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AeSTRACT

The addition of L-Qlutamate (L-QLU) and L-Mothionino

sulfoxlmlne (L-MSO) to mechanically Isolated, photosynthetically

competent, Asparagus gprengeri mesophyll cells

suspended in ImM CaS04 caused an immediate transient

alkalinization of the cell suspension medium in both the light

and dark. The alkalinization response was specific and

stereospecif ic as none of the L-isomers of the other 19 protein

amino acids tested or D-GLU gave this response. Uptake of

14C-L-GLU was stimulated by the light. The addition of

non-radioactive L-GLU, or L-GLU analogs together with

14C-L-QLU showed that only L-QLO and L-MSO stimulated

alkalinization whilst inhibiting the uptake of kC-L-GLO.

Both the L-GLU dependent alkalinization and the uptake of

14C-L-GLU were stimulated when the external pH was decreased

from 6.5 to 5.5. Increasing external K* concentrations

inhibited the uptake of i<C-L-GLU. Fusicoccin (FC)

stimulated uptake. The L-GLU dependent alkalinization response

exhibited monophasic saturation kinetics while the uptake of

14C-L-GLU exhibited biphasic saturation kinetics. In

addition to a saturable component, the uptake kinetics also

showed a linear component of uptake. Addition of L-QLU and L-MSO

caused internal acidification of the cell as measured by a change

in the distribution of 1<C-I»10. There was no change in

K* efflux when L-GLU was added. A H* to L-GLU"

influx atoichiometry of 3:1 was measured at an external L-GLU

concentration of . 5mM and increased with increasing external
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L-QLU concentration. Metabolism of L-GLU was detected

manometrlcally by observing an increase in COa evolution

upon the addition of L-QLU and by detection of i*C02

evolution upon the addition of »*C-L-GLU. »*C02

evolution was higher in the dark than in the light.

The data are consistent with the operation of a

H+/L-QLO cotransport system. The data also show that

attempts to quantify the stoichlometry of the process were

complicated by the metabolism of L-GLU.
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INTRODUCTION

The transport of amino acids into plant cells is thought to

occur with the cotransport of protons, (Reinhold & Kaplan, 1984).

Cotransport of amino acids and protons has been observed in many

tissues including root, stem and leaf. The driving force for the

uptake of the amino acids is a proton electrochemical gradient,

(AuH-f), across the plasma membrane of the cell. This

gradient is generated by the activity of a plasma membrane bound,

ATP driven, outwardly directed proton pump, ( PM H+ ATPase),

(Sze, 1985). As protons reenter the cell down their proton

electrochemical gradient, their movement is coupled to and drives

the uptake of amino acids. The carrier which mediates the coupled

influx of protons and amino acids is thought to be a trans plasma

membrane protein. The mechanism by which the substr'ates are

carried acres.*? the membrane, from the outside into the cytosol

,

is not known.

It has been shown that a stirred and aerated suspension of

Asparagus sprengeri mesophyll cells acidify a

non-buffered suspension medium, (Bown, 1982). This is probably

due to the activity of a PM H+ ATPase. Addition of

L-glutamate to this cell suspension caused a reversal of the

acidification process and alkalinization of the medium occured

indicating the existence of a H+ /L-GLU cotransport system,

(McCutcheon, 1987, 4th year honors thesis). At that time,

the alkalinization response was further characterized as being i)

inhibited by carbonyl cyanide-p-trichloromethoxyphenyl hydrazone

(CCCP). 11) Inhibited as the medium pH was increased from 5.6 to
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6.5, and, iii) saturable. The uptake of 1<C-L-QLU was shown

to occur and was i) Inhibited by CCCP, and, ii) inhibited as the

medium pH was increased from 5.6 to 6.5. CCCP is a protonophore

which presumably collapsed the AuH-f across the plasma

membrane. Since the AuH* is the driving force for the

H+/L-QLU cotransport system, it was expected that CCCP

should inhibit L-QLU dependent alkalinization and uptake of

»*C-L-GLO. The fact that both the rate of L-GLU dependent

alkalinization and the rate of uptake of i*C-L-GLU increased

as the external pH decreased was also consistent with the

operation of a H* /L-GLO cotransport system. As the external

pH is decreased the AuH* should increase. This means that a

greater driving force exists for the cotransport of L-GLU.

Increased rates of alkalinization and uptake were therefore

expected and obtained. Finally, it was found that L-GLU

stimulated rates of CO2 evolution, suggesting that L-GLU was

rapidly metabolized. What was not resolved from this study was

whether medium alkalinization derived from a H+ /L-GLU

cotransport system or L-QLU metabolism once L-GLU entered the

cell.

This study attempts to further characterize the activity of

the proposed cotransport system. The model being tested is based

on the idea that a PM H+ ATPase generates a Auh* which

then drives a H* /L-GLU cotransport system. Certain

predictions can be made from this model which can be tested

experimentally. Some of the predictions are i) influx of protons

with L-QLU should lead to cytosolic acidification, ii) both
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alkallnlzatlon anu uptake should exhibit saturable kinetics when

studied over an extended L-QLU concentration range, iii) the

initial rate of alklinization and the initial rate of uptake

should exhibit a simple stoichiometric ratio, iv) modifiers of PM

H* ATPase activity should have an effect on the rate of the

cotransport process, and. v) plasma membrane depolarization will

occur if the cotransport process is electrogenic. Also recognized

by this study is the fact that L-GLU metabolism may confound

attempts to quantify certain parameters of the H+ /L-GLU

cotransport system.

It should be noted that a paper has been published based on

work done during the completion of a 4th year honors thesis

and the work presented in this thesis (McCutcheon, 1987. 4th

year honors thesis, and, McCutcheon & Bown, 1987).
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I^jTgRATURE REVIBW

(A) The Plasma Membrane Potential and the H* ATPage

1) Membrane Potential

The electrical potential across the plasma membrane (PM)

arises from the passive diffusion and active transport of ions,

(Nicholls. 1982). The 'diffusion potential* results from the

distribution of anions and cations of differing permeabilities

across the plasma membrane. The more permeable of the ions will

move across the PM thereby creating a diffusion potential which

defines the distribution of the counter-ion. The ' Donnan

potential' across the plasma membrane is a special case of the

diffusion potential where one of the 2 ions involved is

impermeant. This is encountered in cells which contain negatively

charged proteins. The internally trapped negative charges create

a gradient which defines the distribution of cations across the

PM.

Both the diffusion and the Donnan potential arise as a

result of the passive diffusion of ions and contributes to the

total PM potential. Active transport of ions, due to the activity

of an electrogenic pump, can also contribute to the total E*M

potential.

To demonstrate the existence of an electrogenic pump,

located at the PM, it is essential to show that it contributes to

the PM potential in such a way that the Ai|) is greater than that

which could be accounted for by passive diffusion of K+

,

Na* and CI- . The potential created by the passive
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movement of these ions Is described by the Goldman equation,

(Eq. 1),

E = RT In Pk<Ko-»> + Pna<Nao*> * Pcl<Cli->
F" Pk<Ki+> + Pna<Nai+> + Pcl<Clo-> (Eq. 1)

where E = electrochemical potential. R = gas constant, T =

absolute temperature, F = Faraday constant and P = permeability

coefficient of the various ions, (Spanswick, 1981). As K*

has the greatest permeability coefficient, its contribution to

the membrane potential is greater than that of Na* or

CI- and can be described by the Nernst equation, (Eq. 2),

Ek = RT In <Ko*>
F <Ki*> (Eq. 2)

where Ek = electrochemical potential due to K+ and the

other values have their normal definitions.

In plant cells it has been found that the Aij; has a

contribution from both the passive diffusion and the active

transport of ions. This will be discussed in the next section.

ii ) History of the Characterization of the PM H* ATPase

The existence of an electrogenic PM ATPase was first

postulated in the mid 1960's based on the argueroent that the

measured Aij; was greater than that which could be accounted for

by Ek , (Slayman. 1965). The cells of the fungus

Neurospora crassa at an external K*

concentration of ImM had a calculated Nernst potential for
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K+ of -133biV. The measured ^^ was -200inV. This result along

with the fact that the potential was rapidly depolarized by

respiratory inhibitors strongly suggested that an electrogenic,

ATP driven pump was present in the PM of these cells.

The first evidence for the existence of such an ATPase in

the PH of plant cells came in the early 1970's, (Hodges et. al.,

1972). Hodges' lab was able to isolate plasma membrane fragments

from oat root tissue by density sucrose gradient centrifugation

which were enriched 8-fold in ATPase activity. They showed that

this ATPase activity was associated with the PM as indicated by

staining with PM specific stains and by a sterol: lipid ratio of

1,2:1. (indicative of PM in animal cells). They further

characterized the ATPase activity to be i) ATP specific, ii)

Mg2+ dependent and iii) K+ stimulated.

Data from other laboratories confirmed that the PM of plant

cells possessed a PM ATPase. There was however no evidence as to

the nature of the electrogenic pumped ion. In the 1960's, both

Slayman and Kitasato postulated that the electrogenic ion was

H* , (Slayman, 1965 and Kitasato, 1968). It was not until the

mid-1970' s that definitive evidence for H* as the

electrogenic ion appeared . The evidence came in 3 forms ; i

)

intracellular alkalinization, ii) extracellular acidification and

iii) fusicoccin induced extracellular acidification and

hyperpolarization. Intracellular alkalinization during ATPase

activity has been shown by looking at the distribution of the

weak acid i^C-DMO. Walker & Smith showed that a definitive
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pH gradient existed across the membrane of Char

a

coralllna . (Walker & Smith, 1975). They showed a pH

gradient of at least 2.0 pH units when the external pH was 5.0

and that this gradient was collapsed by the addition of the

protonophore CCCP.

Extracellular acidification due to the activity of the PM

ATPase has been demonstrated. Of Interest is the Increase in the

rate of external acidification and the hyperpolarization due to

the addition of fusicoccln, (Marre, 1979).

The most convincing evidence for the existence of a

PM H+ ATPase has come in the 1980' s with the ability to

produce PM vesicles and to reconstltlute the ATPase into

proteoliposomes. Work done in Italy with Fti vesicles from radish

have shown a Mg:ATP dependent and specific generation of a

At|j andApH across the PM, (Rasi-Coldogno et. al . , 1985). The

generation of the Aip and ApH was inhibited by CuS04 , DES

and vanadate and was collapsed by the addition of FCCP. This

shows strong evidence for the existence of an electrogenic PM

H+ ATPase

Work done with solublllzed and purified PM H* ATPase

has allowed investigators to further characterize the ATPase. It

has been shown that the plant PM H* ATPase is i) Mg:ATP

specific, 11) K+ stimulated, ill) inhibited by DES, DCCD and

vanadate, iv) optimally active between pH 6.5 and 7.0, vi) anion

Insensitive, and, vil) saturable, (Cocucci & Marre, 1984, Perlin

& Spanswlck, 1981 and DuPont & Leonard, 1980).
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Work with the purified PM H* ATPase also showed it to

form a phosphorylated intermediate during its catalytic cycle,

(Briskin & Poole, 1983, 1984). The addition of non-labelled ATP

to a mixture of ATPase and a-8 2p-ATPaae caused a decrease in

the amount of 3 2p-ATPase complex. The rate at which the

amount of ^ 2 p-ATPase complex declined was however not

consistent with a rapidly turning enzyme. The data did however

suggest that the plant PM H* ATPase could be classified

along with the Na+/K+ ATPase of animal cells, the

Ca2+ ATPase of the sarcoplasmic reticulum, the

H+/K+ ATPase of the gastric mucosa and the fungal PM

H+ ATPase as being an E1E2 ATPase.

Isolated PM H+ ATPase from various tissues have shown

it to be a polypepetide of molecular weight 93,000 to 105,000Da,

(Sze, 1985). It is however not clear wether the ATPase is

functional as a monomer or dimer.

Finally, the most definitive data which shows the existence

of the PM H+ ATPase comes from reconstitution experiments.

The team of Vara & Serrano have produced proteoliposomes with

partially purified ATPase and soybean phospholipids by the

freeze-thaw-sonication technique, (Vara & Serrano, 1982). Both

K+-free and K* -containing proteoliposomes showed

quenching of acridine orange fluorescence (a pH probe) upon

addition of MgrATP. The A pH could be collapsed by the addition

of protonophores . They also showed that a ApH could be

established in the absence of K* demonstrating that the

enzyme was not a H+/K* antiporter. Potassium stimulates





22

H* efflux and it had been proposed that K* was directly

transported by the PM H* ATPase. It is now clear that

K+'s effect is indirect but it is not clear whether K*

stimulates the ATPase enzjrme by binding to it or by acting as a

counter-ion to maintain electroneutrality during H* pumping.

The team of O'Neill &. Spanswick, in an elegant set of

experiments, have also clearly shown that proteoliposomes made of

PM H+ ATPase and soybean phospholipid can generate a pH

gradient across the membrane, (O'Neill & Spanswick, 1984). They

further characterized the ATPase activity to be i) Mg2+

dependent, K* stimulated, and, iii) DCCD and vanadate

inhibited.

It is clear that a PM H* ATPase exists in higher plant

cells. The pumps activity has 3 physiological roles: i) to

control cell volume and turgor, ii) to regulate internal pH, and,

iii) to produce a proton electrochemical gradient which serves as

a driving force for the uptake of organic compounds and inorganic

ions, (Serrano, 1984).

iii) The Proton Electrochemical Gradient

In order for a H* /amino acid cotransport system to

function, both a driving force and a mechanism must exist. The

mechanism for cotransport processes in plant cells will be

covered in another section. The driving force for the uptake

processes is a H* electrochemical gradient, (AuH+).

The gradient is generated by the activity of a plasma membrane

bound, outwardly directed, ATP consuming, electrogenic proton
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pump (PM H* ATPaae) . The primary active transport of protons

across the plasma membrane, from the cytosol to the outside of

the cell, generates both an electrical gradient, (positive

outside with respect to the inside), and a pH gradient, (low pH

outside with respect to the inside). The two gradients together

can be expressed mathematically, (Eq. 3),

AuH* = Atjj - 60ApH (mV) (Eq. 3)
F

where Auh+ = proton electrochemical gradient, F = Faraday

constant, Atj; = membrane potential and ApH = pH difference. The

quantity described in Eq. 3 is an estimate of the free energy in

the proton electrochemical gradient available to do work. In the

present case, cotransport of amino acids occurs against its

concentration and possibly its electrical gradient ,' (Poole,

1978). Any substance which effects the ATPases activity or

AuH+ will consequently affect the uptake of amino acids.

The effect of inhibitors, stimulators and protonophores on amino

acid uptake will be presented in another section.
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(B) The Cotransport Model of H* /Amino Acid Svmport

(i) The Model

Certain predictions can be made based on a cotransport model

involving the coupled transport of proton and amino acid

molecules. The model can be drawn as follows, (Model 1);

Model 1: Model of a H+ /Amino Acid Cotransport System

MEDIUM PM CYTOSOL

H+-*

K+-^^

2H+

1 ACIDIC AMINO ACID"

1 NEUTRAL AMINO ACID

1 BASIC AMINO ACID +
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The model shows the plasma membrane CPU) along with the

PM H* ATPase and 3 different H+ /amino acid carriers

(one each for positively, negatively and neutrally charged amino

acids). The activity of the PM H+ ATPase generates a

concentration gradient (low pH outside with respect to inside)

and an electrical gradient (positive outside with respect to

inside) of protons. The flow of protons back into the cytosol

from the medium is favored thermodynaunically but occurs at a low

rate. The lipid bilayer acts as a barrier to the movement of

protons. Trans-plasma membrane proteins however facilitate the

movement of protons down their chemical and electrical gradients

but their movement is coupled to the cotransport of

amino acids into the cell. The PM H+ ATPase is a primary

transport process which is electrogenic; there is net movement of

positive charge towards the external medium. The cotransport

processes are secondary transport processes which may be

electrogenic or electroneutral depending on the charge on the

transported amino acid and the ratio of protons to amino acids

moving into the cell.

(ii) The Predictions

In a review article, Relnhold & Kaplan outlined several

criteria which would establish a H+ /amino acid cotransport

system, (Reinhold & Kaplan, 1984). These 8 criteria can be

summarized as follows. Firstly, there should be a net

accumulation of substrate according to the mathematical
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accumulation ratio (Eq. 4) described as,

log Xo = Aij; (z-n) + n A pH (Eq. 4)
ICr 0.06V

where log Xo/Xi = accumulation ratio, AiJj = membrane

potential across the plasma membrane in volts, ^pH = pH

gradient across the plasma membrane, z = charge on the amino acid

and n = number of protons cotransported. Secondly, the

cotransport process should be accompanied by a transient

alkalinization of the cell suspension medium. The transient

alkalinization is due to the influx of protons through the

secondary transport process which activates the PM H+ ATPase

whose increased activity reverses the alkalinization response.

Thirdly, a transient depolarization of the membrane potential is

expected. The transient depolarization of the membrane potential

occurs if the cotransport process is electrogenic due to the net

movement of positive charge across the plasma membrane into the

cell. In such cases, K* efflux is usually observed.

Potassium is present at high concentrations in the cell, readily

permeates the cell membrane and is therefore close to

electrocherocial equilibrium. Consequently, K* efflux occurs

during the movement towards a new K+ equilibrium. Its

movement acts as the repolarlzing current to maintain the

integrity of the membrane potential . Amino acids which are not

cotransported with a H* should not show the transient

alkalinization and/or depolarizsation response. Fourthly, the

direction of substrate flow should be reversed if the chemical
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and electrical gradients for protons are reversed. Lastly, tissue

which is treated with substances which have an effect on the

chemical and electrical gradients should effect the rate of the

cotransport process. The chemical and electrical gradient for

protons can be collapsed by inhibitors of mitochondrial ATP

synthesis, (antimycin A, azide, etc...), inhibitors of the PM

H* ATPase, (DCCD, DES and vanadate), or protonophores

,

(FCCP, CCCP, gramicidin, etc...). The gradients can be stimulated

by fusicoccin and indole acetic acid.

Along with these criteria suggested by Reinhold & Kaplan, I

would add 2 more. Firstly, the kinetics of the H+ /amino

acid cotransport system should show saturation kinetics as the

mechanism of trcmsport involves binding of the substrate.

Secondly, there should be acidification of the cytosol during the

cotransport process due to the entry of protons

.

Many of these criteria have been fulfilled with different

systems but all criteria have not been fulfilled with just one

cotransport system. The following sections will deal with

evidence from studies on aunino acid transport which satisfy these

criteria for a cotransport mechanism.
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(C) Observed Kinetics of H* /Amino Acid
Cotransport Systems

i ) Saturable Kinetics

Cotransport processes for amino acids have been found, in

some cases, to follow saturable, Michealis-Menten kinetics,

(Table I). Often the concentration range employed was small and

the concentrations used were low (in the uM range). This data

suggested that the cotransport of the proton and the aunino acid

is protein mediated. The mechanism by which the protein mediates

the cotransport process is not clear but undoubtedly involves the

binding of the substrates on the outer face and subsequent

release on the cytosolic face. Since cotransport involves

binding, saturable kinetics are expected and can be

mathematically described by Eq. 5,

V = VmaK
1 + Kw/<S> (Eq. 5)

where v = velocity of uptake, V«ax = maximal velocity of

uptake, Km = substrate concentration giving l/2V«ax

,

and, <S> = substrate concentration.

ii) Biphasic Kinetics

Many investigators have published data showing biphasic

kinetics, (Table I), when the rate of uptake is plotted against

solute concentration. Biphasic refers to the fact that there are

2 components to the uptake process with different kinetic

parameters. The biphasic condition most often described involves
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the existence of 1 high affinity saturable and 1 low affinity

non-saturable component. These components of uptake can be

dissected out of experimentally generated uptake data. A line

with an identical slope to the linear component is drawn through

the origin and the value of this line is subtracted from those of

the experimental curve. The resulting points describe the

saturable component of uptake. Such biphasic kinetics suggest

that proton and amino acid uptake occur via a protein mediated

component as described earlier and a component which will be

discussed in an other section. Such biphasic kinetics can be

described mathematically by Eq. 6,

V = ViaK + k (<S>out - <S>in)
1 + K«/<S> (Eq. 6)

where k = slope of the linear component, (<S>out - '<S>in) =

concentration gradient of the eunino acid across the PM, and, v,

Vnax , Km and <S> have their normal meanings. At low

substrate concentrations, the saturable high affinity term

dominates uptake while the linear low affinity term dominates at

the higher substrate concentrations.

Biphasic uptake kinetics involving 2 saturable components

have also been described, (Table I). This is due to the operation

of two saturable components which can be mathematically described

by Eq. 7,

V = Via K 1 * VwaK2
1 + K»1/<S> 1 + K«2/<S> (Eq. 7)
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where the subscripts 1 and 2 describe the different components,

and V, Vaas , Ka and <S> have their normal meanlni;s.

VHiat is not clear In the literature Is whether or not such

kinetics arise from the operation of 2 distinct carriers or from

one carrier which can undergo an 'all or none' transition In Its

actlvltjr when different substrate concentrations are encountered,

(Nissen. 1974. Borstlap, 1981, 1983).

Ill) Multiphasic Kinetics

Other types of uptake have also been described but are less

common, (Table I). Such kinetics are mathematically described

by Eq. 8,

V = Vwagl + VnaaZ + . .

.

1 + K«1/<S> 1 + K«2/<S>

... + VwaKn + K (<S>out - <S>ln)
1 + K«n/<S> (Eq. 8)

where all terms have been previously defined. Again It is not

clear whether these types of kinetics arise from the operation of

one carrier system which can undergo a transition or the

operation of several distinct carrier systems

.

The team of Toril & Latles have found that ion uptake in

vacuolated corn roots shows several saturable components and that

similar measurements in non-vacuolated corn roots exhibit only 1

saturable and 1 linear component to uptake, (Toril & Laties,

1966a, b). They concluded that the saturable component common to

both vacuolated and non-vacuolated corn roots is due to uptake

via the PH while the saturable components lost in non-vacuolated





32

com roots was due to uptake via the tonoplast. It is possible

that the multiple saturable phases observed in the uptake of

amino acids reflects uptake across the membranes of organelles

within the cell. It roust also be noted that vacuolated and

non-vacuolated cells arise from old and young tissue

respectively. This means that the different kinetics observed may

be due to the presence of PM located carriers in the older tissue

which are absent in the younger tissue.

The section on uptake systems and specificity in the

literature review suggests that more than one carrier for any one

solute may exist in the PM with different kinetic parameters.

Multiphasic kinetics would be expected from uptake in this type

of tissue as the different carriers would have different kinetic

parameters

.

iv) Nature of the Linear Component of Uptake

The uptake kinetics of amino acids clearly show a saturable

component and more often than not a linear component. The

saturable component, as indicated, is most likely due to protein

mediated transport which involves substrate binding and release.

The nature of the linear component is however not clear.

Several authors have suggested that the linear non-saturable

component arises from diffusion of the amino acid across the PM.

The rate of diffusion of a solute in a solvent was first

mathematically described by Fick in 1855 by Eq. 9,

dQ/dt = D.A.dc/dx (Eq. 9)
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where dQ/dt = the amount of substance diffusing during time, D =

diffusion coefficient, A = area through which diffusion occurs,

and, dc/dx = the concentration gradient perpendicular to the area

through which diffusion occurs. In the special case of membranes,

the equation becomes, (Eq. 10),

dQ/dt = - P. A. (CO - ci ) (Eq. 10)

and simplifies to, (Eq. 11),

Jj = - Pj (cjo - cji ) (Eq. 11)

where Jj = the rate of net movement of j expressed in units

of mol/cm2/sec, (cjo - cj* ) = the

concentration gradient of j across the E*M, and, Pj = the

permeability coefficient. The perroaebility coefficient Pj is

mathematically defined by Eq. 12,

Pj = Dj Kj (Eq. 12)
Ax

where Dj = diffusion coefficient, Kj = partition

coefficient (the relative distribution of the solute between

water and a non-polar solvent), and. Ax = thickness of the

membrane, (all diffusion equations come from Luttge &

Higlnbotham, 1979). Knowledge of Pj and the concentration

gradient across the membrane would allow for an estimate of

Jj which could then be compared to the measured rate of

uptake via the linear component. Similar values would suggest

that uptake described by the linear component is diffusional in

nature. An experimental value lower than that expected by Picks
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law would exclude diffusion as the mechanism for the linear

uptake component. Finally, an experimental value larger than that

expected by Ficks law would not exclude diffusion but would

stiggest that some other mechanism was acting in concert with or

in lieu of diffusion.

Such an experiment has very recently been performed,

(Borstlap et. al . , 1987). It was found that the uptake of AIB

in £ifillffl sativum mesophyll protoplasts showed

biphasic kinetics including 1 saturable and 1 linear component.

They calculated the value Jj (Eq. 11) and compared it to the

experimental value k (Kq. 6) and found that the rate of uptake

via the linear component was 100 to 1000 times higher than the

theoretical value. It is clear then that passive diffusion played

a very minor role, if any, in the linear component.*

The team of Bennett & Spanswick have shown that the linear

component of uptake of L-GLN in soybean embryos was pH dependent

and inhibited by CN- suggesting that the linear uptake

kinetics of L-GLN was not due to passive diffusion, (Bennett 8t

Spanswick, 1983). It is possible however that varying ApH and

Ai() across the PM would have an effect on Pj (Eq. 12) and

would thus effect the rate of diffusion.

The linear component of 3-0-MG uptake in Beta

vulgaris leaf tissue was shown to be inhibited in anoxic

conditions while the saturable component was unaffected, (Mayward

& Lucas, 1982). Also, the linear component of 3-0-MG uptake was

inhibited by maltose. These data suggested to the authors that

the linear component of uptake for 3-0-MG was not due to
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diffusion but that it was due to a more complex system showing

specificity.

The specificity of the uptake of L-GLO by the linear

component in Asparagus mesophyll cells was investigated,

(Ciccarelli, 1987). It was argued that if the linear component of

L-GLU influx was due to passive diffusion across the PM, then

L-ASP, a structural analog of L-GLU, should show similar uptake

kinetics; this was not found. The L-GLU uptake rate was at least

20 times greater then the L-ASP rate.

