

The level of the bathing solution, in the central experimental

chamber, $tas adjusted so that it was just below the outlet

tube. The same experimental solution was quickly injected

into the isolating chamber, filling it completely. This gave

a head of solution (approximately 6mm) which was used to ensure

that tlre silicon grease gave a water-tight seal.

Using a micromanipulator (see Section VI (d) , (ví) , the exPer-

imental pH electrode was lowered into the ísolating chamber

until the hemispherÍcal pH sensitive tÍp was located approx-

imately 3-4mm directly above the ce1l wall. At this point an

agar brídge, vras lowered into the isolating chamber (see

Figure 2"68). (this agar bridge lvas necessary to complete

the electrical círcuit between the solution in the isolating

chamber and the calomel electrode Ín the outer solution).
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The system was allor4red 30 minutes, in the líght, to equilibrate

and for the ceIl to recover from the isolating process.

At Èhe end of this recovery period, the pH electrode vtas very

carefully lowered until it just touched the cell wall; the

hydroxyl band-centre \^tas then located. The system was then

ready for experimentatíon. The results obtained using this

apparatus will be detailed in Chapter 7.

It should be mentioned that all surfaces of these persPex blocks

were highly polished so that, when the apparatus was immersed in the

central experimental chamber, very litt}e light was prevented from

reaching the cell surface.



ÍIABLE 2.1. Chara eoYa LLina culture tank conditions

*
Tank Illumination Average

ChloroPhYll
conc.
(Ug chr.

Ionic Composition (mM) pH

Ca cl Hco
+++

K
+

Na-2
cm

3

DeIta

DeIta

Er

XG-I

xG-2

Mannum
Cells

FuIl sun-
light

Diffuse
sr:nlight

Artificial

Artificial

Art"ificial

Artificial

Fu11
sunlight

9.1 r 0.6

11. 2 t 0.6

10.931 0.8

14.0 t r.0

5.2 t 0.3 2.O5

8.9 I 0.5 2.2 0. 17 0 .26 I.2 2.L3

o?-
9.5

9. 3-
9.5

+ 9.4

8.5

9.4

8.6

A

1.0

L.7

2.5

2.2

o.22

o.25

o.25

0.2

o.64

o.92

o.7

0.56

0.7 r.56

r.9 3.63

1.0 3 .02

1.0 3. 54

5.0 t 0.5 2.5 0.22 0.50 2.L6 7.4

+ Artificíal light was provided by Osram MCFE Daylight Fluorescent

tr¡bes, giving an intensity, at the solution surface, of I5-I7V{in-2

* pH values were measured after 6h illumination.
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Figure 2.58. Sca1e drawing of the pH electrode system used to measure
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Key to Figwe 2.5A and B: 1, Hemispherically tipped pH electrode;
2, Experimental Chæa ceII¡ 3, Agar block; 4, Channel within the
agar block¿ 5, V'lhorl cell which acts as a nodal orienÈation cell;
6, Central experimental cha¡nber; 7, thermostatting jacket;
8, Calomel reference electrode; 9, pH electrode mountíng; 10,
balljoint adjustment; II, micromanipulator attachment; L2, clamp-
ing screw for electrode alignmenti 13, Drive for the horizontal
movement of the pH electrode; 14, Reference marker used in con-
junction with 15; 15, micromanipulator scale; 16, Drive for the
Iateral (horizontal) movement of the electrode; 17, Drive for the
vertical movementi 18, Micromanipulator base'i 19, Supporting rod
for pH and calomel cables ì 20, Electrical leads from the silicon
solar cell; 21, One of the clear perspex blocks used to wedge

the agar block firmly into place; 22, mítrored surface'
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CHAPTER THREE

PHOTOSYNTHETIC PROPERTTES OE CHARA CORALLÏNA: MEASUREMENTS

T4
OF CARBON ASSIMTI,ATION.

Introduction

PhysiologÍcal studies have shown that many of the act'ive ionic

fluxes of C" coyaLLí.na are light stimulated and that the energy

supply for these fluxes is provÍded, at least in part, by the photo-

synthetic light reactions. It ís possible, therefore, that specific

experimental conditions exist, under which competition for ATP and ,/

or reducing po$rer occurs between these fluxes and the fixation react-

ions of photosynthesis (see for example the proposals of Spanswick,

Lg74l. A situation of ttris nature may occur when an experiment is

conducted under low light intensity and high totat carbon concentration.

Experimental data on the photosynthetic capacity of C. corq,LLina

is limited. Smith (196&) dernonstrated that several Characeae

(íncluding C. coraLLina) could fi* 14CO, at rates of approximately

30-40 pmol .m-2"-1 
"rrd 

H14co, at rates of 1-9 p*ol .*-2"-l' However'

he assumed that the saturating conditions of 1.0mM total carbon

(pH 6.5) and I3I{m 2 tigf,a intensity, found fox NiteLLa tt'ansLucens

(Smíth, 196-ö I could be applÍed to thís species. Smith (19680) also

showed that C. eona.Llina. could assimilate HCO3 but his data, relat-

ing to the actual rates under conditions of exogenous Hco3 , were

1imíted.

Robínson (1969), using the same conditÍons detailed by Smith,

obtained a fixation rate of 50 p*ol 
"*-2"-1. 

Smith and Vüest (1969)

reported that using a bathing solution buffered at pH 7.1-7.2 and

containing O.5mM total carbon, they obtained fixation rates of

-,) -t25-35 pmol cm 
os *. The híghest rate for this species appeared to

be the value of 55 pmol cm-2t-1 t.potted by Smith (f9?o) (1.omM
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NaHCOa , pH 7 "L, light intensity unspecífied). Assímilation when

1â.
exogenous H'=COa was the dominant species was not investigated in

any of this work, except for the original work of Smith (19680).

It Ís surprising that HCo3 has received so little attention

since, as pointed out by MacRobbie (1970), the HCO3 transport

system seems to be partícularly active. It appears capable of

influx rates which are much greater than the other anionic transport

systems present in this species.

Results

Time - cot tv,se Eæp erùment s

The initial experiments in this series were performed to deter-

mine whether uptak" of 14c, supplied as exogenous 
tnao, ot Hl4cor-,

was linear with time" The procedure ernployed during these exper-

iments deviated from the general sequence given in Chapter Tv¡o

SectÍon III, in that step (v) was omitted, i"e. at the conclusion

of the th dark pretreatment, the cells were transferred immediately

ínt.o radíoactive solutions.

The results obtained indicated that uptake of 14c was linear

with time when eith.r tn"O, ot UI4CO, $¡as present as the exogenous

source of carbon. Typical results are presented in Figure 3.1.

From this figure it can be seen that, under experimental condit-

ions of 2mM total carbon and líght intensities of L2vIm-2 {r4cor)

or 2 and 3wm'2 tHl4cor-1, there was not a long 1ag period assoc-

iaÈed with photosynthetic induction (Osterhout and Haas, 1918;

and V'Ialker, 1973). On the basis of these results, it was assumed

that a 30 mínute líght pre-treatmenÈ period followed by a th

exposure to radioactive solutions would be suitable for all

photosynthetic fixation experiments.
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eoncentratíon a:nd. Ld,ght rntansíty Resul.ts 1bta"ined Usi'ng

Enogenous'nto,

During exogenous 'n"o, experiments the normal bathing sol-

ution was buffered at pH 5.3 with 5nM MES buffer. At this pH value

921ø of. the total carbon exísted "" 
l4"o^ and it was assumed that

¿

tÃ - 14
no H*=co^ influx occurred at this Iow pH value. Measured -'Co,--3 2

fixation rates, in response to various levels of exogenorl= ln"or,

are presented in Figure 3.2. These results were obtained using
_a

cells cultured in tank XG-2 and a light intensity of 25VÍm ' was em-

ployed throughout. The substrate {I4co") values were calculated
¿

accordÍng to Buch (1960, equation 10 and tabulated constants). The

fixation rates of tank delta (full sunlight cells) and the River

Murray (Mannum) cells, obtained in the presence of 1.8mM exogenous

"lL-'CoZ, are íncluded for comparison.

The influence of light intensity on 14"o,, fixation, in the

presence of saturatinE COr, \^Ias observed for three different cell

cultures. The results from these studies ar presented in Figure

3.3. Dark fixaLion ra es !,rere also measured during these exper-

-r -1iments, and rates of approximately O.5O t O.t pmol cm os * for

both tanks delta and XG-2 were found to be low and insignificant

when compared with fixation values obtained under low lÍght inten-

sities of 1-2vum-2. For thj-s ïeason the valu s presented in

Figure 3.3 were noÈ corrected for dark fixat on.



63.

H1 CO
,t

InfLtø
t.t

The Effect of ttAntifieiaLtt Buffers2

Preliminary experiments were conducted to ensure that the use

of "artificial" buffers did not Ínterfere with the transport of

HCO. across the plasmalemma. It $7as found that at a solution pH
J

value of 9.0 - 9.2, l-:ne buffers Tris, Tricine and borate all sig-

nificantry reduce the influx of ttlAcor-. only TES appeared to act

as an inert buffer, however its buffer range dÍd not extend to

pH 9.0 and so it was used, at pH 8.3. The results of these experiments

are shown in Table 3.1. The control results indicated that in the

pH range g.O - g.2, sufficient HcO3/Co!- Ot,tt.ting capacity was

present to reduce changes ín the pH value of the bathing solution to

an acceptable level. Because of the influence of the "artificial"

buffers tested, it was decided to conduct Hl4COr' experiments at an

initial pH value of 9.0 and to omit "artificial" buffers from the

solutions. (For a sealed experimental system, the amount of CO,

which existed at this initial pH of 9.0 was so low that it was con-

sidered to be insignifícant, but see appendix C).

1¿ 74
Ht*C7r- InfLuø: The rnfLuenee of Eæogenous H'=C)r- Coneentz'ation

and Light Intensity

The relationship between ttt4cor- influx and exogenous H14co3

concentration is índicated in Figure 3.4" As in Figure 3.2, a

light intensity of 25wm-2 was used throughout, and ttre ttl4cor-

substrate concentrations were calculated according to Buch (1960,

* In Chapter Four it will be shown that excellent correlation
e and OH efflux, hence the loss

'lL
gaseous *'Co. escaPe was minimal.-¿
obtained at pH values ), 9.2

will be assumed equivalent to L4H COg influx"
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equatÍon 9, and Tabulated constants). In this figure, the curve

marked A $¡as obtained. using cells from tank delta which were cultured

under full sunlÍght, while curves B and C were obtained wÍth cells

from the same tank cultured under diffuse sunlight. (See Table 2.L fot

the variatíon in chlorophyll concentratíon which results under these

two light regimes) "

The removar of precipitated cal4co, and unfixed tn"or, using

the propionic acid treatment, is represented by the difference between

curve B and C, i.e. curve C represents the troe H14CO3 influx va1ue.

The results expressed in curve A represent values corrected fot c.l4co,

and unfix"d 14co
2'

1^
The influence of tight intensity on H*-CO, Ínflux is expressed,

for cells cultured in tank delta under diffuse sunlight, in Figure

3.5. The bathing solution contained 3mM total carbon throughout, these

experiments and the pH value was maintained within the limÍts of

pH 9"O - 9.2. The dark fixation rate was also determined under these

conditions and the observed value of 0.81 t O"O3 pmol.*-2"-1 h""

been subtracted from the values plotted on Figure 3"5.

?he ReLationship BeLueen tnto, SuppLded. by Diffusion and. ?rans-
1¿

ported H*'C0S

There is very little known about the relationship between the

t^
supply of *-co, by diffusion and the activity of the HCo3 trans-

port system of Chav,a eov'aLlina" Raven reported that the 14c 
"""i*-

ílation of ä" afrLeanun appeared to show "differential effects" at

pH values of 6.0 and 10.0. He suggested that these "differential

effects" could still be distinguished between solutíons with pH

values of 7.3 and 10"2 (Raven¡ 1968q p" 195 and Figure 2). On the

basis of these results, Raven suggested that in this species
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"photosynthesis has the characteristÍcs of CO, use at the two

lower pH,s (i.e. pH 6.0 and 7.3) and that of HCo, use at pH 10.2."

He went on to conclude that, "it wou.Id aPpear thaÈ the character-

istics of the system are determined bY co, at any pH below 7.3, where

CO, comprises more than IOt of the total carbon supply" '

It is not clear just exactly what Raven is proposing. For

example, is he saying that below pH ?.3 only CO, is involved in

photosynthetic carbon assimilation, or is he proposing that below

this pH val-ue of.7.3, co2 predominates as the source of inorganic

carbon for photosynthesis?

His results do not help to clarify this situation. Admittedly

Figure 2 (Raven, 19684 shows that fixation in the presence of pre-

dominantly exogeno',r" l4ao, was higher when compared with the exog-

lL - )-
enous H'*COr-,/CO!- condition. However, fowering the temperature

from l5o to 5oC reduced the 14C assimilation under the exogenous

'n"or.nd Hr4co, conditions by 56 and 59 per cent respectivery. This

result could not be termed a "differential effect". The same is

true for the high and low light intensity results, ín the same

order given above, the percent reduction was 8t and 87 respectively.

The results of Figure 28, in which the influence of temperature

and HCO3 concenbration on ttl4CO, assj.milation was investigated

under low light intensity, are of limited use in determining the

properties of the HCO3 system. ThÍs is because under these con-

ditions I4C .""i*ilation was light limited, hence an increase in

HCO3 concentration from I to 4mM would be expected to yield a

negative response, Raven should have conducted these experiments

in the o to o.25mM Hco3 concentration range, if he wanted to

distinguish between a diffusion or photochemical limiting process'
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Unfortunately Raven did not include the "differential effects"

that he c¡btained between pH values of 7,3 and LO.2. No comment can

therefore be made regarding ùhese results, but ít, is obvious from

Raven's Fj.gure 1A Lhat at pH 7"3 the l4C fi*ttion rat'e was higher

when compared with the same level of Co, at pH 5.7. This indic-

ates that at pH z. ¡ HI4co: was in fact contrÍbutÍng I4c fot
5

photosynthetíc ass imilaLÍon,

lf it is assumed that Raven was suggesting that the HCO, con-

1dtribution to *-c assimrlation was insiEnificant below pH 7"3, the

proposal acquíres a degree of importance. This is because the trans-

port of HCO" has been implicated as a contributíng factor in the

determination of the electrical properties of the plasmalemma

(V'lalker, L962; Hope, 1965; Vol.kov and Misyuk, 1969¡ Volkov and

Petrushenko, L969¡ Saito and Senda, I973ai Volkov, 1973). On the

basis of Raven's proposal, the electrical contribution of HCO3

would be minimal or entirely absent when cells were bathed in sol-

utions having pH val.ues bel"ow 7.3.

To Ínvesbigate this relationship, it was decíded to conduct

experiments over the pH range 4,8 to I0.8, using a concentration of

total carbon which would saturate fixation over this range. The

results of Figures 3.2 and 3.4 indicated that 3mM total carbon would

be suitable and, hence this concentratíon, ín conjunction with a

saturating light intensity of 25wtn-2, was used throughout this

series of exper,iments, The results obtained, using cells from

threê different cultures, are presented in FÍgure 3.6. In these

experiments the pH region 4.8 to 6.2 was buffered using 5mM MES,

the region pH 7.0 to 8.6 by smM TES and the region pH 9.0 to 10.8

bv the 3mM Hco^ / co2^- buf fer which also acted as the substrate-J

for fixation"
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L4
Apparent K^ and Theovetieol V^o* VaLues fon CO Fíæation

¿

In this study the apparent K* is used in the operational
L4 L4

H
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3'

sense of the substrate concentration (either

required to give half maximal velocity. t4"o

gave an apparent Km of 0.71mM t 0.20 and a V

co

, fixatíon at pH 5"3

of 159.5 t L7"6

coor 3)2

max
-? -r 1Ã.(pmol cm 's *), The values when H*=co3 was the exogenous carbon

species (pH 9.O - 9"21 were K*, 0.59mM I 0.16 
"nd 

V*"*, 7L"2 ! 6,2

-,) -t(pmol 
"*''"-t¡ for the 8.9pS chl.cm-2 cells from tank delta, and a

Km, O.58mM ! O.tg rnd V*"*, 46.9 ! 4.6 (pmol.*-2"-1) for the 5.2Ug

chl.cm-2 cell-s from tank delta. These kinetic values were obtaÍned

using the computer progranune developed by Cleland (1963). The

comBuLed V-- values are; larger than the experímentally determined- max

maximum values of 11.4.0 -+- 5.I - l3o I 6"3 p*ol cfo-2"-I {l4cor, nH

5"3) or 59,6 ! 2.9 and 40"5 t 1.7 pmor 
"*-'"-I {Hl4cor-, pH 9.0)

for the 8.9 and 5r,2pg ChI. cm-2 cells respectively. Howeverrthe

rates are higher than those previousry reported for tn"o, ot Hr4co

the latter demonstrating that C. ceralLína cells are capable of

large anionic fluxes when alkaline solutions containing HCO, are

employed.

A theoretícal consideration of the maximum rate at which

HCO- can be converted to CO^ is presented in Appendix C. The
3¿

values obtained indicate that at pH 9.0 and in the presence of ImM

total carbon, the maximized rate of suppJ-y of CO, cannot account

for the observed rate of 14c fixatitn. under the experimental

conditions empl.oyed, the free Co, contributíon would be small;

the discrepancy between the calculated CO, and experimentally ob-

served rates demonstrates beyond doubt that cells of this species

can assÍmilate HCO3 "



68

Seasanal Variati.on in Ca1,L Capaeity
1^

The discrepancy between the high '=C fixatíon values reported

in this work and those of smj.th (19680ù 
' cannot be due to differ-

ences in chlorophyll concentrations. This is because the value of

l1¡rg ChI..m-" quoted by Smith (1968ç Tabte I) is in very close

accord with the actual chlorophyll concentrations Present in the

cells used during this work (see Table 2"L\. No conclusíons can be

drawn regarding the influence of chlorophyll concentrations on the

values reported by Robinson (1969), Smith and west (1969) or Smith

(1970), since chlorophyll concentrations were not specified in any

of these reports.
'ta

Al-I the t*C 
"*p.riments 

reported thus far were conducted

during the summer growing season, during whích time optimal growth

rates ensured that uniform mature cells were obtaÍned" However,

Smith (I968d conducted f,Í" l4C experiments during the norLhern

hemisphere wi.nter months (F'A' Smith, personal communication) ' If

there was a seasonal difference in the cellular capacit"y to fix

1Á.t*C, it would account for part of Lhe discrepancy in results. To

test this possibility, a series of experiments was performed during

the mid-winter period.

Experímental ceJls were cut from a culture which had been

allowed to mature from autumn to mid-winter. The culture conditions

of this tank, on the day the cells were harvested, are detailed

in Table 3.2. A bulk harvest of the cel,Is was necessary because

the branches had become intertwined, forming a dense mass of qells

from which it was extremely difficult Lo separate and cut ce1ls

suitable for experimentation" The bulk harvest involved cutting

the dense mass of cells aL a depth of approximately half the height
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of the mat.ure culture. The top section was then transferred to a

large container of tap hrater, and in this container the individual

branches vrere sorted and cel1s suiÈable for experimentation Ì^¡ere

harvested" These cells were stored in glass dishes whích contained

normal bathing solutÍon to which 3.OnM NaHCO, had been added and

Lhe pH value a.djusted to 8"6. CelLs were stored in these containers

for up to 9 days*, with the solution being prepared and changed

twíce daily. lllumination was provided by fluorescent lighting at

an int-ensity of 8.3wm-2 at the solution surface and a 12h light :

I2h dark regime was employed.

The results of this series of winter experiments is presented

in Table 3.3. The exogenouu I4"o, results indicated that Èhe

photosynthetic fixatíon and cytoplasmic streaming rates were lower

on the day that the cells were cut. By the following day the cyto-

plasmic streaming rate had returned to the normal value observed

in these cells (50-?Opm 
"-I), and the measured'n"o, fixation

rate had also recovered to a value equivalent to the rates observed

during the sum¡ner months, Hence seasonal differences in tissue

cannot erçlain the discrepancy in 14co, fixation rates.

cerfs treated in exogenoo" Hl4co3- did not follow this simple

pattern of recovery" Of the three experiments conducted on the

day that the cells were cut, the average cytoplasmic streaming

rate of the cells cut using the bulk harvest technique (rough

handling) was much lower than the normal value obtai.ned for the

celIs which were cub direct,ly from the culture tank. (It was assumed

that this reflected slighl cellular ínjury inflicted during the

butk harvesting procedure). The interesting point to note is

Duríng thisperiod the cells were thermostatted at 2OoC.
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that the lower cytoplasmic streami.ng rate did not correlate with

a lohrer value of HI4CO^ influx; al1 three treatments gave approx-
J

imately the same rate. The change in HI4CO" influx wíth post-harvest

age is noteworthy. On the first and second days after the harvest,

the rate dropped to almost half the value observed on the day that

the celts were harvested. From the fourth post-harvest day the influx

increased, until by the ninth day it had recovered to a value which

was equivalent to the results obtained during the summer months.

The exogenous

I4of this slow H co3

Iimit on fixation,

14.-="o, fixation results indícate that the cause

influx response is not directly related to a

imposed by the chloroplasÈs. It is more likely

that the limit o., H14CO. influx is imposed at the Plasmalemma' inJ

thaf the mature winter ce1ls may have fewer operational HCO, carriers.

Hence, part of t-he discrepancy Ín HI4co3- influx results may be

due to seasonal varÍatíon in tissue. The differenc. in I CO. results
¿

is probabJ.y due to the employment of a light system which did not

illuminate the entire surface of the cel1 with a saturating light

intensity.

These results are important in two respects. Firstly' they

demonstrate that there may exist seasonal variation within the

influx capacity of the ttl4cor- transport system. Secondly, they

show that the post-harvest age of the cel] may be extremely import-

ant in terms of the capacity of the Hl4co.- transport system.
J

Consequently future bio¡rhysical studies, on the influence of HCO3

.in relation to the eLectrical properties of the plasmalemma, must

ensure that the status of the HCO, transport system is determined

simultaneously with the electrical measurements.
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InLarpretation of the Kinet;Lc Data

It is not possible to assign categorÍcally the observed app-

arent K- values to specífic binding sites. This is because the
m

measured I4C fi*.tion rate depends upon the combined processes of

co, diffusion, from the bulk solution to the chloroplasts, and

carboxylat-ion" The relatíonship between the carbon concentration

(e.g. CO2) in the bathing solution and the concentration actually

present at the carboxylating site in the chloroplasts, is very

difficult to obtain for cells of macroscopi.c síze. This is partic-

ularly so for the results obtained in this study because the exper-

imental medium was not stirred. Hence the unst'irred diffusion

layer (see Dainty, l-963) would have been greater than the estimated

value of I9OU¡ okrtaj.¡red by Dainty and Hope (1959Ð for isolaled CLnv'a

cell wal..l s in a stirred medium. According to Raven (1970) , the

total diffusion path ín a situation of this nature would probably

be at least 400-500Um.

consequentl"y the apparent K*, obtained with the unstirred

experimental sol.ution buffered at PH 5.3, would have been influenced

significantly by the díffusive resistance of the system to co,

(see Raven, 1970), Under these conditíons (i.e. the presence of

a Iarge diffusive resistance component) it, has been found that

the apparent K- for photosynthetic CO. fíxation is similar to the
-'-- -55-- --- - - m

K_- for the isolated carboxylating enzyme, rÍbulose-diphosphate
m

carboxylase (steemann Nielsen, 1960; and Raven, 1970). In this

respect the obtained apparent K* value of 0.7mM is in reasonabfe

agreement with the adjusted value of 0.45-0.54mM, calculated for

the isolated enzlme (cooper, Filmer, !Ùishnick and Lane, L969i

and Walker, I9?3). However, it should be pointed out that fÍrstly,

lhe in Aí.tI,o K for the isolated enzyme is sensitive t'o the leve1
m
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of magnesium ions present (Pon, 1959), and under these condÍtions

a reduction in Lhe value of the K* to 0.12mM f^Ias reported by

Panlsen and Lane (1966). Secondly, the reported' ín ÙiUo apparenþ

K* values fox CO, fixation range from Ipm for ChLoxel.7,a (see

for exampte Whittingham, L952¡ and Steemann Nie1sen, 1955) to

1O-12UM for most ì.and plants (see Goldsworthy, 1968) and up to

O.3mM for some aquatic species (see, for example, Steemann Nielsen,

1946¡ 194't ¡ Smith , Lg67; and Raven, 196ed . There is an obvious dis-

crepancy between t-he ùn U|UO and ín Uity,o values for the K* of

this enzyme system (Raven , L97O; and I¡lalker ' L973) .

The exogenor.t" H14co, situation is as complicated, since the

photosynthetic fixation rate ís dependent upon the properties of

the carrier associated with the transport of HCO3 across the

plasmalemma, the rate of HCO3 diffusion to the carrier and from

the carrier to the chloroplasts, and finally the carboxylating

process. The apparent Kro value, determined in the presence of
1Ã

exogenous H'=CO, is very similar to the values reported by Steemann

Nrelsen (1946; K O'5mM for IulyriophyT"l,um spi.ccttum) and
m HCO3

Raven (1968g Km HCO,- O.7mM for H. afticanum). The complexíty

of the experimental situation does not permit the K* to be

assigned either to the actual carboxylating process or to the

binding site associated with the HCO3 transport system of the

plasmalemma.

The requirement of a low K* value (<IuM) for photosynthetic

fÍxation, which Raven (1970) suggested would be ímposed by a

facifitated diffr.rsion system for HCo3 , does not appear to be

supported by the ut4cor- results. However, this conclusion is

valid only if the diffusive resistance of the system does not
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prevent the establishment, by the HCO3 transport system, of a

ta --I4. - -stromal -="O, level greater than IptM when 0.6mM exogenous H CO¡

is present in the bathing solution. It Ís therefore assumed that

the data tent-atively supports the hypothesis that the entry of

HCO3 occurs by an active Process. It should be remembered though

that Lucas and S¡nith (19?3) considered the HCO3 movement to be

obligatety coupled to OH efflux, The independent or couplecl

nature of these two fluxes must be resolved before a final statement

can be macle as to the active nature of the HCO3 transport syst-em.

A conrparison of the fixation rates obtained in the presence

- 1'4- 14of exogenous '''CO, and H'=CO, (cf. Figures 3.2 and 3.4) indicates

that for the same carbon concentrat.ion, the rate is always lower

when exogenous Hl4co"- Ís present. A similar situation was
J-

observed for H, ttfz,ieanum (Raven, 1968rÙ. Unfortunately the results

presented in Figures 3.2 and 3.4 were obtained using cells from

culture tanks XG-2 and delta respectively, in which the respective

chlorophyll concenLrat-Íons were 140 and 8"9Ug ChI..*-2. However,

the difference j.t u*.* between exogenous 'n"o, and u14co3 cannot

be due simply to differences in chl.orophylJ- concentrations. This

is demon.strated by the results presented in Figure 3.6, which

show that uníform cells, cultured in tanks delta and Er, fixed

L4 -? -1
exogenous '*"O, at maximum rates of approximately I3O pmol cm os 

t

but under exogenous nl4COr- conditions the maxÍmum fixation rate

was only 60 pmol .*-2"-I. This implies that the fixatíon rate, in

the presen<,-e of exogenous Hl4cor-, is limited by a process

other than the carboxylating reaction. The limiting process

may be the transport of Hco3 across the plasmafemma. If this

was in fact the case, the value of V*.* may be determined by the

Lotal nurúcer of operational carriers Ín the plasmalemma.
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InfLuence of Light: Intensity ín the Presenee of Saturatí.ng
Substrrlte

over a signi.ficant range of light intensities the 'n"o,

fixation rate was found to be directJ-y proportÍonal to the light

.intensj.ty (Figure 3.3). A similar response was observed by

Raven (f969) and in fact this appears to be the most. commonly ob-

served photosynthetic response (smj-ttr, L936i Rabinowitch, 1951).

Under saturating Co2 concentrations,the rate limiting step at

Iow light intensÍties may be either the production of ribulose-

diphosphate or the conversion of 3-phosphoglyceric acid to glyc-

eraldehyde-3-phosphate" Independently of which site is limiting,

the level of rj-bulose-diphosphate should be small, compared with

the level of COr. If this was so, it would explain the observed

pseudo-first order reactjon.

Recent studies have shown that several of the reductive

pentose phosphate erìzymes may reguire photoactivation (Pedersen,

Kirk and Bassham, 1966; Buchanan, Kalberer and Arnon, L967¡ Wildner

and Criddle, 1969¡ and Bassham, L97L). It is possible that this

form of activaLion and regulation could result in a linear res-

ponse between fixation and light intensity. The different sat-

urating rates of fixation observed in Figure 3.3 could be due

tcr any number of rate limíting factors (Bassham, f97I), buÈ since

the lower two curves al.so had very much lower chlorophyll levels,

tl¡e most simple explanation is thaL the rates were depressed by

lower supplies of NADPH, and ATP,

't a.
The H*'Co, light irrtensity response was slightly sigmoidal

(Figure 3.5); the significance of this response is not known. A

compari,son of fixation rates, at a particular light intensity,
14. Ìd.for exogenous ''-CO, and H'-'CO3 reveal-s that the value is always
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lower whe., Hl4coa is being assimilated rather thanl4cor. (compare,

for example, the rates of tank delta cells presented in Figures

3.3 and 3.5), This Índicates that more 1Í9ht (quanta) is required

to fix a mole of carbon, supplied .s Hl4cor-, than is required

for a mole supplied as tn"Or. It is possible that thÍs extra energy

is required for the transport of HCO3 across the plasmalemma and

the possibitity of an energy requirement for the efflux of OH should

¡rot be di.scounted. Other transport processes (ionic or non-ionic)

which require photosynthetic energy may also contribute to this

"apparent" higher energy requirement for photosynthetic 14" fi*-

ation. Hovlever, for this additional transport energy "Ioad" to

be signifÍcant, the actual fluxes would have to be stimulated by

raising the pH of the bathíng solution, or alternatively the

energy requirement per mole transport woul.d have to Íncrease as the

pH htas raised. (Irrespectíve of what cellular processes are

utilizing this additional photosynthetic energy, it is apparent

that light'Iimiting conditions should be avoided unless they are

specificatly required by the experiment (cf. Spear et al., 1969¡

and Richards and Hope, L974\.

simu'l.taneous suppLa of 1n, b, Dr)ffusion o¡ 14c0, and Transport
IZ

of H-'C0-
U

To determine whether diffusion of 'n"or.r,d H14co, transport

are operating simultaneously to give maximum possible fixation

values, it was necessary to calculate the concentrations of Cor,

-)-HCO. and CO^- present over the experimentally employed pH
5¿

range (see Figure 3.6) " The results of these calculations are

shown in Figtrre 3.7. UsÍng Figure 3.2 it was estimated that the
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1¿.*'COz fixation rate satrrrated over the concentration region 1.0

to I.5mM (exogenou" 14"or). SimÍlarly the saturating concentratj,on
1^region for H-'CO, influx was estimated to be from I.5 to 2.0mM

(Figure 3.4). These regions have been marked on Figure 3.7 and

using the data in this figure it is evident that saturating CO,

concentrations are present until the employment of pH values higher

than 6.7. Applying Ravenrs (1968¡) proposal, the exogenous CO2

concentration should fall to 0.3mM (i.e. l0å of the total carbon

present) before the Hco3 transport system becomes operational. The

pH value at which this I : 10 (Co, : HCO, ) ratio occurs Ls 7.28

and is marked on Figure 3.7. Now, if Raven's proposal is correct,

the fixation rate in the pH region 6.7 to 7.28 would be expected to

fall and then recover once the HCo3 transport system could con-

tribr,rte carbon for fixatíon. An examination of Figure 3.6 reveals

that the experimentally obtained fixation rate does not decline

until the bathing solution pH vafue is raised to pH 7.4. The ob-

served fj-xation value of 120 p*ot c*-2s-1 u,t pH 7.0 cannot, be due

1L
simply to -'CO, supplied by diffusion, for at this pH value 0.54mM

CO, is present a,nd this CO, lev'e1 would support a fixation rate of

only 60 p*o1 .*-2=-I. (This fixation rate was estimated from

Fi,gure 3.2). Ho$rever, at this pH value 
"*og.rrorr" 

HI4CO¡ is present

at a concentration greater than that required for saturation of

the HCo" tran,sport system. conseguently the 14" rhi.h would be

srrpplied were the HI4co=- transport system operatíng, would be

_.) -160 pmol. cm 's '' (derived from Fígure 3,4) .

