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CHAPTER I 

INTRODUCTION 

Prediction is one of the greatest contributions man can obtain 

from science. Science and common-sense both gather and classify 

knowledge, but science also attaches an explanation. This is how 

the discipline of science has helped man to progress beyond any 

point he could have reached by strictly empirical means (common­

sense). Science does not discard common-sense knowledge, but ex­

pands it. From the gathered and classified knowledge, theories are 

worked out from which predictions can be made. 

When a phenomenon is observed in reference to a given set of 

conditions, unless some method of prediction is ava.ilable when one 

or more of the conditions are changed, the phenomenon must be observed 

again in reference to the changes made. However, if the relationship 

between the phenomenon and the conditions has been described, then 

the changes could be predicted and the additional observations would 

not be necessary. Theories can be built upon. If a theory is found 

to be adequate with respect to certain variables, other variables 

can be introduced until a total system is described. Changes in 

that system can then be predicted in reference to changes in any of 

the factors that influence it. Thus, logical empiricism is not 

enough for the rapid advancement of man's knowledge, 
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In e.ff ect, · there is a hieraregy o.f ·:sta.tsments '.in· .s:c'ience. , The 

first of these a.re the individual statements, e.g. measu:rements and 

magnitudes. The · second level contains the .general statements. These 
' ' 

are statements of functional relations between magnitudes, e.g. theories! 
. I 

', 

The third level consists of principles. These give the relation be-

tween functional relations, e.g. the consenation of energy links to-

gether chemistry, physios, tnechanics, and biology. 

Early in the nineteenth century, Justus von Liebig, Sir John 

Lawes: and Von Mohl instigated the first scientific res.earch into plant 

nutrition. Since that time, scientists interested in plant nutrition 

have been working at the first two leve1s of scientific statements. 

Much p:rogress has been made, pa:rticularly in the last three decades. 

The use of high analys.is fertilizers has shown that it will eventu­

ally be necessary tb describe more fully the plant-soil-nutrient 

source systeill. 

The doubling of plant material yields by fertilizer addition to 

e,oil never fertilized before dan be easier than increasing the doubled 

yield by adding more fertilizer to the soil. In other words, each 

additional increment increase in yield is harder to obtain. The.same 

principle holds for quality of plant material produced. Introduction 

of new varieties. helps, but cannot alone solve the probleih. Geneti-

c·ists are faced with much the same type of problem. It is not un­

reasonable to. suspect that being able. to des.cribe the plant-soil­

nut:rient source syst'ein and- being able to predict from that description 

would be of. benefit. in help:iing to gain that next increment in plant· 

material yie;td and/or quality.. 
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The total system in which agronomists are interested is too com­

plex to be worked with as a whole and must be broken down. Each frag­

ment must be worked on individually and later incorporated into a 

description of the total system. The research reported in this thesis 

was concerned with cation uptake, The objectives of this research 

were: 1) to investigate the mechanism of cation uptake using a system 

more nearly approaching the natural conditions of the plant and en­

viroI'!lllent than excised roots and forced aeration. 2) to evaluate 

the proposed mechanisms of cation uptake with measured quantities in 

addition to kinetics. 



CHAPTER II 

LITERATURE REVIEW 

Cation uptake by plants has been considered to be passive, active 

and a combination of both. Passive ·uptake is thought to be characteri­

zed by diffusion along a concentration gradient, it is nonlinear with 

time, ions taken up are readily exchangeable with other ions in the 

external solution, Q10 is around one, it is not highly selective ~nd 

it does not require oxygen or metabolic energy. In contrast to this, 

active uptake is thought to be characterized by absorption against a 

concentration gradient, chemically similar materials are often mutually 

antagonistic, chemically similar materials are selectively absorbed, 

a supply of oxygen is required, a source of energy is required, the 

uptake process may be reversibly reduced by narcosis enzyme inhibitors. 

In the following review the most prominant theories of passive and/or 

active cation uptake will be discussed. By the foregoing definition, 

any time uptake is considered to take place against a concentration 

gradient and if energy is expended it is active, regardless of the 

mechanism involved, e,g. physical or enzymatic. 

Plants have been found to take up cations against a concentration 

gradient (59)1 • The second law of thermodynamics forbids this movement 

1 
Figures in parenthesis refer to Literature Cited. 

4 
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without energy expenditure. Therefore, diffusion, as thought of in 

the usual sense, would not have contributed to the movement of the 

cations into the root cells. 

At present there a.re three general theories about active cation 

transport. Each of these general theories may be modified slightly 

by various investigators, but the fundamental concepts remain the 

same. These theories are: 1. The carrier mechanism (15, 16). 2. 

the sodium-potassium pump theory (11), 3. the association-induction 

theory (34) , 

The carrier mechanism is visualized as follows: a semi-permeable 

membrane surrounding the cytoplasm of a cell limits the free movement 

of a cation from the external solution into the cell cytoplasm, In 

this semi-permeable membrane (plasmalemma) are carrier molecules. 