It has been suggested that the linear component is due to a

saturable transport system which saturates at very high substrate

concentrations not employed in the experimental protocol . Lin

has evidence showing that the uptake of sucrose by the linear

component of uptake was i) pH dependent, ii) stimulated by FC and

inhibited by FCCP, and, iii) the ratio of H* and sucrose

Influx was close to 1:1, (Lin, 1985). These data suggested that

the linear component was due to a very low affinity

H* /sucrose cotransport system which did not saturate at

sucrose concentrations of 50mM or lower.

Other data showed that the linear component of uptake is

definitely not associated with H+ cotransport as it can only

be observed in the presence of CCCP, (Petzold et . al
. , 1985). The

protonophore collapsed the AuH+ thereby eliminating the

saturable component revealing the linear component.

Other proposed explanations for the existence of the linear

component of uptake are uptake by damaged cells, diffusion into

the cell free space in tissue, uptake into the space between the
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PM and the cell wall, binding to non-specific sites, and,

transport via pores or channels in the membrane. All of these are

only speculations or have been shown to be false.

Reinhold &. Kaplan have outlined 3 criteria which should be

satisfied before the linear uptake should be considered as being

due to diffusion: i) stereoisomers and structural analogs of the

substrate should have similar permeability coefficients, ii) as

the internal amino acid concentration increases and equals the

external substrate concentration, the diffusion term

K (8out - Sin) will become zero and this should have the

consequence of changing the shape of the v vs <S> curve if uptake

measurements are made at varying times, and, iii) substrate

analogs which vary in lipophicity or molecular weight should

alter the uptake rate, (Reinhold & Kaplan, 1984). *

No clear physiological role for the linear component of

amino acid uptake has been put forth. This is not surprising as

it is thought that the large concentrations encountered during

the investigation of a linear component are much larger than

those encountered by the plant in nature. It is possible then

that the linear component of uptake observed experimentally is an

artifact of the experimental design.
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(D) Stoichiometry and Cotransport

A prediction of the H+/eunino acid cotransport model is

that the stoichiometry of the process should show whole number

relationships, (ie: 2 H**^ : 1 amino acid and not

0.43 H* : 1 zunino acid). The mechanism of cotransport involves

the binding of nH* and m amino acid (where n and m are whole

numbers) on the outer face of the PM and subsequent release of

the substrates, probably due to a conformational change in the

transport protein, on the cytosolic face of the membrane. The

ratio of nH+/m amino acid should then be a whole number,

the stoichiometry.

The team of Robinson & Beevers determined the stoichiometry

of a H+/L-GLN uptake system by castor bean cotyledons,

(Robinson & Beevers, 1981). To accomplish this, thejr

simultaneously measured the rate of uptake of 1<C-L-GLN and

the rate of medium alkalinization over a 10 minute period after

the addition of various L-GLN concentrations. By dividing the

rate of alkalinization by the rate of uptake they were able to

estimate the stoichiometry of the uptake process. At 1,2 and 4mM

14C-L-GLN concentrations, the measured stoichiometry ranged

from 0.28 to 0.33 H+ /L-GLN.

The authors proposed two reasons why the ratio did not show

a whole number relationship. The first explanation deals with the

recirculation of protons across the PM. The uptake of protons was

measured by looking at the net pH changes in the medium. The

measured pH change will be due to the difference between proton

efflux and influx across the membrane. The dominating flux
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was probably an Influx due to the H* /L-QLN cotransport and

an ATP driven H* efflux whose rate probably increased with

time as the ApH across the PM was collapsed. The recirculation

of protons by the cotransport and ATPase systems led to an

underestimation of the H* /L-GLN ratio. One way the authors

might have circumvented this problem would have been to inhibit

the PM H* ATPase with specific inhibitors such as DCCD, DES

or vanadate. This would have eliminated the H+ recirculation

problem and may have led to stoichiometries approaching unity.

The second explanation proposed by the authors is that a

component of the L-GLN uptake system might not be coupled to the

cotransport of a H* , (ie: presence of other uptake systems

which are H+ -independent ) . This possibility was discussed in

the section on uptake kinetics.

The team of Wyse & Komor measured the stoichiometry of

various H* /amino acid cotransport systems in sugarcane

suspension cells, (Wyse & Komor, 1984). These experiments were

performed similarly to those of Robinson & Beevers but in this

case alkalinization and uptake were measured simultaneously for 4

rather than 10 minutes. They found that neutral amino acids had a

H* /amino acid ratio ranging from 0.71 to 0.98:1, the basic

amino acid L-ARG had a H+/L-ARG ratio of 0.27:1, and, the

acidic amino acids L-GLU and L-ASP had a H* /acidic amino

acid ratio of 1.89 to 2.09:1. The authors suggested that neutral

amino acids were cotransported with 1 H* (ratio of 1:1),

acidic amino acids were cotransported with 2 protons (ratio of

2:1) and basic amino acids entered via a uniport (ratio 0:1),
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reflecting the existence of 3 separate carrier systems. The

reason why the stoichiometrles for the neutral and acidic systems

are close to unity may be due to the short time over which uptake

and alkallnization were measured. It is possible that during the

4 minute period of the experiment, the pH was not collapsed

enough to stimulate the PM H* ATPase.

Apart from these reports, little work has been done on the

stoichiometry of H+ /amino acid cotransport systems in plant

cells. The difficulty in getting values near unity appears to be

due to i ) recirculation of protons and ii) influx of the amino

acid without a proton. A third possibility which was not

mentioned involves the metabolism and loss of radioactive label

from the cells. These problems could be circumvented by i)

inhibiting the ATPase, ii) correcting for the non-proton mediated

amino acid influx and iii) accounting for any loss of

i^C-label as a result of metabolism or inhibition of the

metabolic activities leading to loss of label.

Very little evidence on the stoichiometry of H+ /sugar

cotransport exists. Work done by Hutchings showed that the

H*: sucrose stoichiometry decreased from 0.370 to 0.0048 as

the sucrose concentration was increased from 1 to lOOmM,

(Hutchings, 1978). She attributed this change in stoichiometry

with changing sucrose concentration to both the recirculation of

protons and the existence of non-proton mediated sucrose influx.
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(E) Accuroulatlon Ratios and Cotransport

The accumumlatlon ratio (AR) is a measure of the theoretical

concentration gradient which can be attained for the

cotransported substrate (in this case amino acids) given the

existing Atp and ApH across the plasma membrane. Expressed

mathematically, (Eq. 13),

log amino acido = L\l) ( z + n) + nApH
amino acidi 0.06 (Eq. 13)

where log amnio acido /aunino acidi = AR, Aifi = membrane

potential in volts, z = charge on the amino acid, n = number of

protons cotransported and A pH = pH gradient, (Serrano, 1985).

One manifestation of the AR is that curves of amino acid

uptake vs time (progress curves) should come to a plateau with

time as the amino acid accumulates and approaches the AR.

Uptake of L-GLY, L-THR and L-LEU with time was studied in

Pea leaf fragments, cultured Asparagus mesophyll cells and

Vinca protoplasts respectively, (Cheung & Nobel, 1973,

Cheruel et . al . , 1979, and Suzuki, 1981). Although these authors

did not aim to show a plateau in the progress cuirves, their data

did suggest that uptake of substrate levelled-off with time. The

uptake of i<C-L-QLY in pea leaf fragments and the uptake of

**C-L-THR in Asparagus mesophyll cells was linear for

1 1/2 hours but then progressively slowed down showing a tendency

to plateau. The uptake of i<C-L-LEU in Vinca

protoplasts was linear only for 20 minutes and nearly came to a

plateau after 80 minutes.
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The roost, convincing data showing a plateau in progress

curves was the uptake of i<C-L-ARG and i^c-L-LYS in

sugarcane suspension cultures, (Maretzki & Thorn, 1970). The

uptake of L-ARQ came to a plateau after 7 hours with no further

uptake during the following 18 hours. The uptake of L-LYS

levelled off after 2 hours after which no significant uptake

occured during the following 23 hours.

Hone of these authors used their progress curves to

calculate AR but their data suggests that uptake cannot continue

indefinitely.

Some authors have published linear progress curves which

show no sign of levelling-of f , (Bocher et. al . , 1980, and Hartung

et. al . , 1980). The uptake of L-GLY in both cases was only

measured for 30 minutes and this result may derive from the short

experimental time.

Two separate publications have shown AR for aunino acids. The

first dealt with the uptake of L-ARG in Chlorella

vulgaris . (Sauer et. al . , 1983). They first showed that the

progress curve for L-ARG came to a plateau after 2 hours and that

this plateau was due to a decrease in the rate of influx and not

due to an increase in the rate of efflux. This suggested to them

that there was a mechanism which controlled the L-ARG uptake

system. They then measured AR at 3 different external L-ARG

concentrations. The greatest AR was nearly 1300 which was

obtained with ImM L-ARG and the smallest AR was 5 obtained with

20mM L-ARG. The authors stated that the large AR was greater than

that which would be expected if uptake was dependent on the
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membrane potential alone and concluded that uptake must be by a

H+/L-ARQ cotranaport system. It would be interesting to see

if the measured AR approximated the calculated AR.

Based on a ApH = 1.5, a Aij; = -0.065V, and a stoichiometry

of 1:1, Rubinstein & Tatter correctly calculated a theoretical AR

of 400 for AIB uptake in oat mesophyll protoplasts, (Rubinstein &

Tatter, 1980). This value was not obtained experimentally because

uptake of i^C-AIB had not come to equilibrium after 3 hours

at which time there was visual deterioration of the cells. Using

intact cells, they calculated an AR of 1000 and obtained a

measured AR of 300. If the protoplasts accumulated as much AIB as

the intact cells then the measured and calculated AR would be

close. Such an assumption is however not prudent as the

energetics of protoplasts usually are quite different from those

of the intact cells from which they are produced, (Rubinstein,

1978).

Little evidence exists concerning calculated AR. This is

most likely due to the difficulty in the measurement of the

and ApH across the plasma membrane in these cells. The

techniques often use the distribution of free radioactively

labelled lipophilic probes across the membrane. However these

often bind to the cell wall of the cells or distribute themselves

across other internal membranes, (ie: tonoplast, nuclear, Qolgi,

etc. . . ) which creates an error in the estimation of the At|; and

ApH, (Ritchie, 1984).





^3

(F) Medium Alkalinization and Cotranaport

One of the predictions of the H* /amino acid cotranaport

model is that a transient alkalinization of the medium should

occur as a result of the cotransport process. The alkalinization

is transient because as the A pH and concentration gradient of

the transported solute is collapsed the VH H* ATPase is

stimulated. The increased activity of the PM H* ATPase along

with the decreased activity of the cotransport system eventually

leads to a reacidifIcation of the medium.

Published data on medium alkalinization comes in two time

scales; one measured in minutes and one measured in hours. The

data in which the transient alkalinization occurs in minutes most

likely reflects loss of H'*' ' s from the medium due to a

cotransport process. Data in which the alkalinizatlbn is not

transient, and occurs over several hours, most likely represents

changes in pH due to metabolism. The metabolic origin of

alkalinization could result from decarboxylation of an amino

acid, (RCOO- + H* > RH + CO2 ) or metabolism and

the eventual release of a basic metabolite, (R), which becomes

protonated, (RH+). For this to occur however, mechanisms and

driving forces must exist for the uptake and release of the

substances involved.

Using entire seedlings in a non-buffered medium, DeBock

showed alkalinization of the medium upon addition of L-GLY,

(DeBock, 1985). The alkalinization was linear for 1 hour and

caused a pH change of . 3 units. The author did not back-titrate

the medium at the end of the experiment and therefore did not
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calculate the rate of alkalinization. A transient alkallnlzatlon

peaking after 30 nlnutes was however observed when sucrose was

added to the same tissue. Addition of L-QLY caused a transient

membrane depolarization and the uptake of ^C-L-QLY at pH

4.9 was Inhibited only 26% by CCCP and 14X by PCMBS. The author

suggested the existence of a H+/L-GLY cotransport system but

the data seem to show very little dependence of uptake on the

uH'f as Indicated by the relatively small Inhibitions by

CCCP and PCMBS. It Is possible then that L-QLY uptake Is

H**^ -Independent. The alkallnlzatlon could then be attributed

to the release of a basic metabolite.

Two other papers described the effect of L-GLY addition on

the pH of the suspension medium of excised pulvlnl of

MlmQSa Pudlca and fragments of Mimosa *

pudlca leaf. Alkallnlzatlon of the medium was observed

which was still Increasing 3 hours after L-GLY addition,

(Otslogo-Oyabi & Roblln, 1984, 1985). As In the paper by DeBock,

these authors did not measure the buffering capacity of their

medium. They did however show that the uptake of i<C-L-GLY

was 1) pH dependent. 11) was inhibited by DNP, CCCP, DES, NEM and

PCMBS and ill) was stimulated by FC. The alkallnlzatlon may then

reflect alkallnlzatlon due to both H**- uptake as a result of

cotransport and medium alkallnlzatlon as a result of metabolic

activities.

One of the more problematic papers claiming to show the

operation of a H* /amino acid system using alkallnlzatlon

data was published by van Bel & van Erven, (van Bel & van Erven,
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1976). They showed that addition of 5mM alanine and 5mM glutamlne

stimulated alkalinization of the suspension medium of tomato

plant Internode disks. However, i) the alkalinization occured at

a lower level in the absence of the amino acid and ii) the

alkalinization was still occuring 24 hours after the addition of

alanine and 12 hours after the addition of glutamine. In the case

of alanine addition, they showed an Initial acidification of the

medium which they did not account for. Since their publication

included no other data on the uptake of L-ALA or L-QLN, it is

possible to conclude that the results are more consistent with a

metabolic origin of alkalinization rather than alkalinization due

to a H+ /L-ALA or H+ /L-GLN cotransport system.

On a brighter note, it has been shown that addition of 5mM

threonine to a suspension of broad bean endocarps rbsults in a

transient alkalinization of the medium, (Mounoury et. al . , 1984).

The alkalinization took 30 minutes to peak then acidification

resumed. Again, as In the other studies, the buffering capacity

of the medium was not determined. These data along with other

data showing 1) L-THR dependent and saturable depolarization of

the membrane potential, 11) saturating KC-L-THR uptake

kinetics, and, ill) inhibition of uptake by NEM, PCMBS, DNP,

CCCP. DES and DCCD, all suggest that the transient alkalinization

response is due to a H* /L-THR cotransport system.

By far, the most complete work showing transient

alkalinization due to a H**^ /amino acid cotransport system was

published by Robinson & Beevers , (Robinson & Beevers, 1981). They

demonstrated transient alkalinization of the suspension medium of
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Riclnua cotyledons upon addition of 5.5idM L-QLN. The

alkallnlzatlon peaked 10 minutes after L-QLN addition after which

acidification resumed. They also measured the buffering capacity

of the medium allowing them to calculate the rate of

alkallnlzatlon (approx 5.2 umol H*/gfw cotyledons/hr) . They

further characterized the alkallnlzatlon response and showed It

to be saturable over the concentration range of 1 to 20mM L-GLN.

The Km and Vnai values for the L-GLN alkallnlzatlon

response were 4.8mM and 7.2 umol H+/fw cotyledons/hr

respectively. This substantial evidence was obtained for a

H* /L-GLN cotransport system which is carrier mediated.

Similar data has been found in H+ /sugar cotransport.

The addition of sucrose to Vlnca protoplasts or

Rlclnus communis cotyledons caused a transient '

alkallnlzatlon, (Komor et. al., 1977, and Suzuki, 1982). The

addition of sucrose to Rlclnus cotyledons caused an

alkallnlzatlon that peaked after 20 minutes, (Hutchlngs, 1978).

This response was saturable over the sucrose concentration range

of 1 to lOOmM. In a study on glucose transport it was found that

the addition of glucose caused a transient alkallnlzatlon while

the addition of 3-0-methyl-glucose caused an alkallnlzatlon which

was not transient, (Komor et. al . , 1981). This alkallnlzatlon

response to 3-0-methyl-glucose was saturable over the

concentration range of 0.025 to l.OmM. The alkallnlzatlon

kinetics were similar to those of ^C-glucose uptake.
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From this discussion, It is clear that there is little

conclusive data on the expected transient alkalinization response

due to a H**- /amino acid cotranspoz^ system compared to

H'*' /sugar cotransport systems. Much of the data shows long

term alkalinization responses which do not peak (even after 24

hours in one case). Also, the investigators do not quantify their

data or attempt to further characterize the alkalinization

response. The data of Robinson &. Beevers however clearly shows an

L-6LN dependent transient alkalinization response which shows

saturation kinetics suggestive of a protein mediated

H+/L-GLN cotransport system.

No biphasic alkalinization responses have been reported.
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(G) Internal Acidification and Cotransport

It has been shown that the activity of a H+ /amino acid

cotransport system leads to the alkalinization of the cell

suspension medium as the H*^ leaves the medium. A logical

extension of this is that the appearance of protons in the cells

cytoplasm should eventually lead to an acidification of the

cytoplasm. Although the cytoplasm is buffered it is clear that

physiological processes produce fluctuations in the internal pH,

(Colroan et. al , , 1979). However there is no evidence in the

literature for internal acidification in response to cotransport.

The lack of data is due to the fact that the experiments have not

been performed and not because they have been tried and no

response was seen. In the field of H'*' /sugar cotransport

however, there has been one publication which shows' that the

addition of ImM sucrose caused a transient acidification of the

cytoplasm as measured by a change in the distribution of

14C-DM0, (Lin, 1985). The acidification response lasted only

10 minutes before returning to the original pH. The return of the

pH to its original value was probably due to the increased

activity of the PM H+ ATPase . The acidification response did

not occur when ImM 3-0-MG was added or when ImM sucrose was added

to PCMBS treated cells. The lack of response in these cases was

probably due to the specificity of the cotransport system to

sucrose and its inactivation by PCMBS.
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There Is a lack of data showing Internal acidification

during the operation of a H* /amino acid or H+ /sugar

cotransport system. This Is somewhat surprising as the IA10

technique used to determine the Internal pH changes Is

relatively simple. The results can however be confounded by the

distribution of DM0 across the membranes of organelles.
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(H) Electrical Events and Cotransport

1) Depolarization

The stoichiometry of the H+ /amino acid cotransport

system and the charge on the transported amino acid determine

whether the process is electroneutral or electrogenic.

Electroneutral transport would result from the absence of net

transport of electrical charge across the membrane ( 1H+ +

1L-GLU~ ) while electrogenic transport would result from the

net movement of some electrical charge across the membrane

(IH* + IL-ALAo).

Many investigators showed that the addition of the neutral

amino acids L-GLY, L-ALA and L-SER caused a transient

depolarization of the membrane potential. Such a response was

observed in Lemna gibba . (Hartung et. al . , 1980, Jung

& Luttge, 1980, Bocher et. al . , 1980, Luttge et. al., 1980), in

Cuscuta roots, (Debock, 1985), in Egeria densa

leaf cells, (Petzold et. al., 1985), and, in Riccia

fluitans . (Felle, 1981, Felle et. al . , 1979). Similarly,

some evidence exists for a transient depolarization response to

the addition of the acidic amino acids L-GLU and L-ASP in

li^ron^ gibba . (Jung et. al . , 1982), in Riccia

fluitans . (Johannes et. al . , 1985), and in oat coleoptiles,

(Kinraide et. al., 1984, Kinraide & Etherton, 1980).

These results constitute evidence that both neutral and

acidic amino acids are electrogenically transported via a

H+ /amino acid cotransport system. In some cases the
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depolarisatlon response was shovm to be saturable over a wide

concentration range, (Novacky et. al . , 1978, Felle, et. al .

,

1979. Mounoury et. al., 1984, Etherton & Rubinstein, 1978) and

occured also in the light and dark, (Fischer et. al., 1980).

Saturation suggested that the depolarization involves binding and

is therefore probably protein mediated. No biphasic responses

have been reported.

The addition of the basic amino acids L-ARG, L-LYS and L-HIS

also leads to membrane depolarization which is however not

transient. Evidence for this comes mostly from studies on oat

coleoptiles, (Kinraide & Etherton, 1980, Kinraide & Etherton,

1982, Kinraide et. al., 1984). Kinraide and his colleagues also

showed that the depolarization in response to basic amino acids

was weakly effected by changes in pH whereas the neutral and

acidic amino acids showed a stronger response at low pH values.

Using a computer, they derived a simulated model for cotransport.

The model for the transport of basic amino acids was a uniport

and the output from the model showed depolarizing responses

similar to those from the actual experimental results.

ii) Repolarization

The data showed that the addition of any transported ejnino

acid caused depolarization of the membrane potential. In the case

of neutral and acidic amino acids, the depolarization response

was transient as it was accompanied by a repolarization. This

response was absent upon the addition of basic amino acids.





52

It has been shovn that repolarization of A'J' occurs before

the alkalinizatlon response reaches its peak, (Kinralde et. al.,

1984). Thus repolarization occurs during net H+ influx. This

means that allthough the increased activity of the PM H+

ATPase during cotransport may play a role in repolarization, its

role is minor. It has however been shown that K'*' efflux

occurs during the cotransport of both sugars and eunino acids,

(van Bel & van Erven, 1979a, b, Wyse & Komor, 1984). It has

therefore been suggested that a passive K+ efflux is the

major component responsible for the repolarization process. The

problems with this idea are 2-fold; i) ATP synthesis inhibitors,

which decreased ATP levels in the cell, altered the

repolarization response and ii) the time course of repolarization

is faster than can be attributed by the passive diffusion of

K* and that repolarization is absent when basic amino acids

are transported, (Kinraide & Etherton, 1982, Komor et. al.,

1981).

The team of van Bel & van Erven have suggested that K*

is directly involved in the cotransport process through

competition for the H* binding site, (van Bel & van Erven,

1979a, b). This however would involve the binding of K+ to a

H* specific binding site which seems unlikely and would lead

to K* influx while K+ efflux is proposed for

repolarization

.
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The team of Wyse & Komor suggest that the uptake of neutral

and acidic amino acids Is accompanied by the Influx of 1 and 2

protons respectively and the efflux of 1K+ in both cases

while the uptake of basic amino acids was accompanied by the

influx of 0.3 H+ and the efflux of 0.7 K+ , (Wyse &

Komor, 1984). These results can be interpreted as a direct

(involved in the actual transport process) or Indirect (moves

electrophoretically in response to decreasing membrane potential)

coupling of K* efflux with the cotransport of neutral or

acidic amino acids.

The data suggest that uptake of amino acids coupled to

H+ Influx leads to a repolarization while uptake of basic

amino acids which are not coupled to H+ influx does not

involve repolarization. It also appears that the repolarization

phenomenon is due in part to increased activity of the PM H*

ATPase but much more so to K* efflux. It is possible then to

speculate that a decrease in Ai|; across the PM leads to the

opening of Ai|; dependent K+ channels. The existence of

K* channels in the PM of plant cells has however just

recently been discovered, (Homble et. al . , 1987, Hedrlch, et.

al., 1987).
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(I) Modifiers of Cotranaport Proceaaea

The effect of inhibitors of ATP synthesis in mitochondria

and inhibitors of the PM H**^ ATPase are well characterized.

Compounds such as cyanide and azide inhibit electron transfer

processes and oxidative phosphorylation in mitochondria while

vanadate, DCCD, and DES inhibit the PM H* ATPase, (Stryer,

1981, O'Neill and Spanswick, 1984, and Rasi-Coldogno, 1985).

Protonophores such as CCCP increase membrane conductivity to

protons allowing them to move down their electrochemcial

gradient. The ultimate effect of inhibition of ATP synthesis and

the PM H* ATPase, as well as protonophores, is to reduce the

AuH-t-. The manifestation of a decreased AuH+ on a

H* /amino acid cotransport system would be a decreased

driving force for transport and presumably a decreafeed rate of

alkalinization and rate of uptake of the amino acid. The effect

of FC, a stimulator of the PM H+ ATPase, would be different.

Increased PM H* ATPase activity would lead to an increase in

the AuH+ . An increase in AuH* would therefore increase

with increased H* efflux due to FC and would presumably lead

to an increased rate of uptake of the amino acid in a

H* /amino acid cotransport system. It is not clear what

effect FC would have on the alkalinization response.

i) Inhibitors of ATP Synthesis

Azide at a concentration of lOuM or more can effectively

inhibit the uptake of various amino acids thought to be

transported by a H+ /amino acid symport, (Suzuki, 1981,
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Dureja et. al., 1984, and Cheung & Nobel, 1973). The uptake of

L-LEU by Vlnca protoplasts and pea protoplasts was

inhibited 59% and 86% respectively while the uptake of L-QLY by

pea protoplasts and pea leaf fragments was inhibited 35% and 85%

respectively

.

It is clear that the degree of inhibition is dependent on

the concentration of the inhibitor used and assumes that the

inhibitor is in fact reaching the mitochondrial membrane. In a

study on L-CYS uptake into cultured tobacco cells, it was found

that luM azide inhibited uptake by 4% but that lOuM and lOOuM

azide Inhibited uptake by 95% and 97% respectively, (Harrington &

Smith, 1977).

Inhibition by respiratory inhibitors is also time dependent.

The uptake of L-Arg in cultured sugarcane cells showed a 100%

inhibition 0.5 minutes after the addition of azide, a 91%

inhibition after 3.5 minutes and an 87% inhibition after 7.0

minutes, (Maretzki & Thom, 1970). This was probably due to the

increased production of ATP via alternate pathways.

The inhibition is also dependent on the concentration of the

eunlno acid tested. As the concentration of L-ALA was increased

from 2uM to 500uM, the ratio of the rate of uptake in the absence

and in the presence of azide decreased from 6.5 to 1.2, (King,

1976). This was probably due to the increased driving force due

to the L-ALA concentration gradient.