Thus combining the two rates gives a maximum value of
-t -ìl2O pmol cm 's ' and the agreement between this value and the

experimentally observed rate must be taken as conclusive evidence

for the simultaneous suppry 
"f 

14c by diffusion of l4co, .na
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'tL
transport of H'*CO,-. IÈ is assumed that these two processes

combine to give the maximum possible rate which is governed by

the prevailing experimental conditions. This assumption is supported

by the observed fall in the 14c fixation rate over the pH range

7.4 Eo 8.4. (Over this ptt range the CO, concentration falls from

0.25 Èo 0.O3mM). The combined rates in this region still agree

with the experimentally observed value, for example, at pH 8.0 the

exogenous CO2 concentration is O.O6mM and this would facilitate a

fixation rate of 7 pmol .*-'"-I, which when added to the maximal

14 -2 -LHt*cor- influx value of 60 pmol cm -s -, gives a combined rate of

-, -167 pmol .*-'s-'. The experimentally observed rate at this pH value

r^ras in fact 64 ! 5 pmol 
"*-2"-1. 

Since, over this pH range, the

HCo^ concentratj-on actually i,ncreases to a maximum value, it can
J

be seen that the UI4COT- does not acÈ simply as a reservoir for

1Lt*"nr. This is also supported by the plateau in the fixation rate

ol'er the pH range 8.4 to 9.4, i.e. the exogenot," HI4CO3 concen-

tration remains super-saturating whilst the exogerrorr= 
I4"O 

2 con--

centratíon decreases to 2.5UM and the concentration of 
"O:' 

remains

reasonably low. The reference to the COr2- concentration wiII be

explained in the fo).Iowing sectj.on.

rt would appear that the control of Hl4co, transport into

C. eoya.L7,i,na. is different from that proposed for ã. africanum,

or that Raven,s proposal is invalÍd. The 14C t"=rrlts presented

in this work support the earlier work of Lucas and smith (1973)

and taken together they demonstrate conclusively that this species

can transport HCO, when the bathing solution has a pH value as

low as 6.7 and this vatue can probabty be extended. down to pH 5.7

(but this wil.l depend upon the external cond,itions) .
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Deev,aase: Ln ttl4cor- InfLun it't the pH Range 9,5 to L0,8,

rt was assumed that H14co, influx would remaÍn constant

from pH 8.4 {Hl4cor- concentration 2.93mM) to I0.33 {Hl4cor-

concentration 1.sOmM). Above pH 10.33 exoEerrou" Hl4co ^ would fall
J

below the level required to saturate the UI4COT- ínflux system and

hence a declíne at values > pH 10.33 was expected. Experimental

results djd not confirm the first assumption; at pH values >.9.5

co¡'rsiderabl-e j.nhibj-tion of n14CO, inflrrx occurred (see Figr:re 3.6).

In fact at pH 9.9, an apparent inhibition of 8OB in the ttl cor-

influx occurred in the presence of a saturating HCO3 concentration

(see Figure 3.7). (It ís interesting to note that a decrease of this

na.ture, af- a slightly lower pH value, was observed by Smith (I968C

for /V. ty,anslueens and ToLypeLLa intrieata). Raven (I96BC con-

clucted his experiments at pH 9.6 or 10.2 to I0.4, consequently

his low fixation rates may have been due to the experimental con-

ditior¡s rather than an inability of H, aft'ícartun to utilize
1L

H--'CO3 at higher rates.

The inhibition observed at these pH values may have been due

to either Èhe influence of high pH per sa on the membrane propertíes

(or cytoplasmic pH) or to the presence of Co.2- which could
J

interfere with the HCO3 transport system. Since cefls actually

grow in culture tanks in which the pH value can equal 9.5 (see

Table 2.1) or exceed this value (Smith, I96BÉf, it would appear

i:hat inhibition bV Cor2- is the more likely explanation of this
1L

decline in H'=Coa influx. Thís conclusion is also supported by

the results of earlier workers in the field of HCO, assimilation.

östertind (f949) in his review of this work, discussed the

inhibiting effect of COf- on culture growth and photosynthetic

assimilation of HCo3 . Ho$tever, he assumed that the 
"O:- 

ions

could cross the plasmalemma and that their inhibit.ing influence



79.

\¡ras expressed through their displacement of the cytoplasmic pH

towards more alkaline values. österlind's assumption that CO:-

can penetrate to the cytoplasm is unsubstantiated by experimental

evidence and it ís considered that , ín Chara, coraLl¿rt'a' aE least,

the inhibition is expressed via a competitive blocking of the

Hco^ carrier svstem bv the Co3- ion.3--J
If this is in fact, the casef it indicates that for normal

transport the carrier requires at least a C - oH group and very

possibly a C :ô O group on its substrate. When this C - OH

group is ionized the substrate can still bind to the carrier through

the c 
- 

96" groop, but the successful. orientation of the ion onto

the carrier cannot be accomplished, because of the absence of the

hydrogen binding group. It is just possible that the "artificial"

buffer inhibition of Hl4co^ , demonstrated in Table 3.3, ís also
J

due to competitive blocking of the carrier site" It should be

pointed out that if Co32- does act as an inhibitor of the HCo3

transport system, then the maximum influx rates obtained at pH 9.0

to 9.2 urould be lower than the true maximum rates' This may also

explain the discrepancy between the obsert.d V*.* values of HCO,

influx and the computed Vr"*.

Buffer Effecl:s ab ALkaLine pH.

The experiments with the various "artificial" buffers (see

Table 3.3) showed that their presence interfered with the celfular

utilizat.ion of exogenous ul4cor-. The pronounced inhibition of
1A

H-=Co3 influx by Tris and Tricine buffers is particularly note-

worthy, because these buffers are still being used in membrane

potentiat studies (see Kitasato, 1968; and Saito and Senda, L973

a and b), and in artifícial culture media (see Rent, Johnson
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and Barr, L972). Lannoye, Tarr and Dainty (1970) reported that

"Tris-buffer, in particular, had a secondary effect on the membrane

potential not due to pH". The "secondary effect" was not detaifed

but it is possible that it may have been associated with an effect

on HCO, influx. Of the four buffers used, excluding HCO3 ,/

)-
CO; , only TES was found not to interfere with the HCO3 influx

sysfem.

In Èhis resPect it is interestÍng to note that Spanswick

(1970a, Fig. 4) used TES-buffer, at pH 7.1, to investigate the

electrogenic HCO3 hypothesis proposed by Ho¡re (1965). The parallel

in response when TES or 0.1mM HCO3 was used, would be expected

because TES does not inhibit the HCO3 influx, and the buffer at

pH 7.1 would contain O.O72mM HCO3 Íf the solution was eguilibrated

with atmospheric COr.

The mode of action, by which the Tricine, Tris and borate

buffers inhibit HCO3 influx is not known with any certainty. HoI^t-

ever, it is possible that the Tricine-buffer acts as a competitive

inhi.bitor on the HCO carrier site. The formula of Tricine is
3

(CH2OH)3-CNH-CH2-COOH and its PK" is 8.15. Hence, at pH 9.0 a

J.arge proportion of the buffer will exist in the ionized form

(cH2oH), cs+ur-cl.-c?o The carboxyl group may act as an, \o"
analogue for FICO,- and bind to the carrier.

Once bound, the rest of the ion may act to sterÍcally hinder

its rel-ease. TBS, Ín this respect, would be inert because the

sulphonate group of this buffer (c"ro"l3 Ñ" -cuz - clz-to, u)

could not act as an analogue of HCO, .

Tris-buffer could inhibit the inftux of HCo, in at least

two ways. Firstly, the buffer could react with Co, to produce

TrÍs carbamate by the reaction,
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R- NHz
2

-R-NHcooH -

R-NHCOO +
+

H

where R represents (CH2OH) 
3 C (Edsall and Wyman, 1958; and Jensen

and Faurholt, L952). Since this reaction is very rapid and the

carbamate is stable only at alkaline pH values, it is possible that

an amount of Tris carbamate r¡tlts present and that it acted ín the

same \¡¡ay as Tricine, namely as an analogue for HCOa

+
Secondly, in Chapter 8 it will be shown that NHn (or NHr)

specifically inhibits the oH efflux system of C. eov'alLùna. Tris

may be capable of acting in the same \^tay, and the resultant inac-

tivation of the OH efflux system would prevent the HCO" transport
J

system from operating normally.

The mode of action of the borate buffer remains completely

obscure. The solution chemistry of boric acid and N.ZB¿07.1OH20

is not known in detail, but it appears that boron may exist as poly-

meric species. In this form borate buffer may have a deleterious

effect on the pl.asmalemma.

Comparison betueen Field and Labrsv'atovA CuLtwed CeLLs

Finally, there does not appear to be any significant differ'
1L

ence in *'CAZ fixation rates k¡etween field cells and cells cultured

in the laboratory under fuII sunlight (see Figure 3.3) . Unfort-

unaÈely comparaÈi.ve experiments under exogenous ul4cor- conditions

were not conducted, so no comment can be made regarding ttt4cor-

influx rates. (However, the field cells were banded with CaCO,

and they formed alkalÍne bands when treated in a bathíng solution

which contained HCO3 and the pH-indicator, phenol red). The

total exogenous carbon required to saturate the photosynthetic

system appears to be between 1.0 and 1.5mM and both field and

co+
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culture tank systems had Hco3 in excess of this amount (see

trable 2.I). The suuner light intensity in the field sítuation

may be in excess of the saturation level, but would depend to

some extent upon the density of surface-floating vegetation.

It would seem, therefore, that the rates obtained in this study

are realistÍc in terms of the natural growth of this particular

species (cf. Smith, 1965).



Effects of

TABLE 3.I
L4various buffers on H Influx.

Solution

*
Control

+ 5mM Tricine

+ 5mM Tris

+ 5mM Borate

+ 5nM TES

*
Control

+ 5MM TES

59.3 ! 3.6

5.8510.37

55.5 t 3.0

5.28 t 0.56

4.6 t 0.33

51.6 t 2.4

3.99 I 0 .35

pH of the
Expt. Soln.

¿
e.ol s.2

9.0, 9.0

9.2,9.2

9.O, 9.0

8.34 , 8. 35

7 .35, 7 .7

7.4, 7.4

ur4cor- rnflux (pnor .*-2"-1)

Culture Tank

E. Delta xG-2

4. I8 I 0.40

58.9 ! 2.6

18. 3 1 1.0

4.03r 0.21

6.81Ì 0.45

52-6 ! 2.6

9L.7 ! 7.1

t 5.998.5

* Normal bathing solution plus 2mM total carbon, the solution pH value

was adjusted using either IOOm¡I NaOH or IOOnM H2SO*' (e saturating light

intensity of 25vm-2 was employed')

t rnitial and final pH values respectively

A



TABLE 3.2

Winter Culture xG-1 Condi

+
Na

*
DaÈe

29th JuIy 1974

Average ChtoroPhYll
concentration

(ug chl. cm-2)

Ionic Composition (Fl4)

+++
CaK c1 HCO

pH

9.5

3

*

10.8 1 0.5 3.5 0.ls o.7 0.8 3.24

pH value of the culture tank measured after 6h arÈificial

illumination (as in Ta.b1e 2.Ll .
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TABLE 3.3

Carbon Fixation Rates Obtained Usinc Mature

Winter Cultured Cells

L4 +
* Exogenous co

2

co Fixation
2

(pmol cm
-2 -ts

I +
Exogenous H

3
4co

Day No

L4 Hl4cor- rnfluxCyclosis
(av. ¡

1pm s-r) -2 -l
S(p mol cm )

Cyclosis
(ev. ¡

(un s-l)

0 67 .57 ! 7.75
58.84 ! 8.10

20
20

fn.zr ! 2.L
r[rz.ar ! 2.L{

20
2L

**
0

I

2

4

5

7

9

L07.29 !13.95 62

L7 .77 ! 2.7

10.71 I 0.98

9.O2 ! 1.43 .

2L.95 t 3.82

L9.2L ! 2.74

{::: I
.58
.15

50

60

60

62.9

61. 5

70.4

65

9!4
0t6

47 .93 ! 2.37

*

+

This indicates the number of days which elapsed between
harvesting and employing the ce1ls ín an experiment.

Experimental conditions r¡rere, 3mM total carbon buffered
at pH 5.3 with 5mM MES buffer and a saturating light
intensity of 25Wm-2.

Experimental conditions \i¡ere, 3mM tolal carbon buf f ered
at pH 9.0 by the exogenous HCO, /COZ buffer

The cells employed in this experiment were cut directly
fnom the culture tank before the bulk harvest of the
remaining cells.

The brackets indicate duplicate experiments.

+

**
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CHAPTER FOUR

THE pH BANDING PHENOMENA : A I¿ÍÀTHEMATICAJ, A}TATYSIS

Introduction

Several Characean species develop alkaline and acid regions

on their ceII surface. Spear et aI. (1969) reporÈed, that these phen-

omena occurred on the ceII surface of NíteLLa eLauata and Smith (1970)

similarly demonstrated that Chav,a eoralLína developed these pH

regions. NiteLLa fleæíL.is can also be added to this list (.f. Lefebvre,

personal communication) .

Spear et aI. considered that their results gave support to

the hypothesis proposed by Kitasato (196S). They observed the acid

and alkaline banding pattern by using a bathing solutíon which con'

tained 0.1mM KHCO3 (pH 6.9) and a 0.1mM concentratíon of the acid,/

base indicator phenol red. By means of partitions, they could also

isolate an acid and an alkaline region from the rest of the ceII.

Using an experimental system of this nature, they suggested that

over several hours, measurable pH changes occurred in the isolated

solutions. However, no details were given as to the volume of these

isolating compartments or the procedure by which the pH changes

vJere measured. This is particularly important, because these workers

suggested that under these conditions they could actually estimate

a value for the rate of H* extrusion. A value of, 5-2o p.ol .*-2"-1

\^tas reported, which was of the same order of magnitude as the

passive influx value inferred by Kitasato (1968) (based on his

electrical studies). Hoh/ever, it is doubtful whether this extrusion

rate, reported by Spear et al., provides any real support for the
+electrogenic H' pump proposed by KitasaÈo. This is because of the
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inherent errors which would have resulted from the experimental

system employed by these \irorkers.

For example, the solution in the isolating compartments con-

tained o.lmM total carbon which was added as KHCOT. Therefore,

since the inítiaI pH was 6.9, the initial Hco3 and co, concen-

trations in the solution would have been 78.3uM and 2I.7UM res-

pectively. At this point it shoutd be stressed that the experimental

system s¡as oPen to Èhe atmosphere. Hence, the processes which

would have ínfluenced the pH value of the bathing solution are:

(i)

( ii)

(iii)

(iv)

(v)

diffusion of. CO, into the atmosphere,

removal of Co, by phoÈosynthetic fixation,

transport of HCO, (influx) across the plasnalemma,

efflux of H+ via the "proton pump" r

influx of H+ by passive diffusion down its electrochemical

gradient.

This situation can best be represented by the following equilibria:

f rir
co

I
+ H2o <+ H2co3 ¡â H+ +

rivl lü rvl

HCO

i
3

(iii)
2

(ii)

Spear et aI. considered the pH change within the acid band resulted

solely from process (iv); this would not have been so. I'irstly,

process (i) would remove co, from the solutíon to the atmosphere

(the concentration of co, which is in eguÍlibrium with the atmos'

phere is t2l]M) and this would tend to force the equilibria to

the reft. This wourd result in the removar of H+ and HCo, from

the solution. The experiments were conducted under a light inten-

-)sity of 4.4wm'¿, and so photosynthetic Co, fixation (process (ii) )

would enhance the removal of H+ and HCO3 . However, since the

cells developed alkaline regions, it is obvíous from the work of
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Luc:¿rs and Smith (1973) that the cells were assimilating HCO, . If

the HCO" Ínflux and OH efflux can be spatially separated (see
J

Chapter 7) , t-hen HCO3 influx (process (iii) ) would cause a tend-

ency for the equilÍbria to move to the right, i.e. H+ may be gen-

erated by the conversion of COr, via carbonic acid, to HCO,

Spear et al. proposed thaÈ t"he alkaline regions were formed by

+passi.ve H influx (i.e. process (v) ) and so they wouJ-d have assumed

that; thís back fl.ux of H+ was negligikrle in the acid region. This

hypothesis has been refuted by Lucas and Snith (1973). Unfortunately

t:here is no accurate technique available at present by which processes

(iv) and (v) can be evaluated separately. Hence if the passive

permeability of the plasmal.emma is as high as Kitasato proposed,

process (v) would resul.t in a large underestimation of the actual

H+ efflux rate. (Actuaìly Kit:asato proposed that the passive H+

inf lux h'as þlggc-g9 bv an active H+ efflux and hence his hypothesis

would demand, a net H+ efflux tending to zero). In view of all

these complicating factors, it is proposed that the H+ efflux rate

reported by Spear et aL contains so many sources of error that it

i.s completely unreliabl-e.

Other attempts to evaluate the H* fluxes have been made by

Rent. et al. (L9'72.), Brown et al. (1973) and Richards and Hope (1974).

R.enL et al. attempted to measure the H+ influx which occurred when

cetls of /V. elauata were bathed in sofutions of pH 4.5 to 4.7.

These workers also seem to have misinterpreted, Kitasato, for on

his hypot-hesis the influx that they were attempting to measure

should have been cancelled by his proposed actíve H+ efflux

(providing that it operates at thÍs low pH value). Their results

tend to suggest that the plasmalemma had been damaged by this

low pH t-reatment and in fact they may have been titrating some
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Çomponent of the cytoplasm. Brown et al. and Richards and Hope

attempted an evaluation of H* fluxes using electrical measurements.

Both of these works are of ]imited value because of the poor

predictive nature of the theoretical equations which must be used

to calculate these fltrx values.

Lucas and Smith (f973) measured the pH of the acid and alkaline

bands that d,eveloped at the surface of Chaîa cor'(lLLint cells. They

attempted to calculate values for the HCo, and OH fluxes, but

this required an accurate knowledge of the alkaline band dimensions.

Since thÍs information was not available, various simplifying assumP-

tions had to be made concerninE the geometry of the alkaline bands.

Consequently only approximate fluxes could be estimated. These

wcrkers were also una-b1e to calculate a meaningful value of the net

H+ efflux asscciated with the acid bands.

It is ímporÈant that these fluxes be measured. Firstly, although

Kitasato's hypothesis would suggest that the net H* efflux is very

close Ea zexo, the modification of thís hypothesis proposed by

Spanswick (L972, L973, 1.974) would suggest that almost all the flux
f

through the H pump should be measurable in t-he bathing solution.

Second1y, there still exists a discrepancy between the electrically

measured and calculated value of the conductance of the plasmalemma.

The calculated conduct,ance is obtained by applying the measured

(known) ionic fluxes to a theoretical conductance equation. It is

possible that the acid or alkaline regions are assocíated with ionic

fluxes which contribute to the actual membrane conductance. If

this Ís so, their omission from the theoretical conductance cal-

culations may account for part of the observed discrepancy.

As a result of the large HCO. influx rates observed in
3

Chapter 3, the role of the HCO, and OH transport systems must now

be viewed in a new light.
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Preliminary Results"

By embedding a Chq,la cell in a solid agar block (i.e. an agar

block which did not have a channel cut above the cell surface) it

was pcssible to map the di.ffusj-on symmetry established by the

::espective acid ar¡d alkaline bands present crn the cefl sur:face.

However, before the results of this investígation are Presented, the

nature of the acid and alkaline banding patterns wí11 be briefly

reviewed. This wilt be done so that the reader is familiar wíth the

type of results previously obtained using this technique (Lucas

(f971) and Lucas and Smith (1973) ).

Using the apparatus and procedures detailed in Chapter 2

Section Vf (see particularly Figure 5A and B in conjtrnction with

Vt (d) ) the pH electrode was located on the wa1l of a Chara celL

which was positioned in the channel of an agar block. After an

illumination period of 2h, the pH electrode rvas traversed along the

cell wall and the pH value of the bathing sol.ution at the cell

surface measured. Steady state meäsurements were made by recording

the pH e.Iectrode response on the chart recorder; the pH-sensitive

tip was not moved to another position unt,il a steady readin,g was

attaíned. A typical banding pattern whi,ch was established under

these cor¡dítions is illustrated in Figure 4.1.. The bathing sol-

ution for this experiment. contained 0.lmM NaHCO, and it,s pH value

of 6.94 is indicated by a broken line on the figure" (Note that

Chapter 2 section VI (d) (i) is replaced by VI (d) (x) under these

solution conditions). The four band-centres of the alkaline bands

are labelled A to D and their locations are indicated on the

figure by vertical (solid) arrows. The centres of the ínter-

alkaline band regions are also marked by (broken) arrows. Vühen
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the pH value on the cell surface was depressed below the bulk

solution value, this region was termed an acid band, i.e. in

Figure 4.I acid bands existed to the left of alkaline band A'

between alkaline bands B and C, and C and D, and to the right of

alkaline band D.

By locating the pH-sensitive tip of the electrode on an alkaline

band-centre, the response of the ceII to illunination could be

observed. Figure 4.2 was obtained by placing the electrode on the

centre of band A and following a lh dark treatment, the cellular

response to illuminaÈion was recorded. From this figure it can be

seen that there was a short lag period before the pH value of the

bathing solution at the alkaline band-centre began to increase

rapidly. Vüithin 30 minutes of the celI being illuninated, this band

had established a steady pH value at the cell surface.

An acidification time-course for this same ceII is presented in

Figure 4.3. For this experiment the electrode was located between

alkaline bands C and D. It should also be noted that the ceII was

transferred to a ne\¡r agar block and bathing solution prior to the

th dark period; this new e:çerimental syste¡n did not contain added

NaHCO^. Following illumination the pH value at the acid band-centre
J

actually increased for the first 8 to 10 minutes and then the value

steadily became more acidic. (An explanation of the initial slow

rise in pH at the cell surface, for both acid and alkaline bands,

will be given in Chapter 5). In general it took between 60 to 100

minutes for the establishment of a steady pH value at cell surface

of an acid band-centre.
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Diffusion Sl¡mmetry of the Alkaline Bands

The first step towards determining the diffusion synunetry

developed by alkaline bands involved measuring the pH banding

pattern along the ceIl wall. This was obtained using the procedure

deScribed above. Using these results the alkaline band-centres

were located (see Figure 4.44). Xhe cell was then transferred to

an agar btock which, although it had a centrally located hole for the

cell, it did not have a channel cut into the upper surface of the agar.

This provided a completely stable medir¡n in which the cell could

devetop acid and alkaline bands, and no convective forces could act

on the concentration gradíents thus established at these H+ and OH-

sites.

,¡.he ceII was illuminated (l0wtn-2) for 4h and then vertical scans

were conducted, through the agar medium, onto the ceIl wall. (fhe

exact location of each alkaline band-centre was determined using

the previously obtaÍned data and the scale on the micro-manipulator) -

The results obtained for a single alkaline band are presented in

Figure 4.4. Vertical pH scan locations are indicated on Figure 4.4A'

and actual pH values recorded during these scans are Presented in

Figures 4.48 and C. Using the horizontal (i.e. in the immediate

vicinity of the alkaline band) and vertical pH scan values, a two

dimensional OH diffusion pattern was mapped using iso-concentration

lines. Figure 4.5 represents the iso-concentration pattern developed

using the results presented in Figure 4.4. (This mis-match between

the r.o and 10 (moles cm-3 x ro-10) iso-concentration lines was

due to the elapsed time between scans I and 6, i.e. at least 40

minutes was required per scan).

Figure 4.5 typified the results obtained when alkaline bands

were investigated and it indicated that these bands established a

diffusion pattern which approxirnated to that of a spherical co-
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ordinat,e system. However, the band or diffusion centre on the cell

surface appeared to be wider (0.05cm) than would be expected if the

alkaline bands develop from localized point source efflux centres

(see Lucas and Smith, 1973). ft was also evident that although the

pH value at the alkaline band-centre reached a steady state within

30 minutes (see, for example, Figure 4.21, the steady state at

vertical distances of 2mm or more requíred considerably greater per-

iods. Experience showed that this period could be up to, or greater

than 6h.

Diffusion Synmetry of the Acid, Bands

As in the symmetry studies conducted on the alkaline bands,

the acid bands were located and mapped using the open channel agar

block procedure. The bathing solutions used in the acid band studies

were normal, in that they did not contain added NaHCOa, but the pH

value was adjusted to a value of approximately 6.65. This was done

using freshly pr:epared NaOH. The resultant medium was very low in

Èerms of ]ruffering capacity but had a background value upon which

coulci readily be discerned the influence of the acid bands.

Employment of this experimental system lengthened considerably

the time required to establish steady pH values along the acid band

ceII surface. An indication of the tÍme required to establish this

situation is given by the results presented i.n Figure 4.6. (this

figure also demonstrated that non-activated alkaline bands can

exist in an acíd region; Èhis situation wÍtl be discussed in Chapter

5). From these studies it was evident that illumination periods

of at least 6 to 7h were required before the values on the cell

surface began Èo stabilize. Consequently a pretreatment illumination

period of at least 6h was employed prior to performing scans either

along or vertically onto the cell waII.
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Typical resulÈs obtained from a two dimensional analysis of an

acid band are presented in Figure 4.7. The two dimensional acid

iso-concentration pattern which was constructed from tltese results

is shown in Figure 4.8. This revealed that the diffusion pattern

established by acid bands approximated to that of a cylindrical co-

ordinate system. However, it was obvÍous that the alkaline bands,

which r^rere present on either side of the acid band, distorted the

diffusion pattern by neutralizing H+ at their boundaries of overlap.

This meant that, in order to evaluate the total- net H* efflux for a

single ceII, it would be necessary to correct for these neutralization

zones,

Alkaline Bands: Point or Band Surface ?

Lucas and Smith (1973) considered the development of an alkaline

band to be due to the localized efflux of oH from a point on the

cell surface; accumulatj.on of OH near the surface eventuatty forming

a band. As previously mentioned, the results presented in Figure 4.5

do not support this hypothesj-s. By analysíng the experimental data in

terms of the mathematical equations which describe the concentration

distribution established by a contínuous point source, it was possible

to test this hypothesis.

A cell was located in a normal agar block, \^tith its síng1e

orientation cell (see Figure 2.54) in the vertícal (upright) position.

This orientation was referred to as the oo posiÈion. The cell was

illuminated for 2h and a cell wall pH scan l¡¡as then performed.

After completÍng this scan the cell was carefully transferred to an

identical agar block, which had been equilibrated in the same bathing

solution. The nodal orientation cell was rotated to the horizontal

or 90o position and the procedure repeated. The entire seguence l^tas

repeated for the nodal orientation cell'in the 1800 position. A
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typical paÈtern of the pH values obtained from such a sequence of

scans is shown in Figure 4.9. For clarity only the Oo and 18Oo

values have been plotted on this figure. These results indicated

that there r^tas very little change in the concentration of OH

around the surface of the cell, vrithin any particular band. This

situation would not be expected if OH ions were being effluxed

through localized point sources. The small band, illustrated on

the extreme left of Figure 4.9, was an exception and demonstrated the

presence of a very small localized OH efflux system.

It was also found that the al-kaline band-cer¡tres attained the

steady state situation within the 2h pre-scan illumination period.

If it was assumed that for a particular band, the efflux point source

was located at the Oo position, the time required to establísh the

steady state OH concentration at the 18Oo position could be ob-

tained from the continuous point source equation derived by Carslaw

and Jaeger (1959, p. 26L, (2) ) i.e.

^qu=-
4IÏDR

R (4 r)erfc
(4Dr)+

where C is the concentration of OH at a radial distance of R
cm

from the point source, D is the diffusion coefficient for OH , q

is the steady state rate at which OH Ís being effluxed through

the point source and t is the time the point source has been oper-

ati.ng. The diffusÍon distance for the above situation would be

fi.*Choou (where *Choru is the radius of the cell ín question) and

this could be substituted into equation (4.I). This would result

Ín a steady state time actually shorter than the true time required,

because equation (4.I) assumes radial flow, whereas the OH

diffusion being considered wouLd be around the ceIl wall.
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For large values of time t, erfc 
* 

, tends to 1.0 and the
(4Dt) t

result at position R is the steady state concentration, i.e.

c = I (4.21
4NDR

The way in which the steady state is approached will depend upon

the distance R from the source. Hence C wí11. have attained 95t of

the steady value gíven by equation (4,2) when erfc
(¿ot) !

+- = 0.044 (value obtained from Appendix II of Carslaw and(4Dr)2

.Iaeger, 1959). So the time to attain 95* of the steady value at R

would be

R2
f,=

4@.04412 D

Substituting values of 2.I29 x I0-5cms2 I *forE andR=1L.4.62
-) -1x 10 - = 1,451 x 10 *cm, a value of t = 35.5h was obtained.

The general conclusion was therefore that the alkaline bands

could not be formed from point source OH effluxes since they can

establish the steady state within much shorter periods of time. This

conclusion was supported by time-course experiments in which alkaline

band activation and steady state establishment were recorded. It

was found that the response of a particular alkaline band, to iII-

umínat,ion, $ras the same whether observed. from the Oo, 9Oo or t80o

positions (Figure 4.10). In Figure A.LO, traces I and 3 were ob-

tained when the cell was held in the Oo position and traces 2 and

4 in the lEOo position. (The alkaline band and pH electrode

l.ocation employed in the experiment associated with Fj-gure 4.10,

are indicated on Fígure 4.9; the same cell was used for both exper-

iments). The attainment of the steady state OH concentration,

around the surface of the alkaline band, within a period of I2-L4

(4 3)

*
ThÍs value of D is the limi.ting diffusion coefficient for NaOH, at
25oC, calculated using the Nernst-Hartley relation. This equation
and the experimental values are given ín Robinson and Stokes (1965)
p. 297-8 (fl.3) and (1I.4) and Appendix 6.2).
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minutes (see Figure 4.10) could not possibly occur if a point

source OH efflux system was operating.

It would therefore appear that mcrst alkaline bands were formed

via efflux of OH ions over band surfaces whose width was usually

equal to or .Iess than 0.05cm. The results presented in this

section and the iso-concentration diffusion Pattern presented

in Figure 4.5 suggest that the diffusion symmetry of an alkaline band

might fit. the equation for a spherical surface source of radius Rchara,

provided radial values too close to the surface of the ceII were

n,ot used.

Limiting Hydroxyl lon CaBture

Any attempt to analyse the concentration diffusion pattern of

OH ions, with the ultimate aim of obtaining an absolute value of

the flux crossing that band surface, must ensure that oH capture is

reduced to its minimum possible va1ue. It was proposed that the

bathing solutions to be employed in these diffusion analysis exper-

iments would, have HCO, concentrations of 0.2 Eo O.5mM. Consequent-

ly within a normal band. centre (pH of approximately 9.9 and with

O.5mM HCO" present) the equilibrium,

HCO +oH H
2
0+co

3

2

3

2would establish a CO concentration of O.I36nM. If the c"** .or,-
3

centration of the normal bathing solution was left at 0.5mM, the

ionic product [c"++] ¡cor2 I wout-d be 6.8 x to-8 (^oL"t2.L2) which

would exceed the solubility product for these ions at 25oc (0.87

x 10-8mol."t2L2). consequentry this concentration of ca++ could

not be employed, for it would result in the precipitation of

CaCo, onto the cell wall, and this would result in the continued

removal of OH from the diffusion system. Using this leve1 of

total carbon (O.5mM), the solubility product indicated that Ca*+
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at 0.06mM would be low enough to prevent CaCo, precipitation.

A series or nl4co, influx experiments was performed at various
++Ca" concentrations, to determine whether the influx remained un-

affected by such low ca*t concentrations ( -< O.O6mM) . Chat'a cells

were cut and given the normal pretreatment used. for I4c 
"*p"ti^-

ents. At the end of the recovery period the cells were washed with
{.+Ca"-free bathing solution and then pretreated for lh in their

respectirre bathing solutions, which contained c"** l.rr.Is ranging

from 0 to 0.5mM and 0.5mM NaHCOr. The pH value of all solutions

was adjusted to 8.6 and no other buffer was used. A saturating

Iight intensity of I5Wm-2 was employed for both the th pretreatment

and th experimental (I c) periods. The results of this series of

experiments, which are presented in Figure 4.LL, showed that Ca++

levels as low as 0"O2mM did not reduce the ttl4cor- influx.

These results were encouraging for they indicated that suitable
+.+Ca" levels could be employed i.n the diffusion analysis experiments.