It is clear that the respiratory inhibitor azide can

inhibit uptake of amino acids thought to be cotransported with a

H*^ . No work has been done however where both uptake

,
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alkallnlzatlon and ATP levels are measured In the presence and

absence of an inhibitor. These data would clearly show if

inhibition of a H^ /amino acid system was due to a decrease

In ATP levels or otherwise. Similar inhibition by azide has been

found using a H+/D-glucose cotransport mechanism in

Vinca protoplasts, (Suzuki, 1982b).

ii) Inhibitors of the PM H+ ATPase

Compounds such as DCCD, DES, orthovanadate and the

sulfhydryl reacting agents NIM and PCMBS all inhibit the PM

H+ ATPase of plant cells. The uptake of L-CYS by cultured

tobacco cells was not at all inhibited by DCCD at 10- <M,

(Harrington & Smith, 1977). Similarly, lOug/ml of orthovanadate

had no appreciable effect on L-LEU uptake in Vinca

protoplasts while DCCD at 10" <M showed a 41% inhibition,

(Suzuki, 1981). Such data taken alone is difficult to analyse. It

is not clear whether the lack of inhibition is due to a lack of

effect of DCCD on the ATPase or if the effect was complete and

that the driving forces were not dissipated. In the case of L-CYS

uptake in cultured tobacco cells which showed lack of inhibition

by DCCD, it was also shown that azide and CCCP did inhibit uptake

appreciably indicating that uptake is ATP dependent and coupled

to a AUH*. It is therefore likely that DCCD at 10-<M

was just not effective in inhibiting the ATPase.

The addition of 0.5mM DES or 2.5mM PCMBS to Commelina

mesophyll cells showed that it inhibited the saturable phase of

uptake of valine and only linear uptake was observed in the





57

concentration range of 0.25 X 10-2 to 4 X 10- 2 M, (van

Bel et.al.. 1982). DES Is a known Inhibitor of the PM H^

ATPase but it is not clear wether PCMBS, a sulfhydryl reacting

reagent. Inhibited the ATPase or whether the effect was on the

cotransport protein or both. Either way, the result would be the

same.

One paper which did attempt to resolve the problem of the

way in which PCMBS effects uptake looked at the effect of PCMBS

on both the uptake of L-QLY and the pH of the bathing medium of

pulvini from Mimosa pudica . (Otsiogo-Oyabi & Roblin,

1985). They also looked at the effect of NEM and DES on these

processes . Both NEM and DES caused a reversal in medium

acidification resulting in an alkalinization response. Over a 2

hour period, the pH of the medium rose from 5.8 to 6.5 for DES

and 6.9 for NEM This is an indication that proton pumping had

been Inhibited and that protons were now slowly flowing down the

electrochemical gradient. PCMBS only inhibited the proton pump

enough so that no net flux of protons occured and the pH was

maintained at 5.8 for at least 6 hours. NEM and DES inhibited the

uptake of lOmM L-QLY by 40% and 50% respectively while PCMBS

Inhibited uptake by only 15%. Because the response of uptake and

medium pH changes to PCMBS was similar but not as drastic as that

of DES or NEM, it is possible to conclude that it only slightly

inhibited the PM H* ATPase at 10- <M and that its effect

was not on the cotransport protein.

A French team of workers characterized the inhibition of

L-THR uptake into mesocarp cells of Vicia faba by





58

HEM, PCMBS, DES and DCCD, (Mounoury et. al., 1984). At a

concentration of 10- ^M, both NEM and PC5MBS inhibited L-THR

uptake by 70%. DES alao inhibited uptake by 70% at 10- ^M

while DCCD only inhibited uptake by 20% at 10- <M. The

authors showed that DES at 10- *M induced an alkalinization

response in the suspension medium and also strongly depolarized

the membrane potential of roesocarp cells. DCCD at 5 X 10- <M

also caused an alkalinization response in the suspension medium

but the response was weaker. DCCD at 2 X 10- *M had no effect

on the membrane potential of these cells. The weaker effect of

DCCD on H+ flux and lack of membrane depolarization upon its

addition indicate that it is a less potent inhibitor than

DES. It would have been valuable if the authors would have

characterized the effect of NEM and PCMBS with respect to medium

pH and membrane potential as well.

It appears then that the sulfhydryl reacting agent NEM and

the PM H* ATPase inhibitor DES are the most effective

inhibitors of the PM H* ATPase in plant cells. The

inhibition caused by DCCD, vanadate and PCMBS is either weak or

absent. The differences in the effects of the potent (NEM and

DES) and weak (DCCD, vanadate and PCMBS) inhibitors may have

several origins. The potent inhibitors may be more permeable than

the weak ones allowing more of the compound to enter the cell and

inhibit H* pumping. Vanadate for example is a very potent

inhibitor of the isolated PM H* ATPase where the site of

phosphorylation is exposed, (Rasi-Coldogno et. al . , 1985, O'Neill

8t Spanswick, 1984). Studies using intact cells however show a
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reduced response to vanadate because In order for vanadate to

Inhibit the ATPase, it has to penetrate the plasma membrane. As

vanadate is negatively charged and lipophobic, it would not

readily cross the membrane.

Another explanation might be that the potent inhibitor not

only effects the FH H+ ATPase, but also effect other

parameters of the driving force for uptake. DES has been shown to

effect fluxes of K* and CI- in oat roots and also

inhibits oxidative phosphorylation in mitochondria, (Balke &

Hodges, 1979a, b,c).

i i i ) Protonophore

s

The protonophore CCCP has been used to collapse Auh*

across the PM of plant cells. It acts by increasing the membranes

permeability to protons and not by inhibiting the PM H*

ATPase. In fact, the activity of the ATPase increases when

protonophores are added because it is no longer pumping against a

large electrochemical gradient.

The uptake of tritiated L-ASP, L-ARG, L-HIS and L-PHE into

suspension cultured tobacco cells was Inhibited to 36%, 10%, 30%

and 22% of the control rate respectively in the presence of lOuM

CCCP, (McDaniel et. al
.

, 1982). Similar data were obtained by

other investigators studying H* /amino acid symport, (Lien &

Rognes, 1977, Otsiogo-Oyabi & Roblin, 1985). Uptake however was

still detected even after the uH+ was collapsed. The

remaining uptake was probably due to uptake via the linear

component of uptake and to the saturable component which was
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being driven by the Auawino acid.

CCCP has often been used to eliminate the saturable

component of uptake so as to study only the linear component. The

uptake of L-VAL in C;oinm«1 in« mesophyll cells was biphaslc

and higher in the light than the dark, (van Bel et. al., 1982).

In the presence of CCCP, much of the saturable component of

uptake is eliminated and the linear component dominates.

The stimulation by light is also effectively eliminated. This

would suggest that Increased uptake in the light was via the

saturable component (light > increased ATP levels >

increased PM H* ATPase activity > increased UH+

> increased aunino acid uptake via the H* dependent

component )

.

The uptake of AIB in Eeeria densa leaf cells

showed biphasic kinetics in the light. Addition of 50uM CCCP

however eliminated the saturable component of uptake. (Petzold

et. al . , 1985). The difference between this and the last study

discussed was that addition of CCCP also appeared to inhibit the

linear component of uptake. It has been suggested that the

stimulation of the linear component may be due to increased

membrane permeability, (Petzold & Jacob, 1975). This was

discussed in the section on cotransport kinetics.

The addition of 10- 5 M CCCP to a suspension of broad

bean mesocarp cells or pulvini of Mimosa pudica

caused an alkallnlzation of the medium, (Otsiogo-Oyabi & Roblin,

1985, Mounoury et. al., 1984). The alkalinization was due to the

movement of protons from the medium into the cell down their
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electrochemical gradient. The addition of CCCP to the cell

suspension also caused a drastic depolarization of Ai|; from -80

to -15roV. At 10- 5M, CCCP inhibited uptake of L-GLY and L-THR

in these tissues hy 40% and 62% respectively.

The protonophore CCCP has been helpful in providing evidence

for H+ /amino acid cotransport systems. In its presence,

uptake of the aunino acid is reduced due to a collapse in

AuH+ but not eliminated due to the remaining driving force

provided byAuamino acid. CCCP is often used in studies

where the linear component is to be studied in the presence of a

much reduced saturable component.

iv) Stimulators of the PM H+ ATPase

Both lAA and FC may stimulate the PM H* ATPase.

FC is sometimes used as a diagnostic tool to establish the

existence of H+ /amino acid symport systems, (Marre, 1979).

By stimulating the ATPase, FC causes the A uH+ to increase

and creates a greater driving force than control conditions. The

greater driving force should then lead to greater uptake of amino

acids.

Fusicoccin has been shovm to stimulate proton pumping as

evidenced by increased acidification of the cell suspension

medium. The pulvini of Mimosa pudica and mesocarp

cells of Vicia faba normally acidify their suspension

medium to approximately pH 5.0, (Otsiogo-Oyabi & Roblin, 1984a,

Mounoury et. al
. , 1984). When FC was added to the medium, there

was an immediate increase in the rate of medium acidification





62

which was linear for at least 30 minutes then slowed down. In the

pulvini, It was further shown that a 1 hour pretreatment with FC

caused a 50% stimulation In uptake of L-QLY and that the

stimulation was concentration dependent.

One group showed that the uptake of L-GLY was stimulated by

FC over a 30 minute period, (Bocher et. al., 1980). They also

showed FC hyperpolarlzed the Aip and that the ATP content of the

cell decreased after the addition of FC. This suggested to the

authors that the increased uptake of L-GLY was due to the

Increase in activity of an ATP dependent system which contributed

to the AiJ) ; namely the PM H* ATPase.

v) Summary

Compounds which act as effectors (either positive or

negative) of the Auh* have been used in studies on

H* /amino acid uptake systems. The evidence is conclusive

that compounds which decreased the AuH+ (NEM, DES and CCCP)

were associated with a decrease in amino acid uptake while FC

which Increased AuH+ was associated with an increase in

amino acid uptake. These data alone might not be conclusive, but

in concert with other data it supports the operation of a

H* /amino acid cotransport system in plant cells.
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(J) Uptake Systems. Specificity and Cotransport

Several uptake systems for amino acids have been

characterized in higher animal cells, (Christensen, 1984) and in

bacteria, (Eddy, 1982). In plant cells however, only recently has

evidence for amino acid transport systems been demonstrated.

There appears to be variation in the number and specificity of

the systems between species, between tissues, and, between

various varieties within a species.

The algae Chlpr^llfl Y^lg^rig appears to

possess 3 separate amino acid carrier systems; 1 each for

L-PRO, L-ARG/L-LYS, and a general system. (Sauer et. al . , 1983

and Sauer, 1984). The general system is inducible when glucose

and inorganic N are present. This system catalyses the transport

of at least 10 neutral amino acids and 2 acidic amiho acids. This

system was also specific for the L-isomers as opposed to the

D-isomers of the amino acids and uptake was thought to occur via

a H+ /amino acid cotransport mechanism. The other 2 systems

are specific for basic amino acids (arginine system transports

L-ARG and L-LYS) and neutral amino acids (proline system

transports L-PRO, L-GLY, L-ALA and L-SER).

In another algae, qhlatwydoinon^s reinhardtii.

measurements of uptake of i<C-labelled amino acids showed

that only L-ARQ was taken up. The activity of this carrier

appeared to be depressed by increasing levels of ammonia.

In the bryophyte Riccia f luitan? there are at

least 2 uptake systems; one for neutral and one for basic amino

acids. Both systems are stereospecif ic for the L-isomers of the
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amino acids. Some overlap exists between the 2 systems. They

showed that L-GLU was transported most efficiently at low pH

values. This suggested to the authors that both L-GLU and L-ASP

are probably transported as the electrically neutral species by

the neutral system and no system for the anionic form of acidic

amino acid exists. It is clear that the neutral system acted as a

H* /amino acid cotransport system but in the case of the

basic amino acids it was not clear whether uptake was coupled to

H+ influx or not.

Studies using Nicotiana tabacuro wild type (w.t.)

and one of its valine-resistant-mutants Valf -2 showed the

existence of 2 amino acid transport systems, (Borstlap et. al .

,

1985). The w.t. variety showed uptake of all amino acids. The

Val' -2 mutant however showed a great decrease in the uptake

of neutral and acidic amino acids with a very small effect on the

uptake of basic amino acids. These data unequivocally showed the

existence of 2 uptake systems; one for neutral and acidic amino

acids and one for basic amino acids. The fact that some transport

of neutral and acidic amino acids still occured in the mutant

could be due to overlap of the 2 systems and/or passive diffusion

across the plasmalemma.

A study using Nicotiana tabacum cv. Wisconsin 38

cells showed the existence of 1 stereospecif ic carrier system

which transported neutral, basic and acidic amino acids except

L-ASP, (McDaniel et. al . , 1982). The data also suggest that the

carrier is a H* /amino acid cotransport system; even in the

case of basic amino acids. This and the data presented by
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Borstlap's team show how uptake systems can vary between 2

varieties of the same species.

The scutellum of germinating barley grain have a general

permease and a L-PRO specific uptake system, (Vaisanen & Sopanen,

1986). The general permease can transport all 20 amino acids

including L-PRO while the L-PRO specific system transports only

L-PRO and is not inhibited by the other 19 amino acids. The L-PRO

specific system was however inhibited by D-PRO suggesting that it

is not stereospecif ic.

By measuring the uptake of i*C-labelled L-ARG (basic),

L-QLU (acidic) and L-ALA (neutral) in cultured soybean root

cells. King & Hirji were able to distinguish 3 eunino acid

transport systems; 1 for basic, 1 for acidic and 1 for neutral

amino acids. (King & Hirji, 1975). There is however considerable

overlap between the systems suggesting lack of specificity or the

existence of other systems which were not recognized by this

study

.

By performing similar but more extensive experiments to

those of King & Hirji, Wyse & Komor were also able to

distinguish 3 transport systems; 1 each for basic, acidic and

neutral amino acids, (Wyse & Komor, 1984). Based on the kinetic

parauneters Km and Vmaji , the neutral uptake system was

subdivided into 3 groups; one including L-ILE and L-LEU, one

group including L-GLN and L-ASN, and, one group including L-HIS

and L-CYS. The authors also characterized the 3 systems in terms

of H* and K* flux. The uptake of neutral and acidic

amino acids was accompanied by the influx of 1 and 2 protons
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respectively and the efflux of 1 K* . The uptake of basic

amino acids was accompanied by the influx of 0.3 protons and the

efflux of 0.7 K* . Their data suggested the existence of 3

electrogenic transport systems. The systems which transported

neutral and acidic amino acids functioned as a H'*' /amino acid

symport while the basic transport system functioned as a uniport.

The literature suggests the existence of various amino acid

transport system which vary in number and specificity. Some of

the variation may be due to the constitutive presence of some

systems and the induction or repression of other systems due to

growth and experimental conditions . One way to present

unequivocal evidence for the existence of separate amino acid

transport systems is to obtain mutants deficient in uptake of

certain amino acids known to be taken up in the wild type
i

strains.

Reinhold and Kaplan have presented 3 criteria that need to

be satisfied before a carrier is to be considered a common

carrier for 2 amino acids; i) that mutual inhibition between

amino acids is in fact competitive, ii) that the Ki of the

amino acid as an inhibitor should be shown to be the same as its

K» for uptake, and, iii) V«iax for the combined uptake

of 2 transported amino acids should be lower than the Vmax

of the higher of the 2 Vma« values when the amino acids are

applied singly, (Reinhold & Kaplan, 1984). All 3 criteria have

not yet been satisfied for any one carrier.
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The specificity of the carrier must be related to the

structural requirement of the binding site. Qeneral amino acid

uptake systems must recognize the 'head' of the amino acid

consisting of the a-C with the attached amine group, carboxyl

group and hydrogen in the L-isomer form. Uptake systems specific

for acidic, neutral and basic amino acids must recognize the

'head' and the charge on the amino acid side chain. Finally,

specific carriers must recognize specific molecular shapes.

The specificity of a system might reflect the importance of that

specific eunino acid to the cells maintenance and growth.
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(K) The Effect of K* on Cotransport Proceaaea

Inveati^atora have found that the Ai/* becomea depolarized

when the external K-^ concentration ia raiaed. (Rublnatein &

Tattar, 1980, Cheeaeman & Hanaon, 1979). Thia haa the conaequence

of decreaaing uptake ratea aa ^^ ia part of the driving force,

(Eq. 3).

In Commelina leaf diaka, increaaing K*

concentrationa reaulted in a decreaae in the uptake of L-VAL,

(van Bel and Ammerlaan, 1981). At 30mM K^ , uptake of SOuM

L-VAL was completely inhibited. Since uptake of L-VAL into theae

cella is thought to be via a H+ /L-VAL cotranaport system,

then the K+ ia having an effect on both A4) and ApH. How

K* depleted both Aij) and ApH is not clear.

In oat mesophyll cells, SOmM KCl decreased the' Aifi from

-165mV to -94mV (43% inhibition) with a subsequent decrease in

AIB uptake from 1.50 to 1.18 nmol AIB/leaf section/hour (21%

inhibition), (Rubinstein & Tattar, 1980). When protoplasts of oat

mesophyll cells were used, 30mM KCl decreased the ^4> from -63mV

to -44mV (30% inhibition) with a subsequent decreaae in AIB

uptake from 0.26 to 0.22 nmol AIB/leaf section/hour (15%

inhibition).

What ia not clear from theae studies is how K+ effects

the AuH* . In the last study it was clear that K+

diminished the membrane potential. It might be due to lower

Nernat equilibrium potential for K+ due to ita lowered

concentration gradient acroaa the plasma membrane. In one study

it waa ahown that K+ both atimulated and inhibited uptake of
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serine depending on the concentration used, (Felle et. al .

,

1979). The authors suggested that the changes in uptake brought'

upon by K* were not due to an effect on Atji as It only varied

by 30mV over the concentration range tested. It is possible then

that the decrease in uptake may be due to a H*^ /K*

symport system which would reduce both Ai^ and ApH,

(Rodrlguez-Navarro et. al., 1986).





70

(L) Light Stimulation of Cotransport

If the ATP levels in the cell cytosol were to increase, this

could lead to an increase in PM H-*^ ATPase activity which

would in turn cause increased rates of amino acid uptake. It is

possible that ATP levels, in photos3nithetically active cells in

the light, are higher than the levels in the dark. It would then

be expected that light would stimulate uptake of amino acids via

a H+ /amino acid cotransport system.

The uptake of L-VAL and sucrose in Commelina mesophyll

cells showed multiphasic kinetics and that the 2 saturable and

the linear component of uptake were stimulated by light, (van Bel

et. al . , 1985). Stimulation of uptake of the saturable

H*^ -mediated component was attributed to increased ATP levels

which was however not tested. The authors suggested' that the

increase in the linear component was not due to passive diffusion

but rather was due to a H+ -dependent system which had not

yet been well characterized.

In Eg^rlft dgng^ l«af cells, light stimulated the

uptake of L-ALA and AIB measured over a 2 hour period, (Petzold

et. al., 1985). In going from the dark to light, the cells showed

a distinct hyperpolarization of -100 to -250mV. Exposure of these

cells to light also appeared to cause an increase in the rate of

acidification of the cell suspension medium. This last phenomenon

was not very well characterized as the authors did not

back-titrate at the end of the experiment which would have

enabled them to quantify the pH changes in terms of H*

efflux rates. Photosynthesis could have reduced buffering due to
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C02 and HCOs- uptake and resulted In an apparent

stimulation of H* efflux. Allthough no evidence on ATP

levels were presented, it was rather clear that the increased

uptake of L-ALA and AIB in the light was due to an Increase in

AUH-^ .

The uptake of L-ALA by xylem parenchyma cells was biphasic

and both components were stimulated by light, (van Bel & van der

Schoot, 1980). No other data were presented to elucidate the

mechanism of stimulation of uptake by light. The authors did

however speculate that the saturable component was probably

stimulated by increased AuH+ while the linear component

was stimulated by an increase in the membranes permeability in

the light as demonstrated by Petzold & Jacob. These authors

showed the appearance of a linear component in the light which

was absent in the dark, (Petzold & Jacob, 1975). Similar

speculations were proposed for the light stimulation of L-VAL

uptake by Commelina mesophyll cells, (van Bel et. al .

,

1982).

The uptake of L-ALA by 3 different cell types of the tomato

plant showed stimulation by light. In this study, the stimulation

of uptake by light was directly related to an increase in ATP

levels in the light. The cell type with the smallest increase in

ATP levels in the light showed the smallest stimulation in L-ALA

uptake while the largest increase in ATP levels was reflected as

the largest increase in L-ALA uptake.
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It has been shown that light can stimulate both the

saturable and linear components of amino acid uptake. The

stimulation of the saturable component was roost likely due to

increased ATP levels which consequently effected AuH+

.

The nature of the stimulation of the linear component is however

not clear, probably because the nature of the linear component is

not yet clear.

Stimulation of amino acid uptake by light is not always

observed. L-LYS uptake in barley leaf slices was similar in the

light and dark under both aerobic and anaerobic conditions, (Lien

& Rognes, 1977). Similarly, the uptake of L-GLY in pea leaf

fragments was similar in the light and dark over a 3 hour uptake

period under aerobic conditions, (Cheung & Nobel, 1973). Uptake

in the dark was drastically reduced under anaerobic conditions

and upon addition of DCMU while uptake in the light was inhibited

to a lesser extent. Uptake in the light and dark was similar when

cells were treated with azide, cyanide, antimycin A, FCCP and

DNP. The data suggested that an energy independent component

existed in the light which was absent in the dark. This uptake

component only present in the light might have been due to the

increased permeability of the PM.

While light may or may not stimulate transport processes it

is clear that transport processes at the plasma membrane will be

required in the light or dark to maintain the intracellular

concentration of necessary solutes and the integrity of the cell.
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MATBRIALS ANP METHODS

Salts: -

Acids
and

bases:

Amino
acids:

Radioactive
compounds :

Inhibitors
and

stimulators:

K2HPO4
KH2PO4
CaS04
KCl
NaCl

Ca(0H}2
NaOH
HCl
H2S04
n-butyrlc acid

Miscellaneous:

Kit No. LAA-21 (20 protein amino acids)
D-Glutamlc acid (D-GLU)
L-Methlonlne-D,L-sulfoxlmine (L-MSO)

L-(U-14C) Glutamic acid
(14C-L-GLU) (282.0 mCl/mmol)
5,5 Dimethyl (2-i<C) oxa2olldlne-2, 4-dlone
(14C-DM0) (50 mCl/mmol)
Tetra (U-i<C) phenylphosphonlum bromide
(14C-TPPB) (31.4 mCl/mmol)
i4C-n-hexadecane (0.868 X 106 dpm/ml

)

Dlcyclohexylcarbodllmlde (DCCD)
Sodium azlde (NaNs)
Dlethylstllbestrol (DES)
Fuslcoccin (FC)

- Methanol
- Ethanol
- Acetone
- Aqueous counting sclntlllant (ACS)
- Hyamlne 10-X hydroxide
- Standard buffer (pH 6.86)
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The salts, acids, bases, 2unino acids as well as various

inhibitors and miscellaneous compounds were purchased from Sigma

or BDH. The ACS and the i4C-labelled DM0, TPPB and

n-hexadecane were purchased from Amersheun. The i*C-L-QLU

was purchased from Hew England Nuclear. The FC was purchased from

Italchemia S.A.. Ethanol and methanol were supplied by Biology

Stores

.

The i<C-L-GLU which was purchased had to be modified to

meet the requirements of the experiment. The i*C-L-GLU came

in quantities of . 5 mis with a total radioactivity of 50 uCi and

a specific activity of 282.0 mCi/mmol . The molarity of the

solution was calculated as being 0.34mM; this was too low for the

requirements of the experimental protocol . In order' to render the

stock i<C-L-GLO to a higher concentration of glutamate, a

specific volume of non-labelled L-GLU of a specific concentration

was added. This increased the concentration of L-GLU (now a

mixture of i*C-labelled and non-labelled L-GLU) while

decreasing the specific activity of the solution.

To one bottle of i^C-L-GLU was added 250 uls of 150mM

L-GLU. The resulting final volume and concentration of the

solution were 0.75 mis and 50.23mM respectively with a specific

activity of 2946 dpm/nmol L-GLU. This stock solution was used

when concentrations of 1<C-L-GLU lower than 2mM were needed.

When concentrations of 1<C-L-GLU higher than 2mM were

needed, a different stock solution was used. This solution was

prepared by adding 125 uls of 750mM L-GLU to a fresh bottle of
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14C-L-QLU. The resulting final voltune and concentration were

625 ula and 150.27inM reap«eotively with a specific activity of

1182 dpm/nmol L-QLU.

The KC-DHO purchased came as a solid with a total

radioactivity of 50 uCi and a specific activity of 54 mCi/mmol.

The number of moles of 1^10 present in the vial was calculated to

be 925.9 nmol. To this was added 0.775 mis of distilled water

which gave a 1<C-DM0 solution with a final volume and

concentration of 775 uls and 1200uM respectively. The specific

activity of the final solution was 1.1935 X 105 dpm/nmol

DM0.

The solutions of i^-TPPB and i < c-n-hexadecane were

not altered prior to use.

All of the compounds were dissolved in distillfed water with

the exception of DCCD, DES and FC which were dissolved in 80%

ethanol , The pH of the solutions was sometimes adjusted by adding

H2SO4 or Ca(0H)2 .

(B) Plants

The mesophyll cells used throughout this study were isolated

from greenhouse grown Asparagus sprengeri Kegel

plants. The plants were grown in slightly acidic soil (pH 6 to 7

)

under natural sunlight at an average temperature of 67oC.

The plants were watered daily, fertilized and the greenhouse was

fumigated regularly to remove any possible parasites.
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2. Metbpda

(A) General Experimental Conditions for all Experiments

Unless otherwise stated, all of the experiments were

performed using an open cylindrical glass reaction vessel,

(1.5 cm or 2.5 cm in diameter and 4 cm in depth). The reaction

vessel was thermoregulated to 30«>C by a water jacket

connected to a recirculating water bath. Cells introduced to the

reaction flask were incubated for 10 minutes prior to initiation

of the experiment (to allow the suspension to acclimate).