Hov¡ever, Ionger exposure times to low c"** l"rr.Is would be required

during these experiments, sLnce preliminary studies indicated that

at least 10-12 were required to establish the sÈeady state sit-

uation at radial distances of up to 7mm from the cell surface. To

ensure that this prolonged contact with low c"** l.rr.ls was not

deleterious to the cellu1ar assimilation of ttl4cor-, a further
1Aseries of H-'CO, experiments was performed. After the 2h recovery

period, the cells were bathed in a sotution which contained 0.02mM

CaSOn' 0.5mM NaHCOa, 1.0mM NaCI and 0,2mM KCI (pH 8.6). The cells

were treated in this solution for IOh, 6hL, g.¡wm-2, 4hD. The

th pretreatment and Ih ul4con- exposure were as previously des-

cribed,. The results obtained, are also presented in Figure 4 " 11

and they indicated that prolonged contact, with O.O2mM Ca++ did not
1^

reduce H-'CO3 influx.
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The Alkaline Band: Eiffusion Analysis Based on the Hollow SBhere

Model

e Chaz,a ceII, whose alkaline banding pattern had been mapped

and checked for consistency on the prevÍous two days, was inserted

into an agar block which did not have a channel cut into its upper

surface. The solution used for this particular experiment contained

0.02mM CaSO., 0.2mM NaHCO^, l.OmM NaCI and 0.2mM KCI. After a 10h
4J

illuminatíon period (tSwm-2), vertical scans were performed onto

each of the alkaline band-centresri.e. the cell nodal position was

re-measured, and, from this value the positions of the various

alkaline band,-centres r,rrere determined. The vertical scans were

through the centre of symmetry of the bands, provided the banding

pattern had not rnoved relative to its previously determined pattern.

Table 4.1 gives a typical set of results obtained using tttis

procedure. The celI studied in this case had four alkaline bands

present during the pre-scan experimental investigation. Hovlever,

band C was not operational at the end of the 10h illumination period.

If the OH efflux sites on the cell surface are acting to establish

spherical diffusion patterns, the steady state OH concentration

diffusion pattern should fit the diffusion eguation of a hollow

sphere. The hollow sphere system was selected for the ínitial

analysis because its diffusion pattern \,{as the closest to that

obtained in Figure 4.5. If Èhe width of the oH efflux band apProx-

imates to the radius of the hollow sphere, then the concentration

diffusion pattern which these thro systems develop (i.e. a band

and a spherical effluxing surface), should, become equívalent at a

short distance from their surfaces.

The steady state hollow sphere equation derived by Carslaw

and Jaeger (1959, p. 23L (3)) can be expressed as,
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aCr(b-r) + bc2 (r-a)
. . . (4.4)c (r) r(b-a)

where C, is the concentration at the radj-al distance rcm, a is
trJ

the radius of the hollow sphere (equivalent to the radíus of the

Chara celI, 
^Choool, 

and C, is the concentration at the surface

of the hollow sphere, and b is the radial distance at which C, is

egual to the concentration of the bulk sol.ution. The boundary

conditions are that a<r< b, C = C, at t = ãt and C = C, at r = b.

For a particular alkaline band, in the steady state, ã, b, C, and

c2 ate constant and hence equation (4.4) can be reduced to,

1

"(r) 
= K. 

- 
- B ...(4.5)

t

where K and B are numericaJ- constants whose values are determined

by the boundary conditions. It should be pointed out that the

value of r appeari,ng in equati.ons (4,4) and (4.5) is equal to

(n^, + R) where R is t-he raclial distance from the surface of
ONCIT'T

the cell. to a particular poj-nt in the bathing solution.

If a close approximatÍon to the hollow sBhere diffusion system
,ì

is operating, the graph of C(r) against I should be linear.
-lGraphical analysis of f on-l + n) against (*Chooo + R) *(^ch"oo

fc¡r aLkaline band D of Table 4.1 is shown ín Figure 4.L2" A

linear relati,onship appeared to hold for distances of R greater

than 0.04cm. The deviation from linearíty in the region of the

graph where [Og-] approached the background value was expected.

This was because the effective radial diffusion distance for the

OH ion would be finite for the time scale employed in this exper-

iment. Hence, at the outer boundary of the alkaline band there

would always be a region which was not in the steady state. The

non-linear section of the graph in the regíon where R tended to
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zero might have been due to the fact that the band surface source

was not an accurate approximat.ion to a spherical surface source, fot

these small values of R. However, since in this region very small

radial distances were involved, it should be pointed out that the

pH-sensitive tip was not a "point measuring sourcert. In fact it

wil.I be recalled that the hemispherical tips had diameters of approx-

imately 0.I5cm and the height of the hemisphere $Ias 0.Og - 0.09cm.

This meant that the electrode would measure an average pH value and

thís value would have been associated with an average height "x",

back from the electrode tip, i.e. the pH value observed when the pH-

sensitive tip was just touching the cell surface would be,

[oH-ì (**.*n"+ R + x) I lct*-' r*rrooo+ R)' R = o'

Consequently each of the radial distances may have been underestim-

ated by a small amount equal to "xt'. At small values of R, this

error would have had a significant effect on the value of (*Ch"oo+R)-1

Therefore part of the deviation from linearity observed in Figure

-l4.1-2 at large values of (*Chooo * *) -, could have been due to an

error in R. An attempt was made to evaluate this error (x). Exper-

imentally measured values of R for band D (Table 4.I) are listed in

-1Table 4.2, anð. corrected values of (^CL*oo + R + x) -, using x values

from O to 0.O6cm have also been given. These values, in conjunction

with the alkaline band D [n* ](r) results presented in Table 4.1,

were plotted to give Figure 4.13. From this form of "corrective"anal-

ysis, it was found that an ttx" value of 0.03cm gave an almost perfect

linear relationship for all the measured values of [ott-] trl. This

value of 0.03cm for the mean pH-sensing height of the electrode appear-

ed to be a sensible value with respect Lo the actual hemispherical

height of 0.08 - 0.09cm. Over-correction at higher "x" values

resulted in the reintroduction of non-Iinear resPonses and this
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r¡¡as taken as supporting evidence for the vatidity of this corrective

value of x = 0.03cm. This value I^Ias used to graph the diffusion

results for the three alkaline bands of Table 4.1; the results are

presented in Figure 4.14.

Linear relationshÍpS were observed for all three bands, and

linearity was also obtained for all other alkaline diffusion exper-

i¡nents. Thus the corrective vafue of O.O3cm was used throughout the

r:est of this work. (ff a point measuring source for pH had been avail-

able, the results which would have been obtained for the distance

R -( O.O3cm woufd have devíated from linearity because of the limitation

of the basic assumption that the diffusion systems established by the

band and the sphere are equivalent).

Characteristics of the Alkaline Diffusion System

The correlation between the corrected experíment results and

equations G.4) and (4.5) indicated that act,ual OH fluxes from each

alkaline band could in fact be cal.culated. The solution for a

continuous spherical surface source was given by Carslaw and Jaeger

(1959, p. 23I, (7't) , i.e.

AIID r rr, ,"r-:¿
,2-rl

... (4.6)Qt=

-1
where Q- is the steady state efflux of OH (mofes s-t ), r, is

equivalent to (*Cl.*ro * *I) , r, is (*Ch*o + R2) and Rr t *I (these

*Ir2 
".. 

corrected values of R) r C, and C, are the respectíve oH

concentrations at r, and r, and D is bhe OH diffusion coefficient.

For the calculation of Qar r, and r, must be selected from the

linear section of the [OH-] vs. (*Chono+ R + *)-1 gt.Phs and these

val.ues were sel-ected from the linear section as far from the

band OH efflux source as possible. At this distance, and in the
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steady state, the flux through the spherical shell could be ob-

tained as an accurate measure of the flux through the band surface,

wiLh the least assumptions about the nature of the OH efflux site.

Before equation (4.6) is applied to the results presented

in Figure 4.L4, the OH diffusion system will be examined to ascer-

tain whether there are any processes present which will influence

the pH of the solution in a spurious manner. The equilibria and

other processes which could influence. the pH value in the vicinity of

an alkaline band are shown below:

tiir tiiil ¡vÍrrlv)(v|

co2 +H2o -+ "r."r* J-

3

I

I

,(vii

I

t<.

-l
I

I

I

ü
+

Na+

+ HCO3 +

I

oh #Hro*co 2-
3

€ CaCO
(v¡i)

ppE.
3

+

I

I

I

)

I

I

I

I
I
YHCO

tìrl

(0.2mM Total
carbon)

The background pH of the experimental bathing solution was 8.6 and

this value increased within the alkaline bands to a value in excess

of 10.0, This would mean that the CO, concentration would be so

Iow that component (i) would have no influence on the OH concen-

tration. The results presented in Figure 4.5 indícated that the

iso-concentration lines \¡¡ere not distorted where they met the cel-1"

surface, Hence it can be assumed that within the immediate vicinity

of the oH efflux band, H+ is not being effluxed and so component

(ii) can also be assumed to play no part in influencing the pH

value. The influx of HCO. (component (i-ii)) would l-ower the
J

concentration of this ion near the cell surface. Ehis would be an

advantage because it would maíntain the HCo, /Co. equilibriumJJ'
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in favour of the IICO3 species. Under this situation the OH ions

which are effluxed, (component (iv) ) will produce their maximum

influence on the pH value.

Using the same argument as ProPosed for H+ efflux, the rate

of OH diffusion back into the ceII is likely to be extremely small

and so component (v) can also be disregarded. No experimental

evidence is available which indicates that this species can trans-
)-port COr' I so (vi) can likewise be assumed to be insignificant.

2-(If Co: could be transported, the process wou]d, in effect, remove
J

one OH for every CO]- moved). The experimental solution was designed-3

to prevent the precipitation of CaCO, (component (vii) ) and so t'he

loss of OH by this reaction wiII be extremely low. The employment

of cells with walls free of visible CaCO3 also aided in the control

of this precipitation process.

The remaining components are (viii) and (ix). The removal of

oH by the conversion of HCo, to Col- is unavoidabte since HCO, is

a neÇessary requirement for the photosynthetic production of OH .

However, this "buffering effect" isnot serious because the equilib-

rium constant for this reactíon has a pK of 10.32 (25oC) and at pH

values below this the amount of OH removed decreases almost ex-

ponentially. A further point to note is that since both the OH

)-
and CO] ions diffuse al¡tay from the OH efflux site, down their

J

respective concentration gradientsr all the CO3- will be converted

back to HCO^ and OH under the influence of the decreasing OH
J

values (component (ix) ). Conseguently it ís considered that

almost all of the OH , efflux from a particular alkaline band,

can be measured by an analysis of the concentration gradient es-

tablished by component (vÍii), i.e. applying the spherical surface

source equations (see equation (4.6) ) should enable the calculation
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of the rate of OH efflux and the error associated with the phys-

ical system wíIl be small.

Equation (4.6) was therefore applied to the results pres-

ented in Figure 4,14 and the individual alkaline band efflux

rates are presented in Table 4.3. The total OH efflux for this

cell, based on surface area, was 1I.69 pmol cm-2s-1 in the presence

of 0.2mM NaHCO.. This procedure was repeated several times to testj

Lhe accuracy of the technique. The results of these experiments are

tabulated in Table 4.4. The average OH efflux, on a cefl surface

area basis, \¡¡as 12.45 + O.47 p*ol .*-2"-1. The very close agreement

between the respective experimental values !.ras reflected ín the

smal-I standard error of the mean. This average OH efflux value

was compared with the H14co.- influx results obtained under the same
3

1d.total carbon concentration (0.2rM NaHCOT). The H-'CO3 influx va1ue,

which was determined using graph (C) presented in Figure 3.4, was

13.0 t 0.5 pmo1 
"*-'"-1. 

The agreement between these independent,ly

obtained. values was extremely encouraging.

Figures 4.14 and 4.15 (the results of which are expressed

as Exp. No. I, Table 4.4) are included to illustrate the relation-

ship between the pH scans along the ceII surface and the actual

OH efflux value d,etermined. for a particular alkaline band. For

example, a band-centre pH value of 9.4 corresponded to an OH

efflux of 0.57 pmol s-I (band C), a pH value of 9.95 to an efflux
-tof I.51 pmol s - (band A) and a pH value of 10.2 was associated

with an efflux value of 3.53 pmol s-I (band E) for this particular

cell. These values indicated that the OH efflux estimations

reported by Lucas and Smith (f973) were too large; this over-

estimation resulted from the invalid assumptions relating to the

alkalj.ne band geometry.
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1Correlation between X for OH and Èhe Influx of H co

HCO valent to Influx

Under the experimental conditions employed for exogenous

HCO3 , the concentration of CO, in the bathing solution hras very

low. Hence an outward diffusion gradient would exist across the

plasmalemrna as weII as an inward CO. diffusion gradient from the¿-
cytoplasm to the sÈromal matrix of the chloroplasts. If a sig-

nificant component of the H14CO"- influx was lost from the cell
J

lri" 14CO. diffusion back into the bathing solution, then the I4C
¿

fixation value would be smaller than the total OH efflux value

by this amount, This would be because the diffusion of COUI

from the cytoplasm to the bathing solution, would leave within

the cytoplasm one OH ion for every CO, molecule which escaped

to the bathing sclution. Since there was little difference

4

An internal test, which was applied to further examine the

validity of the diffusj-on analysis model (spherical surface source),

firstly involved t-he evaluation of the total OH efflux for a

particular cell. The H14co.- ínflux, by this ceII, was then
3

measured under exactly the same conditions as used for the diffusion

analysis. These experimerrts were performed using 0.5mM NaHCO, in

the low ca++ (O.O2mM) bathing solution and the values which were

obtained are presented in Table 4.5. An examination of the cal-

culated total OH efflux and the measured H14cO, inftux values

indicated that the correlation between these ffrr*." was excellent.

The agreement between the calculated total OH efflux and H14Co. -
3

influx values of Table 4.5 and the Hl4co" influx values presented
J

in Figure 4.11 and the earlier results of Figure 3.4, was also

assumed to add support to the validity of the OH efflux analysis.
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L4between the C and total oH

throughout this dissertation

efflux values it was assumed

1Lthat H*-CO^ uptake was equivalent
J'

L4toH co influx,
3

The Acid Band: DíffusÍon Analvsis Based on the Diffusion in a

Cylindri.cal Coordinate Sysbem

It was apparent from Figure 4.8 that the diffusion pattern

developed by an acid band approxi,mated to that of a continuous cyl-

indrical surface source. The length of the individual bands, Pres-

ent on the cell surface, \^tas always influenced by the number of

operational alkaline bands; the more OH efftux sítes, the shorter

the indivÍdual acid band lengths. This alkatine band dominance

made the analysis of the acid <triffusion system very much more diff-

icult than would have resulted if the mea.surements could have been

made in the absence of the alkaline banding system.

The steady srlate ho1low cylinder díffusion equation was

derived by Crank (1956, p. 62 (5.4)),

c" Znþ+ c^I-nt-Lx¿a
c (r)

rnrhere the tongitudinat axis of the cylinder is considered to lie

along the Z "*Í=, C(r) is the H* concentratíon at the radial

distance r (cm) (perpendicular to the Z axis) , a is the radius of

the cylinder and all other terms follow the terminol.ogy of

equation (4.4). As before, equation (4"7) can be reduced to,

c A+DZnr(r)

where A and D are numerÍcal constants whose values are determined

(In þ
a

by the boundary condiÈions.



r05.

A p).ot ot a(r) against .Ln r, for the resulLs expressed in Figure

4.78 (S1) is presented in Figure 4.I7. (Note that the valrre of r

has been corrected for the mean pH electrode sensing height, and

hence is expressed as (*Chono + R + x cms)). A linear relationship

appeared to hold until vafues of r were encountered where the

steady staÈe situation had not been established. This línearity

suggested that the acid bands could be analysed using an expression

for a continuous cylindrical surface source" Carslaw and Jaeger

(1959, p. 262) dealt with this particular sítuation, and they

stated that it could not be solved in terms of known tabulated

functions.

However, these workers derived the steady state equations

relating to a circular cylinder of infinite tength in which the

diffusing substance (in thís case H+) was being supplied at a

constant rate Ft per unj-t cylinder length. In this analysis they

showed that Lhe concenf,rations C, and Cr, at rt and r, respectively,

\^rere r:elated to th<r constant flux F by:t
2IiD (c -cI ¿ (4 e)E1 ='t

r
2Ln

tl

The important points concerning thís expression are that the

relationship is independent of how the H+ is supptied and also of

the boundary conditions at the inner cylindrical surface.

Equation (4.9) was used to obtain an estimate of the net

H+ efflux associated with the results presented in Figures 4.?

and 4.17.

-q,xIO"cm

*
In this calculation the value used for D was 3.3356

2"-l .r,d C, and C, were selected from the linear portion

* Limiting diffusion coefficient for HCI; see footnote concerning

calculation of ON"O" for full details.
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of the graph (see Figure 4.I7). The value for Fa was 0.43 pmol s
-I

and it should be stressed that this is the quantity being effluxed

through a unit length (Icm) of cell surface. This value can only

be taken as an approximate value of the net Ht efflux because

the acid bands were of finite length. To allow for this finite

length, end corrections would have to be applied because the H+

flow can no longer be assumed to occur solely in the radíal

direction.

other complicating factors also exist which cause an under-

estimation of the actual net H* efflux. The first was the neutral-

ization component associated with each acid ,/ alkaline overlap region.

the exact amount of H+ which would have been removed by this process

would be difficult to evaluate. Secondly, there would al-so have

been a slight reductÍon in H+ concentration due to the conversion

of HCO, to HrCO, and hence to COr. Ho\oever, since the bathing

sol.uti.on only contained carbon supplied by equÍlibration \^tith tÏ¡e

atmosphere, the depression of Fa due to thÍs interaction would be

small.

Most cells of 3-4cm in length were observed to have a combined

acid band length of approximately lcm (see for example Figure

4,L, Icm in 3.9, Figure 4.9, l.4cm in 4.0). Hence without allow'

ing for any of the above factors, the net H+ efflux on a cell

surface area basis would be between 0.8 and 1.2 pmol "*-2=-1. rt

would seem, therefore, that the net H+ efflux in these cells Ís

either considerably smaller than that present in NiteLLa cLauata.,

or that other workers have overestimated their values by an order

of magnitude (cf. Spear et al., 1969¡ Rent et a1., T972¡ and

Brown et aI. , 1973) .

FinaIIy it should be emphasised that the measured H* flux was

a net component of H+ escaping from the cell. The relationship of this

value to total H+ efflux cannot be determined using this Èechnique.
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DISCUSSION

It is clear from this study that the basíc mechanisms of the

acid and alkalíne systems differ. The localized band surface

sources of OH are quite obviously acting as disposal sites for the

internally generated OH ions, that is, these ions result when COrr

suppl.ied as HCo3 , is fixed photosynthetically. The plasmalenma

mechanism which operates to transport these ions will be considered

in detail in Chapters Five and Seven

The acid bands appear to form as a result of uniform H+ effl,ux

over the cell surface j.n regions where the OH effl.ux systems are

not operational. The H+ efflux analysís would be very much simpler

if the alkaline band.s could be inhibited in such a way that the

acid efflux remained unaffected' It may be possible to find an

analogue for HCO, which would competitively inhibit this system

at pH values of approximat-ely 7.0. However, the analogue would

have to be effectÍve at very low concentrations or the combined

buffering capacity of the analogue and HCOa would become a seríous

problem. Studies in search of this analogue have as yet been

unsuccessful 
"

It htas also found dur:íng these studies that, under conditions

of 0.1 - 0.2mM NaHCoa and bathing solution pH values of 7.5 to

8.6, very little net H+ efflux could be detected, i.e. very few

of the experimental scans conducted al.ong the cell wall revealed

pH valrres lower than the pH of the bathing solution (see Figure

4. 15 as a typical. example) . Admittedly the NaHCO, would tend to

buffer the ínfluence of the H+ ions that were being effluxed,

but if acid fluxes of the magnitude reported by Spear et a1-

(1969) were present, they certainly would have been observed.

The small values of net H+ efflux inferred from this study do not
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give support to Spanswick's extension of Kitasato's hypothesis.

lrlhen the pH values along the cell surface between two OH

efflux sites are raised above that of the background solution, it

is proposed that this arises by the combined OH diffusion from

t-he two efflux sites, that is the spherical diffusion pattern ex-

tends out into the bathing solution and along the cell surface until

eventually the alkaline spheres overlap. At the area of overlap the

concentr*,ion of OH ions wi-l} increase at a faster rate and this in

turn will eventually cause distortion of the spherical diffusion

pattern. The extent to which the pH value in this inter-alkaline

region is increased will depend upon the dístance between the oper-

ational oH efflux sites and on the actual efflux rates from these

sites.

Connection between the Alkal-ine tem and Other Membrane P rties

If the HCo, and oH ions are transported across the plasma-

lemma on an obligate coupled non-electrogenic system they could not

contribute to the membrane conductance. If the passive permeability

coefficients of t-hese ions are also very low, their contributÍon

to the membrane potential would also be insignificant. the ul4cor-

results, which indicate the accuracy of the analysis used to eval-

uate the total OH efflux for each cell, do not indicate the manner

in which the HCO. enters the cell, i.e. it is not possibJ.e to say

whether the HCo, enters only in the oH efflux regions or in

fact uniformly over the entire cell surface. (The latter may in

fact be the expected situation). Hence, because the nature of

these transporters is not known, their contribution to the elec-

trical properties of the plasmalemma should not be rejected (cf.

Richards and Hope, I974). If the obligate coupling between the

very acti-ve HCo, influx and OH efflux systems can be disproved,
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the relationship between these carriers and the electrical prop-

erties of the plasmalemma may in fact be very important.

In fact thÍs successful analysis of the alkaline bandíng

system will enable an investigation to be conducted on the res-

ponse of the OH efflux system to illumination, i.e. this response

can be fitteil to the continuous sPherical surface source equation

(see Carslaw and Jaeger, 1959, p. 263 (f0) ) and the manner in which

Qt (OH efflux) changes after the onset of illumination, and aPProaches

the steady stater câtì be obtaíned. These results can then be com-

pared wíth the cellular resPonse of the membrane potentíal and

resistance to illumination, to determíne whether any correlatÍon

exists between the two phenomena.



TABLE 4. I

A1kaline Band Diffusion Analvsis: Vertical PH Scan Va1ues

AIkaIine
Band

Vertical
Height* above
Èhe ceII
surface, ttRtt

(mm)

Steady
pH electrode

value
(mV)

PH
(converted
using cali-
bration

graph)

[oH ] _2
(moles cm -
x tol.o)

A I8
13
08
o4
99
95
90
86
77
68
60
54
46
39
32
26
I6
05
94
83
7L
59
15
52

IO
IO
IO
10
I
9
9
9
9
9
9
9
9
9
9
9
9
9
I
I
8
I
I
7

I

0.0
0.1
o.2
0.3
0.4
0.5
0.6
0.7
0.9
1.1
1.3
1.5
r.7
I.9
2.r
2.3
2.6
2.9
3.2
3,5
3.8
4.r
5.1
7.1

B 0
9
9
9
9
9
9
9
9
9
I
I
I
7

7

0.0
o.2
0.4
0.6
0.8
r.0
1.2
1.5
t.8
2.r
2.4
2.'7
3.0
5.0
7.O

486
482.5
480
477
474.5
472
469.5
467
462
456.5
452
448
444
440
436. 5

432
426
420
4L4
407.5
400. 5
393. 5
368
332

476
472
465
459
453
445
443
434.s
426
4L9
411
402
392.5
336
320

L524
L349
1208
1084
966
B8I
794
724
s96
479
398
343
290
247
208
182
r43
L12

88
68
5t
39
14.1
3.32

.0r

.95

.83

.72

.62

.54

.44

.30

.16

.03

.89

.74

.57

.59

1028
88r
668
525
4L7
343
279
r99
r43
r08

78
55
37
3.9
2.O.31

. . (contd. )



TABLE 4.I (contd.)

AIkaIine
Band

Vertical
Height* above
the cell
surface, ttR"

(mm)

Steady
pH electrode

value
(mV)

-**loH lpH
(converted
using calÍ-
bration graph)

-3(moIe
x10

S
10

cm

0.0
0.3

"1.3
3.3
7.3

c 3I0
320
32L
317
3r4

7.14
7.3L
7.32
7.26
7.2r

r. 30
2.O4
2.L
1.8
1.6

D 10.
l0
l0

9
9
9
9
9
9
9
9
9
9
9
9
I
I
I
7
7
7

0.0
0.r
o.2
0.3
o.4
0.5
0"6
o.7
0.9
1.r
1.3
1.5
L.7
1.9
2.2
2.5
2.8
3.1
4.r
5.1
7.L

482.5
479
475.5
472
469
466.5
463.5
46L
45s
449.5
444
439
434
429
4L9.5
409.5
399
388
350
330
314

t3
o7
00
95
89
85
80
'75

66
56
47
38
29
2l

1349
1175
1004
88r
780
708
63r
569
457
361
292
240
t96
16I
r10

74
48
3l
6.9
2.7
r.6

.04

.87

.68
,49
.84
.48
.2L

* This value of the vertical height above the cell
surface was the vertical (radial) distance from

the cell walI to the lowest part of the hemispherical
pH-sensitive electrode tip. Thus when the tip just
touched the cell waII, this situation was assigned
the value of 0.0 (mm)

** [ou] is actually the activity of the oH ion.



VerÈical Height
aborze the cell
surface, R (mm)

Mean Electrode

TABLE 4.2

16. 00
13. 80
L2.L2
10.8r
9.76
8.88
8. 16
7.55
6. 55
5.80
5. 19
4.7L
4. 30
3.96
3. 54
3.20
2.92
2.68
¿. LZ

r.75
L.29

Dis+-ance

x = 0.03

13.80
L2.L2
10.81

Electrode Correction Factor "x"

1 -1(cmR+R^" +x
Lnd?a

x = 0.02x=0 x = 0.01cm x = 0.04 x = 0.06

9.76
8. 88
8.16
7.55
7.O2
6. 56
6. 15
5. 80
5. 19
4.7r
4. 30
3.96
3.67
3.42
3. 10
2.84
2.6L
2.42
r.95
1.63
L.23

T2.L2
10. 8t
9.76
8. 88
8. 16
7.55
7.O2
6.56
5.80
5.19
4,7I
4. 30
3.96
3.67
3. 30
3. 01
2.76
2.55
2.03
1. 69
L.26

9.76
8. 88
8. 16
7.55
7.O2
6. 15
s.48
4.93
4.49
4.L2
3. 81
3.42
3. r0
2.43
2.6L
2.O7
L.72
I.2A

19.05
16. 00
t3. 80
L2.L2
r0. 81
9.76
8. 88
8. 16
7.O2
6. rs
5.48
4.94
4.49
4.I2
3.67
3. 3l
3.01
2.76
2.L6
L.77
1.31

0.0
0.r
0.2
0.3
o.4
0.5
0.6
o.7
0.9
1.r
1.3
r.5
L.7
I.9
2.2
2.5
2.8
3.I
4.1
5.1
7.L

23.53
19.05
16.00
13.80
t2.L2
10.8r
9.76
8.88
7.55
6.56
5. 80
5.19
4.7L
4. 30
3. 81
3"42
3. r0
2.83
2.20
I. 8I
1. 33

*Chooo = O.O425cm (Radius of the e:çerimental Chara cell).



Calculation cf

TABLE 4.3

Lal OH effl-ux for a Singte Chaxa cs!!

IQt

(pmoI

"-l)

9. 68

¡Qt

1r. 69

Surface at"a*
-t -l(prnol cm 's ^)

tr (r r'r ,) D 4IID rr-r,
t 2-t
3-t

Þ

o. r o.2 G. r 2.r29 5.351

t2

I
(cm) (cm) -2(crn) iqn -

-l^ìÞ,

x
-q10"

(cm

x

l_0

* The surface area of thi-s cell was O. g2g ctn-2

u Cl and C, are in moles t*-3 * 10-10

l-I0r 422

3.63

I
+

c
2 Qr

A

cI cz Qt

B

2.43

7A6 256

ct "z Qr

D

Band No

3.22

908 306



E)q). No

TABLE 4.4

Tabulation of values for each OH band obtained us

the summat-Íon of fo ive total OH efflux cel1

t
-1

4.6 and

¡gt

Surface area
(pmor 

"*-2=-1)

L2.95

I0.40

1r. 49

L3.62

L2.95

13.85

+ Chlorophyll
concentratiqn
(Ug chl cm -)

Band No. I Q

(pmol s

ABCDEFG

T

2

2

4

5

6

*
1. 51

r.0

L-25

5 "64

I. 5I

r" 73

3 "O2

2.Lø

r.43

4.78

3 .02

L.74

0. 57

2.LO

2.79

L.43

0.57

I.4I

2.76

r. 78

0. 80

2.'76

1. 61

3. 53

5.98

2.54

3.53

r"48

0.35 0.07

L.14 r. 70

11.39

13. 38

8.81

II. 85

11.39

11.4r

10. 82

8.71

8. 90

r0.62

Experimental conditions were 15 W^-2 illumination for I2h before commencing the

vertical scans and the bathing solutions contained 0.2mM NaHCOr, 0.02mM CaSOn,

t.OmM NaCl a¡rd 0.2mM KCI.
-1* values of 9a for each band in pmol s ''

+ Determined using the equations derived by Aïnon (1949) (see Appendix B ).



Correlation between

B

*
4.54

TABLE 4.5

total OH efflux calculated

Band No.

c D E

ion a¡ely_g.iq

IQ+
L4

HCO3

Influx,
(p¡nol cm s

surface area
(pmol .t"-2"-l) -r)

25.40 28.60

25.L4

25.93

1L
and H-'CO influx obtained on the same cell

Exp. No. ,Qr

(pmol s-I

L2.O4

12.60

L7.26

A

2.L5I6

18

20

5. r3

2 -72

1. 39 L.92 2 -67 24.43

5.95 3.99 27.6L

E:,<perimental conditions were 15 Wfo-2 illr.r*ination for 6h before

commencing the vertical scans and the bathing solutions contained

0.5 mM NaHCOT' O.O2mM CaSon, 1.0mM NaCI and 0'2nM KCI'

-'t* Values of Qa for each band (pmol s -).

5. 35

L.49

4.60
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Fioure 4.7. Two dimensional analysis of the pH values
associated with an acid band.

Figure 4.74. rePresents the resuÌts of a pH scan conduc-
ted along the cell walt after 6h illumination. The
arrovts on this figure represent the positions of the
vertical scans conducted when t}re cell was held in a

channel-free agar block.

Fiqure 4.78, C and D represent the results of the vertical
pH scans conducted through the agar block, onto the
ceII surface. The cell was illumÍnated for 6h prior to
the commencement of these scans. Each scan took
approximately 3Omin, and they were conducted in the
order 51 to 55.

The broken line represents ttre pH value of the bathing
sofution.
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CHAPTER FTVE

THE ACTIVATION AND OPERATION OF THE OH EFFI,UX SYSTEM:

THE INFLUENCE OF LIGHT INTENSITY

Introducti-on

In Chapter Three it, was demonstrated that internodal cells of

Chav,a conaLLina can assimilate Hco3 at extremely rapid rates. It

has also been shown that when these cells photosynÈhetically fix

co2, supptied by the transport of HCo, across the plasmalemma, they

develop alkaline bands on their cell surface (Lucas and Smith, 1973).

The quantitative correlation between the Irl4cor- influx and the oH

extruded at these alkaline bands (see Chapter Four) indicates that

these two processes must be under tight cytoplasmic control. If

thís was not the case, the cytoplasmÍc pH could be raised to deleter-

ious leve1s during HCo3 assimitatíon.

Since the rate of 1^
H-'CO , assimilation is dependent upon the

light intensity and substrate leve1 employed, the total OH efflux

should also correlate with light intensity. The nature of the inter-

relationships between light energy and the activation and regulation

of the oH transport system wiII be examined in this Chapter.

Results

The Lag Period Prior to Aetiuation of the OH- EffLw System

It hras shown previously that, following a th dark pretreatment,

the pH electrode located on an alkaline band-centre recorded a lag*,

prior to the activation of the oH efftux system (Chapter 4, see

Figure 4.2). The nature of this lag is shown in Figure 5.1 in

which the cellular and hence alkaline band response to lOwm-2

This lag will be called the OH lag period.
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illumination was recorded. The lag period in this experiment was

8.6 minutes. At the end of this lag Period the OH concentration,

in the afkaline band-centre, began to increase at a rapid rate;

approximately 15 minutes were required before the activated steady

state concentration was established at the band-centre. This type

of response suggested that upon illuminating the celI, it was

necessary to develop a certain cytoplasmic state before the OH

efftux system was activated. This cytoplasmic state could have been

associated with the commencement of fixatíon at the chloroplasts or

the establishment of a certain requirement at the plasmalemma. Since

both processes were considered to be connected indirectly to the

light reactions of photosynthesis, it was proposed that a relation-

ship should exist between the light intensity being employed and

the observed lag period.

This proposal was not supported by initial experiments, which

failed to show a simple relationship between the OH lag perÍod and

Iight intensity. This was particularly so for intensities below

-)AWm'. It was discovered that when a cell was placed under low

-tlight intensities (1-4v{ln -), the bandíng pattern which developed

on the cell surface \ÁIas not uniform. In fact not all bands were

activated under these intensities. This ís demonstrated by the

results presented in Table 5. l. From these results it was obvious

that by locating the pH electrode on any particular alkaline band,

there existed an element of chance as to whether this band would

activate. Hence the erratic nature of the initial OH lag period

experiments can be partially explained.
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Pnimany aná. Subsidíany 0H- Band Status

Typical stable alkaline banding Patterns, developed by a part-

icular ceIl under a range of light intensities, are shown in

Figure 5.2. A light intensity of IOv,¡m-2 caused six oH bands to

develop, but under 1.6wm-2 only three formed (Figure 5-24), i.e.

the six bands did not reactivaÈe and operate at lower OH efflux

rates. This situation would have been reflected in lower band-centre

pH values. Wtrat should be noted is that band B and band F actually

increased their OH efflux rates under the lower intensity of 1.6Wm-2,

i,e. on the basis of the OH band analysis presented in Chapter 4,

an increase in band-centre pH value must reflect a higher OH efflux

rate, provided the physical conditions of the experiment remained

constant,

A light intensity of l.1vüm-2 also caused three OH bands to

develop, but in thís exPerimental sequence band E re¡llaced band D

and bands B and F remained the more active sítes of OH efflux

(Figure 5.28). At a still lower 1i9ht intensity of 0.8!Vm-2, only

band B activatedi no reduction in its efflux activity was observed

(Figure 5.2C). Repeated experiments at this low light intensity

always resulted in the activation of this OH band (B). The very

small increase in OH concentration at the band-centres D, E and

F, indicated that an extremely small amount of OH was being

transported at these sites. These were called non-activated OH

bands as opposed to the completely inactive nature of band C. The

nature of band A \^ras masked by the OH diffusion pattern established

by band B.

Light intensities below a certain value would not activate

any OH bands (Figure 5.2D), unless the OH efflux system was

previously estabtished using a higher light intensity. For example,
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O.6ln¡ri-' (Figure 5.2D) caused the pH value of the entire cell wall

to be raised above the background or dark value, but no OH bands

had formed at the end of a 2h illumination period. This rise in

pH value along the celI walI is also observed at the acid band-

centre during the early stages of acid band activation (see Figure

4.3). It may be due to the removal of. co, from the bathing solution

into the ceII, which would cause a pH rise (Lucas and Smith, 1973 and

see also the co, equilibria detailed on page r+). This proposal has

difficulty in explaining the result obtained under low light inten-

sities. For example in Figure 5.2C and D, it can be seen that very

little acid efflux can be detected, and yet the cetl surface sho¡rrs

an irregular pH pattern in the regions where the OH bands have not

activated, i.e. the pH seems to have been raised to a higher value

in the vicinity of the non-activated OH bands. Hence this initial

pH rise may be due to the combined effect of two Processes, the

first being the CO, effect, and the second is that non-actívated

OH bands can transport a very small amount of OH prior. to activ-

ation. The co, contribution will depend upon the pH of the bathing

solution, for the lower the HCo, level, the smaller will be the

-)pH change. Once activated, using an intensity of 3Wn ', a stable

OH band could be maintained when the intensity was reduced from

3 to O.6Wm-o, with no intervening dark period. It should also

be noted Èhat band F had also retained slight OH efflux activity

following this 3 to O.6In¡m-2 treatment.

These results revealed that all oH bands developed by a

cell are not equivalent in status. The most permanent band (for

example see band B of Figure 5.2, and also Ta-ble 5.1) was also

found to be the main OH efflux site. Apparently this band acts

as the sole oH efflux site untit the physj otogical conditions
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of the cytoplasm are such that other efflux sites are required.

This main OH efflux band., therefore, Ìrras termed the primary oH

system. Another band (e.g. band F of Figure 5.2) which i.ncreased in

actj.vity under lower }íght intensities, but which deactivated before

th" pljg¿ oH band, was assigned the status of sub-Primary OH

band.Al1otheralka1inebandsweretermeds@oHbands

since their oH eff lux activity was supplementary to the g!g35¿ oH

system.

This concept of oH band status \^ras strongly supported by the

diffusion analysis results presented in Chapter 4. An examination of

the individual alkaline band OH efflux values which I^Iere presented

in Tables 4.3, 4.4 and 4.5, showed that for each ceII examined,

there was an OH efflux rate which was considerably higher than

the others. (The only exception was the results of Exp' No' 6l

Table 4.4). The diffusion analysis results enabled the assignment

of p5!gga", sub-primary and subsidiary status to the OH bands of

most of the cells studied.

Pri.mary Band Lag Pez'iod. as a Funetion of Light Intensity

It was obvious that the relationship between light intensity

and the oH lag period could only be studied successfully using

the primary oH band of each ceIl. This meant that priot to con-

ducting a light intensity experiment, th" EijL?jI. OH band of the

experimental cell had to be identified, This was achieved by

placing the cell in its experimental agar block and illuminating

it for 30 minutes under a right intensity of 5wm-2. At the con-

clusion of this 30 minute period the intensity was decreased in

a step-wise manner until an intensity was reached at which only

th" plig35¡. OH band remained operational. The band-centre was

then mapped accurately. A th dark treatment was tÏ¡en employed
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and the above sequence repeated to ensure that the location of

th. E&I¿ band-centre vlas stable.

Following thÍs identification of the PI3gg. OH band, the

cell was given another th dark treatment, at the conclusion of

which the g.j.mry. oH band response to a particular light intensity

was recorded. Each response was recorded for 2hr ând, at the end of

this period the band-centre pH values of the sr¡b-primary and sub-

=i9!gfX bands \^¡ere measured. This dark to light sequence \das

repeated using a range of suitable light intensities. Typical results

are presented in Figrures 5.3 and 5.4. It was apParent that as the

light intensity decreased, the OH laE Period increased. The

resuJts presented in Figure 5.3 demonstrated that a tight intensity

-tof O.6Vùm ' did not cause activation, even after an illumination

period of 200 minutes. Furthermore, it was found that when the

intensity was increased to O.SVifn-2, the band was still in the non-

activated state even after I00 minutes at this new intensity.

Thís was surprising since the lag period associated with the dark

-')to O.8Wm ' situatjon hras 56.5 minutes. A similar inability to

cause activation $¡as also found for l.Ov{in-2, however, a higher

intensity (3.Owm-2) did activate th. Ëig3g¡. oH band. At the

end of a 15 minute treatment under this 3.Ovüm-2 intensity, the

light intensity was reduced to l.O, 0.8 and finatly O.6wm-2. The

alkaline band remained active and stable under this final intensity.

A similar response was observed in the experiment illus-

trated in Figure 5"4. For this particular cell, O.gwm-2 would

not activate the primgry oH band and the resPonse to this in-

tensity was investigated over a I4h period. The pH values along

the entire cell wall were checked at the 2, l0 and l4h stages

of the experiment. This was to ensure that the g.+ggry. OH band
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had not moved or that some other band had not activated. At the

end of the 14h period no activated alkaline band \^tas present on the

cr)Il surface, When the light (O.gwm-2) was switched off, the pH

value at the primary OH band-centre decreased back towards the

background value. Hence the band l^/as in the non-activated state

as opposed to the inactive state hlhere no OH efflux occurs at all'

In the light intensity region where only the primary oH band

was active, a reduction in intensity resulted in a decrease in the

steady state pH value of the band-centre (I.5 to 1.1ffin-2 and 1.3 to

-aO,8I^Im '), i.e. the decrease in the rate of oH production by the

cell at intensities lower than l.5lnltrì-2, could be observed by

measurements on just this band. In the fight intensity region

where th. gi*.rl and sub-E¿ErI" bands are operating a reduction

in intensity nay not result in a change in the steady state pH

value of the primary oH band (e.g. 1.7 to I.5Wm-2). This is

because the reduction in OH produced by photosynthesis is reflected

in a decrease ín the pH value of the sub-primary band'

Another feature which \,vas demonstrated in both Figure 5.3 and

Fígur:e 5.4 was the char¿¡cteristic increase in band-centre pH value

of the glmg band which resulted when the light intensity was

reduced.

Su.bsidi.ar7 0H Band Response to Deereasing Light fntensitg

It \^ras found that deactivation of any particul ar subsidiary

OH band occurred over a relatively short decrease in light inten-

sity. An example is given in Figure 5.5' The initial part of the

trace (O-I8O minutes) demonstrated the response of this band to

the transition from 14Wm-' ,-o the dark and the reactivation of

the band when this sequence \^¡as reversed. It should be noted that
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the physical system required approximately 40 minutes for the dissip-

ation of the OH diffusion Eradient, established at the cell surface

by thi.s particular band. The d.ecrease in intensity from 14 Eo 2"7

w*-2 tesrrlted in a small reduction in the steady state band-centre

pH value. This is a characteristic resPonse of a subsidiary OH

band.

The ceII was then subjected to a range of light intensities from

2.3wm-2 down to 1.3tÍm-2. The respective pH traces indicated that a

reduction in the steady state value always resulted, and the time

required to establish the new steady state was considerable. For

example, the decrease in light intensity from 14 to l.5wm-2 required

a period of greater than lh for the establishment of the new steady

state. This sLow response ldas due to some asPect of cellular activ-

ity, because the response of the measuring system was much fastert

i.e. compare this response with the 14!{ln 
2 to dark response. In

transferring the cell from a 14.0 to a t.3wm-2 light reEíme, the

photosynthetic system would be changed from a substrate- to a light-

tÍmitred condition. The slow response of the 9$!5!!95¿ band

suggested that either there \^Ias a slow re-adjustment of the rate of

CO, fixatÍon (an$ hence OH generation) or that a "pooI" of OH

was present in the cytoplasm.

The subsidiary band response, when an intensity of 1.3Wm
-2

was employed, revealed that at this intensity the oH efflux rate

from this band decr:eased to that of a non-activated OH band. This

was demonstrated by the fact that the pH value fel-l to the value

mainLained by this band when ít was in the non-activated state.

Its existence in the non-activated state was also supported

by the response elÍcited by the dark treatment. Hence this sub-

e-rjliary. band went from the active to non-activated state tn.;

light intensity was reduced from I.5 to 1.3wm-2. It is suggested
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Lhat the observed rise in activity of primary and sub-primary

bands, when the light intensity was reduced, may reflect the trans-

fer of OH efflux function on the deactivation of a subsidiary

band

Analysis of the Lag ín Aetitsat;ion of the Primarg OH- Band

The OH tag periods of four pSigg bands, in response to a

ranEe of light intensities, are presented in Table 5.2. (These exper-

íments were conducted in bathing solution which contained 0.lmM

NaHCO, (pH 6.9)). These data are plotted as a graph of the recip-

rocal of the lag period against light intensity (Figure 5.6). This

form of analysis indicated that the results, f,or a particular cell,

formed two linear regions. It appeared that light intensíties

greater than 5ttm 2 1"ppro*imately) did not cause a further increase

j.n the reciprocal of the primgrJ OH lag period. The lag period

appeared to have attained a minimum value determined by factors other

than light intensity. The linear region observed for light inten-

sities generally less than 4!Vm-2was more informative. It implied

that a substrate, which r^ras essential for the actÍvation of the

OH efflux system, was being produced at a rate which was proportion-

aI to the light intensity. It suggested that this substrate was

required at a speeific level before the prímary OH band could

activate. The intercepL, of this .linear section of the graph on

the ordinate axis, vras intêrpreted as the tight intensity which

would take an infi.nite time to establish the activaÈing condition.

This intercept value was termed the critical light intensity and

values below it should not cause activation of the primary band.

The validity of this prediction was tested experimentally. For

example, analysis during Exp. No. 9 (Table 5.2 and Figure 5.6) Eave

a critical value of 0.9 t O.5wm-2. Hence a value of O.8Wm-2 was
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employed for a period of greater than I4h. The pgilg¡¿ OH band

did not activate (see Figure 5.4). In all experiments where

subcritical illumination was employed, no alkaline bands formed.

Ho\n¡ever, an interesting feature which has already been mentioned

was that once the prigary- band was activated, a sub-critical light

intensity would maintain it in the active state (see Figures 5'2D,

5.3 and 5.4) .

Figure 5.7 is a reciprocal plot of OH lag period against

light intensity for a series of experiments in which the chlorophyll

concentration of the celt \^tas determined at the conclusion of the

experiment. The results expressed in Figure 5.7 suggest that higher

chlorophyf] concentrations correlate with a shorter oH lag period

and a lower critical light intensity. consequently part of the

variation between cells (see Figure 5.6) may be due to the influence

of different chlorophyll concentrations. This correlation between

a shorter lag period and chlorophyll concentration was not expected,

because the total carbon concentration in the bathing solution \^tas

rate limiting for photosynthesis, i.e. at these high light inten-

sities the light reactions of photosynthesis would not be liniting

CO, fixation. However, the correlation between the lower critical

Iight intensity and higher chlorophyll concentration was expected'

This was because in the Presence of the higher chlorophyll concen-

tration, more energy would be trapped in the lower light intensity

range. Hence the actuat L4co, fixation rate l¡rould be higher (see

Figure 3.3). It should be pointed out that this correlation held'

for cells cut from culture tanks XG-2 and delta, but not for

the Mannum cells.
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Deaetiuation of Primarg 0H- Bands being Maintaíned by Sub-critdeaL

Light, rntensittes

Figure 5.8 presents the results of an experiment conducted on

a cell whose critical light intensity value was 0.9I,üm-2, The

primary-band was activated by 1.I or l.3wm-2 and it was given a lh

treatment (in the activated state) at this light intensity before

the commencement of t-he experimental treatments. The reduction from

1.3 or 1.1!rlin-2 to 0.8vûm-2 caused th" E5!ggg.band to decrease its

steady state band-centre pH value. During the establishment of

this new steady state pH value, dark periods of up to 3 minutes

duratÍon did not cause the band to deactivate. Although during a 3

minute dark period the pH value dropped considerably, the band in-

creased its efflux rate again at the conclusion of the dark period

and the pH value was raised back up to the steady state level. A

slightty longer dark period of 5 minutes, however, converted the

band to the non-activated state. This was demonstrated by trans-

ferring the cell to the dark.

A similar experiment r¡ras conducted using a cell wttich had a

lower critical illumination value of O.5WÌn-2. As would be expected

the primary OH band was maintained by much lower light intensities.

Figure 5.9 indicated that under the influence of dark periods of

5, I2.5, t5 and 25 minutes duration, the primary OH band always

recovered, its activity under the influence of a 4vum-2 light inten-

sity. However, when sub-crÍtical intensities of 0.4 ox O.2Wm-2

were employed. (Figure 5.10), a dark period of 0.5 minutes was

sufficient to reduce the activity of the band to a very low level.

In the case of the O.4wm-2 light intensity, further dark periods

of 40,60 and 120 seconds did not appear to influence the shape of

the decaying trace. Nevertheless the band was sti1l in the non-

activated state as was shown by the dark response. The response
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in the 0.2I,üm-2 tight intensity sítuation vtas very interesting. As

shown in Figure 5.10, the change from an intensity of 0.6 to 0.4I,Ìm-2

resulted in a slightly more stable response than the repeat exper-

iment which went from 0.5 to O.4Wh-2. Upon reducing the intensity

from 0.3 to 0.2VIm-2, the band-centre PH value resPonded ÍmmedÍately

and it began to faII at quite a steady rate. After 15 minutes the

band was still actÍve, so a 30 second dark period was apPlied. Ih

response to this treatment, the band appeared to deactivate comPletely,

as is evident from the close correlation with the dark OH band res-

ponse (broken line) . The transfer of the cell from the O.2Vüm-2 light

intensity to the dark also had very litt]e effect on the shape of

the pH trace.

Discussion

Photosynthetie Induction in ReLation to the 1H'Lag Pev'iod

Photosynthetic fixation of CO, often requires an induction

period of between L-2 minutes before a maximum rate, governed by

the prevailing co¡rditionsrís attained (Osterhout and Haas, 1918;

Rabinowitch, 1956; Heber and Willenbrink, I964i and tlalker, 1973).

A deficiency in the fevel of ributose-diphosphate, at the beginning

of the light period, may explain this induction period. !'lildner

and Criddle (1969), however, suggested that the ribulose-diphos-

phate carboxylase ïequires photoactivation (see also Bassham, 1971).

Further evidence of the involvement of light as a requirement for

the activation of Catvin cycle enzymes was presented by Pedersen

et al, (1966) and Buchanan et aI. (1967).

Regardless of its actual mechanism, the induction period could

account for at least part of the lag period associated wit'h the OH

bands. It is considered that the maximum time which could be accounted.
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for on the basis of this phenomenon, would be 2-3 minutes. since

the induction period does not increase with decreasing light intensity

(V0alker, lg73), Ít cannot account for the long oH lag periods

observed under low light Íntensities. tùalker (1973) also demon-

strated that an increase in chlorophyll concentration did not result

in a shortening of the induction period. This condition did not

apply to the influence of chlorophyll concentration on the OH laE

period; it was evident that under identical experimental conditions,

the cell with a higher chlorophyll concentration ha<l a shorter OH

lag period (see Figure 5.7).

0H' Diffusíon: TVporetíeal Lq,g

Consideration shoul-d also be given to the natural diffusisn

process by which the OH ions are transferred from the Donnan free

space, outside the plasmalemma, to the mean sensing height of the

pH electrode (see Chapter 4), i.e. what is the diffusion time re-

quired for the establishment of the steady state OH concentration

at this radial distance. The easiest method of determining this

time was by the application sf the instantaneous spherical surface

source equations. By assuming that an instantaneous pulse of OH ,

of strength Q, was effluxed over the surface of a sphere of radius

Rchooo, the time dependent change of OH concentratíon at any

radial dístance could be obtained, using the following equation

(Carslaw and Jaeger, 1959 p. 259 (6) ) .

"oH
a

f,-,*-*r, oou)2 /+or - .- (R+R, h"ru)' /n".]
(R) sTïr..Rchæ^ (IlDr) h

(s r)

where the symbols have their previously assigned meanings. Hence,

for a fixed value of R, namely the radial distance to the mean

sensing heiEht of the electrode (*Chnoo + O.O3cm, see Chaptex 4),
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using *Chroo = 0.045cm and the prevíously assigned value of

þ- - = 2.Lzg x 10-5.*2"-1 ah" value of C^--- was calculated asoH - oH (R)
a function of time. The resultant theoretical concentration profile

is presented in Figure 5.114; this profile was calculated using

the normal diffusion coefficient for OH ions. The diffusion time

required to establish the steady state at this radial- distance is

clearJ.y of the order of 20 seconds.

Because the OH ions would be forced to diffuse out tÌ¡rough the

cell wal.l, the diffusion coefficient in this region may in fact be

smaller than the value for diffusion in a free solution. However,

Spanswíck (1964) has shown that the Characean ceII wall is a very

permeable structure. He concluded that the movement of K+ and CI

was probably limited by the rate of diffusion in the unstirred

region between the plasma,lemma and the bulk solution. Consequently

the correction for the lower diffusion coefficient may not- signif-

icantly alter the time required to esta.blish the steady state. The

influence of reducing the diffusion coefficient from 2.L2g x 1O-5

-e 2-rEo 2.L29 x IO "cm-s * and applying this value over the entire diff-

usion path is shown in Figure 5. I1B. The steady state time was

sLill only three minutes. Since this correction would be far in

excess of that caused by t,he experimental systeìn (Nobel, 1970 p. 2'7) ,

it j-s obvious that the steady state time (pH electrode located at

* = RCV*,_ + 0.03) of the true diffusion system is probably between

20 - 40 seconds. Consequently this physical system cannot account

for the long OH tag period; the pH electrode trace will be an

extremely close reflectÍon of the cellular response at the plasma-

lemma.
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The ReLatüonship bet-.ueen CytopLasmic C0, and HCO r- and the OH-

EffLun Sgstem

An obvious f.actor, whieh would influence the length of the OH

lag period, is the Co, concentratior¡ of the cytoplasm. The equil-

ibria, diffusicn and transport processes which would be involved

in determining cytoplasmic CO, concentration, are outlined in

Fígure 5.L2. After the induction phase, when tight is non-limiting,

the value of RU will be governed primarily by the concentration of

CO, in the cytoplasm. If the combined rates of R, and R, balance

R., OH ions would not be generated and also under such a system5'

there would not be any requirement for an operational HCO, trans-

port system. Similarly the OH efflux system would not operate.

As demonstrated in Chapter 3, an experimenÈal system of this nature

would require an exogenous CO, concentrat,ion of approximately

I.OmM and the pH value of the bathing solution would have to be in

the r:egion 5.3 to 5.6. Hovüever, when R2 * RI a *5, a situation

which would occur either when the bathing solution had a low

exogenous carbon 1evel, cr it contaíned HCO3 rather than COrr

fixatior¡ of. CO, from the cytoplasmic pool would cause the equilj.bria,

illustrated in Figure 5.L2, to move to the left, i.e" OH- ions

would be gener:ated by the removal of HCO3 from the cytoplasmic

poc.rl . This rate of OH generation, at a fixed value of (Rl + R2),

wi.l t depend on the cellular level of HCO, , the absolute fixation

rate (R5) and the endogenous H+-buffering capacity of these cells.

If the activation of the OH and/or HCO3 system(s) required

a specific cytoplasmic substrate 1evel (e.9. this may be reflec-

ted in a partictrlar pH value) this would provide a. Iink between

the photosynthetic fixation process, the external conditions

and the observed. OH IaE period. The existence of a critical
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cytoplasmic substrate level is inferred from the lag periods of OH

activation greater than required for the induction of phoÈosynthesis.

The existence of a critical substrate level is also supported by

the form of the OH band response to low levels of itlumination,

i.e. the non-activated state exists during the lag period and then

at a predictabte time, the band activates with a rate of approach

towards the stleady state which is equivalent to the band's response

at higher light intensities (see Figures 5.3 and 5.4) -

TotaL 0H- EffLu,æ Actiuation Unden High Líght Intensities

At least two sequences of activation are possible based on the

scheme presented in Figure 5.L2. In the first the following may

occun R5 , (RI + R2) which results in a lowering of the [HCOr-l 
""a.

and an increase in IOH ] 
"ytoplasmi 

when a critical activaÈion level

is reached for either ¡ncorl cytoprasm 
or [o" ] 

"yaoplasm, 
the coupred

HCO3 ,/OH transport system is activated. The second possibility

is that the HCO, and OH ion movement is not coupled in the manner

proposed by Lucas and Smith (1973). Hence the following sequence

nay occur, R5 > (\ + R2) results in a lowering of [Hco, l.yt. "td
this increases [O" ].yt., R3 operates because of the reduction in

[Hcor-l cyt., \i¡hen [o" ] 
"ya. 

reaches a critical level Rn is activated

allowing R, to j-ncrease; the steady state value of Rn is expected

to egual Ra (based on the results presented in chapter 4r. It is

obvious that if this second seguence does occur, the transport of

HCO- must be restricted during the non-activated OH efflux period'
J

If Èhis condition did not hotd, the resultant HCO, influx would

cause the generation of very negative membrance potentials. Exper-

itnental evidence in support of this second sequence will be pres-

ented in chapter 7. conseguently the discussion relating to the

interactions bet\.teen these transport systems and the electrical
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properties of the plasmalemma rditl be deferred until chapter 7.

The involvement of the H+ transport system is difficulÈ to

assess since the nature of "S" is not known, i.e. just how "S"

transfers (H+) and to what extent this results in an adjustment

of cytoplasmic pH is completely unknown. Vùhat has been found is

that, irr bathing solutions whích have pH values of 7 or more, the

net H* efflux does not appear to be very large (Chaptet 4). If tj¡is

is in fact true, then at these pH values RH+e must eeual R"*.

(Figure 5.f2), and so the H+ transport system would have very

little ínfluence on the pH value of the cytoplasm.

At this poi-nt it is worth re-examining the nl4cor- time-course

results which htel'e pïesented in Chapter 3, Figure 3.I. It will be

recalled that no apparent lag in nl4COr- influx occurred under the

existing experimental conditons. Or¡ the basis of the results pres-

ented in this chapter a lag may have been anticipated. However,

the main point to r¡ote is that in the HI4COT- time-course experiments,

t-he cells were bathed in normal solutíons (no added NaHCor) during

their l.h dark pretreatment, and so the CO, generated, by respiratíon

would have díffused out of the cell into the bathing solution. When

the cells were transferred to the exogenous ttl4COr- conditions (pH

8.6, light intensity 2 or 3!{m 
2), *S would have been supplied

mainly via Ra and Rr; R, woul.dhave been small due to the lsw ex-

ogenous co, leveI. Provided the cytoplasmíc pool of HCO, I^ras not

J-arge in the dark state, the activating conditions may have been

quickry est-abrished. As a resurt the Hr4cor- infrux would have

conrmenced almost inmrediately the cells were illuminated. In con-

trast, if the cel-ls had been treated in 0.2mM NaHCO, (nH 7'2)

during their th dark treatment, there may have been a detectable
1¿lag in H'=co" influx due to the equilibration of the Co, and



t27.

HCO" Ievels of the bathing solution and cytoplasm, i.e. a 'pool'J

of total carbon would have been established within the cytoplasm

and R, would not activate immediately.

The Primary, Sub-primary and Subsidiary 0H- BanÅ. Hypothesis

In the previous section a sequence was proposed to account for

Èhe activatio¡l of the OH efflux system. It is proposed that the

following proper:ties and conditions operate within the total ceII

OH efflux system:

(i) There exists a set of OH carriers (which constitutes one OH

band) whose critical activation level is lower than all of

the other carriers. These carriers have a greater affinity

for OH than the other carriers; i.e. the Michaelis-Menton K*

is much lower for this set of carriers. This set of carriers

constitutes what has and, wj.1I be termed a primary OH band.

(ii) A second set of

substrate level

oH- ià stightly

is greater than

Sftiwr. oH

carriers exists which has a

reguired for activation and

Iower than (i), i.e. the K^

that proposed for (i). This

band.

slightly higher

whose affinity for

for this system

constitutes a

(iii) Numerous sets of carriers exist which have a substrate leve1

required for activation whic_h is greater than is required
,t

for (i) or (ii) and similarty they have lower affinities for

OH and hJ.gher K- values.
m

These constitute subsidiary OH

bands

Although the basic carriers are likely, to have the same

molecular.form, there is consid"t.U ao exist, within the transpoqt

sites, particular functional groups which impart to the OH -carrl

iers tlris observed range of affinitíes, activation levels etc.

An hypothetical time-course, which embodies the above proposals, is
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presented in Figure 5.1.3. The change in cytoplasmic sttbstrate (whi.ch

nray be OH or sone more c-rompfex compound) produced by illuminatj-on

is considered with l:espect to the actj-vation of the various OII

efflnx systems. Urrder t0wm-2 ilhxrination, the increase in [OH-]

is such that the prímary and sub-primary bands activate at the 6.0

a.nd g.O minute marks respectively. However, the efflux rai-es do not

Ì¡ecome maxj"mal untj-l a period of 15-20 minutes has elapsed (pee

I'igure 5.I), hence [OU-i conl-j.r¡res to r-ise encl once .i-t- reaches t'he

subsidiary level, these bands become activated. The total OH efflux

Lca.d governs the number of subsidiary bands which remain active.

under the 1.ol,v'm-2 light intens.ity, the rate of [oH-] increase is

proportionately .1 ower and hence the tinte r:equired before the act-iv-

ating condition is establ.i.shecJ. was 21. minutes. The rate of [On-]

incr:ease was equalled by this acti\,at€ìd g.l$gr: oH efflrx band at

the 30 minute marlç and in fact the efflux rate through this system

was suff.icient to prevent the tOU-l level from being rai,sed to the

ggkgågg5'- activation level, ie. under these conditions only one

OH effl-ux system became operational.

V'lhen sub-critic¿¡l i.l-funrinatÌon i.s empl,oyod, it is proposed that

the lofl .l increases for some time and then, as a result of the ]-ow

Íntensity other celluJ.ar processes influence the cytoplasmíc pll

value or perhaps its bufferíng capacity. As a result, the tOH-]

does not continue ta increase but may appear to fall as the result-

of processes w'hich may utilÍze the OH ions i¡r a reactíon. This

form of sub-critÍcal illumination response was proposed to account

for: the exper-imental results which indieated that this treatment

nodi.fied the ce.l. lular response (see for example Figure 5.3). Hence

the application of light intensities above the critical intensity,

fotlowing a sub-critical treatment, would have to restore the
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çytcrplasmic "state" before the "normal" IOH] increase occurred' From

the experj,ntental r;esults ít was obvious that light inUensities just

al¡ove the critical, value were slow in effecting this reversal', but

{..hat higher. intensities cou.ld rapidly accomplish thtl readjustment.

Experimental sr.rpp.rt for a light-incluced increase in [On-].y..

has been provided by the work of !Ùalker and smith (1974\. These

v¡orkers used the equilibrium distrj-but.ion of [IAC] DMD* between the

bat-h.ì_nq sofutj.on, cytoplasm and vacuole, to determine the average

pH val.r.res of these cellul.ar compartments. Their preliminar:y results

inoir:ated that w-hen the bathing solution was buffered at pH 7.I, the

cytoplasnric pH value rose from approximately 7.6 to 7.8 following

itl.umÍnation. When the babhing soluti.on was buffered at pH 7.8 and

thc+ cell íIluminatecl , the cytopl.asmic pH value was est'imated to be

8.3. Unfgrt.unaùely the clark value unqer these condit'ions r¡/as not'

measured.

Subs'LdíuTy Band. Deuc:tiua'bior¡ s,e Light Irite'nsi'iy is Reduced

rt was demorrstrated in Figure 5.5 that, for a particular sub-

sidiary band, ther:e exists a li.ght intensity beJ.ow which its activity

is reduced before finally' becoming irractive. This euggests that not

only.is there a crilj-cal "substrat-.e" Ievel for activation, but that

ther:e i.si aiso a *substrate level at which this band deactivates.

¡ss{i r:f activj.ty of this ,.¡ubsidiary band would result in a slight

risc i,n substrat-e level arrcl the operational' ET'!'mgL and sub-primary

systerns woul.d respond by slightly incre:asing their efflux raLes (see

Figi-r¡ss 5.2, 5.3 and 5.4) .

* 5,5-dimethyl 2,A-oxazolidinedione is a lipid soluble weak

acid; its lj-pid solubilÍty applies only to the undissociated acíd.
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Fuy,Lhey lluidpnce fot' Crití,eal Aetiuating and Deaetiuatinr.l {jubstrate

LeueLs

Strong support is obtained for the existence of a critical

activating substrate Ievel, from the results which show that the

primary oH band, once activated, can be maintained in an actíve

form, in the presence of sr¡b-critical light intensities.

The deact ivation of the sr¡bsidiary bands has already been

discussed, however it would apPear that a situation of this nature

also exists for the primary band. When a dark period was given it

had to be of a certain duration before it caused band deactivation

(see Figures 5.8 and 5.9). In the initial phase of the dark period,

it is ¡rossible that co, was still being fixed (see Gaffron and

Fager, 1951; and Togasaki and Gibbs, Lg67l; tt for this fixation

can vary from 15 to 120 seconds. Hence the duration of the de-

activating period would be determined by ttre characteristics of

this dark fixation as weII as the amount by which the tOff-l levet

had to be reduced for it to fall below the deactivating value' It

is considered that the reduction of OH during this dark period

occurs bV HCoa formation via Rt and Rr' It is also possible that

oH still effluxes in the dark and that these two Processes reduce

the tog-l level below the activating substrate Ievel. Once this

occurs, OH efflux stops and only HCO3 formation via Rt and R,

continues.