Aeration, when employed, was accomplished by inserting the

tip of a Yale Luer-lok hypodermic needle into the cell suspension

medium. The needle was connected by Tygon tubing to an air flow

system which was regulated by a Brooks E/C flow meter to a flow

rate of 500 mls/min. The air flow system included a' scrubber to

moisten the air and remove particulate matter.

Stirring, when needed, was accomplished by placing a Teflon

Micro Magnetic Spinbar into the cell suspension which was sitting

in a reaction vessel on a Corning PC-351 or PC-353 stirrer or a

Fisher Thermix stirrer.

Lighting was supplied by ambient laboratory fluorescence

bulbs (0.225 W/m2 ) or by a Sylvania 200W (200 W/m2

)

light source. Darkness (0 W/m2 ) was achieved by placing a

thick, black cloth over the reaction vessel.

Compounds were added directly to the cell suspension medium

with the use of Hamilton syringes. Aliquots of cell suspension

were removed with the use of either an adjustable Pipetman or an

Eppendorf pipeter fitted with disposable tips.
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(B) Isolation of Mesophvll Cella

Photosynthetlcally competent mesophyll cells were

mechanically isolated from Asparagus sprengeri

cladophylls following the method of Colman, Mawson and Espie with

a few modifications (Colman et. al., 1979). Mature fronds

possessing dark green cladophylls were harvested from the

greenhouse grown plants. The cladohylls were removed from the

frond and placed in a 250 ml beaker with approximately 200 ml

of distilled water. Using a pair of scissors, the cladophylls

were cut into pieces of 0.5 cm in length or less. At this point,

the cladophyll suspension was filtered in a Buchner funnel to

isolate the cladophyll sections.

This is a departure from the Colman, Mawson and Espie method

as they would have placed the cells in a vacuum before having

filtered the cells. It was found that placing the cells in a

vacuum caused an increase in the number of cells which took up

Evans blue dye which is an indicator of cell damage. For this

reason, the step in which the cells were subjected to a vacuum

was deleted from the cell isolation process. The Colman, Mawson

and Espie method also called for the removal and disposal of the

filtrate. This is undesireable because the filtrate contains

cells which appeared when the cladophylls were cut. For this

reason, the filtrate was saved and added to the crude cell

suspension.
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Isolated cladophyll sections were then placed in a mortar

along with 5 to 10 mis of distilled water and gently ground for

about 3 minutes with a pestle to force the mesophyll cells out of

their leaf caseing. The resulting liquid phase was then

transferred into 50 ml pyrex tubes through a piece of meshed

gauze to filter out large pieces of tissue and allow the passage

of mesophyll cells. The grinding and transfer processes were

repeated several times. The resulting crude mesophyll suspension

was centrifuged for at least 2 minutes in a clinical bench top

centrifuge at setting 3, (approximately 1100 rpm). The resulting

supernatant was discarded and the remaining pellet was

immediately resuspended to a desired volume using the medium of

choice (usually either ImM CaS04 or 20mM KPi buffer).

The resulting mesophyll cell suspension was kept in an ice bucket
t

in the dark. Cells were freshly prepared daily when they were

needed. The cells were used within 8 hours of their isolation to

minimize the effect of cell ageing on the experimental results.
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(C) Cell CQwnting

The number of cells present per ml of cell suspension was

determined uslnff a Spencer 'Bright Line' heamocjrtometer and a

Wild light microscope. A small amount of the cell suspension was

placed between the haemocytometer and a specially ground cover

glass so that the volume of one grid square was

4.0 X 10-8 ml. The cells present In 5 grid squares were

counted and averaged. This procedure was repeated 7 times and the

resulting 8 averaged counts were summed and averaged to produce a

number Indicating the number of cells per grid square. When this

number was divided by 4.0 x 10-6 ml, an estimation of the

number of cells per ml of cell suspension was produced. The

number of cells per ml of cell suspension ranged from

1.44 X 106 to 14.50 X 108

.

»

Once a week, prior to counting, the cell suspension was

treated with a 20%(w/v) solution of Evans Blue. The mixture was

allowed to sit for 5 minutes before the cells were counted. The

cells which took up the dye were considered as being defective.

Between 10 and 20% of the cells took up the dye (Colman et. al .

,

1979).
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(D) Determination of Rates and Extents of Net
Alkalinization Using the pH va Time Method

All experiments using the pH vs time method were performed

in an open glass reaction vessel as described earlier. In all

cases, the cell suspension was stirred and aerated (500 ml/min)

except where noted in the results section. The lighting

conditions varied from dark to ambient laboratory light to

saturating light depending on the experiment.

When the cell suspension volume was 5 ml or less, a Fisher

flat surface polymer combination pH electrode containing 4M KCl

saturated with AgCl was used. The electrode was connected to a

Fisher Model 310 Accumet pH meter which featured an expanded

scale option. The meter was in turn connected to a Houston

Instruments Omniscribe or a Fisher recordall Series 5000 chart
i

recorder.

When the cell suspension volume was more than 5 mis, a

combination pH electrode (Radiometer GK 2321C) containing

saturating KCl was used. The electrode was connected to a

Radiometer Copenhagen PHM 64 pH meter which was in turn connected

to a Rec 61 servograph chart recorder.

At the end of the experiments, the contents of the reaction

vessel were back-titrated with ImM HCl over the pH range just

covered by the reaction in order to determine the buffering

capacity of the cell suspension medium in that pH range. At the

end of the day the buffering capacity of the cell suspension

medium into which no substances were added was determined. This

allowed for the accurate calculation of rates of H+ flux
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before and after the addition of various compounds as some

compounds exhibited buffering capacity in the pH range

encountered in the experiments.

To calculate the rates and extents of acidification or

alkalinization from the chart tracings, the value of 3 variables

must be known; 1) the rate of change of pH with time, 2) the

buffering capacity of the cell suspension medium and 3) the

number of cells present in the reaction vessel. The rate of

change of pH with time as well as the buffering capacity can be

measured directly off the chart recording. The number of cells in

the reaction vessel was determined from the knowledge of the cell

density in the cell preparation. A sample calculation is as

follows;

- the rate of change of pH with time = 0.01 pH units/min
- the buffering capacity = 500 nmol H* /pH unit
- the number of cells present in the incubation
vessel = 10 x 108

- the maximum pH attained minus the pH at which the reaction
started = 0.5 pH units

Then, the rate of H* flux is,

0.01 pH units 500 nmol H-^

min X pH unit
10 X 106 cells

=0.5 nmol H+/106 cells/min

and the extent of alkalinization is,

500 nmol H*
0.5 pH units X pH unit

10 X lOe cells

= 25 nmol H+/108 cells





82

(E) Determination of Rates of Net Alkalinization
Using the pH atat Method

All experiments using the pH stat method were performed in a

glass reaction vessel identical to the one described earlier. The

cell suspension was stirred, aerated and exposed to varying

light intensities as was described in the previous section. The

cell suspension medium was always 10 ml of ImM CaS04

containing a varying number of cells.

The pH of the cell suspension medium was automatically

maintained at a constant preselected pH by using the following

Radiometer Copenhagen equipment; a combination pH electrode

(QK 2321C), PHM 64 pH meter, TT80 titrator, ABU 12 autoburette

(0.25 ml total volume) and an Rec 61 servograph chart recorder.

The pH electrode, which was filled with saturated with KCl, was

connected to the PHM 64 pH meter. The meter was connected to the

TT80 titrator which was in turn connected to the ABU 12

autoburette. Finally, the autoburette was attached via a cable

connector to the Rec 61 servograph chart recorder. Prior to

starting an experiment, the pH at which the cell suspension was

to be maintained was preselected and entered into the TT80

titrator. The pen on the chart recorder was set to move across

the chart paper at a preselected speed (usually 7 min full

scale). When the pH of the cell suspension medium rose above the

preselected pH, the titrator activated the autoburette which

introduced a solution of ImM H2 SO4 into the cell

suspension medium at a preselected rate until the pH decreased to

a value below the preselected pH. As acid was added to the
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reaction vessel, the cable connector caused the chart paper to

advance a distance proportional to the amount of acid added. As a

result of this negative feedback loop, the resulting chart

recordings had a staircase appearance, (Figure 1).

The pH of the cell suspension was sometimes adjusted with

ImM H2SO4 or ImM Ca(0H)2 to a value near that of

the preselected pH. The pH of the compounds added was also

adjusted to the preselected pH value.

The rates of alkalinization were calculated from the chart

recordings as follows;

If.

- the rate of addition of ImM H2SO4 =0.05 rol/roin or
100 nmoles H+/min

- the number of cells in the cell suspension medium
= 10 X 106 cells

Then the rate of alkalinization is, *

lOOnmol H*/min
10 X lOe cells

= 10 nmole H+/106 cells/min
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Figure 1: A Representative Trace Showing
the Output of the pH atat Apparatus

This is a representative trace showing the effect of

different L-QLU concentrations on the rate of alkalinization.

To 15 X 106 cells in 10 ml of ImM CaS04 was added

0.10, 0.25, 0.50, 1.0, 5.0 and lOmM L-QLU. The experiments were

performed in the light at a constant preselected pH of 6.5.

Contrary to most traces, the time scale is on the vertical as

opposed to the horizontal axis. The values indicate rates of

alklalinization in units of nmol H+/106 cells/min.

Taken from McCutcheon, 1987, 4+ year honors thesis.
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(F) Simultaneoua Recordings of Net U* and K* Flux

The glass reaction vessel was identical to that already

described. All experiments were performed in the dark with

stirring but no aeration. Temperature increases due to light

absorption by the black K+ electrode interfered with

recordings and aeration appeared to produce a noisy signal from

the reference electrode. The cell suspension volume was 10 ml of

medium McC ( ImM CaS04 , lOmM NaCl and . IM KCl ) . The number

of cells in the cell suspension was always 20 x 10®

.

The flux of H+ and K+ were measured simultaneously

using a 3 electrode system consisting of a G202C glass pH

electrode, an F2312 K* ion selectrode and a common K701

reference calomel electrode. The K+ electrode was filled

with 200 uls of lOmM KCl while the reference electrbde had a

secondary bridge filled with lOOmM NaCl so that K+ did not

leak out of the electrode into the cell suspension medium. The

H+ and K+ electrodes were connected via a Fisher

Accumet 310 pH meter (which featured an expanded scale) and a

Radiometer Copenhagen PHM 64 meter respectively to a Cole-Parmer

model 8371-20 two pen chart recorder.

Using different concentrations of KCl, in which the ionic

strength of the solution was held constant using NaCl, it was

found that a linear relationship existed between the mV output of

the electrode system over the KCl concentration range of

10-4M to 10-iM (Figure 2).
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Figure 2: Reading of mV Output From the K+ Electrode
at Varying KCl Concentrationa

The graph shows the readings of mV output from the K"*"

electrode at varying KCl concentrations. To a reaction vessel

containing 9 ml of distilled H2O was added one of the

following; i) 1 ml of O.IM NaCl, ii) 1 ul of O.IM KCl -»- 1 ml

of O.IM NaCl, iii) 10 ul of O.IM KCl + 1 ml of O.IM NaCl,

iv) 100 ul of O.IM KCl + 0.9 ml of O.IM NaCl and v) 1 ml of

O.IM KCl or to 5 ml of distilled H2O was added 5 ml of

O.IM KCl. This gave final K+ concentrations of 0, 10-5,

10-4, 10-3, 10-2 and 10- IM respectively while

keeping the ionic strength of the medium constant with Na*

.

The solution was stirred.
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The rates of H* flux were calculated as described

earlier. The rates of K* flux were calculated as follows;

If,

- the pen moved a distance of 2.6 cm in 10 minutes.
- the addition of 200 nmol K'*' caused the pen to move 2 cm.
- the number of cells in the cell suspension
medium = 20 x 10^

.

Then the rate of K* is,

2.5 cm 200 nmol K*
10 mln X 2 cm

20 X 108 cells

=1.25 nmol K+/106 cells/min
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(Q) Pgteriainatipn of the Rate of PPtaKe <?t ^^Q-L-QW

All experiments were performed in the fumehood. These

experiments were performed in a glass reaction vessel identical

to that described earlier. The cell suspension was stirred, never

aerated, and exposed to various light regimes as described

earlier. The cell suspension volume was always 2.2 ml of a

medium consisting of either ImM CaS04 or 20mM KPi at

specified pH values. The number of cells present in the cell

suspension medium ranged from 2.2 x 10® to 8.8 x 10®

cells

.

Before the addition of »<C-L-GLU, a 0.2 ml aliquot of

cell suspension was removed and collected on a Millipore filter

(HA type, 0.45um). This vial was called the blank. To the

remaining 2.0 ml was added KC-L-GLU to the desired*

concentration. When L-GLU concentrations of less than 2inM were

required, KC-L-GLU was taken from a 50mM stock solution

with a specific activity of 2946 dpm/nmole L-GLU. When L-GLU

concentrations of more than 2mM were required, KC-L-GLU was

taken from a 150mM stock solution with a specific activity of

1182 dpm/nmol L-GLU. Once the i«C-L-GLU was added, a 0.2 ml

aliquot was removed immediately and either every minute for 5

minutes or every 2 minutes for 10 minutes. Once removed, the

cells were collected on a Millipore filter with 5 ml of cold

cell suspension medium and then washed with 2 x 10 ml of cold

cell suspension medium. At the end of the experiment, a 0.2 ml

aliquot was transferred from the cell suspension directly into a

scintillation vial containing 1 ml of 10056 methanol. The
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Milliporo filters wore also added to scintillation vials

containing 1 ml of 100% methanol and allowed to sit for a few

minutes. The methanol caused the cells to burst and the filter to

disintergrate creating a homogeneous mixture. To each of the

vials was then added 14 rols of aqueous counting scintillant

(ACS). The contents of the vials were then subjected to vigorous

shaking and placed in a Searle Delta 300 6890 Liquid

Scintillation System Counter (LSSC) or a Beckman LS 1800

Scintillation System for radioisotope decay determination. The

amount taken up with time was linear at all concentrations tested

(Figure 3)

.

The efficiency of the counting system was determined two

ways. One way was to use the internal standard

1 4C-n-hexadecane and compare the measured count rate to the

theoretical isotope disintergration rate. The other way was to

use external standards furnished by the scintillation counting

systems. Figures 4A and 4B are graphs of cell numbers vs counting

efficiency and External Standards Ratio (ESR) or H» for the

Searle and Beckman scintillation counters respectively.

Rates of i^C-L-GLO uptake were determined as follows;

If.

- the rate of uptake = 100 cpro/min
- the counting efficiency = 80%
- the specific activity = 2946 dpm/nmol L-GLU
- the number of cells = 0.2 x 106

Then the rate of i<C-L-GLU,

100 cpm l_dpm . 1 nmol L-GLU
min x 0.8 cpm x 2946 dpm

0.2 X lOe cells

= 0.212 nmol L-GLU/10« cells/min
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Figure 3: The Uptake of i*C-L-GLU with Time
at Diffqrgnt ^^C-L-QLU Cgncgntratigna

The graph shows the uptake of i*C-L-QLU at different

14C-L-QLU concentrations in the light. The specific activity

of the 1 * C-L-QLU at concentrations of ImM and less was 2946

dpm/nmol while that of concentrations higher than ImM was 1182

dpm/nmol . The uptake of i*C-L-GLU was linear for at least

10 minutes at all concentrations.
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Figure 4: Change in Counting Efficiency and ESR
or H» aa a Function of Cell Number

The graphs show the counting efficiency of the counting

system as a function of ESR (A, Searle) and Ht) (B, Beckman) and

the number of cells. The data was obtained by adding a known

amount of radioactive * * C-n-hexadecane to scintillation

vials containing 14 ml of ACS and a varying numbers of cells.

^
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(H) Method of Measuring Internal pH and Membrane Potential

The experiments were performed In a glass reaction vessel as

described earlier. The cell suspension was stirred, not aerated

and exposed to ambient light Intensities. The cell suspension

volume was 1.05 ml of 20mM KPi buffer pH 5.5. The cell

suspension contained 2.1 x 10^ cells.

A 50 ul allquots of the cell suspension was removed before

the experiment was started and placed as the top of 3 layers in a

400ul Eppendorf tube. The bottom layer consisted of lOOul of 6%

(w/v) sorbitol and the middle layer consisted of 50 uls of

silicone fluid (50% AR20/50% AR200). The tube with the sorbitol,

silicone and cells was spun at 12,800 x g in a Fisher Micro

Centrifuge Model 235B for 40 seconds and then immediately frozen

in liquid nitrogen. Centrifugation allowed passage bf the cells

through the silicone barrier into the sorbitol phase leaving the

cell suspension medium behind. Once frozen, the tip of the

Eppendorf tube containing the cell pellet was cut at the

sorbitol-silicone Interface. The cut tip was then placed in a

scintillation vial containing 1ml of 100% methanol. After a few

minutes, 14 ml of ACS scintillation fluid was added and the

radioactivity of the vial contents was determined in a Beckroan LS

1800 Scintillation Counting System. This vial was designated as

the blank. Once the experiment was started, due to the addition

of 25 ul of 5,5-Dimethyl{2-i<C)oxazolidine-2,4-dione giving

a final concentration of 30uM (i<C-DMO, specific activity =

1.1935 X 105 dpm/nmol) or 5 ul of

Tetra(U-i<C)phenylphosphonium bromide giving a final
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concentration of 16uM, (i<C-TPPB, specific activity =

6.9708 X 1010 dpm/nmol), 50 ul aliquota of the cell

suspension were removed at time and then every 5 minutes for 40

minutes. The cells were processed as the blank; that is they were

placed in a prepared Eppendorf tube, centrifuged, frozen,

isolated and counted for radioactivity in ACS scintillation

fluid. At the end of the experiment a 50 ul aliquot of the cell

suspension was transferred directly into a scintillation vial to

determine the radioactivity of the entire cell suspension.

This method was used to measure changes in the internal pH

(pHi ) of the cell and to measure changes in the membrane

potential (Apm) of the plasma membrane when various

solutions adjusted to pH 5.5 were added. In the case of pHi

studies, the above protocol was followed but at the' 20 minute

mark 20 ul of the following substances was added to give 5mM

final concentrations; Na2S04 , L-QLU, L-MSO, L-ASP and

n-butyric acid. In the case of apm studies, the same

protocol was used but the final concentrations were ImM and some

of the substances added were different; L-GLU, L-MSO, L-ASP,

DCCD, DES. KCl(lOmM), Na2S04 and NaNs

.
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(I) Determination of the Rate of 14C02 Evolution

This method was used to determine the sunount of

1 * CO2 which was evolved at different L-GLU

concentrations. The experimental configuration used is shown in

Figure 5. The glass reaction vessel was sealed with a rubber

stopper which had two openings . Into one of the openings was

placed a tube which allowed ambient air to flow through the

system at a rate of 500 ml/min as described earlier. The second

opening allowed the air to leave the reaction vessel, via a

two-way tap and Tygon tubing. The tubing led the air to enter

into a short stoppered glass tube. The tube contained 4 ml of

hyamine 10-X hydroxide which traps 1<C02. An outlet for

the incoming 1 < CO2 containing air was via a Vigreaux

tube which increased the surface area contact between the

trapping solution and the air. When air flowed from the reaction

vessel to the tube containing hyamine 10-X hydroxide, it forced

the solution up the Vigreaux tube allowing for proper mixing and

trapping to occur.

The experimental configuration was symmetrical such that the

two-way tap could direct the i^COz containing air to

one of two trapping systems on either side of the reaction

vessel. Collection altered between the two sides for 2 minute

periods.

The reaction was started by adding the desired amount of

»<C-L-GLU (2946 dpro/nmol L-GLU when less than 2mM or

1182 dpm/nmol L-GLU when greater than 2mM desired) to the 2 ml

coll suspension. The cell suspension contained 8 x 108 cells
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Figure 5: Diagram of the Apparatus
Used to Capture l < CO2

This is a diagrcun showing the configuration of the apparatus

used in the experiments where evolved 1<C02 was

captured. The reaction flask is the same as described earlier.

The air flowed into the reaction vessel and exited via a two-way

tap to either one of two short test tubes. Once the air entered

the short test tubes containing a solution of hyamine 10-X

hydroxide, the solution was forced up the Vigreaux tube where

proper mixing of the air and the solution could occur. Once the

air passed through the hyamine 10-X hydroxide solution it was

allowed to leave the system via an opening at the end of the

Vigreaux tube. The short tubes containing hyamine 10-X hydroxide

could be easily removed and replaced so that samples could be

collected every 2 minutes.
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in a medium of ImM CaS04 . The i^COz was collected

in one tube for 2 minutes after which time the flow of air was

diverted to the other KCO2 trapping system. The

hyamine 10-X hydroxide containing i*C02 was immediately

placed into a scintillation vial along with 10 mis of ACS

scintillation fluid. The scintillation vial was then placed in a

Searle Delta 300 6890 Liquid Scintillation System for

radioisotope decay determination. This was repeated every 2

minutes for 10 minutes. When the experiment was terminated, all

of the components which came in contact with the hyaunine 10-X

hydroxide were washed in Decon soap, dried and reassembled for

the next experiment. The rate of KCO2 evolution was

linear at all L-GLU concentrations, (Figure 6).

Rates of i^COa evolution were calculated as *

follows;

If,

- the rate of 1 < CO2 evolution = 1,000 cpro/min
- the counting efficiency = 80%
- the specific activity is assumed to be 2946 dpm/nmol CO2
- the number of cells = 8 x 108

Then the rate of i^COz evolution is,

1 , 000 cpm 1 cpm 1 nmol CO2
min X 0.8 dpm X 2946 dpm

8 X 106 cells

= 0.0530 nmol CO2/IO6 cells/min
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Figure 6: The Evolution of 1*C02 with Time
at Different KC-L-QLU Concentrations

The graph shows the evolution of i*C02 at

different kC-L-GLU concentrations (mM) in the light. The

specific activity of the HC-L-GLO was 2946 dpm/nmol . The

evolution of 1<C02 was linear for at least 10 minutes.
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(J) Determination of the Rates of O2 Consumption and
CO2 Evolution From Mesophvll Cells

These experiments were performed using an 8 channel Gilson

Differential Respirometer (GDR) and 8 manometer flasks. The 8

flasks were numbered 1 to 8. The center well of flasks 1,3,5 and

7 were kept empty while the center well of flasks 2,4,6 and 8

contained a piece of filter paper imbibed with 200 ul of IM KOH.

The main wells of all 8 flasks contained 10 X 108 cells

suspended in 5ml of 20mM KPi buffered at pH 5.5. The side

arms of flasks 1 and 2, 3 and 4, 5 and 6, and, 7 and 8 contained

125 ul of 200mM L-GLU, 125 ul of 200mM L-MSO, 125 ul of lOOmM

Na2S04 and 125 ul of distilled H2O respectively.

A summary of the contents of the 8 flasks can be found in

Table 2. When the flasks were all ready, they were sequentially

attached to the channels of the GDR. A proper seal was assured by

applying silicon stopcock grease to all joints. The flasks were

then immersed in a circulating water bath maintained at

30oC. A thick black cloth was placed over the water bath to

keep the cells in the dark and the shaker motor was started. The

cells were allowed to acclimate for 10 minutes after which time

the channels were closed and the experiment was started. Readings

of the change in volume in ul due to the consumption or evolution

of gas, were made and recorded every 5 minutes. The contents of

the side ann was mixed with the contents of the main well (a

process called tipping) after the 30 minute reading. The

experiment was terminated after 75 minutes when the channels were

again opened

.
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Table 2: Contents of the 8 Reaction Flasks Used in
Measuring Changes in Rates of 02 Consumption
and CO2 Evolution Upon Addition of
L-GLU and L-MSO

Flask » 6 6

KOH

Main
Well

cells cells cells cells cells cells cells cells

Side 125ul 125ul 125ul 125ul
Arm of of of of

200inM 200mM 200inM 200inM
L-GLU L-MSO

125ul 125ul
of of

lOOmM lOOoiM
Na2 SO4

125ul 125ul
of of
water

The experiments were performed in the dark.
The main well contained 10 X lOe cells in 5 mis of
KPi buffered at pH 5.5.
The L-QLU and L-MSO final concentration was 5mM.
The Na2S04 final concentration was 2.5mM.
Flasks 2,4,6 and 8 contained a piece of filter paper imbibed
with 0.2 ml of IM KOH.

>
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Rates of O2 consumption and CO2 evolution were

calculated as follows. The values of P taken every 5 minutes for

75 minutes were subtracted from the P values obtained at the

start of the experiment; these were called aP values. The aP

values obtained from flasks containing hyamine 10-X hydroxide

were considered as being an estimate of O2 consumption in

ul. When A P obtained from flasks not containing hyamine 10-X

hydroxide were subtracted from P values obtained from flasks

containing hyamine 10-X hydroxide, the resulting value was

considered as being an estimate of CO2 evolution. If,

- the rate of O2 consumption = 1 ul/min
- the rate of CO2 evolution = 1 ul/min
- there are 22.4 ul O2 in 1 umol O2
- there are 22.3 ul CO2 in 1 umol CO2
- the number of cells = 10 X 106

Then the rate of O2 consumption is,

1 ul 1 umol O2 103 nmol
min X 22.4 ul O2 X umol

10 X 106 cells

= 4.464 nmol O2/IO6 cells/min

and the rate of CO2 evolution is,

1 ul 1 umol CO2 103 nmol
min X 22.3 ul CO2 X umol

10 X 106 cells

= 4.484 nmol CO2/IO6 cells/min
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RESULTS

(A) The Effect of L-GLU and L-MSO on the pH
of the Cell Suspension Medium

The purpose behind this experiment was to characterize the

L-QLU and L-MSO dependent alkalinizatlon responses.

The effect of L-GLU and L-MSO on the pH of the cell

suspension medium was studied using the same cell preparations

and the pH vs time method. When cells were added to the cell

suspension medium, a three phase response was observed. The three

phases were, 1 ) an instantaneous acidification or alkalinizatlon

followed by 2) a 2 to 3 minute alkalinizatlon (approximately 0.1

pH units/min in the light, absent or reduced in the dark) which

was followed by 3 ) a slower, but prolonged, rate of acidification

(approximately 0.025 pH units/min). The final rate of

acidification varied daily with the cell preparation used.

When 5mM L-GLU or 5mM L-MSO was added, under conditions of

light or dark, the cell suspension medium started to become

progressively more alkaline without any apparent lag period,

(Figure 7A and 7B) . The alkalinizatlon response was transient and

acidification eventually resumed. At the end of the experiment,

the contents of the reaction vessel were titrated with ImM HCl

back to the pH at which the alkalinizatlon response started,

(between pH 5.9 and 6.1). Rates of acidification and

alkalinizatlon (in units of nmol H+/106 cells/min) as

well as the extents of alkalinizatlon (in units of

nmol H+/108 cells) appear in Table 3. The extent of

alkalinizatlon is a measure of the amount of protons which left
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the cell suspension medium from the start of the alkallnlzatlon

to the time at which the alkallnlzatlon response peaked.

The mean rate of acidification before the addition of L-GLU

was 0.089(L) and 0.013(D), and 0.021(L) and 0.028(D) before the

addition of L-MSO. The mean rate of alkallnlzatlon and the mean

extent of alkallnlzatlon for additions of 5mM L-QLU were 1.76(L)

& 1.67(D) and 23 . 7 ( L) & 29.6(D) respectively. The mean rate of

alkallnlzatlon and the mean extent of alkallnlzatlon for

additions of 5mM L-MSO were 1.35(L) & 1.20(D) and 8.07(L) &

11.6(D) respectively. The mean rate of alkallnlzatlon and the

mean extent of alkallnlzatlon was therefore higher with additions

of L-GLU than with L-MSO. The time (in minutes) to reach the peak

pH was 30(L) & 44(D) for additions of L-GLU and 16(L) & 26(D) for

additions of L-MSO.

The initial rate of alkallnlzatlon was 5% and 11% higher in

the light than in the dark for additions of L-GLU and L-MSO

respectively. The extent of alkallnlzatlon was however 20% and

30% higher in the dark than in the light for additions of L-GLU

and L-MSO respectively. The time to reach the peak pH was 14 and

10 minutes longer and the peak pH value was 0.05 and 0.06 pH

units higher in the dark than in the light for additions of L-GLU

and L-MSO respectively.

The raw data was normalized with respect to the data

obtained with 5mM L-QLU (L) and the different data sets were

tested for statistical significance using the Wllcoxon Rank Sum

Test (ni =5, nz =5, ct = 0.01). The only data set pair

which was significantly different was the extent of L-GLU
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dependent alkallnlzatlon (L) va extent of L-MSO dependent

alkalinization (L). All other relationships were not

significantly different.
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Figure 7: The Effect of the Addition of 5inM L-GLU and
5mM L-MSO on the pH of the Cell Suspension Medium

These are representative pH vs time tracings showing the

effect of the addition of 5mM L-GLU (Fig. 7A) and 5mM L-MSO

(Fig. 7B) on the pH of the cell suspension medium. To a reaction

vessel containing 10 to 15 X 106 cells in 10 ml of ImM

CaS04 was added 5mM L-GLU or 5mM L-MSO. The suspension was

stirred and aerated in light or dark. The ensuing alkalinization

response was allowed to proceed until acidification resumed. At

the end of the experiment the contents of the reaction vessel

were backtitrated with ImM HCl . Rates of acidification and

alkalinization are expressed in nmoles H+/106 cells/min

while the extents of alkalinization are expressed ip units of

nmoles H+/106 cells. The inset shows the structure of

L-GLU and L-MSO.
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Table 3: Characteristics of the L-QLU and L-MSO dependent
alkalinization response in the light or dark

5inM L-QLO 5mM L-MSO

light dark light dark

Rate of
acidification
before the
addition of
L-GLU or L-MSO

Rate of
alkalinization
after the
addition of
L-GLU or L-MSO

Extent of
alkalinization
due to L-GLU
or L-MSO

Time to reach
the peak pH
value during
alkalinization

Peak pH value
of the
alkalinization
response

0.089

(0.120)

1.759

(0.662)

23.74

(16.58)

30

(10)

6.52

(0.08)

0.013

(0.029)

1.670

(0.378)

29.62

(9.86)

44

(11)

6.57

(0.07)

0.021

(0.048)

1.345

(0.330)

8.07

(1.98)

16
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(B) The Specificity of the L-GLU and L-MSO Dependent
Alkalinization Response

The specificity of the L-GLO and L-MSO dependent

alkalinization response was studied using the pH vs time method.

The purpose of this experiment was to see if any of the other

protein amino acids cause an alkalinization response. A ImM

concentration of one of the 20 protein amino acids , D-GLU or

L-MSO was added to the reaction vessel containing 2 ml of cell

suspension. Ten minutes after the addition, the contents of the

reaction vessel was titrated with ImM HCl . The rate of

acidification before the addition of the various compounds and

the rate of acidification or alkalinization after the addition of

the compounds was calculated, (Table 4).

Before the additions of the compounds, a mean rate of

acidification of 0.321 (+/-0.040) nmol H+/106 cells/min

was measured. Of the 22 compounds tested, only L-GLU and L-MSO

reversed the acidification and caused the cell suspension medium

to become alkaline at a mean rate of 0.373 and 0.146

nmol H+/106 cells/min, respectively. All of the

other 18 compounds added, which included D-GLU, L-ASP and L-GLN,

inhibited the rate of acidification to a mean rate of 0.155

(+/-0.050) nmol H+/106 cells/min. Because of its high

buffering capacity at pH 6.0, addition of L-HIS abolished the

rate of acidification and no net flux of H+ could be

measured.
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Table 4: The Effect of the 20 Protein Amino Acids,
D-GLU and L-MSQ on the flux of H^
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(C) The Effect of L-GLU Analogs on the Uptake of
14C-L-GLU and the L-GLU Dependent Alkalinization

The purpose behind this experiment was to see If L-QLU and

L-MSO were transported by the same or different carriers. The pH

vs time method and the method of measuring uptake of

i*C-L-QLU were used simultaneously to measure rates of

alkalinization and rates of i*C-L-GLU uptake over a 10

minute period. In one experiment, the rate of alkalinization and

the rate of uptake In response to . 5mM i<C-L-GLU was

measured. The experiment was then repeated but In addition to

O.SmM KC-L-GLU was added either the sodium salt of 5mM

L-GLU, L-MSO, D-GLU, L-ASP, L-GLN or 2.5mM Na2S04 as a

control for sodium addition, (Table 5, Figure 8).

The data show that the rate of uptake of 1*C-L-GLU was

Inhibited 67% and the rate of alkalinization was stimulated 385%

In the presence of 5mM L-GLU while uptake was Inhibited 40% and

alkalinization was stimulated 111% upon addition of 5mM L-MSO.

Addition of 5mM L-GLN inhibited uptake of i^c-L-GLU 25% and

stimulated the rate of alkalinization 18%. Addition of 5mM D-GLU

Inhibited uptake by 7% and stimulated alkalinizaton by 20%. The

addition of 5mM L-ASP and 2 . 5mM Na2S04 Inhibited uptake

12% and 13% respectively while having no effect on

alkalinization.
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When the raw data was normalized with respect to the data

where no addition was made, and, the data sets were compared to

the control (Na2S04 ) using the Wilcoxon Rank Sum Test

(ni = 5, n2 = 5, a = 0.01), it was found that only the

L-GLU and L-MSO data (both uptake and alkalinization) were

significantly different from the control. All other data sets

were not significantly different from the control.





Table 5: The Rate of Uptake of kC-L-QLU and the
Rate of L-QLU Dependent Alkalinlzatlon
in the Presence of L-GLU Analogs
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Competitor Rate of uptake

of 14C-L-GLU

Rate of alkalinization

None

L-GLU

L-MSO

L-GLN

D-GLU

L-ASP

Na2 S04

0.101 (0.014)

0.033 (0.005)*

0.061 (0.014)*

0.076 (0.005)

0.095 (0.007)

0.089 (0.011)

0.089 (0.013)

0.868 (0.245)

4.214 (0.728)*

1.831 (0.341)*

1.023 (0.172)

1.045 (0.239)

0.864 (0.259)

0.833 (0.300)

Each value is the mean of 5 trials (with S.D. in brackets).
The rate of uptake of 1<C-L-GLU is expressed in units
of nmoles i*C/106 cells/min.
The rate of alkalinization is expressed in units
of nmoles H+/106 cells/min.
The reaction vessel contained 4 X 10^ cells in 2 ml
of ImM CaS04

.

The suspension was stirred and not aerated in ambient light.
Raw data appears in appendix 1^1

.

The values marked with "*" are significantly different
from the Na2S04 control values at the 99%
significance level.
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Figure 8: The Influence of L-GLU Analogs on the Rate
of Uptake of KC-L-GLU and the Rate of L-GLU
Dependent Alkallnization

The bar graph shows the effect of 5mM concentrations of the

sodium salts of L-GLU analogs on the uptake of i<C-L-GLU and

the L-GLU dependent alkallnization. To a reaction vessel

containing 4 X loe cells in 2 ml of ImM CaS04 was

added . 5mM i^C-L-GLU alone or in combination with 5mM

L-GLU, L-MSO, L-GLN, D-GLU, L-ASP or 2.5mM Na2S04. The

suspension was stirred in ambient light. Rates of uptake and

alkallnization are expressed in units of nmol/106 cells/min.

The error bars indicate standard deviations. Modified from

McCutcheon & Bown, 1987.
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(D) The Effect of L-GLU and L-MSO on Rates of O2

ConsiantPtion and CO2 Evolution in Mesophvll Cells

The purpose behind this experiment was to determine if the

L-GLU and L-MSO dependent alkalinization responses were due to a

H* /substrate symport or metabolism of these compounds. The

effect of L-GLU and L-MSO on rates of O2 consumption and

CO2 evolution in mesophyll cells was studied using the

manometer. The contents of the manometer flasks is described in

Table 2. The suspension was shaken in the dark. Once the

experiment was started, measurements of volume changes in the gas

phase were made every 5 minutes for 30 minutes after which time

the contents of the side arm was mixed with the contents of the

center well. Measurements continued for 45 minutes after tipping

(total time of the experiment = 75 minutes). Rates of O2

consumption and CO2 evolution were calculated before and

after tipping and appear in Table 6 and Figure 9.

Before the addition of the compounds, the mean rate of

O2 consumption was 4.45 (+/-0.40) nmol O2/IO6

cells/roin while the mean rate of CO2 evolution was

3.993 (•/-0.39) nmol C02/10e cells/min. The data show

that after the addition of L-GLU there was a 70.535 and 98.1%

stimulation in the rates of O2 consumption and CO2

evolution respectively with a 26.6% and 18.1% stimulation in the

rates of O2 consumption and CO2 evolution on addition

of L-MSO. The addition of Na2S04 stimulated the rates

of O2 consumption and CO2 evolution by 51.9% and 38.2%
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respectively. The addition of H2O stimulated O2

consumption and CO2 evolution by 27

.

Q% and 20 . 1*

respectively. The stimulation in O2 consumption and CO2

evolution rates upon the addition of L-MSO and H2O were very

similar. The stimulation due to Na2S04 was higher, and

the response to L-QLU was the highest. These results suggest that

L-GLU stimulated O2 consumption and CO2 evolution

whereas L-MSO does not.
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Table 6: Rates of 02 Consumption and CO2
Evolution After the Addition of L-QLU and L-MSO

02 consumption





m

Figure 9: The Effect of L-GLO and L-MSO on
Rates of 02 Consumption and

The graphs show the effect of L-QLU (A), L-MSO (B),

Na2S04 (C) and H2O (D) on O2 consumption and

CO2 evolution in mesophyll cells over time. The contents of

the manometer flasks is described in Table 2. The flasks were

shaken in the dark. Once the experiment was started, readings

were made every 5 minutes for 30 minutes after which time the

contents of the side arm were mixed with the contents of the main

well. After tipping, readings were made every 5 minutes for 45

minutes (total time of the experiment = 75 minutes). O2

consumption and CO2 evolution is expressed in units of

nmol/106 cells. Each point is the mean of 4 trials.
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(E) The Effect of L-GLU, L-GLU Analogs and n-butyric
Acid on the Internal Levels of 14C-DM0

The purpose of this experiment was to determine whether

changes in the internal pH of the cells occured upon the addition

of various compounds using the weak acid i^C-DMO as a

probe. The effect of L-GLU, L-GLU analogs and n-butyric acid on

the internal pH of Asparagus mesophyll cells was studied

using the silicone oil centrifugation method. To a cell

suspension containing 2 X 10® cells in 1 ml of 20mM

KPi buffered at pH 5.5 was added 30uM i^C-DMO. The

suspension was stirred in ambient light. At 5 minute intervals,

for 40 minutes, 50 ul aliquots were removed to detennine the

uptake of i*C-DMO. The experiment was repeated but 20

minutes after the addition of HC-DMO, one of the following

compounds was added; 5mM L-GLU, L-MSO, L-ASP, n-butyric acid or

2.5mM Na2S04 . Apart from n-butyric acid, these

compounds were added as the sodium salt. The uptake of

14C-DM0 was plotted against time (Figure 10).

The data show that there is a quick uptake of i * c-DMO

over the first 10 minutes and that the uptake gradually increased

after that. When no addition was made to the cell suspension, or

when L-ASP or Na2S04 were added at the 20 minute mark,

the uptake of 1<C-DM0 gradually continued; uptake was

however at a lower rate for cells to which L-ASP or

Na2S04 was added compared to cells where no addition

was made. In the case where L-GLU and L-MSO were added, there was

a gradual decrease in the levels of i<C-DMO in the cells;
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the rate of decrease in kC-DMO content was greater in cells

to which L-QLU was added than with cells to which L-MSO was

added. Cells to vrhich n-butyric acid was added showed an

immediate drastic decrease in 1<C-DM0 content which remained

at that level for the remainder of the experiment.

The raw data was normalized with respect to the data

obtained when no addition was made at 20 minutes. Using a

Wilcoxon Rank Sum Test (m = 5, n2 = 5, a = 0.025) it

was found that the levels of 1<C-DM0 became significantly

different from the control (Na2S04) 10 minutes after

the addition of L-GLU and L-MSO. The addition of n-butyric acid

resulted in an immediate and significant change in the levels of

i^C-DMO relative to the control. The addition of L-ASP, or

no addition did not significantly effect the levels of
i

14C-DM0 in the cell.
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Figure 10: The Influence of L-GLO, L-GLU Analogs and
n-butyric acid on 1<C-DM0 Levels in

The graph shows the effect of L-GLU, L-GLU analogs and

n-butyric acid on the levels of i ^ C-DMO in Asparagus

mesophyll cells. To 2 X lO® cells in 1 ml of 20mM KPi

buffered to pH 5.5 was added 30uM HC-DMO. The suspension

was stirred in ambient light. Every 5 minutes for 40 minutes, 50

uls aliquots of the cell suspension were removed to determine the

uptake of 1<C-DM0. The experiment was repeated but 20

minutes after the addition of K C-DMO one of the following

compounds was added; (A) 5mM L-MSO or n-butyric acid or (B)

L-ASP. L-GLU n-butyric acid or 2.5mM Na2S04 . The uptake

of i*C-DMO is expressed in units of cpm X 103. Each'

point is the mean of 5 trials.
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(F) The Effect of Fuaicoccln on the Cell
Dependent Rate of Acidification and the
Uptake of 14C-L-GLU

The purpose of this experiment was to measure the effect of

fuslcoccin, a knovm stimulator of the plasma membrane

H* ATPase, on the cell dependent rate of acidification of

the non buffered medium and on the uptake of kC-L-GLU. The

effect of fusicoccin on the cell dependent rate of acidification

and the rate of uptake of kC-L-GLO was studied using the pH

vs time and 1<C-L-GLU uptake methods.

Rates of cell dependent acidification were measured in the

presence and absence of fusicoccin. The pH decline in a medium

containing 4 X 106 cells in 2 ml of ImM CaS04 + 20mM

KCl was followed for 10 minutes. The suspension was stirred and

aerated in the light. After this time, 2 X 10- 5M fusicoccin

was added and the pH was recorded for another 10 minutes . At the

end of the experiment, the cell suspension medium was titrated

with ImM HCl (Figure 11, Table 7).

The rate of uptake of * * C-L-GLU was measured in the

presence and absence of fusicoccin. To a reaction vessel

containing 4 X 106 cells in 2 ml of 20mM KPi buffered

at pH 5.5 was added ImM i< C-L-GLU. The suspension was

stirred in ambient light. The rate of uptake of KC-L-GLU

was determined by removing 200 ul aliquots every minute for 5

minutes. The same experiment was repeated but 2 X 10" 5

M

fusicoccin was added to the cell suspension medium 5 minutes

prior to the addition of i^c-L-GLU (Table 8).
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The data show that the mean rate of uptake of i*C-L-GLO

Increased from 0.372 to 0.575 nmol L-QLO/108 cells/min when

2 X 10- SM fusicoccln was added; a stimulation of 55%.

Similarly, the rate of cell dependent acidification of the non

buffered meditun was stimulated from 1 . 22 to

2.58 nmol H+/10e cells/min; a stimulation of 111%. The

effect of fusicoccin on the rate of cell dependent acidification

in these experiments was not immediate and took 2 to 5 minutes to

develop. The rate of fusicoccin stimulated acidification was

linear for at least 10 minutes.

A Wilcoxon Rank Sum Test wwas performed on the raw data,

(m =4, N2 = 4, a= 0.025). It was found that the data

on fusicoccin stimulated acidification and fusicoccin stimulated

uptake of i<C-L-GLU were significant.





136

Figure 11: Th© Influence of Fusicoccin on the Rate of
H* Bfflwx Fr<?m M^gQPhyll Cells

This is a representative pH vs time tracing showing the

effect of fusicoccin on the rate of H* efflux from

Asparagus mesophyll cells. A cell suspension containing

4 X 106 cells in 2 ml of ImM CaS04 + 20mM KCl was

allowed to acidify the medium for 10 minutes after which time

2 X 10" 5 M fusicoccin was added. The suspension was stirred

and aerated in ambient light. The pH of the medium was recorded

for at least another 15 minutes. At the end of the experiment the

cell suspension was titrated with ImM HCl. Rates of acidification

are expressed in units of nmol H+/106 cells/min.
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Table 7: Rates of Cell Dependent Acidification in
the Presence and Absence of FualGoccin

Rate of acidification

-fusicoccin +fusicoccin

1.224 2.579

(0.515) (0.964)

Each value is the mean of 4 trials (with S.D. in brackets).
Rates of acidification are expressed in units
of nmol H+/106 cells/min.
The reaction vessel contained 4 X 106 cells in 2 ml
of ImM CaS04 + 20mM KCl

.

The solution was stirred and aerated in the light.
Addition of fusicoccin was approximately at pH 5.8.
Raw data appears in appendix 4^1

.

The rate of acidification obtained in the presence of FC is
significantly different from the rate obtained in the absence
of FC at the 97.5% significance level.
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Table 8: Rates of Uptake of »4C-L-QLU in the
Presence and Absence of Fualcoccln

Rate of uptake of 1*C-L-GLU

-fusicoccin +fusicoccin

0.372 0.575

(0.018) (0.037)

Each value is the mean of 4 trials (with S.D. in brackets).
Rates of uptake of kC-L-GLU are expressed in units
of nmol L-GLU/10« cells/min.
The reaction vessel contained 4 X 10® cells in 2 ml
of 20mM KPi buffered at pH 5.5.
The solution was stirred in ambient light.
Raw data appears in appendix Htl

.

^

The rate of uptake of i^C-L-GLU in the presence of FC is
significantly different from the data obtained in the absence
of FC at the 99% confidence level.
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(Q) The Influence of pH on the Initial
Rate of Alkalinization

The purpose of this experiment was to determine if the L-GLO

dependent alkalinization response was pH dependent. The initial

rates of L-GLU dependent alkalinization were obtained at pH 5.5,

6.0 and 6.5 using the pH stat method. To the cell suspension

medium was added lOmM L-GLU and the ensuing rate of L-GLU

dependent alkalinization was followed for 5 to 7 minutes. Rates

of alkalinization were calculated from the chairt recordings and

appear in Table 9 and Figure 12.

The data show that as the pH of the cell suspension medium

is decreased from 6.5 to 5.5, the mean initial rate of

alkalinization increased from 6.2 to 9.7 nmol H+/106

cells/min in the light and 6.8 to 11.7 nmol H+/106

cells/min in the dark. The increase in the rate of alkalinization

as the pH decreased was proportional; 100% to 79% to 64% in the

light and 100% to 83% to 57% in the dark.

The raw data was normalized with respect to the data

obtained at pH 5.5. Using a Wilcoxon Rank Sum Test (ni =5,

n2 =5, a =0.01) it was found that the data obtained at pH

5.5 was significantly different to the data obtained at pH 6.5.

The data obtained at pH 6.0 was not significantly different to

the data obtained at pH 5.5 or 6.5.
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Table 9: Initial Rates of Alkallnlzatlon at pH 5.5, 6.0
and 6.5 and the Rates Expressed as a Percentage
of the Rate Obtained at pH 5.5

, pH 5.5 6.0 6.5

k

Rate of LIGHT 9.7 (2.9) 7.6 (2.0) 6.2 (2.5)

alkallnlzatlon DARK 11.7 (3.2) 9.5 (2.0) 6.8 (2.6)

% of the rate
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Figure 12: The Influence of the pH of the Cell
Suspension Medium on the Initial Rate
of L-QLU Dependent Alkalinization

The graph shows the effect of the pH of the cell suspension

medium on the Initial rate of L-6LU dependent alkalinization. To

a reaction vessel which contained 5 X 106 cells in 5 ml of

ImM CaS04 was added lOmM L-GLU. The L-GLU dependent

alkalinization was followed for 5 to 7 minutes using a pH stat

apparatus. The suspension was stirred and aerated in the light

or the dark. Rates of alkalinization are expressed in units of

nmol H+/106 cells/min. Error bars Indicate standard

deviations.
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(H) The Influence of pH on the Uptake of HC-L-GLO

The purpose of this experiment was to determine the effect

of pH on the uptake of i^c-L-GLU. Using the i^C-L-GLU

uptake method, the effect of the pH of the cell suspension medium

on the uptake of kC-L-GLU was studied. To a reaction vessel

containing 4 X 10« cells in 2 mis of 20mM KPi (buffered

at pH 5.5, 6.0 or 6.5) was added ImM ^C-L-GLU. The

suspension was stirred in ambient light. Every 5 minutes for 25

minutes 200 ul aliquot s were removed to determine the uptake of

14C-L-GLU (Figure 13).

The data show that the uptake of i^C-L-GLU was linear

over the 25 minute period. The rate of uptake of i^C-L-GLU

Increased from 0.048 to 0.077 to 0.094 nmol L-GLU/IO©

cells/min as the pH of the cell suspension medium was decreased

from 6.5 to 6.0 to 5.5. The line of best fit through the

experimental points intercepts the y-axis at a point slightly

above .

The raw data was normalized with respect to the data

obtained at pH 5.5. Using a Wilcoxon Rank Sum Test (m =6,

m - 6, a = 0.01) it was found that the data obtained at pH

5.5 was significantly different from the data obtained at pH 6.5.

The data obtained at pH 6.0 was not significantly different to

the data obtained at pH 5.5 or pH 6.5.
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Figure 13: The Influence of pH on the

The graph shows the Influence of pH on the uptake of

14C-L-GL0. To a reaction vessel containing 4 X 108

cells in 2 ml of 20inM KPi (buffered at pH 5.5, 6.0 or 6.5)

was added ImM KC-L-QLU. The suspension was stirred in

ambient light. Every 5 minutes for 25 minutes 200 ul aliquots of

the cell suspension were removed to determine the uptake of

14C-L-GLU. Uptake of i^c-L-GLU is expressed in units of

nmol L-GLU/106 cells. Rates of uptake of KC-L-QLU were

calculated and are expressed in units of

nmol L-GLU/106 cells/min. Each point is the mean of 6

trials. The uptake of i^C-L-GLU at pH 5.5 was significantly

different from the rate of uptake at pH 6.5 at the 99%

significance level. The rate of uptake at pH 6.0 was not

significantly different from the rate of uptake at pH 5.5 or 6.5

Modified from McCutcheon & Bown, 1987.
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( I ) Simultaneous Measurements of L-GLO Dependent
Alkalinization and Uptake of i^C-L-GLU
Over a 75 Minute Period

The purpose of this experiment was to observe if the time

course of uptake of 1<C-L-GLU was the same as that of the

L-GLU dependent alkalinization response. Using the pH vs time and

the uptake of i*C-L-GLU methods simultaneously the L-GLU

dependent alkalinization response and the uptake of

14C-L-GLU were measured over a 75 minute period (Figure 14).

To a reaction vessel which contained 4 X lO^ cells in 2 ml

of ImM CaS04 was added ImM i^C-L-GLU (2946 dpm/nmol )

.

The suspension was stirred in ambien . light. The pH of the cell

suspension medium was recorded for 75 minutes while 200 ul

aliquot of the cell suspension were removed every 15 minutes for

75 minutes to determine uptake of 1<C-L-GLU. *

The data show that the pH of the cell suspension medium

rose, peaked approximately 40 minutes after the addition of

1<C-L-GLU and then decreased thus the L-GLU dependent

alkalinization was transient. The rate of uptake of

1*C-L-GLU gradually attenuated with time until a plateau was

approached after approximately 60 minutes. The data suggests that

uptake of L-GLU continued after net acidification of the medium

had resumed.
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Figure 14: Simultaneous Measurement of L-QLU Dependent
Alkalinization and Uptake of kC-L-QLU Over
7& Minutes

The graph shows the L-QLU dependent alkalinization response

and the uptake of i*C-L-GLU measured simultaneously over a

75 minute period. To a reaction vessel which contained

4 X 106 cells in 2 ml of ImM CaS04 was added

ImM 1<C-L-GLU (2946 dpm/nmol). The cell suspension was

stirred. Ambient light was employed. The pH of the cell

suspension medium was recorded for 75 minutes while 200 uls

aliquots were removed every 15 minutes for 75 minutes to

determine uptake of 1<C-L-GLU. Changes in pH are plotted by

subtracting the pH at a t = n (where n = 0, 15, 30, 45, 60 and 75

minutes) from the pH at t = . Uptake of i^C-L-GLU is

expressed in units of nmol L-GLU/IQS cells. Each point is

the mean of 3 trials. Modified from McCutcheon & Bown, 1987.