Deactivation woutd not be due to a reintroduction of a photo-

synthetic induction lag (walker, 1973). Hence, the fact that the

primary oH band cannot regain activity following this dark Period'

must be taken as conclusive evidence for the existence of a crit-

ical substrate level betow which the band cannot function. A

further property must therefore be added to (i), (ii) and (iii)

above. This ProPertY would be:
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(iv) Each specific oH carrier system has a criticaL levet of

substrate, which wifl result in deactivation. The levels

being in the order, subsidiarv > sub-primarv > the PrÍmarY

system.

SpøtiaL Dístrùbution of OH- bands

If the Hco3 and oH systems can function independently, the

HCO3 carr.iers within the plasmalemma may be distributed uniformly

over the ceII surface. This would mean that the cytoplasmic diffusion

path to the chloroplasts would have a maximtm value of 4-6pm

(Costerton and MacRobbie tIgTO). Consequently the time associated

with the diffusion of HCO, from the carrier to ttre chloroplasts would

be extremely short.

The OH situat-ion is nrore complex. Hydroxyl ions would be gen'

erated at, or very near, the outer limiting chloroplast membrane as

a result of CO, diffusion into the stromal matrix. (If carbonic an-

hydrase is involved in this equilibratiorr, then it is assumed to be

located in this regi.on). This production of OH ions at the surface

of the chloroplast layer would mean that a concentration gradient,

with respect to cytoplasmic OH along the length of the cell, would'

not be generated until the OH efflux systems were activated. Under

high light intensitj.es several OH eff1ux sites are usually activated.

Consequently the lateral diffusion path from the site of OH gener-

ation to the closest operational OH effluxing system would usuatly

be approximately 0.5cm. However, under conditiOns when the pr-imary

OH band is the only active OH efflux site, lateral diffusion paths

of up to 3cm may exist (see Figure 5.2C).

The time assocíated with free diffusion of oH over these

lateral distances will be considerable, especially for path lengths

of 2-3cm. As a first- approximation this lateral diffusion system
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can be equated to the movement of OH in the direction parallel to

the x axis; the OH being generated by a planar surface source

parallel to the y axis (i"e. the longitudinal- axis of tlne Chara

cefl i.s considered Lo lie parallel to the x axis). The diffusion

time for the OH ions to reach a maximum concentratj-on at any point

from the planar surface source is related to the diffusion coefficient

and path length by the expression;

2(diffusion path) (after Moore, 1958) ...... (5.2)
2D

OH

Consequently t under high light intensities when the lateral diff-
2

usion path would be approximately 0.5cm, would be 5.9 x lO-s or

1.63h, The low lÍght lntenslty situation where tTre lateral diffusion

path could be as long as 2-3cnt, t would be 9.4 x LOAs or 26"Lh

(for 2cm) and 2.1 x 105s or 58.7h (3cm).

It should be emphasized that this treatment is indeed a very

crude approximation to the actual cytoplasmic situation, nevertheless

it does give an indication of the order of magnitude of the

diffusion times" These long diffusion times suggest that Otl ions

are nat moved exclusively by free diffusion. The simplest and most

rapid transport of OH ions would occur if the ions diffused from

the chloropl.asts into the streaming cytoplasm, Assuing a streaming

-'lr:ate of 6Opm s *, the íons would cover the 0.5 or 2cm distances

in approximately 1.4 and 5.6 min respectively. The diffusion time

associaLed with the movement of OH from the boundary of the stream-

ing cytoplasm to the plasmalemma would be short. Applying (5.2')

ancl assuming this path length is equal to 6pm, the estimated time

v¡ould be 0.14s .

t
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It is therefore proposed that following illumination of the

cell, OH are generated in the chloroplast layer and from here they

diffuse into the corticai" (gel) and streaming cytoplasm. The stream-

irrg cytopl-asm and, the short díffusion time between this phase and

the cortícal cytoplasm results in a uniform concentration of OH

throughout Lhe entire cytoplasm. Once the OH efflux activating con-

ditions are establish.ed, the various OH efflux systems begin their

transport of OH across the plasmalem¡na. The localized decrease in

OH ccncentration will be relatively small because of the coupling

between this region and the "larger" pool of OH in the streaming

cytoplasm. The exÍstence of an OH "pool" of thís form would account

for the slow read,justment in efflux activity observed for subsidiary

OH band,s (see I'igure 5.5). The proposed system would also explain

the spatial distribution of the OH efflux bands in that the inter-

action between OËI efflux activity at the plasmalemma and the entire

cytoplasm wc¡uld result in an excellent feedback system. If under a

part-icular tight inÈensity insufficient OH efflux bands activated

to cope with the OH production, the OH level within the cytoplasm

would rise slowly. This rise would be slightly greater in the cort-

ica"l cytoplasmic region having the greatest distance separating

consecutive active OH efflux sites; this would ensure that the next

OH site to activate would be in this region. As a consequence, the

OH efflux bands appear Lo operate at almost regular intervals along

the length of the ceII.

Surnmany of 0H- EffLuæ Chæaetez,i,stic-ts

Finalty Table 5.3 presents the basic OH efflux characteristics

presented in this Chapter and reference is made to the respective

experimental evidence upon which these characteristics r^tere form-

ulated.



TABLE 5.1

The n.rrmber of Activated OH Bands at a Particular Light

Intensity

Experimental
Number

CelI Length
(cm)

Intensity
-2)

*
Number of
Alkaline Bands

Activated

LÍght
(rfm

4
2
t

6
4
2
1

6
5
3

1

3
I

5
3
2
I
5
4
2
I

4
4
2
1

2

I

5
2
I

3.r

4.2

4.6

3.0

3.9

3.6

3.4

2.6

3.5

9.7
1.4

r0. 0
2.L
L.2

A

9.5
3.0
2.O
l_.6

B

9.5
4.O
2.7
2.O

c

I0.0
L.7

D

E

10. 0
6.6
2.O
r.0

8.0
3.5
1.5

9.5
3.1
1,2
0.9
8.0
4.0
2.4
I.8

F

G

H

I

* Nr:mber of alkaline bands activated at a particular Íntensity
was determined. by conducting pH scans along the ceII wall
after a 2h íllumination period.



TABLE 5.2

hydroxyl bands in response Èo different 1 iqht intensities

5

Lag period

-r+

0. 0r1

0.038

0. 040

o.o7 4

0. llr
0. r11

0. 143

0. 118

0. 125

7

Experiment Number

-1 + *
AT LI -1 +*

AT.1. LI

10

+
AT AT

9

ATATATAT
++* *

LI

aÉ

3.0

4.O

5.0

6.7

9.5

LL.2

14. 5

+

> 14h

7r. 5

35 .5

24.O

15.5

t2.o
8.5

7.O

6.7

6.5

6.5

-r+LI

2.3

2.5

2.9

3.2

4-O

6.7

9.5

LL.2

L4.5

17.0

> 300

90

26

70

23

11.5

9.7

9.0

8.8

9.5

9.2

0. 014

0.043

0.087

0. 103

0. 1r1

0. r14

0.105

0. r09

0.8

1.1

1.3

1.5

r.7
2-O

2.5

3.6

5.3

8.3

10.0

0. 014

o.o29

o.o42

0.065

o.083

0.1I8
0.143

0. 149

0.154

0.154

0.6

0.8

t.t
3.0

5.0

10. 0

> 205

56. 5

20.5

6.5

4.0

4.O

0.0r8

0. 049

0. 154

0. 250

o.250

25

13. 5

9.0

9.0

7.O

8.5

8.0

*

+

+

LI is the light intensity in Wm-2

AT is the lag period (see Fig. 1) in minutes

et-I is the reciprocal of the lag period in min-l



TABLE 5.3

Summary of the OH Efflux System Characteristics

Hydroxyl System
Characteristic

f llustrative Experimental
Evidence

A lag period exists_príor
to activation of OH

efflux

HÍerarchical OH band
sÈatus r gigg, ggÞ-
primary and s_ubs.idiary
bands

Critical activating
"substrate" Ieve1s

Crítical deactivating
" substratet' levels

Critical and sub-critieal
Iight intensities

"Substrate pooJ." in rel-
atÍon to critical de-
activating "substrate"
level.s

Figures 5.1, 5.3 and 5.4

Figure 5.2 and Table 5.I

Figures 5.3, 5.4, 5.5, 5.6
and 5.7 and Table 5.2

Figures 5.5, 5.8 and 5.I0

Figures 5.3, 5.4, 5.8 and
5. 10

Figures 5.5, 5.8 and 5.10.
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Figure i2;5!. Cell wall pH scans conducted after 2h íllumin-
ation at the specified light intensity. (e th dark pre-
treatment was employed before each illumination period).
The actual light intensity employed for each scan is
indicated on the figure.

The alkaline bands are labelled A to F, and their band-
centres are indicated by vertical arro\^rs. The broken
line represents the pH value of the bathing solution,
which contained 0.ImM NaHCOr.

The results in this figure form part of Expt. No. 10
(see Table 5.2 ). In Figure 5.2D,(O)repqesents the cell
response to a light intensity of 0.6Vtm -. The actual
time-course of tJ:is response is shown in Figure 5.3. The

lyP_"lZ 
(o) 

_ 
represents the ceII response after 21n_2t

0.6Wn - following activation of this band by 3V[m -.
This activating sequence is also shown in Figure 5.3.
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CHAPTER SIX

+
EFFLUX SYSTEM:THE TNFI,UENCE OF I,IGHT INTENSITY THE H

AN INVESTIGATION AIMED AT TESTING THE CI TRÄNSPORT MODELS

Introduction
Spear et aI. (1969) demonstrated that Cl uptake J-nto NiteLLa

cLaUata was restricted primarily to the acidic surfaces of the ceIl.

Since the acidification phenomenon and the major portion of the CI

influx were light dependent, these workers proposed that Cl influx

might. be "mechanistically" linked to H+ efflux. (The dark or light-

insensitive component of CI influx, which is usually A.2 - 0.5 pmol

-2 -Icm s , was considered by these rdorkers to result from exchange

diffusion (see also Hope, Simpson and Vùalker, L966' f'ot Chara

eoz.aLLina). Unfortunately S¡lear et aI. misinterpreted the alkaline

regjons as resulting from passive H+ entry at these regÍons, raÈher

than the site of OH efflux resulting from HCO3 uptake. Consequent-

Iy they rejected the possibility of a coupled Cl ,/OH- transport

system. VÍhat they faited to realize \^tas that for a CL /OH system

the most favourable site, on an energetic basis, would be within the

acid regions (Smith, 1970).

These workers did, however, propose three possible mechanisms

by which CI could be accumulated; the main hypothesis concerned

the selective movement of CI , via a CI s¡recific channel, into an

intramembrane region where H* was being formed. Molecular HCI htas

considered to partition into the lipid phase of the meÍibraner ênd

preferential inward diffusion of HCI to the cytoplasm was proposed.

For diffusíon to be restricted to this direction, it was necessary

for these workers to postulate that Èhe outer portion of the mem-

brane functions as a barrier to the diffusion of HCl. Similar1y to

account for the observed net H* efflux, they were forced to include

a specific channel for H+ movement between the intramembrane
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space and the external solution. ConcePtually it is difficult to

envisage these CI and H* channels as "pores" (MacRobbie, I97O).

This difficulty stems from the required selective movement of
_J

Cl or H- with the complete exclusi,on of HCI, for if this ion-

pair could enter the channels it could escape to the external

medium" The other weakness in this model is the partitioning ínto,

and preferentíal movement of HCI through the "lipid phase" of the

membrarre. It is considered inexpedient to extrapolate the results

of organic solvenL studies to biological membranes. This becomes

particularly so when it is realized that the conceptual model of

biological membranes is in a dynami.c state (see Capaldi, L974).

The only other model which has been proposed specifícally for

CI transport in Chara cells, is that developed by Smith (1970).

His model was aimed specifically at Cl influx into Chara eov'aLLína

and was based on the earlier ion exchange systems proposed to

account for observed cation and anion imbalances in roots (Jacobson,

Overstreet, King and HandJ.ey, 1950; ilaekson and Adams, L963¡

Hendrícks, L966; and Van Steveninck, 7964, L966). Smith suggested

that the active process was a Mitchell-type charge separation of
I-

H- and OH at the plasmalemma. (Supporting evidence for the exist-

ence of this tralsport system was claimed from the acid regions

on this cerr and the electrical studies of Kitasato' (1968) ) ' The

secondary transport processes of Na* arrd K+ influx, both of which

are passive in this species, were considered to result from the

electrogenic nature of this r{ ¡on' separation. ft was suggesLed

t-hat the pump increased the negative potential on the membrane

such that the electrochemical potential driving force for these

ions increased, in the directíon which stimulated the influx of

cations. The more important secondary process \¡ras the passive

exchange of Cl for OH . Smith proposed that this exchange
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process was driven by the OH concentration gradient across the

plasmalemma. It was consídered that Cl uptake would be limited

by the rate of H+ extrusion.

The common feature of the models proposed by Spear et al.

(1969) and Smith (19?O) is that the transport of Ct should be

related to the observed H* efflux at the cell surface. Hence, both

models suggest that activation of the CI transport system should

follow closely the activation response of the acid bands. Both

models are simifarly based on the electrogenic movement of H+, so

there should also be a correlatíon between the light stimulated

ti.me-courses of acid efflux, membrane potential hyperpolarization

and CI influx,

These Cl transport models can therefore be tested by measuring

the time-course of net acid efflux and CI uptake over a range of

light intensities, If the net acid efflux exhibits long lag

periods at 1ow light intensiti.es (Í.e. símilar to those observed

for the OH bands) r the time-course of CI uptake should also have

a response of thj-s form if its transport is linked to H+ generation.

ResuIts.

Ti,me-Cout se of u+ eff'l.uæ

H+ efflux experiments were conducted along the same lines as

the OH experiments described in Chapter Five. Acídificatíon time-

courses, obtai.ned when a particular cell was transferred from the

dark to four different light intensities, are presented ín Fig-

ure 6.1. The dark period in each case was Ih, and because the acid

bands required a considerable time to return to the steady dark

value, the dark section of the pH traces in Figure 6.1 are in

fact stiIl. rising towards the steady state. This equilibration
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perÍod \^ras al\^tays a problem \¡lhen studyíng the acíd regions. At

each intensity, fo1lowíng a 90 minute ílluminatÍon period, a pH

scan ïtas performed along the cell wall. FÍgures 6.I and 6.2 repres-

ent a complete acid band time-course and cell surface steady state

analysis for a particular cell. These results were typical of tt¡e

responses obtained when cells were illuminated over a range of tight

íntensities.

on the day after an acid band experiment had been conducted,

the Eigry. OH band system was investigated so that the lag per-

iods prior to activation of the acid and alkaline bands could be

compared. Tabie 6.I contains experímental data for two such consec-

utive acid and primarv OH band studies (Experiment A refers to the

results presented in Figures 6.1 and 6.2). This comparison revealed

that although the acid and alkaline bands had comparable lag periods

under high light intensities, the similarity did not extend to the

situation where very low light intensities vüere employed. As the

intensity was reduced, both the H+ and oH efflux lag perÍods in-

creased, however under low light intensities of 0.8 - 1.2 wm-2 the

acid efflux system did not appear to activate at all (see also

Figures 6,3 and 6.4). Under the same conditions the g@I OH-

efflux system did activate after a prolonged lag period.

A second distinguishing feature between the activity of these

bands was that each of the acíd bands, comprisÍng the total acid

efflux system, appeared equivalent in efflux status, Thus the acid

bands did not follow th. Rtlgl, Elù-p!.milX. and g$!¡!ig¿ band

status of the alkaline bands. This can be seen by examining the

pH values of the respective acid band-centres of Figure 6.2. Each

of the four acid bands active on this cell, depressed the battring

solution pH value to approximately the same value under the res-

pective light intensity. The slightly lower pH values observed for
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-2the two outer bands (at 10$lm ) resulted from the fact that these

acid bands had only one neighbouring OH band. Note also that under

0.8wm-2, when no net acid activity coutd be detected, the primary

OH band remained operational.

Figures 6.1 and 6.2 also demonstrated that the actual depress-

ion of the bathing solution pH value increased in a regular manner

once the light intensiÈy was raised above a certain íntensity.

Further experimental support for this correlation between the tight

intensity and the activity of the acid bands, is presented in Figure

6.3. Here the results of four experiments have been summarized by

presenting the resBonse of a sÍngle acid band from each ceII. (For

each band, the acid band-centre was indicated by an arrow). These

results $rere included not only to illustrate the regular progression

of the acid levels, but afso to give some indication of the variabil-

ity in acid efflux observed between different cells. The range of

activity e:çressed between Figures 6.34, B and D \¡tas frequently

observed. It was also found thåt the acid activity did not depend

to any significant extent on the pH value of the bathing solution,

provided this value was not higher than pH 6.8 - 7.0. the apparent

reduction in H+ efflux activity above this pH value was discussed

in Chapter 4. It is also worth stressing at this point that, on

the basis of the diffusion analysis which was apptied to the acid

bands in Chapter 4, the net H+ efflux rates observed during the

time-course studies would have had a maximum value of approximately

-r -l -')I pmol cm -s t, under lOWm - illumination. Tha value associated

with the type of response illustrated in Figure 6.3D would have been

extremely small.

For most cells the acid efflux activity ap¡reared to saturate

under a light regíme of approximately 3-4 Ì^lin-2 (Figure 6.3).

However, in some cells the acid efflux appeared to saturate at
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lower intensities. A set of results for a ceII of this tyPe are

presented, in Figures 6.4 and 6.5. The dark induced acid band de'

activation \^tas also illustrated in Figure 6.4. Díffusion of H+ away

from the acíd band required periods of greater than Ih before the

pH value approached that of the bathing solution. FiEure 6.5 also

demonstrated that the E5igy. OH band remained active under light

intensities which would not elicit net H+ efflux from the cell.

InfLuenee of Light Intensity Reductíon on H+ EffLun Aetìuíty.

Having established a steady state pH value using a light inten-

-tsity of 2.1 Wm - (see FÍgure 6.6), the intensity was increased to

-')lO Wm'. The cell responded immediatel"y (within 30 seconds) to this

higher light intensity, however a period of ín excess of. 40 minutes

was required before the system approached a new steady state pH

value. !ùhen the light regime was returned to the previous intensity

of. 2. t !,rlm ', the pH value at the band-centre remained constant for

some 5-10 ¡ninutes, it then slowly began to rise. the slow response

was consid.ered to be due to a readjustment of some cellular function

rather than the diffusion characteristics of the physical system"

As j-n the alkaline band stud,ies (see Chapter 5) , this conclusion

was based on the considerable difference between the cellular respon-

ses elicited by transfer to the d,ark, as opposed to a lower intensity

(see Figure 6.6). After 20 mínutes the J-ight intensity was reduced

from 2. I to L.2 wm-2. This caused an acceleratíon of the upward

drift ín the pH valuei even so it took 80 mínutes to esta-blish a

new steady state under this 1ow light regime. This final pH

value \^ras very close to the steady state pH value established when

thÍs cell was transferred, from the dark to a light intensity of
_,

1. 2 lrlm -.
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There $¡as a distinct símitarity between these results and

those obtained fo. .snb"idi"ty. OH bands (see Figure 5.5). Hence it

appeared that under a high light intensity a "pool" of "H*-sub-

strate" was developed, and it existed for some time after the cell

was transferred to a much lower light intensity. The acid efflux

system (net) was further investigated by illumínating (IOI{m-2) cells

for 2h and then observing the acid band response when the light regime

was reduced over a range of intensities. The type of response ob-

tained¡using this sequence, is demonstrated by the results presented

in Figure 6.?. A slow readjustment of the acid band pH value was

again observed. From the results associated with Figure 6.7, it

was found Èhat although an intensity of 0.8 Wm-2 could not, in it-

self, elicit cellular H+ efflux activity, once the "H*-substrate

pool" had been established this intensity permitted H+ efflux to con-

tinue. Unfortunately the O.8Wm-2 t,reatment was not followed for more

than 30 minutes; it would have been interesting to see whether the

trace converged on the dark response after the cytoplasmic

substrate pool" was exhausted.

The slowly increasing pH value could be arrested simply by

returning the ceII to a higher light intensity (IO brÍ;2 in Figure

6.7). ülithin 2 minutes of this readjustment in intensity, the acid

band-centre pH value was being depressed towards the previously

established steady state value.

36 cL- uptake Tíme-couv,se in ReLatìon to the Measuv'ed. tf n¡¡t"*
Lag Period

The results presented in Figures 6.I, 6"4 and also 4.3 indicated

that after an initial rise in the pH value at the acid band-centre'

it was possible to discern net acid efflux activity within 8-I0

minutes after the dark-to-Iight transitÍon. Thís lag period was

¿ttH'-
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for a 1ight intensity of lOwm-2, but the results presented in

Figure 6.1 and Table 6.1 indicated that this lag period díd not

increase significantly under lower light intensities. Hence, if

the transport of Cl was coupled to the H+ efflux process, the time-

course for the light promoted uptake of thís íon should exhibit a

lag of approximately 10-20 minutes.

preliminary 36Ct- experiments, conducted to determine whether

a lag of this nature existed, were performed using unbuffered bathing

solutions. A Ih dark period was employed so that the conditions would

be consistenÈ with those of the H+ efflux experiments, and 36aI- *""

substituted immediately before the commencement of the light period.

Results obtaÍned using this experimental sequence are Presented in

Figure 6.84. A lag ir,36Ct- uptake I^ras in fact observed. Uptake did

not attain a steady state value until the cells had been illuminated

for a period greater than 40 minutes.

This rag ir, 36ct- uptake may have been a refrection of cerrular

dísturbance caused by solution substitution just prior to illuainating

the ce1ls. This possibility was tested by substitutinE the radio-

active solutions 30 minutes before the cells were illuminated.

(Figure 6.88; ro.owm-2). Again it was found that 36ct- uptake was

only slightly stimulated above the dark level for the first 30 - 40

minutes of the illumination period. At the end of this period the

uptake increased significantly. This procedure Ì¡tas rePeated using

solutions which were buffered at pH 5.8 by 5mM HEPES buffer. (Smith

(1970) showed that HEpES buffer did not affect 36"t- uptake). The

results were identical to the unbuffered treatments (see Figure

6.88, 14.4l,üm ").
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36cL' (Jptake: The rnfLuenee of Líght rntensity

Experiments at different light intensities were conducted in

an identical manner to that employed in Figure 6.8B. The solutions

were buffered at pH 5.8 (smM HEPES) to reduce the influence of the

OH efflux system associated with the cellular assimilation of

HCO3 , which would have become troublesome after prolonged illumin-

atíon periods. It was argued that since similar results were obtained

in the presence or absence of this buffer, it could not be having an

effect on the functioning of tfr" 36Ct- uptake system. The results

obtained using cells from culture tanks A and E' are presented in

Figures 6.9 and 6.10 respectively. In Figure 6.9 the t6"t- uptake

values have not been corrected for d.ark 36"t- uptake. Since the

experiments were conducted over several days, at least one dark

uptake treatment was included in each light intensity series. Follo¡¡-

ing the completion of the series, an average dark t6"t- inftux value

of 0.261 ! O.O3 pmol 
"*-2"-I 

\¡ras computed from the collective results.

This value was then used tO construct the "mean averaged" dark uptake

Iine marked on Figure 6.9. The same procedure was employed for the

results presented in Figure 6.I0, except that the 36"t- uptake values

r¡rere corrected for this dark uptake component.

The results from these experiments were used to calculate 36"t-

influx values present under the respective light intensities; the

values are presented in Figure 6. 11. Some influx values included

in this figure were determined by pre-illumínating the cells for

2h, under the specified light intensity, before substituting radio-

active solutions. The ttar- uptake and hence influx values $rere

determined over a Ih experimental period. The shape of these ttat-

versus light intensity graphs (Figure 6.1I) are interesting in two

respects. Firstly, they show that the maximrr* 
36ct- influx rate
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of 4 pmol "*-2"-r was obtained under light intensities in excess

of 6-7 w*-2. This influx varue is equat to or greater than the

maximum stimulation of 36"r- influx reported by Smith (f97Or ê.9.

Figure Ia). Secondly, they indicate that experiments conducted

in the light intensity region of 2.-S V'lm-2 could give variable inf 1ux

results if a stable light system was not employed.

Discussion

The CL- Hypothesis Propcsed by Spear et q.L. (1969)

on the basis of the cI transport hypothesis proposed by spear

et aI., the uptake of this ion should commence at least as soon as,

and possibry before, net. H+ effrux r¡ras discernable at the celI

surface. This follows as a direct property of their model. How-

ever, the obser.ved lag in cI- uptake (see Figures 6.9 and 6.10)

vi/as greater than the lag assocíated with net H* efflux aPpearance

(Figure 6. I). Consequently the hypothesis proPosed by these work-

ers has been in,¡alidated, at least for Chav'a eord,LLinr.

The CL'/OH- Hgpothesis Proposed bg Smith (L970)

During the 1ag in 36ct- uptake, the actual uptate-f '6at-

was only just stimulated, above the dark value. This was partic-

u.Iarly so for tank delta cells (Figure 6.9). The duration of this

lag was approximately 40-50 minutes for tank delta cells and 20-

30 minutes for tank E' celfs. For cells from eíther culture,

under a part,icular light intensity tfre 36Ct- influx did not attain

the steady state until a period of greater than 50-60 mínutes

had elapsed. These lags are similar in magnitude to those

reported f.t 36C1- influx into Griffithsia fLabelLiforTni's (LiIIey

and Hope, I97I) and slíghtly longer than the lag these workers

reported f.or Gríffì'thsía moníLe,
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Hence, there does appear to be a degree of correlation betwee-n

the }ags observed in 36ct- uptake and net H+ efflux. (rfre H+ efflux

experíments qTere conducted using cells cut from culture tank E').

Lt waul-d appear that the true light sEimulation of th" 36cI- up-

take began approximately 20 minutes after the cells were illumin-

ated by a light intensity of tO.2 Wm-2. The same cells would have

com¡nenced net H* efflux at approximately 6-10 minutes after the onset

of illumination (see Figure 6.1). The delay in attaining the max-

imum rate of uptake may have been related to the establishment of a

particular energy situatíon across the plasmalemma. Figures 6.1 and

6"4 demonstrated that the pH traces approached the steady state

value only after prolonged iltuminatÍon period,s of at least 60

minutes. If the "activating energy" situatíon was not established

for 20-30 minutes, it would account for this net H* efflux response.

Once the activating condition for CI uptake had been established

across the plasmalemma, the CL /OH exchange system would have

limited further acidification of these regions.

The strongest experimental evidence against this activating

condition being associated with the magnitude of the external acid

concentratíon was obtained from the 36"t- uptake experiments in

which the solutions were buffered. The presence of 5mM HEPES buffer

did not appear to infLuence the length sf the lag period (see

Figure 6.88). This buffering capacity would cerÈainly have pre-

vented the development of acidic regions on the ceII surface; the

situation at the plasmalemma nay not have baen buffered to quite the

same extent as t,he bating solution. Nevertheless the development

of the acidity in this Donnan free space would certainly have

been retarded, relative to the unbuffered situatíon. This suggests

that the activating condition for Cl uptake is controlled by the

development of an energy substrate (perhaps an OH gradient)
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located in the cytoplasm.

Further experimental evidence which similarly does not

support the concept of a critical external H*value, as the factor

whÍch determines the stimulation of the light induced CI uptake,

is the fact that the lag period aPpears to be of almost the same

duration for each light intensity studied. Since most of the cells

employed would have had light intensity acid-time-course resPonses

simil.ar to those presented in Figure 6. I, the time to establish a

particular acidic pH value would have increased as the intensity

was reduced.

The results suggest, therefore, that the cytoplasm is the most

likely síte for the development of the activating condition. Smith

(I970) proposed that a Mitchetl-type tt+-OH separating mechanism

creaÈed the energetic situatíon by which CI was transported into

the cell. Hence the H+-OH may establish a criticat OH concentrat-

ion at the plasmalemma. There appears to be some degree of conflict

between this interpretation and the biophysical results obtained

during studies on the time-course of the light induced hyperpol-

arization of the plasmalemma. The pertinent results of some of these

biophysical st-udies are presented in Table 6.2. The experimental

tímes listed in this table relate to the time required for the ceII

Èo establish a new steady state menbrane poÈential following illum-

ination. This period seems to lie between I0 and 30 minutes, i.e.

the membrane potentÍal would have stabilized before th" 36c1-

uptake was stimutated. If the light induced hyperpolarization of

the plasmalemma, in this pH region, is due to the operation of an

+electrogenic H pump (Kitasato, L968¡ and Spanswick, L972), the

steady state membrane potential would indicate that a balance had

been achieved between the H+ efflux and influx rates. Influx of

CI should also be correlated with the attainment of the steady
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state hyperpolarization. Why then does the 36Cl influx rate

attaín the steady state only after a period of approximately twice

this duration?

Energetics of the CL- /OH- Traneport Process

The Gibbs free energy involved in the coupled transfer of a mole

of CI from the bathing solution to the cytoplasm, in exchange for

a mole of oH being transferred in the opposite dírectíon, can be

calculated. Assumíng condi'Lions of constant temperature and pressure

the expression for the change in Gibbs free energy is:

Ac (u I o
u

I (6. r)
l_

cl cl OH
u

o
þoH+

c1clo -+

o.rjo + oHi

where ¡r is the electrochemical potential of the respectÍve species

and the superscripts i and o refer to the cytoplasm and the bathinE

solution respecÈively. Substitutíng U-. = Ul + RT Zn a, + z. FV-llJ)

in (6.1), wtrere ¡rl is the chemical potential of the ith "p..ies 
ín'l

rhits standard state, a, is the activity of the j--'species, z, is the

algebraic valency of the charge on the ¡th io., and V is the electric

potential, gives:

ÀGclt 'n cr
oHc' .- oH

I IoI âl_+ RT¿nA -+Z FY -ucl c1 c1
oo-

c1(u
l_

RT Zn tco

+ (U"o_+RTZn
OH

cl

"o - * zoH- FYo u"t -OH OH

1- Fvo)

RT Zn zFvi
orf

l-toH- ) (6.2)
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This equation simplifies to:

AG

c1
o* crt

^l-.Ln .Ci
--"cl-

{t* +' zcrr tvi - v"l] * [*t ,' ++ooH

+Z
OH

Since ,cL', tVi - tyo) titt always be positive and equal to FAV,

arrd zo*-F(Vo - Vi) wil-l- always be negative and equal to FAV, (6.3)

reduces to:

ol-oH <- oH

AG

-. F rv" -vi l] . . (6.3)

(6.4)

o I=RT {na ¡Oa .Ln a O"-"T-
" oH-

CI
O

^ cr-

I ot cf-'t oH-

I
CI +cr

+.oHoHo
l-

nt Zn

o
a c1 OH

Using equation (6.4), it is possible to determine whether the OH

gradient would provide sufficient energy for the coupled' transport

process to move spontaneously in the direction stipulated, i.e"

AG musÈ be(0. The values of ao"r- and aoo"- were taken as

L.2 x 10-3 mol r-r and 6.309 x 1o-9 mol r-1 (pH 5.8) respectively.
i_íUnfortunately a*"r- and .*O"- are not known with the same degree

of certainty" Coster (1966) measured the CI activity of the cyto-

plasm of Chara cov,ttlLina to be I x 1o-2 mol 1-1' This value will

be used in the calculations, but it should be pointed out that

i ._-
"*"I- 

will vary as a result of the different culture techniques

employed in different laboratories. (Unfortunately it is also

difficult to estimate .ia, due to the problems involved in separ-

ating the large apparent CI activity associated with the chloroplasti.

The recent value of aio"- = 5.07 x Io-7 mol I-1 (external PH 5.8),

obtained by V,Ialker and Smith (1974) wíII be used in these calcul-

ations,

]-
a
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Sr¡bstituting these values into equation (6"4') gave a value of

Ac = -I.34 k cal mol-I. The infl.uence of using a slightly higher
i -î -1tralue of a-"r- = 4 x 10 'mot 1 ' can be seenin that Ac is reduced

t-o -0.52 k cal mol-I. It would appear that the CL /OH system

could functíon spontaneously in the directíon in which Cl would be

transported to the cytoplasm, provided the cytoplasmic Cl level- is

Iess than 96mM. Also by holdíng .oo"-, "oc'- "rrd 
.i"r- constant, the

value of u.i^,,- for the sÍtuation where AG = Or câD be evaluated" A
OH

value of 5.25 x 1O-8 (pH"yu. 6.72) was obtained assuming a value of

tOmM for .tar-. Substituting "tar- = 4OmM gave a value of. 2.O9 x

-1I0 0r a pH of 7.32.- cyË.