1^9

PH
l-N - P"t.O O

z

UJ

(smao gOi/mo-n toi^n)





150

(J) The Influence of K* on the Rate of
Uptake Qt ^^ Q-h-QiW

The purpose of this experiment was to determine the effect

of vairying K* concentrations on the uptake of

14C-L-GLU. The effect of varying K+ concentrations on

the uptake of 1<C-L-QLU was studied using the i«C-L-GLU

uptake method. To a reaction vessel containing 4 X 10® cells

in 2 ml of ImM CaS04 was added ImM KC-L-GLU. Ten

minutes prior to the addition of the i*C-L-GLU, KCl was

added to the cell suspension medium to give concentrations of 0,

10-4, 10-3, 10-2 or 10-iM. Every minute for 5

minutes 200 ul aliquot of the cell suspension were removed to

determine the uptake of KC-L-GLU. Rates of uptake of

14C-L-GLU were calculated (Table 10, Figure 15).
i

The data show that uptake of i<C-L-GLU was 0.181 nmol

L-GLU/106 cells/roin when no K+ was added. The addition

of 10- 4 M K+ had no significant effect on the uptake of

i^C-L-GLU relative to the experiment where no K+ was

added. The rate of uptake of 1<C-L-GLU then gradually

decreased from 0.164 to 0.110 to 0.073 nmol L-GLU/106

cells/min as the K+ concentration increased from 10- ^M

to 10- IM.

The raw data was normalized with respect to the data

obtained when there was no K+ added. Using a Wilcoxon Rank

Sum Test (ni = n2 = 5, a = 0.01) it was found that the

rates of uptake when 10-2 and 10" i K* was added

were significantly different from the control where no K*
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was added. The data obtained with 10" « and 10" < K*

was added were not significantly different from the control.
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Table 10: Rates of Uptake of »<C-L-QLO at
Different K* Goncentrationa

K* Rate of uptake % of rate
when no K+

concentration i*C-L-GLO was added

0.181 (0.032) 100

lO-* 0.187 (0.038) 103

10-» 0.164 (0.046) 91

10-2 0.110 (0.009)* 61

lO-l 0.073 (0.015)* 40

- Each value is the mean of 4 trials (with S.D. in brackets),
- Rates of uptake of i^C-L-GLU are expressed in units

of nmol L-GLU/106 cells/min.
- The reaction vessel contained 4 X 10^ cells in 2 ml

of ImM CaS04

.

- The suspension was stirred in ambient light.
- Raw data appears in appendix ttl.

- The values marked with "*" are significantly different
from the value obtained with no K+ at the 99% significance
level

.
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Figure 15: The Influence of K* Concentration
on the Uptake of 14C-L-GLU

The graph shows the influence of K* on the rate of

uptake of KC-L-GLO. To a reaction vessel containing

4 X lOe cells in 2 ml of ImM CaS04 was added ImM

CaS04 . The suspension was stirred in eunbient light.

Ten minutes prior to the addition of 1<C-L-GLU, KCl was

added to the cell suspension medium at a concentration of 0,

10-4, 10-3, 10-2 and 10" iM. At every minute

for 5 minutes, 200 ul aliquot of the cell suspension were

removed to determine the uptake of i^C-L-GLU. Rates of

uptake of i^C-L-GLU are expressed in units of nmol

L-GLU/106 cells/min. Error bars Indicate standard

deviations. i
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(K) The Influence of L-GLU, Valinoroycin
and PES on H* and K* Flux

The purpose of this experiment was to measure any changes in

K* flux upon the addition of L-GLU as K+ has been

implicated in a role of charge compensation during electrogenic

cotransport across the plasma membrane. The flux of H* and

K* in response to the addition of L-GLU, valinomycin and DES

was studied using the double pen recorder method in a cell

suspension medium consisting of ImM CaS04 , lOmM NaCl and

. ImM KCl, (medium McC). When nothing was added to the cell

suspension medium, a small rate of H+ efflux and a larger

rate of K* efflux was observed. Upon the addition of ImM

L-GLU, an immediate alkalinization of the medium occured but a

very small decrease in the rate of K+ efflux occured,

(Figure 16). In an attempt to make sure that a low resistance

path for K* efflux did exist for the movement of K+

,

another experiment was performed in which valinomycin was added

several minutes prior to the addition of L-GLU. Addition of

valinomycin however did not have any effect on K+ efflux

allthough it did cause a low rate of alkalinization. Upon

addition of L-GLU, the rate of K* efflux changed very little

while a high rate of alkalinization was measured (Figure 17). In

order to put these results in perspective, an experiment was

performed where no L-GLU was added but lOOuM DES was added. DES

caused an alkalinization, but more notably, its addition greatly

increased the rate of K* efflux, (Figure 18). At the end of

the experiment, the contents of the reaction vessel were titrated
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with IwM HCl and ImM KCl so that net fluxes of K* and

H* could be calculated (Table 11).

The data show that in the absence of DES, the addition of

L-QLU caused a rate of alkalinization of

2.31 nmol K'*'/106 cells/min but did not stimulate

the rate of K* efflux; inhibiting it from 1.10 to

0.93 nmol K+/10* cells/min. The addition of valinomycin

caused a slight rate of alkalinization but had no effect on

K* efflux. The subsequent addition of L-GLU greatly

stimulated the rate of alkalinization from 0.037 to

2.27 nmol H+/106 cells/min while having no effect on

the rate of K+ efflux. The addition of DES to the cell

suspension caused a small rate of alkalinization of

0.51 nmol H+/106 cells/min while dramatically
i

Stimulating the rate of efflux from 1.20 to

17.9 nmol K+/106 cells/min.
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Figure 16: The Effect of L-GLU on H* and K^ Flux

This is a representative tracing showing the effect of L-GLO

on H-^ and K**^ flux. To a reaction vessel containing

20 X 106 cells in 10 ml of medium McC was added ImM L-6LU.

The suspension was stirred in the dark. Fifteen minutes after the

addition of L-GLU, the contents of the reaction vessel were

titrated with ImM HCl and ImM KCl. Rates of flux are expressed in

units of nmol/106 cells/min. The dashed line represents the

rate of K* efflux which would have been expected had one

potassium ion moved out of the cell for every proton which

entered the cell. Modified from McCutcheon & Bown, 1987.
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Figure 17: The Effect of Valinomycin on L-GLU
Dependent Changea in H* and K* Flux

This is a representative tracing showing the effect of

valinomycin on the L-GLU dependent changes in H*^ and K**-

flux. To a reaction vessel containing 20 X 10^ cells in 10

ml of medium McC was added 40 ul of Img/ml valinomycin. The

effect of valinomycin on the two measured fluxes was recorded for

10 minutes after which time ImM L-GLU was added and its effects

on the two fluxes was measured for 10 minutes. At the end of the

experiment, the contents of the vessel were titrated with ImM HCL

and ImM KCl . Rates of flux are expressed in units of

nmol/106 cells/min.
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Figure 18: The Effect of PES on H* and K* Flux

This Is a representative tracing showing the effect of DES

on H-^ and K*^ flux. To a reaction vessel containing

20 X 108 cells In 10 ml of medium McC was added lOOuM DES.

The suspension was stirred In the dark. The addition of DES

caused a drastic Increase In the efflux of K'*' and slow rate

of alkallnlzatlon. The efflux of K+ eventually tended to

level off. Because of the drastic change in K+ efflux, as a

result of the addition of DES, the cell suspension was titrated

with ImM KCl just prior to the addition of DES. At the end of the

experiment the contents of the reaction flask were titrated with

ImM HCl . Rates of flux are expressed in units

of nmol/10« cells/roin. Modified from McCutcheon & Sown,

1987. *





.+7

200 NMOL K

t
0.2 pH

I

H'

162

100 NMOL H"*"

200 NMOL K +





153

Table 11: The Effect of L-QLU, Valinomycin and
PES Qn the Flwxea of H* and K*

Conditions Rate of alkalinization Rate of K+ efflux
or acidification

Before L-GLO 0.038 (0.049) acid 1.10 (0.20)

After L-GLO 2.31 (0.40) alka 0.93 (0.25)

Before VAL 0.049 (0.048) acid 0.89 (0.08)

After VAL 0.037 (0.037) alka 0.89 (0.08)

After L-GLU 2.27 (0.44) alka 0.81 (0.02)

4

Before DES 0.023 (0.040) acid 1.20 (0.38)

After DES 0.51 (0.51) alka 17.9 (5.9)

- Each value is the mean of 3 trials, (with S.D. in brackets)
- All rates are expressed in nmoles H+/106 cells/min.
- The terms "acid" and "alka" which follow the rates of H*

flux denote the direction of the movement of the H+

;

acid = H* efflux and alka = H* influx.
- The reaction vessel contained 20 X 106 cells in 10 ml

of medium McC.
- The suspension was stirred, aerated, and kept in the dark.
- Raw data appears in appendix 1*1

.
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(L) Simultaneous Measurement of i*C-L-QLU Uptake,
14C02 Evolution, and Alkalinization at Varying
L-GLU Concentrations in the Light and Dark

The rates of i^C-L-QLU uptake, KCOa

evolution and alkalinization were measured simultaneously at 3

different ^C-L-QLU concentrations in the light and dark.

The purpose behind this experiment was 2-fold; firstly to

determine the stoichiometry of the uptake process at varying

L-QLU concentrations, and secondly, to see if there is a

difference in uptake in the light and dark.

To a 3 ml cell suspension containing 6 X lO^ cells in

ImM CaS04 was added either 0.5, 2.0 or lOmM KC-L-GLU,

(1182 dpm/nmole L-GLU). The experimental configuration was the

seune as Figure 5 plus the addition of a pH electrode submersed

in the cell suspension. The alkalinization was continously

monitored. The i^cOa evolved was captured by 4 mis of

methylbenzethonium hydroxide and s£unples were collected at 2.5,

5, 7.5 and 10 minutes. The rates of i^COa evolution

were linear. Uptake of KC-L-GLU was determined by removing

3 X 200 ul aliquot at the end of the 10 minute experiment. The

rate of uptake was assumed to be linear (see Figure 3) and was

taken as the average value of the 3 aliquots.

The data showed that alkalinization, uptake, CO2

evolution and stoichiometry all increased with increasing

»4C-L-GLU concentration, (Table 12). As the i^C-L-GLU

concentration increased from 0.5 to lOmM, i) the rate of

alkalinization increased from 0.364 to 4.282 (light) and 0.285 to
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2.951 (dark) (nmol H*/10« cella/min), ii) the rate of

uptake increased from 0.116 to 0.768 (light) and 0.055 to 0.244

(dark) (nmol i *C-L-GL0/10« cells/min), iii) the rate of

COa evolution increased from 0.005 to 0.035 (light) and

0.024 to 0.139 (dark) (nmol i^COa/lOe cells/min),

and , iv) the stoichiometry increased from 3.01 to 5.33 (light)

and 3.61 to 7.70 (dark).

The data also showed that i) the rate of alkallnization was

not significantly different in the light than in the dark,

ii) the rate of i^C-L-GLU uptake was 211 to 393% higher in

the light than in the dark, iii) the rate of KCOa

evolution was 397 to 480% higher in the dark than in the light,

and, iv) the stoichiometry was consistently higher in the dark

than the light.

A Wilcoxon Rank Sum Test (ni = n2 = 12, a = 0.01)

was used to test the significance of the data. It was found that

the rate of alkallnization was not significantly different

for data obtained in the light and the dark at all 3 L-GLU

concentrations tested. The rate of uptake of 1<C-L-GLU was

significantly higher in the light than in the dark. The rate of

1<CC)2 evolution was significantly higher in the dark

than in the light.
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Table 12: Rates of Alkallnizatlon, Uptake, CO2 Evolution
and Stoichiometry Measured at Varying L-GLU
Concentrations in the Light and Dark
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(Table 12 continued)

10 alkalinization 4.282 2.951
(0.919) (0.592)

L-GLU uptake 0.768 0.244
(0.165) (0.064)

CO2 evolution 0.035 0.139
(0.009) (0.032)

stoichiometry 5.33 7.70

- The L-QLU concentration is expressed in units of mM.
- The rates of alkalinization, uptake and CO2 evolution are

expressed in units of nmol/lO® cells/min.
- The stoichiometry was calculated by dividing the rate of
alkalinization by the sum of the rate of L-GLU uptake and
CO2 evo 1ut ion

.

- Raw data appears in appendix #1

.

- The rate of alkalinization was not significantly higher in the
light than in the dark at all L-GLU concentrations tested.

- The rate of uptake of 1<C-L-GLU was significantly higher
in the light than in the dark at the 99% significance level at
all 3 concentrations tested.

- The rate of kCOz evolution was significantly higher
in the light than in the dark at the 99% significance level at
all 3 concentrations tested.
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(M) The Influence of the L-GLU Concentration on the
Initial Rate of L-QLU Dependent Alkalinization
in the Light and Dark

The purpose of this experiment was to determine if the L-QLU

dependent alkalinization was saturable. The influence of the

L-GLU concentration on the initial rate of L-GLU dependent

alkalinization was studied using the pH vs time method. The

reaction vessel contained 8 X 10© cells in 2 mis of ImM

CaS04 . Initial rates of L-GLU dependent alkalinization were

obtained at an L-GLU concentration range of . 5mM to lOmM. The

rate of alkalinization resulting from the addition of L-GLU was

recorded for 10 minutes. The cell suspension medium was then

back-titrated with ImM HCl . The rates of alkalinization were

calculated and appear in Table 13 and Figure 19.

The data show that as the L-GLU concentration increased, the

resulting rate of alkalinization increased in both the light and

the dark; the rates were however higher in the light than in the

dark. The increase in the rate of alkalinization with increasing

L-GLU concentration gradually declined. A double reciprocal plot

of the data was done, (Figure 19-inset). Both plots were linear

and intercepted the vertical axis suggesting that the kinetics of

alkalinization were saturable. It was found that the Km and

V»ax for the data obtained in the light were 12.7mli and 8.6

nmol H+/106 cells/min while the Km and Vmax

for the data obtained in the dark was 13.8mM and 9.9 nmol

H+/108 cells/min. Both curves fit a hyperbolic function

(suggesting saturating kinetics) better than a linear function as

indicated by the sum of squares values (Table 14). The sum of
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squares is a measure of the vertical ( distance )2 between the

experimental point and the fitted curve. The smaller the sum of

squares, the better the fit.

Using the Wilcoxon Rank Sum Test (n = n2 =4,

a = 0.05) it was found that there was no significant difference

between the data obtained in the light and the dark at all L-GLU

concentrations tested.
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Table 13: Initial Rates of L-GLO Dependent Alkalinization
Obtained Over an L-QLU Concentration Range of
0.5 tp lOmM

Rate of
alkalinization

1/Rate of
alkalinization

L-GLU
concentration

(mM)

1/L-GLU
concentration

(mM)-i
Light Dark Light Dark

0.5

1.0

1.5

2.5

5.0

10.0

2.
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Figure 19: The Influence of L-GLU Concentration on the
L-QLU Dependent Alkalinization Response

The graph shows the effect of L-GLU concentration on the

initial rate of the L-GLU dependent alkalinization response. To a

reaction vessel containing 8 X lO^ cells in 2 mis of

ImM CaS04 was added one of the following concentrations of

L-GLU; 0.5. 1.0, 1.5, 2.5, 5.0 and lOmM. The alkalinization

response was followed for 10 minutes after which time the cell

suspension medium was titrated with ImM HCl . The suspension was

stirred and aerated in the light and the dark. Rates of L-GLU

dependent alkalinization are expressed in units of

nmol H+/106 cells/min. Error bars indicate the standard

deviations. The inset is a double-reciprocal plot. Updated and

modified from McCutcheon & Bown, 1987.
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Table 14: Estimated Kinetic Parameters Obtained by
Iterative Fitting When the Alkalinization
Data was Fitted to Different Functions

V = Vmax * <S> v = K * <S>
Km + <S>

Km Vmax SSQ K SSQ

Light

12.66 8.58 0.0153 0.413 0.578

Dark

13.80 9.91 0.00485 0.452 0.582

Parameters were determined by iterative fitting.
The Km values are expressed in units of mM.
The Vmax values are expressed in units
of nmol H+/106 cells/min.
The SSQ = sum of squares

.
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(N) The Effect of Varying External »<C-L-GLU
Concentration on the Uptake of i^C-L-GLU
j.n thQ L ight and Park

The purpose of this experiment was to determine if the

uptake of kC-L-GLU is saturable. The effect of varying

external KC-L-GLU concentrations on the uptake of

KC-L-GLU was studied in the light and dark using the

14C-L-GLU uptake method. To 8 X 106 cells in 2 ml of

ImM CaS04 was added one of the following concentrations of

i*C-L-GLU; 0.10. 0.15, 0.25, 0.50, 1.0, 1.5, 2.5, 5.0 and

lOmM. The suspension was stirred in the light or dark. Every 2

minutes, for 10 minutes, 200 ul aliquot of the cell suspension

were removed to determine the uptake of i*C-L-GLl3. Rates of

uptake of 1<C-L-GLU were calculated (Table 15, Figure 20).

The data show that as the external i*C-L-GLU <

concentration increased, the rate of uptake of KC-L-GLU

increased; the rates of uptake in the light were however much

higher than the rates obtained in the dark. Using a Wilcoxon Rank

Sum Test (ni = n2 = 4, a =0.01) it was found that the

rate of uptake of ^C-L-GLU was significantly higher in the

light than in the dark at all L-GLU concentrations studied except

0.25mM.
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Uptake in the light showed 2 phases, (Table 16). Phase 1 was

saturable in the L-GLU concentration range from to ImM and had

a K« = 0.755mM and a Vnax = 0.0263 nmol L-QLU/IQS

cells/min. It was not clear whether phase 2 was linear or

saturable in nature. If it is saturable then the estimated

kinetic parameters were Km = 21 . 4mM and Vmax = 0.515

nmol L-GLU/106 cells/min. If however the uptake was linear

then the slope of the line through the origin would be 0.0169

nmol L-GLU/IO® cells/min/mM. The kinetics parameters for the

uptake of L-GLU in the dark were not calculated as the data

appeared to be complex probably due to increased i * CO2

evolution.
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Table 15: Initial Rates of Uptake of i^C-L-GLU at
Varying External Concentrations of
14C-L-GLU in the Light and Dark

L-GLU 1/L-GLU
concentration

(mM) (niM)-i

Rate of uptake 1/Rate of uptake
of 14C-L-GLU

0.10

0.15

0.25

0.50

1.0

1.5

2.5

5.0

10
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Figure 20: The Influence of the External
14C-L-QLU Concentration on the
Rate of Uptake of wc-L-QLU

The graph shows the rate of uptake of kC-L-QLU at

varying external KC-L-QLU concentrations. To a reaction

vessel containing 8 X lOe cells in 2 ml of ImM CaS04

was added one of the following concentrations of i^C-L-QLU;

0.1, 0.15, 0.25, 0.5, 1.0, 1.5, 2.5, 5.0 and lOmM. The suspension

was stirred in the light or dark. Every 2 minutes, for 10

minutes, 200 ul aliquot of the cell suspension were removed to

determine the uptake of i^c-L-GLU. Rates of uptake of

14C-L-GLU are expressed in units of

nmol L-GLU/106 cells/roin in the light and dark. The inset

shows the rates of i*C-L-GLU uptake in the L-GLU

concentration range of to ImM. The inset is a double-reciprocal

plot.
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Table 16: Estimated Kinetic Parameters Obtained b/
Iterative Fitting When the Uptake Data
was Fitted to Different Functions

i

V = Vmax * <S> v = K * <S>
Km + <S>

Km Vmax SSQ K SSQ

Phase 1

0.755 0.0263 0.014 0.0170 1.8

Phase 2

21.4 0.515 0.74 0.0159 10.9

- Kinetic parameters for data obtained in the light.
- Parameters were determined by iterative fitting.
- The Km values are expressed in units of mM.
- The Vmax values are expressed in units

of nmol L-GLU/106 cells/mln.
- The SSQ = sum of squares is to be multiplied by 10-5.
- Phase 1 occurs at the L-GLU concentration range of 0.1 to ImM.
- Phase 2 occurs at the L-GLU concentration range of 1 to lOmM.
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(O) Rates of 1 4 CO2 Evolution at Varying
External Concentrations of i<C-L-QLU
in the Light and Dark

The purpose of this experiment was to determine if the rate

of CO2 evolution is dependent on the i*C-L-QLU

concentration. The rate of i*C02 evolution was measured

after the addition of varying external concentrations of

14C-L-GLU using the i*C02 evolution method »1 . To

a reaction vessel containing 8 X 108 cells in 2 ml of ImM

CaS04 was added one of the following concentrations of

»<C-L-GLU; 0.25, 0.5, 1.0, 2.5, 5.0 and lOmM. The suspension

was stirred in the light or dark. Any 14C02 evolved was

captured by a solution of hyamine 10-X hydroxide every 2 minutes

for 10 minutes. The amount of i^COz evolved was summed

and rates of 1 < CO2 evolved were calculated, (Table 17,

Figure 21).

The data show that as the external concentration of

i^C-L-GLO was increased, the rate of

KCO2 evolution also increased in both the light and

the dark; the rates in the dark were however much higher than

the rates obtained in the light.

Using a Wilcoxon Rank Sum Test (ni = n2 =3,

o = 0.01) it was found that the data was significantly different

between the light and the dark at all concentrations tested.





Table 17: Rates of 1^002 Evolution at
Varying External i*C-L-GLU
Concentrationg in the Light and Dark

181

L-QLU concentration

Rate of 14C02
evolution

Light Dark

¥

0.25

0.50

1.0

2.5

5.0

10

0.000384
(0.000301)

0.000819
(0.000510)

0.00174
(0.00143)

0.00381
(0.00378)

0.00461
(0.00436)

0.00962
(0.00893)

0.00461
(0.00542)

0.00769
(0.00537)

0.0139
(0.0093)

0.0321
(0.0252)

0.0368
(0.0275)

0.0749
(0.0422)

Each value is the mean of 3 trials (with S.D. in brackets).
Rates of i < CO2 evolution are expressed in units
of nmol C02/10e cells/min.
The L-GLU concentration is expressed in units of mM.
The reaction vessel contained 8 X 106 cells in
2 ml of ImM CaS04

.

The suspension was stirred in the light and dark.
Raw data appears in appendix #1

.

The rate of 1 < CO2 evolution was significantly higher
in the dark than in the light at the 99% significance level at
all L-QLU concentrations tested.
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Figure 21: The Influence of Varying External
14C-L-QLU Concentrations on the
Rate of 14C02 Evolution

The graph shows the Influence of varying external

14C-L-QLU concentration on the rate of KCOa

evolution. To a reaction vessel containing 8 X lO^ cells in

2 ml of ImM CaS04 was added one of the following

concentrations of i^C-L-QLO; 0.25, 0.50, 1.0, 2.5, 5.0 and

lOmM. The suspension was stirred in the light or dark. Any

14C02 evolved was captured by a solution of hyamine

10-X hydroxide every 2 minutes for 10 minutes. Rates of

14C02 evolution are expressed in units of nmol

CO2/IO6 cells/min. Error bars Indicate standard

deviations.
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(A) Origin of the Alkalinization Response:
Cotransport vs Metabolism

Several authors have interpreted data obtained on medium

alkalinization as evidence for the existence of a H+/2unino

acid cotransport system, (Wyse & Komor, 1964 and McDaniel et.

al., 1982). Relnhold & Kaplan (1984) have however cautioned that

the pH changes subsequent to aunino acid addition could also be

interpreted as being due to amino acid metabolism,

(eg: RCOO- + H+ > RH + CC)2 ) . However these

authors did not propose a mechanism by which internal metabolic

activities can lead to external alkalinization.

L-Glutamate has several potential metabolic fates when it

enters Asparagus mesophyll cells, (Table 21). Some of these

reactions involve CO2 production. Manometric techniques

demonstrated that increased rates of CO2 evolution were

observed when L-GLU was added to non-illuminated cells, (Table 6,

Figure 9A). This indicated that L-GLU did in fact stimulate

metabolic activity in the cells. Studies with ^^C-L-GLU

showed that some of the CO2 evolved originated directly from

the metabolism of i^C-L-GLU since ^ < CO2 evolution

was detected, (Table 17, Figure 21). It is clear then that L-GLU

gets into the cells and is subsequently metabolised. It is not

clear however how metabolism could lead to medium alkalinization.

In contrast L-MSO did not stimulate the rate of CO2
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Table 18: Possible Metabolic Fates for L-GLU

Enzyme Reaction

Acetyl CoA:L-Qlutamate
N-acetyltransferase

L-GLU + CHsCOSCoA — ->

CoASH + N-acetyl-L-glutamate

Role: Ornithine and Arginine Synthesis

Glutamate kinase L-GLU + ATP --->

L-glutamyl 6-phosphate + ADP

Role: Proline synthesis
^

Glutamine synthetase L-GLU + NH4+ + ATP >

L-GLN + ADP + Pi + H+ + H2O

Role: Assimilation of NHs

Glutamine (amide)
2-oxoglutarate
euninotransferase
(oxidoreductase,
NADP or Fd)
= GOGAT

Role: Assimilation of NH3

L-GLN + a -kg + NAD(P)H + H* --->
or Fdred

2 L-GLU + NAD(P)+
or Fdox
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Glutamate dehydrogenase L-GLO + NAD(P)+ + H2O >

a-kg + NAD(P)H + NH4+

Role: Krebs Cycle

ATP:L-glutamate 1- L-GLU + ATP >

phosphotransferase
L-QLO 1 -phosphate + ADP

Role: Chlorophyll Synthesis

- Taken from Goodwin & Mercer, 1983.
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evolution, (Table 6, Fieure 9B) , allthough it stimulates

transient alkalinization, (Figure 7B). The results with L-MSO . ,

demonstrate that decarboxylation is not necessarily associated

with alkalinization and indicate therefore that alkalinization

does not result from decarboxylation.