In relation to the present sÈudies, these calculations show

that. by holding .oO"- cc¡nstant, using buffers, would not prevent the

establishment of a favourable energy transporting gradient. How-

ever, Walker and Smith (1974) showed that in the dark, when the

bathing solution was buffered at pH 5"8, the cytoplasmic pH value

would be approxímately 7.5. Consequently the energetic gradient in

terms of the CI /OH system wouJd. be present even before the

cells were ílluminated. ff only the activity of OH in the cytoplasm

was involved, the C1-,ZOI¡- system would activate almost immediately

the cell was ifluminated. (The specific ínvolvement of light could

have been related to a conformational requirement which was light

dependent as could have been the supply of substrate which main-

tained the cytoplasmic level of OH ).

Since immediate activation was not observed, it would appear

that the uptake of C1 is not coupted to the net H+ efflux process

in as simple a manner as originally proposed by Smith (1970). The

delay in Cl uptake cannot be due to the time required to estab-

tish the energetic levels of .io*- required to permit the transfer
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process to operate. It is considered that the lag is more Iikely

to be due to the slow build-up¡ in the cytoplasm, of an energy

substrate ¡lroduced by the chloroplasts¡ such as NADPH2 anil,/or ATP

(f,ittey and Hope, l97L¡ and Smith and Raven, L974). This sub-

strate may medíate in the binding of the ions to the carrier, or ít

may be requíred in the actual transport process. For example, it

may enable the activation of the carríers over a large energy of activ-

ation barrier"



TABI,E 6. I

Acid and Alkaline Band Laq iod,s Prior to Activation

Ex¡rt. No. Light
IntensiÈy
(wm -)

3åi.mary. ott
Lag Period
(minutes)

Acid Band
Lag Period
(minutes)

10

I

2.I

I.6
1.2

0.8

0.6

4.5

4.5

6.5

t2.5

20 .0

44"s

6

6

A

a

10

n

L2

n.

m
**

+

*

B

9.5

5.0

3.0

1.9

r.2
1.0

6.3

8.4

9.8

13.0

53.0

8.5
**

n.m.

r1. 0

14. 0
+

n. a.
*

* The crÍtical light intensity value determined by the

graphical analysis of the reciprocal of the oH tag period

against light intensiÈY

** An acid time-course was not conducted at this light intensity.

+ The acid efflux system remained inactive at this light
intensitY.



Time Required to Es

Fo1lowing a

Experimental Conditions

Light Regime

-2

2I

TABLE 6.2

lish the Steady State Membrane Poten

Dark-to-Light lransition

Species

tial

Required Time
(Minutes )

15-30

LO-20

20

=30

5-20

0.lmM NaHCO
(pH 7. 1)

3

u/b, O.ImM KCI

u/b, O.snM KCl,
0.2mM NaCI,
0.5rM CaSO.4

I.0-I.3mM Na

,+
1J/ S

IhD: ? $tn

** -)D : lOVünr -

24ltDz IOl,ûm-2

IhD: 10$Im

1O-2!{m -

N. fLeæiLis

C. cora,Llina

N. fLeæíLis

C. braunií

N. transLucens

N. fLeæiLís

Reference

Nagai and Tazawa (1962\

Hope (1965)

Andrianov et aI. (1968)

Nishizaki (1968)

Spanswick (L972\

Votkov (1973)

Solution

*
u/b , O.lnM KCI thD: 5!ùm

I

+D:

! Bathing solutions unbuffered and hence the pH value would have been close to 5'75.
** These workers did not specify the exact duration of the dark treatment, but it would have

been approximately 4-5 minutes.
+ Unspecified by the author.
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Î

ï
T
I

T
o
I

F

0
t t



5

4

3
tt)

é
o

F{
o
É
È

x
a
FI
l+{

H

È1
U

-l
¡

ct
I

2

I

0

\^oÍì

0 2 4 68
Light Intensity

10 I6L4L2

-)(Wnr. -)

36Figure 6.1I. Cl Influx as a function of light intensity. The influx values were determined
from the results used to construct Figures 6.9 and 6.10. Additional values were measured
over a th radioactive contact time, following a pre-illumination period of 2h. The symboJ-s,
(O) and (O) represent influx values for culture tanks A and E' respectively, and(Ë)
represents the component of the influx which is considered to be d.ue to exchange diffusion.

I
D I

I o

I
ï
tr
!,

I

/

Ê¿
*



150.

CHAPTER SEVEN

NON-OBLIGATE OPERATION OF THE HCO A!¡D OH TRANSPORT
3

SYSTEMS

Introduction

The obligate coupling of the HCO, /OH (at the same site) trans-

port system proposed by Lucas and Smíth (1973) was tested by isolating

the cell primarl OH band within a special chamber (see rigure 2.6).

(The priJnary band was selected since ít wOuld always be the last OH

efflux site to deactivate). On the basis of the above hypothesis,

cessation of OH efflux would be e:çected when the isolating chamber

is flushed with a solution totally free of inorganic carbon (this

solution wítl be called Cor-free).

The cells used in indívidual experiments v¡ere pretreated for 6h

in a bathing solution which contained IQ6M M$s-buffer, PH 5.0, to re-

move all deposíts of cacor. The location of the primary band was

determined using the technique described in Chapter 5. Details of

the experi-mental procedures associated with the use of the isolating

chamber are given in Chapter 2,YAl , (i)-(vi).

Results

The InfLuenee of ' C0 r-Free SoLuttons

A typical result obtained using the isolating chamber technique

is presented in Figure 7. I; a light intensity of IOwm-2 was used

throughout these experiments. The syringe-flushing system changed

the solution within the isolating system four times a minute, and

the normal flushing period was Smin. At the end of each flushing

sequence the surface of the isolating chamber \^Ias resealed', to a

depth of 6mm, with liquid paraffín. Figure 7.I shows that removing
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HCO3 from the isolated OH band had no effect on its efflux activity.

TirÍs efflux activity could be maintained over prolonged periods of

time, provided the outer cell segment was in contact with exogenous

HCO- . When the outer cell segment was immersed in liquid paraffin
J

(following irrigation with COr-free solution) the OH efflux activity

was influenced immediately, and the prjmary band deactivated eventually

(see Figure ?.I). These results demonstrate that the OH transport

system can operate in the absence of exogenous HCO3 at the actual

effluxing site.

v,lhen HCo" was returned to the outer chañberrthe gimat¿ oH- band
J

uras re-established (Figure 7.2) . To demonstrate that deactivation of

OH eff lux was not caused by the effect of paraffit, g- g, the

reverse experimental sequence was investigated. (Figure 7.3 shows that

sealing the outer ceJ.I segment in liquid paraffin whil-st tÌ¡e inner

chamber still contained HCO3 , did not result in deactivation of the

isolated OH band. However, as soon as the HCO3 withÍn the isolating

chamber was replaced by a COr-free solution, the OH efflux activity

was affected. Immediate deactivatíon did not occur; rather a gradual

decline in OH efflux act,ivity was observed which suggested that the

OH system was operating on a cytoplasmic "pool". (Evidence for a

pool of OH -substrate \^/as also presented in Chapter Five). Figure 7.3

also shows that when the OH efflux system had become inactive, the

influence of the net Ht efflux system could be discernecl, i.e. the

-+OH and H systems emanate from entirely different cellu1ar processes

(cf. spear et aI. 1969).

The relationship between the deactivation of the oH site and

the pH value of the celf surface within the isolating chamber was

obtained to ensure that the actual OH band-centre remained station-

ary during the deactivation process" A typical result is presented'
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in Figure 7.4, and ít is clear that the actual oH efflux centre

remained at a constant location during the entire experimental

period. Figure 7.4 also shows that the initiat decline in OH eff-

lux activity, which resulted when the outer ceIl segmenL was

immersed in liquid paraffi.n, vras similar ín form to that obtained

by transferring the cel1 from light to dark.

The infh¡ence of 0.2mM CO2 (pH 5.0)r in the outer chamber

bathing solution, on the activity of the prÍmary OH system lvas inves'

tigated to determine whether OH efflux would cease wben the isol-

ating chamber was flushed with COr-free solution. The results (see

Figure 7.5) demonstrated that exogenous CO, could not support the

isolated oH efflux activity under these conditions. For these

particular experiments the solutions in tha outer chamber also con-

tained O.tmM phenol red. In this way it was possible to ascertain

whether OH bands \¡tere presenL on the outer ce1l segment; it was

found that no alkaline bands developed when 0.2mM co. (pH 5.0) was

employed,

Dark Treatmen.ts: Theív, InfT,uenee on the OH- EffLua Actiuity

V'Ihen the isolating chamber and, outer chambers contained

O.2mM NaHCO^, simultaneous dark and ftushing treatments of 2-5min
5

duration did not cause the isolated OH site to deactivate when the

cell- was re-illuminated. A símitar procedure in which the outer

chamber contained 0.2mM NaHCO, while the isolating chamber contained

(and was flushed with) t Cor-free solution is presented in Figure

7.6. In this figure the pf.iEIL band response to dark períods of

2 and 3 min are compared; the difference was striking. This type

of response demonstrated that under these particular conditions the

OH efflux system is very labile. Apparently the lon'ger dark

period, caused the isolated oH band to Iose its primary status,

otherwíse it would have been the first OH efflux system to reactivate
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fotlowing re-illumination. The slow recovery of OH efflux activity

(see Figure 7.6) was noteworthy. (Scans conducted al.ong t-he cell

segment within the isolating chamber revealed that the pH trace

was sti11 being recorded, at the true band-cen'Ere.

Transfer of OH- EffLm Function

The influence, on the isolated oH efflux activitY¡ of trans-

ferring the outer cell segment to the dark was examined. For these

experiments the cells were placed in the apparatus in such a way that

approximatel.y half the cell surface was projecting into the outer

cha¡riber; the other half was sealed within the isolatíng chamber system.

For cel-ls whose toÈal length was greater than 3.0cm, part of the isol-

ating chamber cell segment ptojected into the outer chamber. This

segment was sealed in liquid paraffin, to i.solate it from the sol-

ution in the outer chamber. Darkenj-ng of the outer ceII segment h¡as

achieved. by slipping a black polythene sleeve (filled with outer

chamber solution) over this half of the cell. The type of resPonse

record.ed when the outer cell segment was darkened and re-ill.uminated

ir¡ tkris manner is shown in Figure 7"7. Re-illumination of the

darker¡ed cell. surface caused a decline in thu Egigg¿ OH peak

height. This was interpreted as resulting from reactivation of OH

efflux sites located on the outer cell segment, and the subsequent

transfer of oH effl-ux function to Èhese particular sites. Support

for this ínterpretation was acquired by the pIåg.ty. band response

to darkening and reilluminating the outer ce11 segment when the

outer bathing solution contained 0.2mM CO2 (pH 5,0). A slight drop

in the steady state peak height when the ceII was darkened, implied

t-hat the chloroplasts in this region \^/ere fixing a small component

of the HCO" being influxed from the solution within the isolating
J

chamber.
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Figure 7.8 illustrated the response observed when the above

seguence Ì^¡as repeated using firstly, O.2mM HCO3 within the isol-

ating chamber, and then COr-free solutions; the outer chamber

contained O,2mM HCO3- throughout. The OH efflux activity still

remained when the outer cell segment was darkened and the inner

chamber contained Cor-free solution. If the continued oH efflux had

been due to a cytoplasmic "pool" of oH (or HCo, ), the peak height

should have decayed within I-2h. over a prolonged dark period (outer

ce1l segment only) a fall in OH peak height to a ne\¡¡ steady state

was observed (see Figure 7.84), but activity was still retained

over these long dark periods. This suggested that HCoa could be

supplied by the dark ceLl segment, However, almost immediately the

entire cell surface was darkened, the primarL oH site deactivated

(Figure 7.88) .

An accurate estimate of the actual OH efflux through the

primary band, under these prolonged dark periods to the outer ceII

segment, could not be obtained because the cell was resting directly

on the perspex. Hence the OH effluxed over the band surface which

was in contact with the perspex would be refl.ected back over the

cell, in order for it to diffuse into the bathing solution of the

isolating chamber. Hovtever, based on knowledge gained during the

di.ffusion analysis experiments (Chapter Four), it was considered

that the steady state OH efflux rate esÈablished in Figure 7.84

would be in the order of O.6pmol s 
-1. 

Assuming that this was

the onty active OH efflux site, the HCO3 influx across the

darkened cell surface would be 0.75 pmol.t-'"-I for this partic-

ular cel1 (cel1 surface area in the outer chamber v¡as approximately
t0.8cm-). Estimates of the rates obtained during other experiments

gave dark Hco3 influx rates of between 0.4 and I.0 pmol "*-'"-t.
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Measurement of Dark Hl4co^ Transport

An experimental system was constructed which simulated the

conditions used to obtain results typified by Figure 7.8. A

perspex hol.der (width IOcm x length IIcm x dePth 2cm) was used in

which cells could be partitioned into two egual halves such that

each half \^ras located in a separate chamber. (Each chamber was

4.7 x 11 x 2cm). The partition between the chambers r¡Ias constructed'

of black perspex (0.6 x II x 2cm) and consisted of two sections

each lcm.in depth. The basal section was a permanent fixture whilst

the upper half was held in position by self-Iocating pins. Ten

holes were evenly spaced along the central interface of this

partitj-on. Each hole consisted of a pair of matched hemi-cylínders

of diameter lmm and length 6mm. The experimental cells were located

in these holes and silicon grease was used to isolate the two

chambers. The sides ef the holder \^tere constructed of black per-

spex and hence one or both chambers could be darkened or illumin-

ated simply by employing black or clear persPex tops and bottoms

to the respective chamber.

using this perspex holder, experiments were performed to

investigate the magnÍtude of the dark, Hl4COr- ínf lux l^¡hen one

half of the cell \¡¡as located in the dark and the other in the

tight" The results obtained using cells cut from culture tanks

Er and xG-2 are presented in Table 7.1. Experiment numbers I and

4 indicated that holding the cells in the stocks did not inter-

fere with the process of ttl4COr- ínflux and its subsequent assim-

ilation. (rn terms or Hl4con Ínflux rates, these e:çeriments

revealed that tank E' cells were Partícularly active). Bicarb-

onate influx rates equivalent to control rates were obtained
14.

when H'ïCO, was supplied to only one half of the cell surface and
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the other half was darkened (see Expt. no. 2). At the conclusion

of the experiment the I4C. fixat,ion products were distributed

between the light and dark regions of the ce1ls in approximate

proportions of 2:1 respectively. (tt¡e mobility of these products

is in agreement with observaÈions of Smith, 1965i see also Heber,

L974',) .

L4The dark H CO: results presented in Table 7.1 (Expt. Nos.

3, 5 and 6) support the estímated values obtained using the small

isolating chamber apparatus. For tank E' cells, the average dark

Hl4Cor- influx, associated with the cells partitioned into dark and

Iight segments was approximately four times higher than Èhe value

obtained for cells which were darkened along their entire length (i.e.

O,5O 1 O.O? cf. 0.1ltO.ot pmol.m-2"-t). Results obtained using

tank XG-2 cells indicated that the dark ttl4co^ influx for the
J

partitioned ce1ls was also higher than the control cells which were

completely darkened. However. it appeared that bathing the illum-

inated cell segments in normal bathing solution (pH 5.75) was not

as effective in facilitatinE this stÍmulated dark influx (cf.

Experiment nos. 5 and 6). The difference in levels of total

carbon present under the two cond,itions may account for this result;

the level in the normal bathing solution would have been approx-

imately 12¡tM whereas the bathing solutùon titrated to pH 9.2 woul-d

have gained CO, from the atmosphere.
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Discussion

The CoupLed HC7 r- /0H- Tv,ansport Hypothesis

The results presented in this chapter demonstrate categoric-

ally that the OH efflux process can function in the absence of

exogenous HCo3 at the actual oH efflux site. Collect.ively

they invalidate the obligate HCoa ,/OH transport hypothesis pro-

posed by l,ucas and Smith (1973). It must therefore be assumed that

the t'.ransporL of HCO3 and OH are independent, insofar as the two

processes can be spatially separated" It is also probable that quite

distinct. carriers are involved in therespective transport of HCot

and oH across the plasmalemma.

Another interesting feature of these results was that although

HCO. could be transported across the membrane in the dark cell
J

segment, this influx value was always much lower compared with the

rate obtained when the H14co3 was added to the illuminated chamber.

This low value may indicate that photosynthetic "energy" cannot be

transport,ed effectively over the distances which are involved. This

seems unlikely, especíally sínce the results of Experiment no. 2 (of

Table 7.1) indicated that the products of photosynthesis could be

distributed in the streaming cytoplasm. Hence it may have been that

the energy requíred for the HCO, transport system was Present,

but that other properties of the darkened cytoplasm prevented the

"effective" operation of this system. Net production of CO,

within this region via respiration may have prevented the establish-

ment of a "critical" HCo, concentration gradient across the

plasmalemma. It. may in fact be necessary to develop this "crítical"

HCO" concentration at the interface between the plasmalemma
J

carrier site and the cytoplasm.
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E LeetrieaL ImpLicatíons

The spatially separate and "índeBendent" operation of the

HCO- and OH transport systems means that during the ínitial stages
.J

following illumination of the cellr aûY imbalance between R, and

R4 (of Fígure 5.12) would cause fluctuations in tha membrane potent-

ial. This is of course provided the movement of HCO3 and OH are

not coupled to the movement of cations. (The extremely large fluxes

ínvolved suggest. that this is not so). The form of the membrane

potentíal response wíll be dependent upon the relative values of R,

and Rn, and also upon the exogenous HCo, conditions. To produce an

hyperpolarization R, (ttcor-) would have to exceed R¿ (o¡l-) .

The main el-ectrical influence of the fluxes through these

particular carriers is likely to be via their contribution to the

electrical conductance of the membrane, This will be particularly so

at pH values where a supply of exogenous HCOa exists. It is possible

that the HCO3 and OH fluxes could account for a large proportion

of the observed rise ín conductance which occurs when the pH of the

bathing solution is increased (see for example Spanswick' L972,

Figure 3).
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lux Us a

Experimental Conditions
-t -1(p¡nol cur 's -)"tL

H* -CO
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Influx

Based on partitioned cell
surface area exPosed to

radioisotope
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33.0 ! 2.L

Chamber B Duration of
Pretreatr,ent

(h)

atus.

32.9 + t.

32.2 ! 2.
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Tank Expt.
No.
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¡lag14co
3

NBS
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T4NaH CO
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L4NaH CO
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tnao

0.50 t 0.07

r8. 3 + 1.6

1.12 ! 0.04

0.62 t 0.04

*
Control
CelIs

38.2 t 3.I

33.7 t 0.5

0.111 0.0r

19.1 t I.8

o .49t O.O2

0.4121 0.0I
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++

L

L

L

L

L

L

3
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I

NaH

NaH

NaH

3

3

3

3

L7.7 ! 2.2

BS

++

* Cells placéd free in chamber containing the radioactive HCo3

-)** Symbo1 L represents a light treatment of lOWm -, while the symbol D represents a dark
treatment.

+ The NalICO, solutions lvere at a concentration of 0.5mM and the pH value was 9.2-
++ The symboÍ BS represented bathing solution titrated to pH 9.2 using freshly prepared

NaOH, and NBS indicates normal batJring solution, pH value 5.75.
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CHAPTER EIGHT

HCO^ , OH AND H+ ACTIVITY IN THE PRESENCE OF (NH,
--- 

JF!---

Introduction

MacRobbie (1965, L966) observed that Cl transport in

À/. ty,ansLucez?s remaÍned unaffected or was stimulated by the presence

of imídazole or (NH4) 
2So4 

(at or near neutral pH) , while Kr was

severely j.nhibited. On the basis of the studies in vilro reported by

Krogmann, Jagendorf and Avron (1959), Good (1960) and Hind and

Whittingham (1963), MacRobbie suggested that these amíno-compounds

vrere uncoupling photophosphorylation þ vivo. Smith (1965) also

showed that these amino-compounds inhibited the influx of both phos-

phate and D-glucose. However¡ support for MacRobbie's suggestion

that photophosphorylation was being uncoupled was not obtained from

the results reported by Smith (1967a). Here it was shown that neither

imidazole (Smt',t, pH 7.1) nor (NH¿)2SO4 (0.02 - 0.04mM, pH 6.5) affect-
1Led in vivo --CO. fixation at the specified pH range. This work was

z

supported by the parallel, studies, ín vivo and in lliþ, on the

effect of these compounds conducted (usíng Chana coraLLína) by Smith

and West (1969). They found that imidazole stimulated the light

promoted infl,rrx of CI (see also Coster and Hope, 1968), but that it

had no effect or, 14"o^ fixation in vivo. In the situation in vitro,

imidazole was in fact found to act as an uncoupler of photophosphory-

Iation. A simílar uncoupling in y¿tr". was found using high con-

centrations of (NH4) 
2So4 

(4rnM) 
"

Smith (f970) suggested that the stimulatory ínfluence of

imidazole, (NH4)rSon and also tris, on the influx of Cl into

C. eov,aLLina may be caused by their influence on cytoplasnic pH (see

also Smith, I97I and L972). These amino-compounds were considered

)_2?94-
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to peneLrate the plasmalemma either as neutral molecules which

then reacted with H+ in the cytoplasm to form the cationic species,

+or as the cation, in exchange for H In ej.ther case, the net

resul.t would be an increase in the pH value of the cytoplasm.

Experimental confirmation of this proposal \^tas not obtained by

Walker and Smith (I974), who deternined. ci'toplasmic pH values under

both dark and light conditÍons, in the presence and absence of 2mM

(NH4)2SO4 (bathj"ng solution pH 6.9 - 7.0). They concluded that

their resulLs offered little support for the cl-- /oH exchange

hypothesis or the proposal that (NH4) 
2SO4 

increases the cytoplasmic

pH value (see Smith, 1.970) .

An alternative mechanism by which thêse amino-compounds could

act Èo st.imulate cI transport may be via their removal of the

competiLive inhibition of C1- which ís observed in the presence of

HCO3 (see for example Van Lookeren Campagne, L957¡ Smith, 1965;

Raven, I968a). This would result if, for example, (NH4)2So4 inhib-

ited the t.ransport of HCO, and,/or oH , thereby making available

moïe energy for the transport of Cl If the increase in available

energy was expressed as an increase in the rate of H+ efflux and

hence OH generation in the cytoplasm, the effect would only be

observed, in terms of a rise i,n cytoplasmj-c pH, if the cL /OH

system did not follow a similar time-course of stimulation. The

results of V'falker and Smith (1974) therefore apparently invalidate
+-

the neutral NH, $tlttn' + OH hypothesis but not necessarily the

cl /OH transport hypothesS.s (but see Chapter 6).

The effect of (NH4) 
2So4 on the light dependent formation

of the acid and al-kaline bands in C. eonaLLina. was investigated

by Lucas (197I). This study showed that (NH4)2SO4 (O.2 - 0.4mM

pH 6,0 - 7"0) inhibited the development of both the H+ and oH-

bands. The inhibj-t,ion of the H+ efflux system was also observed
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+in Cl -free solutions. Hence a sti-nufated H efflux rate was not

being masked by a paralteled increase in the operational rate of the

CL /OH system. Ammonium sulphate thr.rs appearecl to influence the

HCO" , OH ar¡d H* systems brit its mode ef action remained obscure.
.t

The experiments reported in this chapter were conducted in an

attempt to elucidate the site (s) anci node (s) of action of (NH4) 
2SO4

on these transport processes.

Results

The influence of 0.1 - 0.375mM (NH4)2SO4 on the ability of these

cells to raise the pH of the bathing solution was investigated.

Typicat results are expressed in Figure 8.1, and it can be seen that

when (NH4)2SO4 was present at a concentration of 0.375mM, no change

ín the external pH value was observed. However, at lower concen-

+trations of NHn- the pH value was raised after the cell.s had been in

cc¡ntact with the NH
+ solutions for several hours. These results are

4

in accord with those obtained by Lucas (1971) I ând demonstrate that

at neutrat pH vatues atld in the presence of low exogenous HCO, r

(NH4)2so4 does inhibit the efflux of oH and H+. (The faIl ín pH

when the tzeatments r¡tere transferred to the dark (see' Figure 8.1)

was considered to result from the influenee of respiratory CO2). At

this pH t'ange the cytoplasmic streami.ng rate was not infl-uenced by

these levels of (NH¿)Z SO¿, The streaming rate for the control cells

was ?6 J: 2.J.pm e-l and the ammonium treatments were ?4 t 4.3'

75,8 1 I.4 and 74.8 t 2.? pm =-I ,ot the respective 0.125, O.25 and

0. 375mM concent-ra.tions .
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i4
I'nfl..uenee of (NH/ rS)n on H CO r- AssiniT.atí.on

r4"o
The effect of various concenLrat'ions of (NH4) 

2so4 on H
3

assimilation was investigated. Experiments vrere conducted at pH

9.1 and all bathing solutions contained 3mM total carbon. The

results (see Table 8.1) indicated tnat l4c. assimilation was

inhibited even at the lowest (NH4) 
2so4 concentration employed' This

irrhibition $/as expected on the basis of Figure 8.1 (and also Lucas,

L91 l"\ for it vúas argued that sínce the alkaline bands are related

to, and dependent upon, Hco3 assimilation (see Lucas and smith,

1,973) , inhibition of their development must irnply that the partic-

ular treatment interferes with cellula:l assímilation of exogenous

HCo3 . However, the (NH4) 
2So4 concentration required to gíve a

95? inhibition of the l4C fi*"tion rate was considerably higher than

that reqt:ired to prevent the formation of OH bands at pH 7.0

(cf. Figure 8.1).

Experiments were also conducted over the pH range 6.2 - 9.6" In

these the concentrations of Èotal carbon and (NH4) 
2SO4 

were hel.d

constant at 3.OmM and 1.25mM respectively. The results are pres-

ent.ed in Table 8-2, The complete absence of an inhibitory effect

of (NH4)2so4 on 14". fixation aÈ pH 6.2 was in agreement with the

earlier reports (smith, I967a¡ Smith and West, 1969), sínce at

this pH value exogenous 'n"orwas present at saturating concen-

trations. Based on the results presented in Chapter Three (see

in particular Figures 3.6 and 3.7) and Figure 8"1, a much greater

j.nhibition was expected than was j.ndeed observed over the pH

range 1 "O - 7.'t. These results suggested that the effect of

(NH4)2SO4 within this pH ranger lnây be sensitive to the exogenous

HCO3 concentrati.on, i.e. high concentrations of HCO, maY

partiatly reJieve this inhibition.
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Anal.ysís of the results presented in Tables 8.1 and 8"2, ín

terms of the percent.age inhibití.on observed in the presence of a

particular concentration of NHn+ compared with NHr, revealed a

positive correlation between the inhil¡Ít,j.on of I4C. and the concen-

trat"ion of NH- in ttre exogenous solution (see Figure 8.2). This
3

impli.ed that either the HCO3 or OH bransport systems were inhibited,

or thg chloroplasts were being uncouplcci., in yitor by NHr. The

rrbserved pH'depend"rr*u of 14C. ínhi.hi tion may have been d,ue tc¡ the

influence of pH on t-he equilibrium lovel of exogenous NHr. However,

+it could also have been that NHn' penetrated to the cytoPlasm and

NH, which was formed in the cytoplasm kl, the reaction NHn+ + O¡1- 
=

H2O + NHj, may Lhen have escaped fron' thc cytoplasm under the influence

of an external concentra,t,ion gradient' Irl either case' the exog-

encus and c:ytoplasmíc NHa levels would have been determined indir-

ectty by t-he pH values of the battring solution, Similarly both

processes would ir¡fLuence thê cytoplasmic pH and a response of this

nature is as yet unsupported by experimental results (cf. Walker

ar¡d Smíth , 19"14) .

Cytapl.asmil:. Stnearning in l;he Presenae of (NHl 
ZS04

It was demonstrated that at pH 6"9 - 7.0 the presertce of

(NH4)2So4 clid not reduce the cytopl¿rrni.c streaming rate. Unfort-

unaLely cyclosis was not investigated during tf,u 14c. results

presenhed in Tables g.I and 8.2, Experiment-s were therefore con-

du<':ted to ensure that cyc;losis remainecl unaffected at higher pH

values" It was for¡nd that this was not so. The responses on trans-

ferring cel1s flom control solutions to soLutions containing 0.15,

0.25 and O.4mM (NH4)2SO4 are illustrated in Figures 8.34, B and C

respectively. At (NH4) 
2So4 co¡ì(:entratiotts of )0.4mM the initíal

response was si.milar to that observed using lower concentrations,
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but cyclosis dir:l not recover. Vt:-thin 4h all cells used at conÇen-

trations >O.4mM were dead. These results demonstrated that at high

pH rralues this amino-Çompound shottld not be employed at concentrat-

ions greater than O.25 - 0.3mM, These results implied that the

inhibitioo of I4C. fixation observecl at- the higher concentrations

of (NH4) 
2So4 \dere due to general metaholic uncoupling.

The reversibility of a potentially letha1 (NH4) 
2SO4 concen-

tration (1.25mM) is shown in Figure 8.4. Followíng a I0 min exposure

in this solutíon, one treatment was transferred back to the control

so.lution (3mM NaHCO3, pH 9.2). At the end of a 4h experimental

períod the latter cells had recovere<l r"'hereas all cefls bathed in

the t.25mM (NH4)2So4 had died. Fígure 8.4 also d.emonstrated that

this same concentratiorr of (NH4) 
2SO4 

clicl not have any effect on the

str:eaming rate when the bathing solution pH value was 7.0.

fsoLcttíng úta¡nber (NH) 
rS0n experLments

The experimental aPpa.ratus (isolating chamber) and Procedures

detailed in Chapter Seven were employed to determine the site of

inhibition of (NH4) 
2So4 with respect to HCO3 assímil-ation and

al-so H* efflux. The only modifícation to the technique was that

O.lmM phenol red was incl.uded in the outer chamber bathing sol-

uti.ons. This ma<le it possible to observe the OH banding patterns

on the outer cell segment.

Figure 8.5 indicated thåt when (NH4)2So4 \^tas Present in the

outer chanùerr the a.ctivity of the isolated OH band dec¡eased

sl-ightly and then recovered. The OH bands on the outer cell

segment dísappeared. The reverse situatíon, namely eontrol sol-

ution in the outer and test solution in the inner chambers (see

caption to Figure 8.5), resulted in an apparently instantaneous

deactívation of the efflux activity of the isolated OH band
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(cf. results pr:esented, in chapter 7). The oH bands on the outer

cell segment appeared to be unaffected by the (NH4) 2So4 in the

isolating chamber. Figure 8.5 also demonstrated that after a l0-4O

min exposure to 0.2 (NH4)2SO4, the inhibition of oH efflux activity

could be reversed simpl.y by flushing the isolating chamber with

control solution. These results suggested, at least at this pH va]ue,

that the immediate site of (NH4) 
2SO4 

inhibition of OH efflux activity

(and possiblV HCOa- influx) \^Ias located at or within the plasmalemma'

(The inhibition of HCo, assimilation and the lethal nature of this

compound observed at higher pH values was considered due to its

effect(s) on cellu].ar metabolism) .

similar experiments were conducted using cQr'ftee solutions

in the isolating chamber (see Figures 8.6 and 8.7). It was found

that deactivation still resulted when COr-free solutions containing
+

(NH4) 
2SO4 were employed, but H- efflux appeared to be stimulated

(cf. Figures 8.5, 8.6 and 8.2). (The generation of H+ via the

equilibrium reaction involving tlttn+ and NHr, i,e. assuming NH¡

penet-rated to the cytoplasm, would not result in acidification to

this leveI because the reaction is itself extremely pH dependent).

More imporf-antly the results presented in Figures 8.6 and 8.7 dem-

onstrated that OH efflux activity, within the isolating chamber,

remained even $Ihen this chamber contained COr-free solution and the

outer chamber contained o.2mM (NH4)2so4. (In this situat'ion there

\¡rere no active QH bands on the outer cell segiment), i.e. (NH4)2SO4

did not appear to inhibit the influx of HCo, , for if it had, the

isol.ated oH efflux site would have deactivated. In fact the

act,ivíty of the isolated OH efflux site was found to increase under

these conditions. Deactivation could, however, be obtained by

sealing the outer segment in liquid paraffin (see Figure 8.7) which

completely removed HCO3 from the ceII-
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1¿
Effect of HC)r- coneentration on (NHl 

rS0n Inhíbition of -=C.