Other studies on amino acid cotransport have also shown

14CX)2 evolution, (van Bel & Ammerlaan, 1981 and

Walker-Smith & Payne, 1984). Many studies do not take into

account the possible loss of radioactive label in the form of

1<C02 and as a result could underestimate the uptake of

the amino acid.

Although L-GLU metabolism is known to occur in these cells,

and could complicate the interpretation of the data, there are

several other pieces of evidence which support the ^existence of a

proton/L-GLU cotransport system.

The result showing that both L-GLU and L-MSO cause a

transient alkalinization response (Figure 7A and 7B) is evidence

for a cotransport system, (Novacky et. al., 1980). The resumption

of medium acidification is not predicted by a metabolic origin of

alkalinization but is predicted by a cotransport process when the

driving forces for cotransport are dissipated. The transient

alkalinization must therefore result from the decreased influx of

protons via the cotransport system. Prior to addition of L-GLU or

L-MSO the medium was being acidified; probably due to the

activity of the PM H* ATPase. When L-GLU or L-MSO was added

to the cell suspension medium they were cotransported into the

cell along with a H* . The rate of H* influx by the





188

cotransport process was higher than the rate of H* efflux

which resulted in net alkalinization of the medium. As the . .

activity of the cotremsport system decreased due to the

accumulation of L-GLO or L-MSO, the prevailing proton flux

shifted from H+ influx due to cotransport to H+ efflux

due to ATPase activity. The consequence of this shift in H*

fluxes was an alkalinization response which peaked followed by

resumption of acidification, (Figure 7A and 7B) , (Robinson &

Beevers, 1981). In addition, recent evidence showed that the

evolution of 1<C02 continued even after medium

acidification resumed (Bown, personal communication) suggesting

that the alkalinization and KCO2 evolution are not

coupled.

A logical extension of the external alkalinization response

is an internal acidification response. As the rate of H+

influx due to cotransport is higher than the rate of H*

efflux due to ATPase activity, it follows that the accumulation

of protons in the cytosol should lead to internal acidification.

The extent of internal acidification will depend on the buffering

capacity of the cytoplasm and any mechanism for maintaining the

pH within a limited range. It was found that both L-GLU and L-MSO

caused an internal acidification response while L-ASP did not,

(Figure lOA and lOB) . The only other published account of

internal acidification in response to cotransport came from a

H* /sucrose transport mechanism in soybean protoplasts, (Lin,

1985). This is the first account of internal acidification

resulting from a H+ /amino acid cotransport process.
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It was found that both L-QLU and L-MSO inhibit the uptake

of KC-L-GLU and stimulate the alkalinization response,

(Table 5, Figure 8). This suggested that both L-GLU and L-MSO are

cotransported by the same carrier and that the L-QLU dependent

alkalinization had a similar origin to that of the L-MSO

dependent alkalinization. Since L-MSO is not metabolized, (Table

6), the alkalinization response must be due to cotransport.

Fusicoccin which is a known stimulator of the PM H*

ATPase (Marre, 1979) stimulated medium acidification by

Asparagus mesophyll cells, (Figure 11, Table 7). It was

also shown that cells pretreated with fusicoccin had increased

rates of 14C-L-GLU uptake, (Table 8). Increased ATPase

activity presumably established greater driving forces (Eq. 3)

which led to increased rates of the cotransport propess. Several

other authors have shown fusicoccin stimulated uptake of amino

acids and interpret the results as evidence for a proton/amino

acid cotransport system, (Bocher et.al., 1980, Luttge et . al .

,

1980, Otsiogo-Oyabi & Roblin, 1985 and van Bel et.al., 1982).

As the external pH was decreased from 6.5 to 5.5, the rate

of L-GLU dependent alkalinization and the rate of uptake of

1<C-L-GLU increased. This was probably due to an increase in

the AUH+ . The internal pH of Asparagus mesophyll

cells varied from 6.9 to 7.2 when the external pH was increased

from 5.5 to 7.5, (Espie & Colman, 1981). Since the internal

change in pH is insignificant when the external pH is varied in

the range used in this study it is fair to assume that a decrease

in the external pH caused an increase in the ApH across the PM
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and therefore an increase in the driving force for the

cotransport process . Other studies have shown that increased

amino acid uptake occurs when the external pH is decreased (van

Bel & van Erven, 1979, van Bel et.al., 1982 and Rubinstein &

Tattar, 1980) and specifically for L-GLU (van Bel et. al., 1981).

In summary, the addition of L-GLU or L-MSO (non-metabolized

analog of L-GLU) to a cell suspension caused pH dependent

external transient alkalinization, and, an internal

acidification. The uptake of i^C-L-GLU was inhibited by

L-GLU and L-MSO, stimulated by fusicoccin, and was pH dependent.

All of this data is consistent with the operation of a

H+ /L-GLU cotransport system. i^COa evolution was

however detected when i<C-L-GLU was added to the cells

supporting the idea of medium alkalinization resulting from L-GLU

metabolism. Thus the L-GLU dependent alkalinization appears to

result in whole or in part from a H+ /L-GLU cotransport

system. The L-MSO dependent alkalinization appears to result in

whole from its cotransport via the H+ /L-GLU cotransport

system.

An important finding obtained with the manometer was that

addition of L-MSO did not significantly stimulate the rate of

CO2 evolution. (Table 6B) . This meant that L-MSO could be

used as a non-metabolised analog of L-GLU. It is important in

such studies to find a non-metabolized analog of the solute being

studied. Unfortunately L-MSO cannot be purchased commercially in

radioactive form and could therefore not be used to study

cotransport.





191

(B) The Kinetics of Alkallnization and Uptake

Using a computer program (DATAFIT) to fit the alkalinization

kinetic data to a hyperbolic function it was found that the

Km = 12.7mM (L) and 13.8mM (D), and, V»ax =8.6 nmol

H+/106 cells/roin (L) and 9.9 nmol H+/10«

cells/min (D). Both of these curves appeared to be monophasic,

(Table 15). Published Km values for alkalinization data

range from 4mM to 34mM while the Vmax values range from

7umol/gram/hr to 59urool/gram/hr, (Robinson & Beevers, 1981 and

Hutchings, 1978). The Km and Vmax values obtained in

this study fell within the published ranges. It is possible that

the alkalinization response is biphasic but the technique used to

measure the alkalinization response is not very sensitive at

L-GLU concentrations lower than ImM which is the concentration

range within which the i < C-L-GLU uptake showed one saturable

phase. Very few reports on amino acid and sugar cotransport

attempt to characterize the alkalinization response but in the

cases in which they do it was shown that the kinetics were

monophasic, (Figure 19), (Robinson & Beevers, 1981 and Hutchings,

1978).

•Using the same computer program, the uptake data obtained in

the light were fit to a hyperbolic function. It was found that

uptake was biphasic, (Table 16). The first phase of uptake was a

high affinity system which was saturable over the L-GLU

concentration range of . ImM to 2mM. The Km = 0.755mM with

a Vmax = 0.026 nmol L-GLU/106 cells/min.
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It was not clear whether the second phase was a saturable or

linear component of uptake. Linear kinetics indicate that the

origin of the uptake is a non-specific diffusional process. A

prediction of such a model is that L-ASP and L-GLU will be taken

up at equivalent rates since L-ASP is a structural analog of

L-GLU. When lOmM KC-L-ASP or lOmM HC-L-GLU was added

to the cells it was found that L-ASP was taken up at a very low

rate relative to L-GLU, (1:23), (Ciccarelli, BIOL 490/491, 1987).

At lOmM the second component of uptake predominates. This and

other data strongly suggest that the linear component is specific

which is a characteristic of a protein mediated process and not a

diffusional process. The second uptake component appears to be

linear but any saturable component appears linear at

concentrations lower than its Km. Computer analysis^

indicated that the second component had a Kn = 21 . 4mM and a

Vma« = 0.515 nmol L-GLU/IO^ cells/min. The experimental

L-GLU concentration range was . ImM to lOmM therefore the highest

concentration tested was only half of the estimated Km and

saturation was not observed.

Other studies on L-GLU cotransport have shown the uptake

kinetics to be biphasic with Km values ranging from O.lmM to

60mM and Vnax values ranging from 3 to 67 umol /gram/hour

,

(Borstlap et. al . , 1986, Wyse & Komor, 1984 and Lien & Rognes,

1977). The Km values produced from this study fall in the

range of K« values obtained in other studies. The Vmax

values (when the units were converted) were however lower (0.09

and 2 umol /gram/hour) than those allready published.
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The kinetic parameters obtained from the alkalinization data

do not match the kinetic data coming from the uptake experiments.

The Km values for alkalinization and the Km of the

second component of uptake are however close (13mM for

alkalinization and 21mM for uptake) but the Vmax values are

not close (9 nmol/lO^/min for alkalinization and 0.5

nmol/106/roin for uptake). The kinetic parameters for the

high affinity component of uptake are not at all close to the

kinetic parameters of alkalinization. These data suggests that

the low-affinity component of uptake is mediated by a cotransport

mechanism of uptake. It is not clear whether the high-affinity

component involves cotransport. It must however be recalled that

rates of alkalinization are difficult to obtain at low

concentrations such that a high-affinity component pf

alkalinization, if it exists at all, could not be detected.

Others who have obtained kinetic parameters on both

alkalinization and uptake have also reported disparate Km

and Vwa* values, (Robinson & Beevers , 1981 and Hutchings,

1978). There are several possible reasons why the kinetic values

do not match

.

The complexity of the transport system and the lack of data

(eg: is alkalinization saturable at low concentrations) can

result in disparate kinetic values. This raises the question of

whether L-GLU uptake is mediated by 2 different carriers or by

only one carrier which undergoes an all or none transition at a

critical external L-GLU concentration. This question has been the
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basis of a long standing debate which will not be settled hy the

data obtained in this study, (Nissen & Nissen, 1983 and Borstlap,

1981). Other errors could be overestimation of alkallnization due

to metabolism or other proton movements occuring during

cotransport or underestimation of uptake due to loss of

i4C-label from the cell.

The data seem to Indicate that the alkallnization response

is monophasic being composed of 1 saturable component while the

uptake of L-GLU is biphasic being composed of 2 saturable

components. The alkallnization response might also be biphasic

but due to the lack of sensitivity at low L-GLU concentrations it

was not possible to detect a high affinity component of the

alkallnization response. It is not clear whether both components

of uptake are associated with alkallnization. However, the

Km of the low affinity component of uptake is close to the

Km of the alkallnization data indicating that this component

of uptake involves cotransport with protons

.





195

(C) The Stoichiometry of the H+/L-QLU-
Cotransport System

i) Stoichiometry

The lowest measured H* : L-GLU- stoichiometry was

3:1. This value was calculated from rates of alkallnization,

rates of uptake of i^C-L-GLU and rates of i<COa

evolution, (Table 12). It is possible however that there were

still some other parameters which were not measured which could

have effected the results. The alkallnization may have arisen

from both L-GLU metabolism and H+ /L-GLU cotransport such

that the true rate of H+ influx was overestimated. The

uptake of L-GLU, derived from the sum of the rate of uptake of

KC-L-GLU and the rate of i*C02 evolution, may

have been underestimated. The specific activity of the

i<C02 evolved was assumed to be the same as that of the

KC-L-GLU (U) added which might not be a correct assumption.

It was also possible that not all of the KCO2 evolved

was captured which would also lead to an underestimation of

uptake. Furthermore, it is possible that i<C-labelled

metabolic products are released from the cell to the medium.

Since these compounds are not accounted for it could lead to the

underestimation of the rate of uptake of i^C-L-GLU. The fact

however remains that the lowest measured ratio was 3:1.
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If this ratio is correct the H+/L-GLU cotransport

process is electrogenic. If transport is in fact electrogenic it

means that both components of the HM* ( Ai|i and ApH) play a

role in the driving force for the cotransport process . Had

cotransport been electroneutral only the ApH would have acted as

a driving force for the process with no contribution coming from

the A*.

Others have provided evidence for electrogenic H+/L-GLU

cotransport systems in the form of i ) measured stoichiometries of

2:1 and 3:1. ii) transient depolarizations of the membrane

potential upon the addition of L-GLU" , and, iii) passive

K* efflux in response to the collapse of the during the

electrogenic cotransport process, (Wyse & Komor, 1984 and

Kinraide et. al. , 1984).
\

Decreased uptake in response to increased external K+

concentration has been used as evidence for an electrogenic

uptake process, (Rubinstein & Tattar, 1980 and van Bel &

Ammerlaan, 1981). The decrease in the uptake is assumed to

reflect a decrease in the driving force brought about by K+

influx and resulting membrane depolarization. In this study,

decreased rates of the uptake of kC-L-GLU were observed at

external K* concentrations higher than ImM, (Table 10,

Figure 15), This suggested that the cotransport process in

Question was electrogenic which is consistent with a

stoichiometry of 3:1. It is possible however that a

H*/K* symport system which has been recently described

in Neurospora crassa (Rodriguez-Navajo et. al.,
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1986) is also present in the PM of Asparagus mesophyll

cells. In this case the Increased external K**^ concentrations

would have collapsed both the Ai); the A pH which would also support

the idea of an electrogenic cotransport system.

The influence of L-GLU on H+ and K* fluxes

suggested that the cotransport process is electroneutral , (Figure

16, Table 11). Other authors have shown that K+ efflux was

associated with an electrogenic H+ /L-GLU cotransport

processes, (Kinraide et. al . , 1984). The activity of an

electrogenic cotransport process would result in the collapse in

the driving force across the PM (both Ai); and ApH). The K+

efflux acts as a repolarizing current to help reestablish and

maintain the membrane potantial. In this study it was found that

L-GLU had no effect on the rate of K+ efflux while it

stimulated H+ influx. This suggested that the cotransport

process was electroneutral. The data can however be reconciled

with an electrogenic cotransport model if it is assumed that the

PM H+ ATPase maintains a steady and constant Ai|; and ApH

before and during the activity of the cotransport process. This

is however not consistent with much data showing amino acid

dependent depolarization coming from other studies, (Kinraide &

Etherton, 1980). DES did however cause a large rate of K*

efflux. This was probably due to depolarization of the plasma

membrane via inhibition of the PM H+ ATPase, and, an

increase in membrane permeability, (Balke & Hodges, 1979).
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The atoichiometry of the H+/L-GLU cotranaport proceaa

haa not been clearly determined. Data auggeatlng that it ia both

electroneutral and electrogenic haa been obtained auggeating that

the atoichiometry can vary from 1:1 to 3:1. Ehibliahed

atoichiometriea for H+/L-GLU- cotranaport ayatema in

planta have conaiatently ahown the proceaa to be electrogenic

with a atoichiometry of 2:1 while aome valuea obtained with

bacteria have ahown atoichiometriea of 3:1. If the atoichiometry

of the proceaa in queation waa in fact 1:1 it would be the firat

account of an electroneutral cotranaport of acidic amino acida in

plant eel la.

The atoichiometry of the cotranaport proceaa waa found to

increaae with increaaing external KC-L-GLU concentrationa,

(Figure 12). This will be discuaaed in the aection pn the

poaaible role of a L-GLU specific cotranaport mechanism.

ii) Accumulation Ratio

The data in Figure 14 suggested that L-GLU uptake came to a

plateau after 1 hour. It ia not clear whether this was due to a

steady state in L-GLU flux where the rate of influx equalled the

rate of efflux, or, to a halt in the influx process. From these

data, and knowledge of the cells cytoaolic volume, an

accumulation ratio waa calculated, (Appendix 2).

The calculated value of the accumulation ratio waa 14. Thia

value may not be reliable as metabolism and loss of label as

KCO2 was ignored in the calculation. In addition, many

approximations were used in the calculation. Metabolism of L-GLU
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I

would lead to an overestimation of the accumulation ratio. The

only accumulation ratios listed in Table 19 which are smaller

than 14 are those which involve an electroneutral H+/L-GLU

symport. The data did however show that L-QLU was probably

accumulated against its concentration gradient.
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Table 19: Possible Accumulation Ratios for Electrogenic and
Electroneutral Transport of L-GLU

Accumulation
Alp ApH AuH+ Ratio

1H+/1L-GLU-

2H+/1L-GLU-

3H+/1L-GLU-

0.00 0.5
0.00 1.0
0.10 0.0
-0.10 0.5
-0.10 1.0

0.00 0.5
0.00 1.0
-0.10 0.0
-0.10 0.5
-0.10 1.0

0.00 0.5
0.00 1.0
-0.10 0.0
-0.10 0.5
-0.10 1.0

-0.03
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(D) The Specificity of the H* /L-GLU Cotransport Svatem

Several pieces of experimental evidence suggest that the

cotransport system is specific for L-GLU and L-MSO.

The alkalinization response, which is an indication of

cotranspoxvt , was specific for L-QLU and L-MSO and none of the

other L-amino acids tested including L-ASP gave this response,

(Table 4). The stereoisomer of L-GLU, D-GLU, did not give an

alkalinization response either suggesting that the cotransport

protein is stereospecif ic. It is not clear if the inhibition in

the rate of acidification upon addition of compounds other

than L-GLU and L-MSO was due to weak alkalinization or due to

some other process (ie: change in the ionic strength of the

medium)

.

The internal acidification response, which was also used as

an indicator of the existence of a cotransport process, was

specific for L-GLU and L-MSO while L-ASP did not cause internal

acidification, (Figure lOA and lOB).

It was also found that both L-GLU and L-MSO were transported

by the same carrier as both compounds inhibited the uptake

of 14C-L-GLU and stimulated alkalinization, (Table 5, Figure

8). Again, L-ASP did not effect the uptake or alkalinization

response.

Furthermore, it was found in our lab that addition of

^*C-L-ASP resulted in very low rates of uptake relative to

*^C-L-GLU (Ciccarelli & Bown, personal communication).
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The data strongly suggest that the H+/L-GLU cotransort

system is specific for L-GLO and L-MSO. Many publications in this

field have shown that there are carrier systems which are

specific for acidic amino acids (L-GLU and L-ASP) such that both

are transported by the same carrier, (King & Hirji, 1975,

Etherton & Rubinstein, 1978 and Wyse & Komor, 1984). A specific

H* /L-GLU system has been characterized in the bacteria

Staphylococcus aureus while one carrier in the

cyanobacteria Anabaena variabilis has been found to

have a L-GLU transport system which also transports L-GLN and

L-MSO, (Mitchell et.al., 1979 and Chapman & Meeks, 1983). It is

clear then that many different carriers of differing specificity

exist for L-GLU transport.

L-MSO is a well known inhibitor of the enzyme ^lutamine

synthetase therefore the fact that it is a structural mimic of

L-GLU is not surprising, (Ronzio et. al . , 1969 and Miflin & Lea,

1978). A rationale for specificity toward L-MSO and not L-ASP can

be found through examination of their structure, (Figure 22). If

the binding site for L-GLU can recognize both the head of the

amino acid and the negative charge at the end of its side chain

then there would be both a specific structural and electrical

requirement before a compound could bind to the carrier.

Although a static diagram shows it to lack a negative charge on

its side chain it can be seen from its resonance structure that

L-MSO has a partial negative charge on its side chain. The

partial negative charge is on the oxygen atom as a result of its

greater electronegativity relative to sulphur to which it is
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Figure 22: The Structure of L-GLU. L-MSO and L-ASP
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covalently bound. L-ASP has a full negative charge on its side

chain in the pH range used in this study (pH 5 to 7) as a result

of its deprotonated carboxyl group (pK = 3.9). L-ASP may not bind

to the carrier protein because of its length. The side chain of

L-ASP is similar to that of L-QLU except that it is lacking one

-CH2 - group making it shorter than L-GLU. Because of its

shorter length it cannot make contact with both binding sites and

therefore cotransport does not occur. It seems rather clear that

both L-GLU and L-MSO meet structural and electrical requirements

necessary to bind to and be transported by the transport carrier

in question.

L-MSO dependent alkalinization occured at a lower rate

relative to that of L-GLU. This could be due to 2 reasons.

Firstly, L-MSO was added as a racemic mixture ^

(L-methionine-L-sulfoximine and L-methionine-D-sulfoximine) only

one enantiomer of which might be transported. The second reason

is that the transport protein may have a lower affinity for L-MSO

relative to L-GLU. One or both of these explanations may indicate

why L-MSO gave a reduced external alkalinization response, a

reduced internal acidification response and had a smaller effect

on the inhibition of i^C-L-GLU uptake, (Tables 3 and 5,

Figure 10).
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(E) The Effect of Light on Alkalinization and Uptake

Data obtained early in this study showed that there was no

difference in the rate of alkalinization in the light and the

dark, (Table 3). This led to the assumption that there was no

effect of light on the uptake of L-GLO. This assumption turned

out to be incorrect as it was found late in the study that light

did in fact stimulate uptake. If L-GLU was entering via a

H+/L-GLU cotransport system then it would be expected that

an increase of uptake in the light would be accompanied by an

increase in the rate of alkalinization but this study showed that

light only stimulated uptake but not alkalinization, (Tables 13

and 15, Figures 19 and 20).

Other authors have found that light stimulated uptake of

i*C-labelled amino acids but they have not shown whether or

not light stimulated the alkalinization process, (van Bel et.

al. , 1979, 1981, 1982). These authors suggested that the

increased rates of uptake in the light can be explained by one of

two mechanisms. The first explanation suggested that the

increased activity of the PM H+ ATPase in the light

generated a greater AuH* which led to a greater driving

force for the uptake process presumably resulting in increased

uptake, (van Bel et . al . , 1961). A second explanation proposed

that the uptake of amino acids in the light is not stimulated

relative to that in the dark but that rates of efflux are

different in the light and dark, (van Bel and Ammerlaan, 1981).

Their study however showed greater rates of efflux in the light

than in the dark but the trend may be different in other tissues
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such that greater efflux occurs in the dark than in the light.

The mechanism for the efflux was suggested as resulting from

changes in membrane conformation (Fischer & Luttge, 1980) such

that 'pores' are induced which would allow the solute to diffuse

out of the cell if the concentration in the cell is higher than

the external concentration. Another mechanism for efflux in the

light may arise from the increased activity of a carrier mediated

facilitated diffusion of the solute. The efflux of 6-deoxygluxose

has been found to be inhibited by N-ethyl maleimide (NEM)

suggesting the existence of such carriers, (van Bel & Ammerlaan,

1981). A third possibility to explain increased uptake in the

light arises from the present study and is related to

i<C-L-GLU metabolism. The rate of alkalinization suggests

that uptake of L-GLU is the same in the light and dark. Assuming

that uptake is in fact the same in the light and the dark then

the lower measured rate of uptake in the dark must arise from a

loss of label from the cell. It is known that L-GLU

decarboxylation is much greater in the dark than in the light,

(Figure 23). If increased metabolism results in increased efflux

of metabolites then uptake rates in the dark will be

underestimated. Thus rates of uptake in the light would appear to

be stimulated. There is no direct evidence coming from this study

to support any of the 3 proposed mechanisms to explain increased

uptake in the light.

It is clear from the literature and from the data presented

in this study that light appears to stimulate uptake of amino

acids via H* /amino acid carriers. What is not clear is the
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mechanism by which the apparent stimulation occurs. To note is

the fact that if the rate of CO2 evolution had not been

accounted for, the reported stimulation by light would have been

much greater as rates of i*C02 evolution were higher in

the dark, (Table 17, Figure 21). Others who claim light

stimulated uptake should therefore check for differential

K CO2 evolution as a possible explanation of the data.
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(F) The Possible Role of a Specific H* /L-GLU Cotranpsort
System in Asparagus Mesophyll Cells

All leaf cells need a source of nitrogen (N) in order to

remain alive. The source of N comes from metabolic activities in

the roots where inorganic compounds (NO2-

,

NO3- and NH4+) absorbed from the soil are

assimilated into organic compounds (ureides, amides and sunino

acids), (Pate, 1980). These compounds are then sent up to the

leaves via the xylem. As the xylem sap ascends the shoot, the

N-containing compounds can be absorbed laterally by the phloem.

The phloem or xylem then directs the compounds to the various

parts of the plant. In Lupjnus albus it was found

that only L-GLU and L-ASP were delivered to the mature mesophyll

cells, (Atkins et. al . , 1980). Similarly, in Populup

deltoides only the acidic amino acids L-GLU and L-ASP were

translocated directly to mature leaves and were taken up by the

cells. Little translocation of threonine and alanine occured,

(Vogelmann et. al . , 1985, Dickson et.al., 1985). This suggested

that the stems were able to differentiate between compounds and

are able to direct the movement of specific amino acids to

specific tissues.

In leaves, the site of photosynthesis is the chloroplast.

There are several light absorbing pigments located on the

thylakoid membrane of the chloroplast which play a role in light

absorption and transfer. The main pigment in many plants is

chlorophyll. The biosynthesis of the porphyrin ring of

chlorophyll starts with L-GLU in a committing step catalysed by
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ATPrL-glutamate 1 -phosphotransferase, (Goodwin & Mercer, 1983).

The product then undergoes 2 more metabolic steps catalysed by

L-glutamate l-semialdehyde:NADP oxldoreductase and L-glutamate

1-semialdehyde aminotransferase to produce 6-amino levulinic

acid. This is in contrast to heme biosynthesis in animal cells in

which the first step is the condensation of glycine and succinyl

CoA to form 6-amino levulinic acid, (Stryer, 1981).