Assi,miLattan

The results presented in Table 8.2 suggested that the inhib-
1Lition of --C by (NH4) 

2So4 may be partially rel-ieved by increasing

HCO3 concentrations. ExperimenÈs were conducted in which an

(NH4)2So4 concentration of 0.3mM was employed in the presence of

0.I, 0.2, O"4 and 0.6mM total carbon. These experiments were conduc-

ted at pH 7.5 and 9.2 and in order that the results be comparable wít-t¡

the responses presented in Figure 8.1, "artificíal" buffering capacity

was not employed. The results obtained under these conditions are

presented in Table 8.3. Experiments numbered I-4 were conducted at

an initial pH value of '7.5 and it was found that under these condit-

ions, as the total carbon level was increased, the apparent inhib-

ition .f 14C fixation decreased from 50 to 3Ot (approximately). How-

ever, using the NulI Hypothesis and the Student t test, it was fcund

that the changes in the values of percentage inhibition were not sig-

nificant at the 95å confidence limit. It. r4ras therefore assumed that

at pH 7.5, an increase in the concentration of HCO, did not partÍally

relieve the inhibitory effect of (NH4) ZSO4. A similar result was

obt,ained at pH 9.2.

Eiscussion.

The results presented in this chapter demonstrate that (NH4) 
2SO4

interferes with the normal operation of the OH efflux system. How-

ever, it should be emphasized that the actual mechanism by which

this inhibition occurs is unresolved. It has also been shown that

(NH4) 
2SO4 can infl.uence total cellular metabolism and under certain

conditions this influence can be deleterious.
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One mode of interaction between NH
+ ions and the OH efflux

within the immediate

4

system could be that NHn is titrated to NH,

vicS.nity of the OH efflux site by the released OH ions. This

titration could also be performed artíficially by raising the pH

value of the bathing solution. The actual inhibítÍon of OH efflux

may be caused by the resultant molecules of NH, acting as weakly bound

allosteric inhibitors of the OH carriers. This would explain both

the pH dependence of the inhibítion of Hl4co, assÍmilation and tÌ¡e

rapj.d recovery of OH efflux fr¡¡rction after removal of (NH4)2SO4.

The decreased alkalinlzation of the external solution, in the

presence of (NH4)2SO4 (see Figure 8.I and Tab1e 8.3), is in agreement

with the results obtained by Lucas (I97I). However, the most inter-

estinE and yet perplexing feature of these results is Èhat the pH

rise in the solutions which contained (NH4) rSon was almost constant,

irrespectiveof the exogerro,r= I4c. level (see Table 8.3) . This discrep-

ancy c¿ur be quite simply explained by assuming that the major part

of the I4c. fixation, observed at pH 7.5, is due to exogenorr" I4"or.

It was found that this was noÈ so (see Chapter 9, Figure 9.6) and

added to this, actual removal of CO, via photosynthetic fíxation

should in itsetf have raised the pH value of the bathing solution.

Hence an alternative explanation is necessary to account for these

resufts. This proposal must explain the apparent influx of HCO, ín

the a.bsence of OH efflux. Similarly it must account for the

observation of Walker and Smith (L974) that the cytoplasmÍc pH value

did not rise in the presence of (NH4) 
ZSAA.

It is clear that further research is required in thís area

to elucidate the relationship between HCO, influx and the involve-

ment of exogenous llttn+,zlltlr. At this stage it would appear that (NH4)2

Son is capable of affecting several cel-lular processes located

within the plasmalemma and cytoplasmic phases of the cell.

+
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StimuLation of CL- InfLun bg A.míno-Conrpounds

The results presented in Tables 8.1, 8.2 and 8.3 demonstrate

1L
that (NH4)2So4 reduces H*=Co, influx at pH values >i.O' Hence, if

the apparent HCO, inhibition of Cl influx ís due to competition for

an energy sr¡bstrate between the Cl- and HCO, ínflux systems, these

results offer an explanation of the apparent stimulation of the light'

promoted CI influx observed in the presence of certain amino-type

compounds. At pH values above ?.0 the influx of CI- is small (Smith,

19?O) when compared with the influx of HCO, . Consequently any pro-

cess which reduces the influx of HCO, may in effect stimulate Cl

influx. An interactive response of this nature is in accord with the

resulÈs presented in Chapter 6, where it was shown that a lag ín 36"t-

influx exísted prior to the establishment of a steady state rate. It

was considered that this lag represented the time required to develop

the CI influx activating condition(s) wíthin the cytoplasm. However,
'tL

since u*-co, influx in the dark is apparently quite low (see ChaPter

Seven), this proposal does not explain the dark stimulation of Cl.

influx reported by Smith (1970, L97L, L972i see also Smi,th and Lucas,

1973).

L
Net H' EffLun

+In the presence of (NH4)2SO4 net H' efflux l^¡as almost always

completeJ-y inhibit-ed (this was also for"u¡d by Lucas, l97I). Similar

results were obtained using the isolating chamber, i.e. when the

solution contained 0,2mM (NH4)2SO4 and 0.2mM NaHCo3, the isolated

OH sj.te deactivated and the pH value of the bathing solution was

not depressed much below the background value (see for example

Figure 8.5). This was in marked contrast to the net H+ efflux

response observed when Cor-free solutions containíng (ttttn) rson were

employed. Under these conditions the OH efflux system deactivated
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and the pH value of the bathing solution was depressed veriy rapidly

towards pH 5.5.

The simplest explanation for this difference in responses is that-

the buffering capacity of the O.2mM NaHCo, masked the true H+ efflux

rate, which could be observed most effectiVely in COr-free conditions

where the buffering effect would be minimal. It is felt that this is

not in fact the case, for acidification was not observed ín experiments

in which the effect of (NH4)2SO4 r^ras investigated under conditionsof

Iow exogenous HCo3 (see Figure 8.I). It may have been that exposure

of the isolated cell segment to carbon free solutions (i.e. CO, and

HCO, ) affected the passive permeability properties of the plasmalemma
J

(Sears and Eisenberg, 1961; Glirrka and Reinho1d, 1964), i.e. the

passj.ve permea.bility to H+ may have been reduced.

Spanswick ll-g74\ d.emonstrated that in iV. translueens the resist-

ance of the plasmalemma was lower under Cor-free conditions when

compared with solution conditions of ImM total carbon. This situatíon

was observed for both dark and light cond.itions. Spanswick also found

that the membrane potential could be returned to its maximum hyper-

polarized level by substituting the ImM total carbon solution with a

COr-free solution. To account for these results he proposed that the

+H' efflux system and the dark photosynthetic reactions compete for

a common energy substrate (ATP).

It may be that a similar situation also exists in C. e.ov'aLL'ína.

Ho\.rever, it is not clear what role (NH4)2SO4 would play ín the stim-

ulation of the rate of H+ efflux. Unfortunately parallel biophys-

ical studies of the type conducted by Spanswick (L974) have not

been conducted on cells of C. eoraL.Lina.



Influence of

TABLE 8.1.

on
1L

H*'CO Ass

Experimental
Solutions (3mU fotal
Carbon, pH 9.1 + )

flotosynthetiç-'C. Fíxatioç
(pmol cm s ,

Percentage
Inhibition

(NH4) 
2SO

(mM)

4
*":
(mM)

0. 05

0. 10

0.25

0.50

0.50

0. 75

L.25

0.041

o.ø82

0. 206

c:t.4l-'2

0.4r2

0.617

t.o29

60.7

44.9

20. 5

11.4

9.0

L2.4

7.7

3.5

3.0

3.6

2.9

0.5

o.4

0.6

0.6

o.2

+

!

+

+

+

+

t

+

26.O

66.2

8L.2

85.2

79.6

87.3

94.3

* CeIIs were cut from culture tank Er , and a light
intensity of 25wm-2 was used throughout.



TABLE 8.2.
I4InfI of on c Assimi tion over a of

pH Va1.u.es

14".
Experimental Conditions Photosynthetic

**
NH so

^
42

Percent
Inhibition.

Solution
pH

Buffer and
Concentration

(mm)

NH.
**i

(-) (+)

6.2 0.002

7 .0 0.014

'7. 3 0 .O27

7 .7 0. 068

8.3 0 .249

8.4 0.306

9,0 0.893

9.6 r.722

5+CT

5+cT

5+cT

5+Ct,

5+cB

C,

"*
ct

L27 .L !

130.2 !

98.51

96 .4 !:

50.71

64.5 t

6r.3t

39 .4!

L28.9 !

109.6 I

85.4 t

61.6!

20.4!

MES,

TES,

TES,

TES,

TES,

4.4

5.r

5.9

2.4

^1

5.3

4.8

3.3

4.0

4.2

4.5

1.6

2.r

0

15.8

13. 3

36..1

59.8

67.9

94.6

95.9

20,7 ! O.8
16.61 0.9

3. 51 0,05

1,610.04

+

**

*

1.25mM (NH4)2SO4 was added to each experimental
solution under the heading (+) rthe actual equilibrium
concentratj.on of NHa was calculated usíng the
equilibrium reaction NH, + H2O ÈN"¿* + OH and I$ =

1.77 x 10-5 (Bates and pinching, 1949).

C, represents total added carbon and was 3.OmM

throughout.

As in Table 8.1, except that shaded tank delta cells
were employed for these experiments.



TABLE 8.3.

Influence of a Constant (NH o )n

0.3nM (NH SO
2

F tion in the Presence of Tncreas HCO

Soiution pH

(-) (+)

Initial Final Initial Finai

I o-".
3-

*
Expt.

No.
NaHCO,
Ccncen-
tration

(rM)

4
B lnhibitíon

A B

L4c. Fi*.aror, (pmol 
"*-2"-1)

(-)

8.97 t 0.57

L6.96 t t.tt
22.05 t r.5r

28.23 ! 2.2

7.59 ! 0.68

L4"L4 ! O.32

22.AL t 2.0

27 .6 t 1.65

*

(+)

t
2

3

4

0.1

a.2

a.4

0.6

5.6i t

9.90 1

L6.62 !

20.74 !

o.42 t

0.86 t

I.2I È

2.06 !

0.32

0.89

1.06

t.59

o.o2

0.05

0"06

0. 12

?.50

7.46

7. 50

7. 50

9.15

I5

t5

i5

8. 30

B. 56

8.52

8. 20

9.20

9.25

9.20

9.29

7.45

7 .53

7.52

7.50

9.20

9. 18

9.20

9.20

7.64

i.75
7 .75

7.70

9. 15

9. 15

9.22

9.L2

36.8

4L.6

24.6

36. 5

94.5

94 .0

94.5

92-5

46.8

48.6

29.2

33.6

**

9

9

9

5

6

7

I

0.I
o.2

o.4

0.6

values obtained usinE 14c t-t"" uncorrected' for L4co fixation; B, valuesa Inhibition; A,
t4ccrrecLect tor co- contribution usÍng the results presented in chapter Three.

2

** Ccr rection due to 'n"o, insignificant at this pH value.
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CHAPTER NINE

TNFLUENCE OF [C"*+] AND [K+]
T4

ON THE INFLUX OF H co3--

Introduction

The membrane potential of Characean cells can be partially

described by equation (1.3) after celts have been exposed. to ca*+-

free solutions (OsterhouL,L949; Kishimoto, 1959¡ Hope and Walker,

L96L¡ Spanswick, Stolarek and Vfilliams, 1967; Kitasato, 1968). It

has also been shown that in the presence of ca*+ ions, once the con-

centration of K* in the bathing solution has been raised above a

certain val-ue, the membrane appears to function as a "K* electrode"

system (Kishinoto, 1959; Kishimoto, NaEai and Tazawa, 1965; Kitasato'

1968; Spanswick, L972; Saito and Senda, L9'73a¡ Volkov, 1973) .

Kitasato (f968) and Richards and Hope (L974) also demonstrated

that the "K* sensitivity" sf the membrane was influenced by the pH

value of the bathing solution. These results implíed that the

++
removal of Ca , or alternatively an increase in the K+ concentration

affected Èhe electrogenic component of the membrane potential, i.e.

the electrogenic system either becomes inoperative or is in some

way short-circuited by these treatments.

Since it has been proposed that at or above bathing solution

pH values of 6.0 the influx of HCO, and efflux of OH may contribute

towards determining the membrane potential ancl resistance (see

Chapters 3, 5 and 7), it was of interest to determine the effect of

these cationic treatments on the infLux of ttl4cor-.
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Results

The EffecL of Remoudng Ca** from the Bathing SoLution

In Figure 4.11 it was shown that prolonged (10h) exposure

++ 14
to low Ca-- solutions (O.O2mM) did not cause a decrease in H-'Coa

influx. However, a decrease in ul4cor- influx was observed when

Ll

Ca"-free solutions were employed. The time-course of the decay in
1L

H'=CO^- influx capacity which resulted following the exclusion of
J

rI
ca" from the bathing solution, is shown in Fígures 9.I and 9.2.

Cells used for these experiments were pretreated for 2h in normal

bathing solution which contained. 10mM MEs-buffer (pH 5.0) I to ensure

that CaCO^ deposits were removed from the cell waII. The decay curve
J-

for Figure 9"1 was obÈained via the following experimental proceduret

at the conclusion of a 12h dark recovery period, during which time

the cells were bathed in normal solution which contained 0.5mM NaHCO,

(pH 8.8) the cells were divided into two batches.

One batch was simultaneously illumínated (f5V'Im-2) and trans-

ferred to a modified bathing solution which contained 5mM NaCl' 0.2mM

Kcl, o.5mM NaHCo, and no ca** (pH 9.0). The second batch of cel.ls

was employed for control treatments; they were illuminated under

the same l.ight intensity, but the bathing solution contained I.OmM

NaCl, O.2mM KCI, O.25mM CaSOn and O.SmM NaHCO, (pH 9.0). Solutions

for both treatments were changed at 2 hourly íntervals, and a

1A
normal H*-CO. exposure period of lh was employed.

J

Under these conditÍons the H14CO.- influx appeared to decrease
J

slowly until by the lOth hour of contact with cu.**-ft"" solution

the rate had dropped to a ne\¡t steady value. This value was approx-

imately 38t of the contr:ol .
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Figure 9. t also shows the effect upon ttI4COr- influx of return-
++ing Ca-- to the experimental solution. These cells were given a

símilar decal.cification treatment, except that the recovery phase

h¡as reduced to a 2h dark period. A I2h dark treatment using the

5mM NaCI solution was then employed, the solutions being changed every

4h. It was found that the ce1lular recovery of HI4co, transport

capacity followed almost the mirror-image of its decline. Recovery

appeared to fo1low the same time-course irrespective of whether dark

or li.ght treatments \^Iere employed during the recovery phase.

The influence of extremely long exposure periods of C.+*-fte"

solutions is shown in Figure 9.2. The initial decline in cellular
1¿.

H^=CO'- transport capacity was identical to that observed in Figure

9.1" Ho\dever, it was found thât a further decrease $las not observed

until cell.s had been exposed to these solutions for approximately

127r,. Cyclosis \^/as also measured on each UI4COT- treatment. These

results, which are included on Figure 9.2, showed that after the

initial 24h exposure to C.*+-ft". solutions the streaming rate began

to decrease, It should be noted that the region in which cyclosis

declined most rapidty also coincided with the second phase in the

redr.rction of H14CO, influx. These results indicated that protonged

exposure to ca*+-free solutions eventually depressed both Hl4cor-,

influx and cyclosis and this effect culminated in the death of the

experimenÈal ceIls.

Effec;t of De-CaLr:íficat'ion Tv'ea,tments on Fiæation of Eæogenoue 
14C0,

Table 9.I indicates that the 10mM MES-buffer treatment did

not alter significantly the cellular ability to utilize exogenous

carbon (either 'n"o, "r nl4cor-). rte r4co, fixation rate actuarly

appeared to increase above that of the control cells. Similarly
**-ft." solutions did not reduce the rac. fixationexposure to ca *-fr." solutions did not reduce the I4c. fixatio



rate in the presence of exogenous tn"or. The exogenous 
"r4"oa-

treatment, however, resulted in a decrease in 14c assimilation in

accord with the results presented in Figure 9.1. These results

were taken as supporting evidence thAt the reduction in cellular

ability to assimilate ttl4co, , undet c"**-ftee conditions, was

due to an effect at the plasmalemma rather than the chloroplasts.

+L4
Inereasing K- Coneentrq.t'i.on: Its Infl.uenee on *'C, AssimiLation

Figure 9.3 shows that when the K+ concentration was increased

above 2.OrrM, the ttI4CO, influx rate \^tas depressed from approximately

20 to 3.5pmo1 
"*-2"-I. 

Further reduction in the ul4cor- ínflux

rate was not observed when higher K+ levels were employed. A

paralleled reduction ir, 14c. fixation in the presence of exogenous

1L 14"-ÇAZ was not observed. Inhibition of *'CO, fixation was only

observed at K+ concentrati.ons approximately ten times hígher than

those requíred to affect Hl4cor- influx. Even at this concentrat-

i.on, the reduction in fixation rate was quite smalI. It would

seem, therefore, that the reduction in ul4cor- influx .rrd 14co,

fixation, reflect t\^¡o separate modes of action of the K+ ion. The

reduction in ul4cor- influx which was elicited by increasing the

I73.

+ +
K concentration, was considered to result from the effect of K

either on the general structure of the plasmalemma or directly upon

the HCO. carrier system.
J

Figure 9.3 shows that some cells did not show reduced

1A - +_H*-co3 influx when [K'l was greater than 2.0mM. This phenomenon

was further investigated by conducting an experiment "in which

50 cells were t,reated in lOrM K+ solutions and 30 controf cells

were treated in 0.2mM K* solutions. Freguency histograms of the

results obtained from this experiment are presented in Figure 9.4.

3
From the distribution of the controt ul4co ínflux values, Ít



\^¡as assumed that K+ t-reated cells which had influx values )' IOpmo1

-)-1+cm 's ' had not been affected by the high K' concentration. This

was unguestionably so for the five cells having values ) I8pmol

-2 -Lcm -s -, however one cannot be as certain of the three values in

the inffux range ro-12 p*or .^-2"-1. correctívery the resurts

presented in Figures 9.3 and 9.4 suggest Èhat the reduction in
1^H'*cor- influx, in response to tr] 2 2.0mM, is an "all or none"

phenomenon.

Experiments in which

r74.

[r+] r"" held constant at o.2mM ana [ua+]

+

íncreased revealed that the influx of UI4CO, remaÍned unaffected

even at a concentration of 10mM l¡a+. (cf. 18.62 ! L.47 p*.1 "*-2=-I

ILOnM NaCI, 0.2mM KCl, O.5mM NaHCOrr O.5mM CaSOn, PH 9.0] with

2o.5g I 1.3 p*or 
"*-2"-I [fom¡l Kcl + control bathing soluti.on] ).

The absence of an effect of Na+ on the H14CO"- influx process is in
J

agreement with t-he relative insensitivity of the membrane potentia-I

to changes in the concentration of Èhis ion (see for example

Spanswick, L972, Table I).

Effeet of 1.0 and 20mM K* on CyeLosis

Streaming rates were measured during the Hl4cor- experiments

and it was found that K+ concentration as high as lomM did not

affect cyclosis. This observation l^las supported by experíments

which were conducted over prolonged periodsduring which time cells

r^rere exposed tq 10 or 2OmM K+. Table 9,2 shows that although cyc-

l-osis was not affected at lOmM K+, prolonged contact with 2OmM K+

resr.llted in the death of the experimental cells.

Ir¿cz,easing tlCO"- Concentration in the Pv'esence of 10mM K
u

Figure 9.5 indicated that increasing the Hco3 concentration

in the presence of a fixed concentration of K+ (fOmM) did not result
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T4in the recovery of normal H co influx capacÍty. The apparent

linear response is suggestive of a passive diffusion process.

Alternatively it could be that the IOmM K* treatment affected the

binding properties of the HCO3 carrier such that its K* was in-

crea,sed to a much larger value. Thj.s large K* would give an aPprox-

imately linear response between influx and substrate concentration.

The effect of 0.3mM (NH4)rSOn was included to demonstrate that other

inÌ¡ibitory processes can depress the HI4CO, influx value even further

There also appeared to be a linear resPonse to increasing HCo,

concentration in the presence of 10.3mM (NH4)2so4.

+ 1.4
.InfLuence of 10rnM K C. Fiæatíon a't; pH 7 . 5.on

L4In Chapter I it was found that the (NH4) 
2SO4 inhibition of c

fj.xation, in the pH region 7.O'7.7, was not as significant as was

expected. There sti.lI remained the possibílity that 14co2 was con-

tributing more to the total I4c. fixation than predicted from

Figures 3.6 and 3.7.

Figure 9.6 demonstrates that when IorÌM K+ is employed the I4c

assimilaÈion rate is considerably reduced, as would be expected if
1d - 

'ribrrtino sionificantlv to the total l4c fixaÈionH-'CO3 was contributing significantly to the tc

rate. vlhen the 14c. fixation values, obtained in the presence of

10mM K+, r^rere corrected for the residual "concentration response"

(using the data presented in Figure 9.5) , the values l^¡ere considered

to represent the 'n"o, component of fixation" It was calcul.ated that

a,t a total carbon concentration of 0.6mM, the level of. CO, would

have been 0,040mM. From Chapter 3 (Figure 3.2) it was estimated

that this concentration (COr) would support a fíxation rate of

between 5.3 - 6.2pmot .*-2"-1. Assuming a linear relationship
'l ¿.

between ''=eoZ fixation and exogenous CO, over this concentration

range, a straight tine was constructed through the origin. The

3
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+
agreement between the experimental values (i"e. IOmM K , subtract-

ing the residual HCO, influx) and this graph was taken as extrem-

ely strong support for the fact that these corrected values do

14.
represent the *'CO, contribution to fixation under these conditions.

Hence the low inhibitory effect of (NH4) 
2So4 observed in the pH

region 7.o - 7.7 was not due to an unexpectedly high'n"o, contrib-

ution.

Discussion

++The InfLuence of Ca on. HC)U Influn Aetiuity
++Dainty and Hope (f959b) reported that the removal of Ca from

the ion exchange component of the cell waII of. C, eoraLLina could

be separated into two fracti.ons, one fast and the othar slov¡. They

fotrnd, that the slow fract-ion had a È* of approximately 15 daysl

In the present series of experiments, the employment of a 5mM MES

treatment and a 5mM Na+ l-eveJ", would be líkely to produce a much

faster elution of ca*+ from Lhe cell wall and cytoplasmic phases.

The slow decrease in HCO, influx capacity in response to

cellular exposure to ca++-free solutions implies that either ca++

is being elute<l only slowly from the Donnan free space - plasma-

lemma syste.m, or that the reduction in HCOS influx involves several

stages, Calcium may be required to maintain Èhe integríty (or

structural conformatíon) of the plasmalemma such that all membrane-

bound processes can function normally. However, it may also be

++that Ca Fs se acts as an integral component of the functional

HCO3 carrier. The almost ídentical "mirror-imagte" recovery

phase of HCO. infl.ux capacity, following the re-introduction of-J

++Ca , did not help in distinguishing between these two possibilities.

Further experiments, in which the influence of other d.ivalent

cations (e.g. ¡tg**) on the recovery phase of HCo, -influx

capacíty, should demonstrate whether there is a specific require-
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++
ment for Ca" associated with the transport of HCot

The second phase of the HCo3 influx decay curve (see Figure

g.2) may have been related to the depletion of ct+* fto* the cyto-

pl.asmic phase. This process would certainly be extremely slow

since the normal fluxes of ca++ have been reported to be small

(Spanswick and !rli.Iliams, 1965).

Ihe TnfLuance of K* on HCO 3- Influn Ae.tiuity

The parallel between the effect of K+ concentration on HCo3

influx capacity and the reported effects of this ion (K+) on the

membrane potentj.al (see for example Spanswick ' L972; Saito and Senda,

1973a), indicates that the two phenomena must surely share some

common feature. Support is given to this concl-usion by the paralleled

ineffectiveness of increasing Na+ concentratj.on on both the membrane

potential (see Kitasato, 1968; Hope and Richards, L97T; Spanswick,

L9'72) and HCO3 influx capacity.

It is also important to note tirat the apparent insensitivity

of the membrane pot.entialr"hrhen a larEe electrogenic component of

potential is present" (Richards and Hope ' 1974) may not have held,

had the authors increased their K* concentratíon above ImM. On the

basis of the results presented in Figures 9.3 and 9.6, a K* con-

centration of lOmM should have given a response similar to that

observed by Spanswick (L972).

The "a11 or none" effect of K+ on HCo, influx capacity

which vtas demonstrated in Figure 9.4, elso has a pa,rallel in

that similar effects have been observed during studies on the

membrane potential (see Richards and Hope, L974, table I). Hence,

since both cationic treatments (ca++ and K+) influence the influx

of HCO, in a manner virtually identical to the electrical effects 
'

thj.s provides additional support to the possíbility that HCO3

assimilation contributes to the electrical properties of the ceIl.
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Pretreatment

IOh i.n normal bathing solution
which contained 0.5mM NaHCOrr
pH 8.8.

(i) 2h in normal bathing solution
which contained 10mM MES-
buffer, pH 5.0.

(ii¡ th in normal bathing sol-ution
+ 0.5mM NaHCO3, pH 8.8.

(i) 2h in normal bathing solution
+ IOmM MES-buffer' PH 5"0

(ii) 4h in 5.0m¡4 NaCl + 0'2mM KCI,
pli 5.75 "

6ii) 4h in 5.0nM NaCI + 0.2mM Kcl +

0.smM NaHCOr, pH 8.8.

TABLE 9.I.
++

^.rd 
ttr4co Assimilation Follow l{ES-Buffer and Ca -free Solution

treatments

Experimental
Treatment

*
A

B*

*
A

*
B

+
A

3
Infl-z- ri , FixEtign

3-Icm s )

1L
H-'CO
(pmoI

tn"o
(pmocm s

25.35 t 1.05

25.L3 i l.13

7.AL ! L.25

58.37 ! 4.2L

68.03 ! 4.29

64.28 t 3.45+
B

*

+

A, represents the employment of normal.,þathing solution + O.smM tlattl4Cor, pH 9-O;
B, normal bathing solution + o.5mM NaH'=co, + 5mM MES-buffer, pH 5.3.

Both A and B as above except thàt the bathing solution did not contain C"**.



TABLE 9.2

Influence of IO and 2OmM K+on Cvclosis

+
K Concentration (mM)

*

IO 20

**
Exposure
time
(h)

St-reaming
(um s rT"t" Exposure

time
(h)

SÈreaming
(um s

Rate
1

0

o.25

0.50

I.0

2.25

4.25

6.5
48

72

r40

1. 13

1.1

r.0

2,3

I.'l
2,8

2.9

7.8

1.0

2.25

59.5 I

46.3 !

68.7 !

70.9 t

67.3 !

66.9 !

68.2 !

66.3 I

64.5 !
70.20!

0 68.2 ! I.7

3.8

3.2

48 (aII cells
clead)

64. 10 ! 2,8

7o.62 !2.2
( I cell dead)

* The experimental solution contalned,
10 or 20mM KCI, 0.5mM NaHCOr, pH 8.8.
prepared, and changed twice daiIy.

** Ten cells were used per treatment.

in addition to the
The solutions were



24

2L

18

15

L2

+

I
I

T

ï

1
T
L I ïI

I

r
I

6

0

0 10 20 25

ì Time (h)
** on ttl4co^- rrrflFioure 9.1. Influence of Ca

treatments. Íhe influence of e:çrosuie to C

( O ); while l^r ) is t}te control treatnent.
ing a 12h Ca"-free e:q)osure is shown by (o
were given a 3O min light pretreatment befo

i.t'o
I

TII

F{

I
fr¡

ôl
I

É
o

F{
o
Éa

x
á

l+{
É
H

I (rI
o
C)s!

F{

E

I
AI

1
AI

9

3

155



27

24

2I

I8

15

12

I.
o

80

IO

tr ?ol
-l

I
Ø

c.¡
I

É
o

..{
o
É
O{

Xt
rl
Lti
É
H

I
m

o
U

$
F.l

UI
tr

É
3

60
o
+J
rúú

50 Uìç
._t

F
o

40¡
U)

o
Ê

30H
F{q
o
lJ

20ð

tr
tr

ï
o
I

I
o

9

6

-

tr\
\
\

t

-

\
T

-o
I

I
I

-l

\
\

i
3

0

-0 50 100

Time (h)
1.50

Fisure 9.2. Effect nl4coon++Exposure to Ca free
as for Figure 9-1, the sorid bars along the abscissa inflicate
the employment of dark periods. The symbols are (O), Hr*co"-
influx; (tr), cytoplasmic streaming rate. The S.E.M. for €ne
cytoplasmic streaming rate was approximately tl.5 Um s-t for
arL treaÈments; this varue was too smatr for inclusion on the
individual e:çerirnental points.

. Influx and Cyclosis of Pro!_onged-solutions. The experimental details are



ïo

I
60

40

20

o

rf
\

,¡
h

U¡

É
o

F{

o
Ée
É
o

.,1
+J
C'x

..1
f{

(J

F{

I

C\¡
I

o (3)
sf
Fl

rt
\t

tr (2)

o (1)

I 
-1-r-

\

tr (1)

¡-I

I
I

\
I

o2468I020
K* concentration (mM)

Figure 9.3. The Influence of K* concentration or, I4". Fixation.
The experimental solutions alI contained 0.snM NaHCO2;
(f ) and (tr) treatments were conducted at pH 9.0; "(O),
at pH 5.3 and at-ttris pH value the solution was buffered by
5mNl MES. The [f'] was increased by adding KCI to obtain the
required, concentration. The syrnbol ( O ) represents e:çerimental
values which deviated significantly from the mean obtained for
the particular treatnent and the value ín parenthesis indicates
the number of ceIls.

\



0

IO

5

15

10

5

0

0

0

10 20 3C

30

o
e
o
a
Èt
o
tr
f¡.

10

nl4co rnfrux (pmol .r-2"-t)
3

Figure 9.4. Histogram of tne n14CO. Influx Values obtained in tåe
Presence and Absence of lOrnM K+. The control treatment-(3O celts)
was normal solution + 0.5mM NaHCO., pH 9.0; the lOmM K' cells
were bathed in an identical solutÌon except that it contaÍned
10mM KCI. The symbol M and the accompanying arrow indicate the
mean and the error bar is ttre associated S.E.M. In Fig.rBrrM., is
the ¡¡ean calculated by igçtuding only values ( Epmof gq lî -, -
and M, is the mean for H--CO3 ínf1ux values)Bpmo1 cm -s ^.

(A)-rMControl Cells
( 30)

(B)
It

1,1-

*t
M2lOmI'{ K+ celts

(s0)



F.l
I

o
C\¡
I

É
o
FI
o
ÉÊ

xt
F{
l+{
É
H

10

5

0

Figr:re 9.5. The Effe

(o
o
C)

sT
F{

0.5 1.0 1.5 2.O

lfere erq)loyed
içitial pH val
H--CO3 influx

HCO3 Concentration (Solution PH 9-0) (tnM)

ct of Increasing [HCO3 ] in ttre Presençç of-lOmrq K+. Culture tank XG-2 celIs
for these e:çeriments"and tl:e normal H'*CO. proce$ures were foÌIowed; the
ue was 9.0. 1ftre slnrbol (O) represents thã 10nH K' treatments, (f ) rePresents
in tJ.e presence of 0.3n¡4 (NH4)rSOn and 0.2nM K .

I

I

<i

Control
I i

I

I

l¡'
,

t¡

T
ot t

, ¡I
T

?
I

I

a/
I



20

30

0.1

Figure 9.6. Inf
as follours:
presence of
usíng data

o .2 0.4

Tota1 Carbon Concentration (mM)

Fl

C\
o

E
U

r'l
o
È¡ft

;
o

.r.l
+J
rú
x'Ë ro
o

sf
Fl

0 0.6

luence of lomM tc* o" 14c' fixatÍon'4t pH 7'5' symbols are
(t)r.control treatments; (O) t*".rfixation in the

IOnM K-; (O) values correctedrfor H-=Co. influence
presented in Figure 9.5, (tr), -=C. fixatíon in the

presence of 0.3¡nM (NHr)rsor. (These values are reProduced fSom
Table 8.3). The stipfrléa iegion rePresents the estimated --CO,

contribution at thÍs pH value and was determined using Figure 3.2.

I
tr

I

II

I
ï
I 1

?

Þ

T
oI

tr
#"':::::i-ü;

.f..t::.
ii'.-'.':¿":'; '

Õ
o

z r¡$:;:":""f,:":i:t"

€.:'.::; t

.o. .ê .r.¡.t'ú "o'
.#¿s"



178.

CHAPTER TEN

PRELIMINARY ELECTRICAL STUDIES.

Introd.uction

Most of the biophysical stud.ies on the Characeae have been

cond.ucted. on relatively young internodal cells. However, as noted

in chapter TVo, mature internod.al cells were employed for arr e>çer-

iments reported. in this dissertation. A brief investigation of the

electrical properties of Èhese mature cells was conducted to deter-

mine whether both ceIl types respond similarly to pH changes in the

external solution. Simultaneous measurements of membrane potentiat

(Y--^), membrane conductance(g--^) and H14co" influx, at pH 9.2, werevo '-vo' --3

arso made to ascertain whether the insertion of microelectrodes

affected cellular assimilation of gl4co^-.
5

Methods

The electrophysiological stud,ies reported in this chapter were

performed in the laboratory of Professor A.B. Hope (Flinders univ-

ersity, South Australia). The apparatus and techniques used for

measuring V and g were similar to those previousry described by- vo -vo "---

Findlay and Hope (L964) and Hogg, V,filliams and ,Johnston (1968).

During electrode insertion (tip diameter 0.5 - O.gUm) cel1s

were bathed in normal bathing solution (flowing) and a 30 min.

recovery period was employed. before making externar pH changes. A

0.5mM concentration of NaHCO, was used both as a supply of exog-

enous carbon and as a buffer for the externar solutions whose pH

varues ranged from 6.3 to 11.0. (sorutions were titrated to the

required pH values using either IOOmM NaOH or H2SO4). Fotlowing

exposure to an external pH value within this range, cells were
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always pretreated for 30 min ín normal bathing solution (pH 5.75)

prior to the investigation of a different pH value (see Spans-

wick, L972).

Resistances \¡¡ere measured using a 3 second current pulse

(0.1 - 0.4 UA) passed between a microelectrode inserted into the

celI (at {. where ZL ís the length of the ceII) and an external

Ag - AgCl electrode. (The latter was positioned close to the cell

surface an<i extended, in a parallel manner, along its ent'ire length).

The change in V caused by the current pulse was measured between a"vo
reference electrode in the bathing solution and a microe.ì ectrode which

was inserted into the vacuole at a point O.42I- front tlte centre of the

ceIl. All potentials, and changes in potential elicited by current

pulses, \^rere recorded using a Ríkadenki multi-pen recorder.

Results and Discussion

Effeet of EæternaL pH on Vuo

Typical responses of Y.ro to changes in the pH value of the

external. solution are shown in Figures l0.l and 10.2. The results

of these experirnents are summarized in Figure 10.3, and for compar-

ative purposes the steady Vrro values obtaíned by Richards and Hope

(79'74) have been i¡rcluded,. (The n*+ value, i.e. the Nernst diff-

usion potential for K+, \Âras determined using the 10mM K+ technique

of Spanswick (I9'12)). The time-courses ot Yrro hyperpolarízation

itr response to external pH changes \^rere simi.lar in form to those

reported by Saito and Senda (1973a). Hov/ever, these workers did

not investigate ther effec:t of external pH values above 9.0"

Figure I0.2 shows that at pH values above 9.7 E}:.e membrane potent-

ial stitl hyperpolarized, but the decay tt *rro following the

attainment- of the maximum hyperpolarization value was much more

rapi.cl . The potential appeared to return to a value close
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to that whÍch existed when the ce1I was bathed in normal solution'

pH 5.75.

Reasonable agreement was also found between *. V.ro data of

Richards and Hope (1974) and the results presented in Figure 10.3.

This suggested that the plasmalemma of mature internodal cells and

the cells used by Richards and Hope respond in a similar manner

with respect t"o the response of Yrro t" external pH changes. A

comparison with Kishimoto's (f959) earlier work on C. coyaLLina

indicated that the relationships between Vrro and external pH were

similar in form, but Kishimoto's data were displaced approximately

one pH unit towards the lower end of the pH scal.e.

Differences appear to exist between cells of C, coralLina and

N. ty,ansLucens in terms of the overall me[ibrane potential response

to exterrral pH changes, ft appeared that Èhe maximum hyperpolariz-

ation value of Vo,o, fox C. eCYA.LLina ceIls, was always more negative

at any particular pH value, comPared with the vaLue observed for

N, translueens (cf. Spanswick, L972, Fig. 2) . A similar situation

holds for the steady hyperpolarized value of Yrro. It was also found

that over the pH range rnvestíga¡sd, Yvo for C. coraLLi'nt vtas always

more negative tha.n E*+. It would seem, therefore, that an electro-

genic component of potential was Present over this pH range 5.75 -

11,0 (cf. Spanswick t 1972, Figs. 2 and 6) ^ Thase differences add

weight to the earlier warning that C. coralLina may differ from

other Characean species in certain physiological aspects (see

Chapter One, p. f6).

12.
Sim,LLtannous MeusLftement of Vro, guo *d H'*C7r' InfLun

A series of experiments were performed in which Y,ror grro.td

the influx of H14co, were determined simultaneously. During

tlhese exper-iments c,ells were given a lh recovery period in normal

bathing solution following electrode insertion. The membrane
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potential h/as monitored continuously during this period, and at

its concrusion membrane resistances were measured. A 30 min ex-

posure period to non-radioactive bathing solution (0.5mM NaHCOrr

pH 9.2) was used to facilitate the establishment of steady hyper-

polarized potential.s prior to the commencement of HI4co^- experim-

ents. (The electrical resístance h¡as measured at 3 min intervals over

both the 30 min pre-radioactive and rh ul4cor- periods). control
1LH*'Co3 influx values were obtained using the same experimental system

except that cells did not have mícroel_ectrodes inserted.

The values of Vrro, 9.ro .rd Hl4cor- influx obtained during these

experiments are presented in Table 10.1. The most significant feature

of these results was the identical ttl4cor- influx values obtained

for the control and electrode-inserted certs. rt was assumed that

this indicated, cel]uLar assimil-ation of H14co"- was not affected byJ

the ínsertion or presence of microerectrodes" The other point of

interest was that the mean 9,ro value of 106.3t 9.6 Umho "m-2,
obtained. in unbuffered solutions (pH 5.75) was in accord. with the 9*ro

value reported by Doughty and Hope (1973) and Richards and Hope

(f974). However, the mean conductance value obt,aÍned at pH 9.2

appeared to be considerabry hígher than would have been predicted

on the basis of the data presented by Richards and Hope (1974,

Fig" 2). This high"r nrro value may have been associated with

the observed influx of HCo, and concomitant oH effrux. sínce

there was not a close correration between individr"t n.ro and HCo,

influx values (for example compare the results of cell nos. 3,4

and 5) further studies are requíred to test this rerationship.

unfortunatery there is not at present a satisfactory relationship

between the theory of membrane permeabiÌity to ions and the exper-

imentally measured conductance values.
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CaleuLation of POU-

Hydroxyl efflux appears to occur down its own electrochemical

potential gradient, and it could be argued, therefore, that the

efflux of this ion is passive" Although the Goldman (1943) flux

equations and equation (I.3) do not exPress correctly the electrical

properties of the plasmalemma, the efflux equatíon:

+
FV cc

zjF v.o/at
J . ... (10.1)coz.P ,llj .e

l
Z.F V co,/RT

e J -I

was used to calculate PoH-, so that its value could be compared

with other permeability coefficients reported in the literature.

The values of J-1-- were calculated on the basis of the individual
OH

oH band efflux data presented in Tabte 4.5. The assumption was

made that the value of V"o obtained during the electrical studies

could be extended to the diffusion analysis situation. The mean

average pH val-ue over the entire surface area \^las estimated to be

9.7 and using this figure, a value of -I85mV for Y.o was estimated

from Figure 10.3 (V"o = V.r" - 10mV; see for example Findlay and

Hope, 1964¡ or Doughty and Hope, 1973). The cytoplasmic pH value

was assumed to be 8.4 on the basis of the results obtained by

V'lalker and Smith (L974 and unpublished results) .

The experimental oH efflux values and the individual computed

PO"- values are given in Table I0.2. The average value of I.44 x

-t -lIO 'cm s ^ obtained for Po"- Ís extremely large when compared with

say the value of I x 10-9 - I x to-14 "* "-1 
obtained for P"r-

(Findlay and Hope, L964; Hope, Simpson and Walker, L966¡ Kitasato,

1968; Doughty and Hope, L973; Richards and Hope, L974).

RT
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Very litt1e weight can be placed on this large value of

pOH-, since the use of equation (10.1) is probably quite unjustified.

Ho\nrever, the large PU"- value may im¡lly that OH ions are effluxed

via carriers and the possibility exists that these carriers

require meta-bolic energy (see for example Dainty (1963), and, also

Rã.ven (f968a) concerning his conclusions retating to his value of

1.0 x Io-4 cm 
"-1 

,.r 
"rrcoa- 

in Il. afrieanwn). The characean Perm-

ea.bitíty coefficient for water has been measuredr and a value of

1.4 x 1O-2 cm s-I obtained (Dainty and Hope, I959a; Dainty and

Ginzburg, 1964). The simitarity between the values of FO"- and

P-- ^ is sugqestive of a co¡nmon pathway across the plasmalemma for
H2"

OH (or HrOr-) íons and HrO molecules. Ho\,vever' it is more likely

that the sirnilarity is fortuitous. It would certainly be difficult

to e:çlain the localized nature of the OH efflux sites if a

common pathway, vÍa water fílled Pores' \^las proposed. There is

one much more important property of the total OH efflux system

which suggests that the efflux of OH ions occurs vía a much more

complex membrane carrier system, namely the observed hierarchy of

OH efflux function (i.e. p5@5y and sl&-g,idía-ry bands).



TABLE 10.1.

Símultaneous Measurement of and ttr4co Influx

Cell No.

Mean

., Çontrol
H--CO^ Influx< 

-', - I

(pmol cm s

I
2

3
4
5

6
7
I
9

IO
11
L2
I3
L4
I5

L8.2
24"O
25.2
24 "6
23.8
19 "9
24.2
20 "9
22.5

22.6
+ 0.8+ S.E.M.

A,

B,

l-¡

steady value lh after insertion of electrodes (normat bathing solution).
steady value after 30 min e)<posure to 0.5mM NaHCO3, PH 9.2'
steady value at conclusion of ttr ttl4co, experiment.

(nv) (U mho cm
-2

A

Yvo

B c A

I vo

B

)

c )

r06 3
6

-16r" 3

! 2-9
-L79.4
t 3.1

-173.3
t 3.3

183.1
+ L2.3

L92.9
+ 12.0

22"8
i r.6+q

-L64
-170
-160
-L7 4
-169
-170
-140
-L74
-L54
-160
-L62
-160
-173
-L44
-L45

-173
-178
-170
-17g
-L75
-178
-t75
-166
-180
-187
-t75
-l-94
-2L5
-L79
-168

-L67
-L64
-155
-165
-168
-178
-168
-165
-L75
-L82
-L74
-r89
-208
-L'16
-169

198.1
L52.7

87 .7
88.0
86.9
65.4
70.9

t26.9
90.4

r39. 3

139. I

207.5
263.2
L47.7
L49.3
L79.5
250.O
110.9
223.2
r90. I

204.L
I77.6
168.6
165.8
270.3
186. 3

208. 3

277.8
r38.9
149.0
t72.L
250.0
116.9
222.2
1.85.2

29.5
L7.9
35.1
L2.7
23.4
24.O
25.7
24.O
2t.9
15.8
15.4
22.8
15.7
29.2
28.5

9
4
4
I
5
I

4
7

4
2

92 L77
L28.
r55.
r35.
252.
t7s.

102.
79.
75.



TABLE LO.2.

ated on the Basis of Individual OH Efflux Band Data

*
Band
No.

*

CaIcu1

OH -Band
!{idth (cm)

P{H
*

Efflux Arça
(c¡nz x loz)

9alEfflux area
- 

,) 
-1(pmo1 cm -s -) -l 2(cm s

t.42
L.79
2.L2

1.69
o.92
0.98
L.27
0.88

.29

.88

Av L.44 ! O.L2

Qa*

(pmol s

P
Expt.
No.

20

-I
OH

xl0

A

B

c

A

B

c
D

E

A
B

c
E

16

18

0.03
0.05
0.05

84
39
39

0

I
I

2

4
5 383.

I5
54
35

2s7.
325.

306.6
166.2
L78.2
229.5
r59 .6

234.4
341. 3
316.6
228.8

0

7
I

0.06
0.03
0.03
0.03
0 .06

0.04
0.06
0.05
0 .06

L.67
.84
.a4
.84
.67

.16

.74

.45

0
0
0
I

I
I
I
I

I
I
I
I

75
2674

5. 13

r.39
L.49
L.92
2.67

2.72
5.95
4.60
3.99

Experimental values obtained from Table 4.5
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CHAPTER ELEVEN

CONCI,USIONS AND FUTURE WORK.

+
The properties of the plasmalemma bound HCO, , OH and H

transport systems were studied using two different aPProaches. The

activity of the Hco3 system $tas quantifieil usíng 14", thite the

net activity of the H+ and OH systems were measured by analysing their

diffusion profiles. These results indicated that' at pH values

above ?.0, HCO3 influx and OH efflux rates were equivalent. Sínce

it was shown that these two systems (i.e. the HCO, and OH ) can

operate independently, in that they can functíon at spatially se¡rar-

ate sites in the membrane¡ it follows that their rates need not

always be equivalent. Under low externat pH values (5.0 - 5.7)

HCO. influx and internal OH generation will be low (in the absence
J

of added NaHCOT) Under these conditions the efflux of oH ions may

be less than the HCO3 influx value, because the majority of the OH

ions may be neutralized by passive H+ influx. rn this case, the

+H- efflux system may.serve as the ma.ín cytoplasmic pH regulating

mechanism. Ho$tever, Ít is likely that the H+ fluxes are not as high

as has been previously proposed.

When the battring solution contains exogenous HCO3 and its

pH value is at least one pH unit above the pKa of H2CO3 (i.e. 7.3),

the role of cytoptasmic pH regulation may be transferred completely

to the OH efflux system. This would mean that net H+ efflux

should decrease as the pH value is increased above pH 6.3; becoming

extremely small (or zero) at pH 7.3 . 1lt¡e results presented in

Chapter Four indicated that the net H* efflux rate aPpeared to

decline over this same pH range.
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At the higher external pH range of 9.5 - 11.0, where it was

found that H14Co, influx was inhibited, the oH efflux system

may stiJ.l be required to maintain the cytoplasmic pH value to with-

in physiological limits. Thus, although HCO3 influx cannot occur

at pH IO.5 - I1.0, there may be a small passive influx of OH ions

which is balanced by the OH efflux system.

Assuming this proposal of a dual cytoplasmic pH regulating

mechanism (i.e. H+ and OH-) to be valid, it is obvious that Spans-

wick's (L972) eguivalent .circuit needs to be expanded at least for

Chara eora.LLina cells. The following equivalent circuit may more

accurately depict the situation for illuminated C. coraLLína cells:

IN

Hï

lI

1

t

I
T I

1

T
gpassive

Epassr\¡e

o
"oH

cf-HCO3

E¡tco

E +

E+
H

E
OH

3

OUT rhwhere E represent-s the EMF generated by the j transport system,
)

and E passi.ve is the passive diffusion potential gj-ven by equation

(I.3), I+ is the current passing through the respective system and

g. is the conductance of the ith tr"r,"porÈ sysÈem. In this model.J

it is assumed that HCO, influx is active (see Chapter Three) and
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that metabolic energy is required for the functioning of the carrier

system. Efflux of OH is also consid,ered to be mediated by carriers

which are controlled by metabolism. (The PO*- value and the hier-

archy of OH efflux bands suggests that this is the case, even

though the OH íon is moving down its own electrochemical potential

gradient) .

When the meÍibrane potential of the illuminaÈed ceII is in the

steady state, at any particular external pH value¡ the total resist-

ance of the nixed equivalent circuit can be expressed as:

I I

ç¡

t x1
i R.
'J

+ +
I

f

Rpassave

E

= passive

...(r1.1)

... (11.2)

.. . (1r.3)

. . . ( 11.4)

I
passive

cf-passave

Rrrt.l +

net (steady potential) I,
)

h
Since conductance is defj.ned "" !, the total conductance can be

R.'

expressed as:

9T"t^I 9H* + gucoa-*9oH +gpassi.re
TN,

For a steady state memb¡ane potential, the net current movement

across the membrane must be zero, but in contrast to Spanswick's

model, an equír¡alent current does not have to pass through each

component of the circuit, Thus,

-s j

EE+-
H

I 0

but it may be that

lI lr I I passive
HCO OH

3

In the steady stat.e, the following general condition should hold:

Measured potential difference

r+
H

I+ rrtl Hco
o*

I.
HCO_ oH--1I

3

3
9sco

OH

Gf-olt
L

. (11.5)



187.

From (11.5) it is clear that the characteristics of the indiv-

idual components of the system must be known before the observed

electrical properties of the plasmalemma can be accounted for on

the basís of the contribution made by each component. On a

speculative noter based on the hypothotical models propounded by

Finkelstein (1964) and Rapoport (1970), it is possible that:

(a) The potential generated by each component may be a function of;

(i) conductance of the system, particularly the model. (s) by

which charge is transported across the membrane,

(ii) metabolic energy available to that particular transport

system,

(iii) the equilibrium constants of associated reactions and,

(iv) the actual rate of the "electrogenic" driving reaction.

(b) The conductance of each component may be a function of:

(i) the physio-chemical properties of the transport. system,

for example the mobility of the putative carriers etc,

(ii) the concentration of functional carriers, which will

probably be related to metabolism,

(iii) the influence of the external solutíon on the function¿rl

properties of the transport system as a unit; it is

likely that the pH value, artd the r+ and ca** concen-

trations wi.ll be significant in this respect. (On an

extremely specuJ.ative note, it could be that a certain

set of external conditions results in the isolation of

a particular transport system from the outer solution,

i.e. in electrical circuit terminology, the component

would become open-circuited) .
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On the basis of these suggestions, it is possible to propose

a working hypothesis to account for the as yet unexplained, plasma-

lemma el.ectr-ical response, observed at high pH values. The high

co¡rductivity, of Chara eoraLLina, observed at pH 8.0 - 9.0 (Walker,

L962, 1963; Coster' L969; Richards and Hope, L974) r mêY be associated

with the HCO. and OH systems. At this pH value (1f.2) may reduce to:
5

9Tot"1 = gucor- * 9o¡r- "'(11'6)

The reduction of 9n+ to zero may be related to (b) (ii) and / ot

(iii) in that competition for metabolic energy may exist between the

+-H' and OH efflux systems. The actual balance between the competing

species may be affected by the external pH value; this would, in

essence, provide a "feed-back" system between the external solution

and (a) (iv) above.

The hyperpolarization and subsequent depolarization of V.ro

observed when Chara cells, bathed in solutions of high pH, are illum-

inated, may also be due to the HCO3 and OH systems. If the HCO,

system begins operation, following illumination, in a shorter period

than the oH system, the membrane potential will become hyperpolar-

ized due to the net transport of negative charge (HCO3 ) into the

cell. (It should be stressed that the membrane potential will only

hyperpolaríze íf. gpassive is small-). once the oH system becomes

activaÈed, the net transport of charge will be reduced and if the

oH efflux rate exceeds the HCo, influx rate, the membrane potentíal

will depo1.arl-ze. If the steady state potential at high pH values

(?.0 - tO.O) is determÍned primarily by the HCO3 and OH systems,

I - wilt have to be egual and opposite in sign to -o"-. Hence
HCOj

the actual value of the potential may be determíned primaríty by

-t and g
3

the value" .f gHCo
OH

-, which need not be equal.
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Sinilarly the rapid hyperpolarization and subsequent de-

polarization of V.ro, observed when the pH value of the bathing sol-

ution is changed from 5.8 to 7.5 - 10.6 may result as a consequence

of differences in the time-course of approach towards the operational

steady state of the HCO3 and OH systems (see for example Figures

10.1 and 10.2).

At this point it should be stressed that it is probable that

not aII Characean species can assimilate exogenous HCO3 at the rates

observed for Chara eoraLLina. smith (1968a) showed that there was a

significant difference between the H14coa- assimílation rates of

collected and cultured cells of NiteLLa transLueens, There may

therefore be cells, gro\¡rn under a particular physiological set of

conditions, whose meñbrane electrical properties are not siEnificantly

affected by exogenous HCO3 It is importanÈ, therefore, to stress

the point raised by Vo1kov (f973), namely that cultured cells be

grorrrn under uniform conditions. Other Characean species which can

assimilate HCo. , and form alkaline bands, may have different OH-
J

and HCo^ activation time-courses. As a result their respective
J

responses to illuminatíon may vary in form, but their overall steady

state electrical properties should be slmilar to those of Chav'a

coraLLina. Studies, similar to those presented in this thesis,

on aII the Characean cells used for biophysical research would pro-

vide an extremely valuable basis for inter-species comparisons.

Suqqestions for Future Work

Testínq the HCO"-, 0H' ProposaL
eô

(a) !is!!-llissl3!1e!-eI-!þe-!g9r--el9-9I--9v:!gs:

At a particular external pH value¡ and in the Presence

of a certain leveL of exogenous HCO" , the time-course of
J

OH activation can be measured, usíng the experimental techniques
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described in this thesis. Simultaneous time-course measure-

ments of potentíal and conductance can also be obtained on

the same cell. Using the continuous spherical surface source

equation, for the non-steady state (Carslaw and Jaeger, 1959),

it should be possible to derive the time dependent efflux

of OH for the cell under examination.

Unfortunately it is not possible to measure the time-

course of HCO. influx on a single cell. Thus a sub-sample from
J

a gopulation of cells must be used, and íf it can be shown that

the populat-ion of cells is sufficiently uniform, comparisons can

be made between the tll4co" r oH , potential and conductance
3

time-courses; aI] of which were obtained under identical exper-

imental conditions. If OH and HCO, are makíng a significant

contribution there should be a close correlation between the

respective time-courses (cf. Nishizaki, L963, 1968).

(b) L1 ght Intensity iments

The results preserrted in Chapter Five suggest that it

should be possíble to discern the influence of oH , on the basis

of paralleI light intensity studies. The predictÍve ability

of the derived mathematical relationship between the OH IaE

period and the lÍght intensity, for an individual cellr can

be employed. Together wíth the non-steady state spherícal

surface source equation, Èhe two relationships can be used to

predicÈ the time-course of the light stimulated conductance

change for a particular light intensity. Thís prediction can

then be tested experimentally.
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(c) Analoque Inhibition of HCO- Influx

It is consídered that if a suitable analogue for HCO,

can be found, erçeriments conducted in the presence and absence

of this compound, on the same cell, wLII provide valuable infsr-

mation concerning the electrical involvement of the HCO,

system. This should form an interesting avenue for further

research.

Final ConclusÍons.

The basic aim of this work was achieved, in that some of the

major operational characteristics of the HCO3 , OH and H* transport

systems in Chara eov'aLLina have been resolved. However, it is felt

that the present study has probably provided only a glimpse into

the complex functioning of the plasmalemma-bound transport systems.

As pointed out above, these newly-identified systems wlll need to

be fully resolved before a comprehensive electrical model of this

membrane can be propounded.
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APPENDIX A

r gIEIgi gyEIBI g_ JpI¿ -PEIEIyIIèIIgN-9I -!99 3 - -99I9-EI133II9I
TN THE CHARA CULTURE TANKS

The Gran (1952) potentiometríc technique for determining total

carbon was employed to obtain an estimate of the natural HCo, con-

centration in the CharA culture tanks. The technique employed was

based, Iargely on the work of Edmond (1970), and was as follows:

(í) A 50nl aliquot was withdrawn from a depth of 20cm below the

solution surface of the culÈure tank.

(ii) The aliquot of culture tank water was pipetted, under a Icm

Iiquid paraffin seal, into a titratíng vessel. The pH and

calomel electrodes \Àrere then inserted in the solution, tltrough

the paraffin seal.

(iii) A 5OmI burette was used to deliver the standardized 3mM

HCl, the tip of the burette was also inserted into the sol-

ution through the Paraffin seal.

(iv) The sample was titrated, stepwise, from its initial pH value

down to pH 3.3. A Imin equilibration period was employed

following each acid additíon. (A smooth stirring action was

obtained using a magnetic "f1ea" system).

In the titrated solution, the total alkalinity can be ex-

pressed as:

roral atkalinity = [Hcor-l + z[cor2-l + [on-] - [n*]

To obtain a value of total carbonate alkalinity, it was

necessary to correct for the non-carbonate component. This Was

achieved using the mathematical procedure described by TaIIing

(1973, steps (c) and (d), p 336) . Since the initial pH values

were generally in the region pH 8.3 - 9.3, it was assumed that the

value of total carbon alkalinity obtained from these computations

represented the level of HCo, (see Figure 3.7).
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APPENDIX B

DETERMINATION OF CHI,OROPHYLT,

The procedure outlined by Arnon (1949) was used to determine

the chlorophyll concentration of the cells used in the various

experíments. The following set of simultaneous equations were

used, in which the specific absorption coefficients for chlorophyll

a and b were those determined by MacKinney (1941).

OD 663 82.04 [cirr ]
a

+ s.27 lcnro] . . . rB.l)

oDe¿s = 16.75 lcrrr"l + 45.6 lchrb] ... {8.2)

where [cnr.l, [cnroJ are the concentration of chlorophyll a and

b respectively in Erams per litre and OD is the optical density at

the indicated wavelength. From (C.2):

lchl

¡ctrrol

c
T

l
oDo¿5 - 45.6 ¡cht"J

0.02288 0D - 0.00467 D
645

tot

...(8,3)

...(8,4)

... ( 8,6)

a
L6.'75

substituting (C.3) in (C.f) and solving for lChlb] gives:

663

Similar1y substituting (C.¿) in (C.2) and solving for lCfrf"ìgives:

lchla] = 0.01271De.¡-0.00259D645 ...(8.5)

Hence total chtorophyll (ct) equals lcnfrl+ [chlb]

c* o.02029 D

20.29 D
645

+ 0.00804 D

+ 8.04 D
663

(mg chl . L-Ll

645 663

To obtain a value of Chlorophyll concentration on a cell surface

area basis, the value given by equatÍon (C.6) was multiplied by:

Total Volume of Chlorophyll Extract
1000 x (Tota1 Cell Surface Area)
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The chloroptryll determination using the specific absorption

coefficient at 652nm was also used, and as shown by Arnon (1949);

OD x 1000 (m9 ChI. per litre) .".(8.7)c, osz 652
34.5

This value was multiplied by the same factor as \¡tas (c.6) to con-

verÈ it to mg chl cm-2.

The mean chlorophyll concentration was obtained as:

(", + 
"resz) /2 ...(n.8)
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APPENDIX C

A CALCULATION OF THE MAXIMUM RATE AT !{HICH CO COULD BE2-

I gtE u P P - PI - I 
gE _ 9_EEyPBåT I9I_ 95 _ ! 2 

g 9 3

The supply of CO, by the uncatalyzed reactions (i.e. carbonic

anhydrase assumed, to be absent):

+ 2- +
2H +co + H20

23
-sH(i)

---s3-
(ii)

3-
(iii)

. (c. r)

.. (c.2)

+ HCO H2CO co

H co
k

t̂! coz
"zo

would be l-imited by reaction (Ííi) sÍnce (i) and (ii) are ionic in

nature and hence almost instantaneous (Sirs, 1958). The equilibrium

constants for these reactions (25oc) are K(i)= 4.69 x Io-11 (Harned

and Scholes, 1941), K = *(ii)*(iii) = 4.45 x 1O-7 (Harned and Davis,

1943) and K,.... = 2.59 x IO-3 (Vüissburn, French and Patterson, 1954).(rll-)
The consequence of the almost instantaneous nature of (i) and (ii)

is that H2CO3 can be considered to be in equilibrium with HCO3 and

2-
co

3
As a result, the formation of COrr from added NaHCo can be

3

obtained by solvinq the rate equation for the reaction:

+
3

k¡

where k, and kO are the first order forward and backward rate

coefficients respectively. It is important to note Èhat reaction

(C.2)woutd be catalyzed by OH ions at pH values above 8,0 (Faur-

hoIt,L924¡ Brinkman, Margaria and Roughton, 1933; and Kiese and

Hastings, 1940). To all-ow for this catalysis, lVatt and Paasche

(1963) employed a slightly higher value for the forward rate co-

efficient, namely kf = 24 s-I (25oc) (cf k, = 20 s-l quoted in the

review by Kern, 1"960). The higher k, value of I¡'latt and Faasche

(f963) will be employed in the following calculations.

2



The rate equation for the production of CO, would be:

dr
kb [co2] + kr [H2co3l

L96.

...(c.3)

(c.4)

, its concentration

(c. s)

(c.6)

a [co
2

d [co2]
dt

l

To obtain an absolute maximum rate at which CO, could be supplied

to the Chaz,a, celIs, it was assumed that CoZ tended Eo zero. This

would not only provide a maximal rate, but also greatly simplifies

the solution of the rate equation. Thus(C.3) becomes:

ln co l2 3

K (iii)
K

[un] [rotar added carbon]

kf

Since H2CO3 is in equilibrium with HCOa and CO

can be expressed as:

lH^co^l = lncor-ì [n+1

Klii)

2-

By substitution of lncor-l [total added carbon]

3

K (i)
tE-fr

+
K

H l
(after Buch, 1960) into (C.5) and re-expressing (C.4) gives:

d [co2 ]
= þ_tdt

Under experimental conditions where the total added carbon existed

almost entirely as exogenolr" Hl4cor- (lmM NaHcorrpH 9.0), the

observed I4c 
"""i*ilation 

rate was approximately 53 p*"t .*-2"-1

(see Figure 3.4C). Substituting these values (lmM total carbon
J -o -1and [tt'] = lO 'mol I *) into equation(c.6) and solving gives:

f .+'.H]

-3 -11.33I x 10-10mol cm s
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To determine the contribution of this CO, supply in terms of the
1L

observed *'C assimilation rate reguired that this value be converted

to the same units employed to express the rate of carbon fixation in

Chara cells. This necessitated several assumptions concerning the

physícal system in which the CO, was considered to be generated. The

most simple assumption which could be applied was that the CO, was

being formed in a cylindrical volume element. The length of this

cylindrical volume element was equívalent to that of the Chara ceLL

concerned and it was considered to extend from the plasmalemma into

the bathing solution, by an amount dr. ft was also assumed that

within this volume element:

(a) HCo. was supplied from the bathing solution such tha"J

dlHco

(b)

dt
= 0,

as soon as a molecule of CO2 \,tas formed, it was immediately

transferred across the plasmalemma, i.e. lcor] remained at or

near zero. (This assumption greatly simplífies the physical

diffusion system which would otherwise have had to have been

solved, j-n order to obtain a val.ue tor d[coz] 
"or..r.r, 

it is
dt-

clear that this assumption will result in a rate much greater

than that present during 
" 

14a assimilation experiment).

(c) For the purposìe of calculating the volume element, tr= Rchooo

= 0.045cm and dr was increased from 20Um up to 1000pm. The

cell surface area of a lcm length of cylinder \^ras equivalent

to 0.2827cm2.

Hence the value of dIco l -3 -r) could be converted from mo1 cm S

to mol cm
-2 -Lê

dr
by the following:

cl lco2I ÍLG
2

2r2

I " . .(c.7)
dr x

Surface area per unit
length of cylinder

where Z= unit length of cylinder in this case and r, = r, * dr.

Substituting the value of 1.331 x 10-r0 mol cm
-3 -1 into (c.7)
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and solving for various values of Il'Llr2, - t2 r) gives an indication

of the relative order of magnitude of the maximal supply of Co, at

the ceIl surface. The values obtained are listed below.

dr Volume
= r\Lez *¡1Llr2z - ,'r) /

(surface area per
unit length of

cylinder)
-t -1(pmol cm 's -)

e tleme3
-T

2 I
d [co2]

dr

(um) (".3)

-4 a.27

0.56

L.47

5. 33

2A.LL

-3

-3

-¿

-2

5.78 IO

1. 18 10

3. 14 10

r.13 l0

5.97 x 10

x

x

x

x

20

40

r00

300

1000

It should be emphasized that aII of the above assumptions

were such that the value obtained was consÍderably higher than would

be obtained in the true experimental situatíon. Even under the

influence of these assumptions the calculated rate remained less

than the observed 14c .r"1rr. (50-60 p*ol 
".-2"-1) 

obtaÍned using

these cells. It can therefore be concluded that internodal cells

of this species can assimilate exogenous HCO3
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