If L-GLU is in fact transported to the leaf cells to

specifically serve as a source of carbon skeletons for porphyrin

ring synthesis then it is not surprising that CO2 evolution

was observed when L-GLU was added. The last few steps in the

synthesis of the ring involve 6 decarboxylations, (Goodwin &

Mercer, 1983).

Another possible role for the cotransport systpm is to

supply the cell with nitrogen. It is possible that the root

delivers nitrogen to the leaves in the form of L-GLU. The L-GLU

is taken up by the cell and loses its nitrogen through

deamination or transamination reactions. A product of its

metabolism may be then exported from the cell where it goes to

the roots, becomes aminated back to L-GLU, and returns to the

leaf cells with a new supply of nitrogen. Alternatively, the

carbon skeleton could enter the Krebs Cycle and therefore account

for the CO2 evolution observed, (Figure 21). The rates of

CO2 evolution may be the same in the light and the dark but

the CO2 evolved in the light might however be fixed by

photosynthesis which would explain why the rates of CO2

evolution are higher in the dark than the light. The first scheme
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might also explain why the H+ /L-GLU atoichiometry increases

at increasing external i*C-L-QLO concentrations. If the

efflux of the L-GLU metabolite occured via a H* /L-GLU

metabolite antiport system, such that the efflux of the

metabolite was driven by the influx of protons down their

electrochemical gradient, then Increased metabolism occuring at

Increasing external L-GLU concentrations would lead to greater

activity of the antiport system which would cause an apparent

increase in the H+ /L-GLU stoichiometry , (Model 2).

A third possible role for L-GLU is to play a role in the

conversion of NH4 into the amino acid pool,

(Figure 23). L-GLU and NH4+ are converted to L-QLN via

glutamine synthetase which incorporates NH4 + into the

organic pool . L-GLN and a-kg is then converted to 2^ L-GLU via

GCX3AT. The L-GLU can then convert a-keto acids into a-amino acids

via auninotransferase reactions. This scheme does not however

result in CO2 evolution and is therefore not consistent with

the experimental results obtained in this study.

It is clear that L-GLU plays a role in many important

reactions and cycles in the cell. The specific translocation of

L-GLU to leaf cells may be to provide carbon skeletons for the

biosynthesis of chlorophyll, to supply the cell with nitrogen or

to play a role in the photorespiratory nitrogen cycle. In

Asparagus it was found that the xylem fluid contains low

eunounts of L-GLU relative to other organic compounds. (Bown,

personal communication). This can be reconciled with the idea

that although the L-GLU levels are low they appear to be





211

Model 2: A Model Showing Medium Alkalinization Due to
H*/L-Gm Cotransport and L-GLU Metabolism
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Figure 23: The GOGAT Cycle: The Incorporation of
NH4* Into the Organic Pool
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directly delivered to the mature leaf cells and therefore their

fate is assured. The problem is that L-GLU cannot just traverse .

the plasma membrane of the cells. This author views the inside of

a leaf as being a loose collection of cells which are bathed in

xylem fluid containing L-GLU. As L-QLU is large and lipophoblc,

it cannot diffuse across the plasma membrane. A mechanism and a

driving force must therefore exist for its entry. This study has

presented evidence for the operation of a H* /L-GLU

cotransport system in Asparagus sprengeri mesophyll

cells isolated from the leaves. The specificity of the carrier

may therefore reflect a specific requirement of these cells for a

supply of L-GLU.





21^

CONCLUSIONS

The data presented in this study are consistent with the

operation of a H+/L-GLU cotransport system. The origin of

the L-6LU dependent alkalinization can in principle be ascribed

to L-GLU metabolism or a H* /L-GLU- cotransport

mechanism. However, several experimental approaches supported the

hypothesis of a H+ /L-GLU cotransport system. The

alkalinization was found to be specific for L-GLU and L-MSO,

saturable and stimulated by protons. Both L-GLU and L-MSO caused

internal acidification. The uptake of ^C-L-GLU was

inhibited by L-GLU and L-MSO, stimulated by fusicoccin,

stimulated by protons, inhibited by K+ and found to be

biphasic. Although L-GLU had no effect on K+ flux, the

direct measurement of the stoichiometry ( 3H+ : IL-GLU"

)

suggested that the cotransport system was electrogenic.

A model which is consistent with these data involves a PM

H+ ATPase and a cotransport protein, (Model 3). The model

shows that the H+/L-GLU~ cotransport process is

electrogenic with a stoichiometry of 3:1. If the PM H*

ATPase pumps 2 protons out for every 3 protons entering with 1

L-GLU- a steady state is quickly established. In this steady

state electroneutrality across the E*M is maintained whilst the

external medium becomes progressively more alkaline while the

inside becomes acid. The model however predicts that L-MSO, which

is uncharged, would require a counter ion to appear in the

medium; the experiments testing for a counter ion have however

not been performed. A third transport protein could be added to





Model 3: A Model of the PM H* ATPase and the
H*/L-GLU- Cotransport System
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the model to help explain the high stoichlometrles obtained with

high L-QLU concentrations but it was omitted as no evidence for .

Its existence was obtained in this study.
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Appendix tfl

Raw Data From Which the Tables and Figures

in the Results Section Were Calculated
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Appendix HH

Raw data from which the values in Table 3 were calculated.

Day Rate of
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Appendix 1^1

Data from which the values in Table L\ were calculated.

Amino
acid
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Leucine

L7sine

Methionine

1

2
3

1

2
3

1

2
3

Methionine 1

sulfoximine 2
3

Phenyl-
alanine

Proline

Serine

Threonine

Tryptophan

Tyrosine

Valine

Ho
addition

1

2
3

1

2
3

1

2
3

1

2
3

1

2
3

1

2
3

1

2
3

1

2
3

0.
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Appendix Itl

Raw data from which the values in Table 5 were calculated.

ALKALINIZATION DATA

Day

None
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Time Day 1 Day 2 Day 3 Day 4 Day 5

D-QLU

1

2
3

4

5

r
a
b

L-MSO

1

2
3

4

5

r
a

b

L-GLN

1

2

3

4

5

r
a
b

L-ASP

1

2
3

4

5

r
a

b

1127.3
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Time Day 1 Day 2 Day 3 Day 4 Day 5

Na2 S04

1

2
3

4

5

r
a
b

- Rates of alkalinlzation are expressed in units
of nmol H+/106 cells/min.

- The i<C-L-GLU uptake values are expressed in units of
cpm for aliquot s removed at 0,1,2,3.4 and 5 minutes.

- The values r, a and b represent correlation coefficients,
slopes of the regression lines (cpm/min) and x-axis intercepts
(cpm) respectively.

- Rates of uptake of i*C-L-GLU were calculated using the
value b, a counting efficiency of 85%, a specific activity of
2946 dpro/nmol L-GLU and 0.4 X 106 cells.

1404.2
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Appendix #1

Raw data from which the values in Table 6 were calculated.
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Appendix 91

Raw data from which the data in Figure 10 was plotted.

226

Time
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Time
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Appendix IH

Raw data from which the data in Tables 7 and 8 were calculated.

ACIDIFICATION
DATA

No fusicoccin

0.658
1

1

604
713
919

2 X 10- 5M fusicoccin

1.491
3.124
3.611
2.069

UPTAKE DATA

No fusicoccin

2 X 10-5M
fusicoccin

Time Day 1 Day 2
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Appendix ^1

Raw data from which values in Table Q were calculated.

PH

5.6

6.0

6.5

Day Light Dark

1





230

Appendix ^1

Raw data from which the values in Figure 13 were calculated.

PH

5.5

6.0

6.5

Time Day 1 Day 2 Day 3 Day 4 Day 5 Day 6



I
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Appendix ffl

Raw data from which the values in Figure 14 were calculated,

ALKALINIZATION DATA

Time Day 1 Day 2 Day 3

UPTAKE DATA
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Appendix tfl

Raw data from which the values In Table ^Q were calculated.

No KCl





10- 2 M KCl

253

45.8 21.6 77.6 26.1

1





23^

Appendix HH

Raw data from which the values in Table l\ was calculated.

Day H* flux K* flux

Before L-GLU 1 1.28
2 0.021 acid 0.88
3 0.094 acid 1.15

After L-GLU 1 1.97 alka 1.05
2 2.21 alka 0.64
3 2.76 alka 1.10

Before
valinoroycin
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Raw data from which the values in Table \2 ^^^^ calculated.
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ALKALINIZATION

L-GLO
concentrat ion

0.50

2.0

10

Day

1

2
3
4

1

2
3
4

1

2
3
4

Light Dark

0.505
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2.0 1709.0
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2.0





238

10
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312.5 2662.0
757.7 5004.7
1255.0 6912.5
1669.3 8138.3

r 0.9994 0.9908
a -143.30 1095.20
b 182.71 733.47

L-QLU concentrations aare expressed in units of mM.
Rates of alkalinization are expressed in units
of nmol H+/106 cells/inin.
The i^C-L-GLU uptake values are expressed in units of cpm
for aliquots removed 10 minutes after the start of the
experiment. The 3 values represent triplicate samples taken at
that time.
The values of i^COz evolution aaare expressed in
units of cpwn for methylbenzethonium hydroxide satmples collected
at 2.5, 5.0, 7.5 and 10 minutes.
The values r, a aand b represent correlation coefficients,
slopes of the regression lines (cpm/min) and x-axis intercepts
(cpm) respectively.
Rates of 1<C02 evolution were calculated from the
value b, the counting efficiency 92S», the specific activity
1182 dpm/nmol and 6 X 106 cells.

.

Rates of uptake of i*C-L-GLU were calculated using the
value b, the counting efficiency 85%, the specific activity of
1182 dpm/nmol and 0.4 X 106 cells.
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Appendix #1

Raw data from which tho values in Table 13 ^^^^ calculated.

L-QLO
concentration Day

Rate of L-GLU dependent
alkalinization

Light Dark

0.5

1.0

1.5

2.5

5.0

10.0

1

2
3
4

1

2
3

4

1

2
3

4

1

2
3

4

1

2
3

4

1

2
3
4

0.208
0.463
0.337
0.352

0.627
0.617
0.636
0.662

0.912
1.198
0.782
0.913

1.631
1.589
1.276
1.655

2.743
3.348
2.036
2.539

3,

5
2,

4

683
190
778
958

0.

0.

0.

0,

277
515
239
231

0.590
0.584
0.638
0.517

0.695
1.161
0.929
0.672

1.249
1.580
1.052
1.630

2.

2,

2.

2.

3.

4.

2,

4

330
794
021
941

441
567
376
630

- The L-QLU concentration is expressed in units of mM.
- The rates of alkalinization are expressed in units

of nmol H*/10e cells/min.
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Appendix HH

Raw data from which the values In Table ]5 ^^^^ calculated.

UPTAKE OF i*C-L-GLO

L-GLU





2^2

0.25 (L)
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1.0 (L)

1.0 (D)

1.5 (L)

1.5 (D)





2^^

2.5 (L)
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10 (L)

10 (D)
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Appendix #1

Raw data from which the values in Table 17 were calculated.

L-GLU
concentration

0.25 (L)

0.25 (D)

0.50 (L)

0.50 (D)

Time Day 1 Day 2 Day 3

2





w

1.0 (L)

1.0 (D)

2.5 (L)

2.5 (D)

5.0 (L)

\

2
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5.0 (D)

10 (L)

10 (D)

2
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Appendix <t2

Calculation of the Accumulation Ratio
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Appendix <t2

The calculation of the accumulation ratio

Aasumptipng

- The cells are cylindrical In shape
- The cells length and radius are 35uin and lOum respectively.

These values were measured using an ocular micrometer.
- The cells cytosollc volume = 5% of the total volume.
- That the L-QLU concentration in the cell suspension medium

(ImM) does not change significantly during the experiment.
- No metabolism of L-QLO occurs.

Calculation

- The cellular volume = 3.14 X (radlus)2 X length
= 3.14 X 10um2 X 35um
= 10997 or 11000 um3 for 1 cell.

- The volume for lOe cells = 11 X 109 um^

- The cytosolic volume = 11 X 109um«/20 =

5 X 108 um3

- Converting the units of um* to litres gives,

5 X 10«um3/l X 1015 uro3/l
or

5 X 10-7 litres/106 cells

- The amount of L-GLU in this volume was 7 nmoles/lO® cells.

- The cytosolic L-GLU concentration is

7 X 10 moles/5 X lO"? litres

or 14mM

- The accumulation ratio is <L-GLU>i /<L-GLU>o =

14mM/lmM

Accumulation Ratio = 14
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Appendix #3

Data Obtained But Not Used In the Thesla
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(A) The Influence of DES on the Rate of L-GLU
Dependent Alkallnlzation and the Rate
of Uptake of i*C-L-GLU

The Influence of DES on the rate of L-GLU dependent

alkallnlzation and the rate of uptake of 1<C-L-GLU was

studied using the pH vs time and 1*C-L-GLU uptake methods

simultaneously. To 4 X 106 cells in 2 ml of ImM CaS04

was added ImM kC-L-GLU. The suspension was stirred in

ambient light. Every 2 minutes, for 10 minutes, a 200 ul

allquots of the cell suspension was removed to determine the

uptake of 1<C-L-GLU. The experiment was repeated but 10

minutes prior to the addition of i^C-L-GLU, 200uM DES was

added to the cell suspension. Finally, a 3rd experiment was

performed where 200uM DES was added 6 minutes after the addition

of i<C-L-GLU. Rates of L-GLU dependent alkallnlzation and

rates of uptake of 1<C-L-GLU were calculated (Table 20,

Figure 24 A,B,C).

The data showed that the rate of L-GLU dependent

alkallnlzation and the rate of uptake of 1<C-L-GLU was

typical. Addition of i<C-L-GLO to DES treated cells resulted

in a rate of L-GLU dependent alkallnlzation similar to that of

the non-DES treated cells. The rate of ^C-L-GLU uptake was

however much lower; being only 40% of the rate of non-DES treated

cells. In those experiments where the DES was added midway

through the runs, the rate of L-GLU dependent alkallnlzation

before addition of the DES was typical of that found in

non-treated cells while the rate of alkallnlzation after the

addition of DES was greatly increased. This alkallnlzation was
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non-linear and came to a plateau after 2 to 3 minutes. The rate

of uptake of KC-L-GLO In these experiments before the

addition of DES was typical of that found in non-treated cells

while the rate of uptake after the addition of DES was reversed

and a net loss of radioactivity associated with the cells was

observed.

r
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Table 20: Rates of L-GLU Dependent Alkallnlzatlon and
Rates of Uptake of KC-L-GLU in the
Presence or Absence of PES

Protocol
Rate of L-GLO dependent

alkallnlzatlon

Rate of uptake

of 14C-L-GLU

ImM 14C-L-GLU

only
0.989 (0.044) 0.0218 (0.0008)

200uM DES followed

by ImM kC-L-GLU
0.934 (0.099) 0.0089 (0.0028)

ImM 14C-L-GLU

only

+

200uM DES 6 minutes

after the addition

of 14C-L-GLU

0.900 (0.029)

non-linear rate
of alkallnlzatlon
which came to a
plateau

0.027^ (0.0033)

non-linear loss
of i4C-label
from the cells

- Each value is the mean of 3 trials (with S.D. in brackets).
- Rates of L-GLU dependent alkallnlzatlon and rates of uptake of
1*C-L-GLU are expressed in units of
nmol/lO® cells/min.

- The reaction vessel contained 4 X 10^ cells in 2 ml
of ImM CaS04

.

- The suspension was stirred in ambient light.
- No rates of alkallnlzatlon or uptake could be calculated
when DES was added midway through the experiment because the
responses were not linear.

- Raw data appears in appendix 91

.
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Figure 24: The Influence of DES on L-GLU Dependent
Alkallnigation and Uptake of t<C-L-GLU

The 3 tracings are representatives of 3 separate experiments

where (A) ImM KC-L-GLU was added, (B) the cells were

treated with 200uM DES before addition of ImM i<C-L~GLU,

and, (C) 200uM DES was added 6 minutes after the addition of

ImM 14C-L-GLU. The reaction vessel contained 4 X 106

cells in 2 ml of ImM C 304 . The suspension was stirred in

ambient light.
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Raw data from which the values in Table 20 were calculated.

ALKALINIZATION DATA

Condition

ImM i*C-L-QLU

200uM DES followed
by ImM »4C-L-GLU

ImM 14C-L-GLU
before addition of
200uM DES

Day

1

2
3

1
2
3

1
2
3

Rate of alkalinization

0.987
0.946
1.033

1.042
0.849
0.911

0.889
0.877
0.933

UPTAKE DATA

Condition

ImM KC-L-GLO

200uM DES followed
by ImM i^C-L-GLU

Time

Uptake of 14C-L-GLU

Day 1 Day 2 Day 3
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I

Time Day 1 Day 2 Day 3

ImM 14C-L-QLU
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(B) The Influence of L-GLU, L-GLU Analogs, Freezing
and Inhibitors of H* Pumping on the
Uptake Of »< C-TPPB

The purpose of this experiment was to measure changes in

the membrane potential upon the addition of L-GLU by using the

lipophilic cation TPPB. The effect of L-GLU, L-QLU analogs,

freezing and inhibitors of H* pumping on the uptake of

KC-TPPB was studied using the silicon oil centrifugation

method. To a cell suspension containing 2 X 106 cells in ImM

CaS04 was added 16uM 1<C-TPPB. At every 5 minutes, for

40 minutes, 50 ul aliquot of the cell suspension were removed

to determine the uptake of ^C-TPPB. The experiment was

repeated but at the 20 minute mark one of the following compounds

was added; ImM L-GLU, L-MSO, L-ASP, lOmM KCl or lOOuM DES. The

data was plotted as the uptake of i<C-TPPB vs time

(Figure 25)

.

The data show that there is a quick uptake of 1<C-TPPB

over the first 5 to 10 minutes. After the initial 10 minutes, the

uptake of i^C-TPPB is very slow for the rest of the 30

minutes. This slow uptake was not significantly influenced when

ImM L-GLU, L-MSO or L-ASP were added at the 20 minute mark. The

addition of lOmM KCl abolished the slow rate of uptake with no

subsequent net uptake of i<C-TPPB. The addition of lOOuM DES

at the 20 minute mark caused an initial increase in the uptake of

14C-TPPB which leveled off after 15 minutes.





262

The experiment as described earlier was repeated but this

time either lOOmM NaMs or lOmM DCCD was added at the 20

minute mark or the cells were frozen before the experiment was

performed with no additions being made during the experiment

(Figure 26).

The data show that the levels of i<C-TPPB uptake over

time were similar in the experiments where either NaNs or

DCCD were added relative to the experiment where no additions

were made. In the experiment where the cells were frozen before

the experiment was performed, there was an immediate high level

of uptake at time which increased very little over the

subsequent 40 minute period.

The effect of . 5mM Na2S04 and 10 uls of

80% ethanol on the levels of kQ-TPPB was also studied

(Figure 27). The data show that both Na2S04 and

ethanol had no effect on the uptake levels of ^ < C-TPPB

relative to the experiment where no compound was added.
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Figure 25: The Influence of L-GLU, L-GLU Analogs,
KCl and DES on i^C-TPPB Levels
in Mesophvll Cells

The graph shows the influence of L-QLO, L-GLU analogs, KCl

and DES on KC-TPPB levels in mesophyll cells. To a reaction

vessel containing 2 X 106 cells in ImM CaS04 was added

16uM KC-TPPB. The suspension was stirred in ambient light.

Every 5 minutes, for 40 minutes, 50 ul aliquot of the cell

suspension were removed to determine the uptake of i*C-TPPB.

The experiment was repeated but at the 20 minute mark one ox the

following compounds was added; ImM L-GLU, L-MSO, L-ASP, lOmM KCl

or lOOuM DES. The uptake of i*C-TPPB is expressed in units

of dpro/lOe cells.
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Figure 26: The Influence of NaNa

,

DCCD and Freezing on
14C-TPPB Levels in Mesophvll Cells

The graph shows the influence of lOOmM NaNs , lOmM DCCD

and freezing on kC-TPPB levels in roesophyll cells. To a

reaction vessel containing 2 X 106 cells in 1 ml of ImM

CaS04 was added 16uM KC-TPPB. The suspension was

stirred in ambient light. Every 5 minutes, for 40 minutes, 50 ul

aliquot of the cell suspension werer removed to determine the

uptake of i^C-TPPB. The experiment was repeated but at the

20 minute mark was added either lOOmM NaNa or lOmM DCCD or

the cells were frozen before the experiment was performed with no

subsequent additions. The uptake of i*C-TPPB is expressed in

units of dpm/106 cells. ',



I
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Figure 27: The Influence of Na2S04 and
80% Ethanol on KC-TPPB Levels
in Meaophyll Cells

The graph shows the influence of Na2S04 and

80% ethanol on KC-TPPB levels in mesophyll cells. To a

reaction vessel containing 2 X 106 cells in 1 ml of .

ImM CaS04 was added 16uM i^c-TPPB. The suspension was

stirred in ambient light. Every 5 minutes, for 40 minutes, 50 ul

aliquot of the cell suspension were removed to determine the

uptake of 1<C-TPPB. The experiment was repeated but at the

20 minute mark was added either . 5mM Na2S04 or 10 uls

of 80% ehtanol. The uptake of 1<C-TPPB is expressed in units

of dpm/106 cells.
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Appendix #1

Raw data fr(MB which values in Figures 25 » 25 *s 27 were plotted.

Tine
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ImM L
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^

Experiment 112





Experiment #3

272

Time

no addition

5
10
15
20
25
30
35
40

Day 1 Day 2 Day 3

Na2 S04

ethanol

5
10
15
20
25
30
35
40

5

10
15
20
25
30
35
40

3726.
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(C) The effect of cell density on the rate

The purpose of this experiment was to determine if the cell

density has an effect on the L-6LU dependent rate of

alkalinization. The effect of cell density on the rate of L-GLU

dependent alkalinization was studied using the pH stat method. To

a reaction vessel containing either 10, 20 or 40 X lO^ cells

in 10 ml of ImM CaS04 was added lOmM L-GLU. The suspension

was stirred and aerated in the light. The rate of L-GLU dependent

alkalinization was recorded for 5 to 7 minutes at pH 5.8. Rates

of L-GLU dependent alkalinization were calculated and appear in

Table 21 and Figure 28.

The data show that as the cell density increased, the rate

of L-GLU dependent alkalinization decreased. The ra^e of L-GLU

dependent alkalinization was inhibited by 41% when the cell

density was 4 X 10^ cells/ml compared to the rate at a

cell density of 1 X 10^ cells/ml. The decrease in the rate

of alkalinization was not linear in the cell density range

studied.





m

Table 21: Rates of L-6LU Dependent Alkallnlzation
at 3 Different Cell Densities

Cell density Rate of L-GLU dependent

(X 106 cells/ ml) alkallnlzation

1 4.32 (0.36)

2 3.36 (0.35)

4 2.54 (0.27)

Each value is the mean of 4 trials (with S.D. in brackets)
The rates of alkalinization are expressed in units
of nmol H+/10e cells/min.
The reaction vessel contained 1, 2 or 4 X lO^ cells in
2 ml of ImM CaS04 to which was added lOmM L-GLU.
The suspension was stirred and aerated in the light.
Raw data appears in appendix #1

.
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Figure 28: The Influence of Cell Density on the Rate of
L-GLU Dependent Alkalinization

The following graph shows the influence of cell density on

the rate of L-QLU dependent alkalinization. To a reaction vessel

containing 4 X 10^ cells in 2 ml of ImM CaS04 was

added lOmM L-QLU. The rate of L-GLO dependent alkalinization was

followed for 5 to 7 minutes using a pH stat method adjusted to

pH 5.8. The suspension medium was stirred and aerated in the

light. Rates of alkalinization are expressed in units of

nmol H+/106 cells/min.
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Appendix 41

Raw data from which the data in Table 21 ^^^ calculated.

Rate of alkalinization

Cell density Day 1 Day 2 Day 3 Day 4

1

2
4

- The cell density is expressed in units of 10^ cells,
- The rates of alkalinization are expressed in units

of nmol H+/108 cells/min.

4.44
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(D) Comparison of L-GLU Dependent Rates of Alkallnlzation
Using the pH vs Time and pH Stat Methods

The purpose of this experiment was to measure the rate of

L-GLU dependent alkalinization using two different methods. Rates

of L-QLU dependent alkalinization were compaared using the pH vs

time and pH stat methods. To 18 X 106 cells in 10 ml of ImM

CaS04 was added ImM L-GLU. The suspension was stirred and

aerated in the light. The rate of L-GLU dependent alkalinization

using the pH vs time method was measured in the pH range of 5.7

to 5.9 while the the rate of L-GLU dependent alkalinization using

the pH stat method was measured at pH 5.8. The L-GLU dependent

alkalinization was recorded over a 5 minute period. The contents

of the reaction flask were titrated with ImM HCl in those

experiments where the pH vs time method was used. Rptes of

alkalinization were then calculated (Table 22).

The data show that the rate of L-GLU dependent

alkalinization was similar for the 2 methods; the rates using the

pH stat method method were however 15% higher than the rates

using the pH vs time method.
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Table 22: Rates of L-GLU Dependent Alkalinization Using
the pH vs Time and the pH Stat Method

Rates of L-GLU dependent alkalinization

pH vs time pH stat

1.029 1.208

(0.050) (0.109)

Each value is the mean of 3 trials (with S.D. in brackets)
Rates of L-GLU dependent alkalinization are expressed in
units of nmol H+/106 cells/min.
To 18 X lOe cells in 10 ml of ImM CaS04 was added
ImM L-GLU.
The suspension was stirred and aerated in the light.
Raw data appears in appendix ^1.
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Appendix #1

Raw data from which the values In Table 22 were calculated.

Rate of alkallnlzation

Method Day 1 Day 2 Day 3

pH vs time 1.051 0.971 1.064
pH Stat 1.133 1.168 1.333

- The rates of alkallnlzation are expressed in units
of nmol H+/106 cells/min.

I
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