When a carrier molecule is at the outer boundary of the plasmalemma 

it can accept or combine with a cation in solution. The carrier-ion 

complex then , traverses the plasmalemma and the ion is released into 

the cytoplasm. The carrier molecule then returns to the plasmalemma 

outer boundary. In this process energy is thought to be needed for 

carrier ion synthesis, formation of carrier-ion complex, movement of 

the carrier-ion complex across the plasmalemma, release of the ion 

and return of the carrier to the plasmalemma outer boundary. This 

energy is thought to come from metabolic processes. 

Various carriers have been hypothesized. Among these are peptides 

(49), lecithin (8), protein (50), and ribonucleic acid (51). That these 

carriers might act in a manner analogous to enzymes was first put forth 

by Epstein and colleagues (15, 16) and later by Fried and colleagues 
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(19, 20), Wallace and colleagues (26,.57) and Bange (4), The methods 

of characterization have been by the use of kinetics. Epstein and co-

workers (15, 16) have used the Lineweaver and Burk plot of the Michaelis-

Menten equation. 

1 
V 

= 1 [Km f Km (I)] 1 t _L 
V Ka m V 

where: v = observed velocity of the reaction 

V = maximum velocity at which the enzyme is saturated with sub-;,:· . 

strate 

Km= Briggs-Haldane constant of substrate 

(I)= concentration of inhibitor 

(S) - concentration of $Ubstrate 

Ka= dissociation constant of inhibitor 

Using excised barley roots, Epstein and Hagen (15) found that po-

tassium. and cesium interfered competitively with rubidium. absorption. 

Consequently, the conclusion was reached that these three ions were 

bound to'the same binding sites on the metabolic acceptor. Sodium did 

not interfere competitively with rubidium uptake except at high concen-

trations. Lithium was found to be competitive with rubidium., however, 

at low lithium and rubidium. concentrations, lithium increased the ru-

bidium uptake rate. They considered the evidence sufficient to con-

elude that cations are taken up by metabolic acceptors and that there 

are several distinct binding sites of which one group binds potassium., 

rubidium. and cesium in preference to sodium and lithium. 

In contrast to the experiment by Epstein and Hagen, Huffaker and 

Wallace (26) found for corn, soybeans and radishes that potassium. had 
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a competitive inhibition on sodium absorption. 

The conflicting results of the two previous investigations have 

been made somewhat more compatible by subsequent investigations. Epstein 

(14) found that calcium was essential for the integrity of selective 

ion transport sites in excised barley roots (1x10-3 N Gaff). He con-

eluded that potassium and rubidium were transported througp two carrier 

sites, one inhibited by sodium, the other largely indifferent to this 

ion. Sodium was also found to have two carrier sites, one of which 

was indifferent to potassium and rubidium. Bange (4):described two 

carriers for potassium and sodium in intact maize seedlings; one specific 

for potassium and the other for both sodium and potassium. 

Tromp (53) concluded that a carrier mechanism was responsible for 

the uptake of ammonia, potassium and sodium by wheat roots. He further 

concluded that the absorption rate of the inhibiting ion and not the 

concentration of the inhibitor in the experimental solution determined 

the inhibitions found. 

Fried and Noggle (19) reported that for excised barley roots two 

carrier sites exist for rubidium, potassium, sodium and strontium 

absorption. One site dominated at low ion concentrations. Apparent 

dissociation constants were determined and the magnitude for sodium 

was somewhat higher than the rest, which were all similar. Hydrogen 

ions were found to compete directly for each of the sites and to 

dominate at lower ionic concentrations. Rubidium and potassium were 

found to compete for the same site. Bange and Overstreet (5) concluded 

that a dual carrier mechanism was in operation for cesium absorption 

by excised barley roots. Boszormenyi and Cesh (9, 10) found a complex 



8 

relationship between the halide ions with respect to their absorption. 

They co.ncluded that a multiple carrier system operated. 

Moore et al. (41) established the metabolic nature of magnesium 

absorption by excised barley roots. Magnesium absorption in single 

salt solutions was found to be more nearly like the alkali cations than 

calcium. They further found that a large amount of magnesium absorption 

was 'blocked by small amounts of calcium being present in the solution. 

Handley, Dios and Overstreet (23} and Handley and Overstreet (24) 

found that the non-vacuolated cells (apical 2mm.) of corn roots took 

up calcium, sodium and chlorine non-metabolically. The vacuo.lated 

cells were found to take these ions up metabolically. The region of 

cell elongation was found to be the most active in ion uptake. 

Passive uptake of ions is generally considered to be a ,conse­

quence of root cation exchange capacity. However, the role of root 

cation exchange capacity in cation uptake has not been completely 

described. Many of the investigations designed to evaluate this 

factor have been conducted with the postulates of Jenny and Lundegardh 

in mind. 

Lundegardh (36) states that the first step in nutrient uptake is · 

ion exchange controlled by the charge on the root surface. He further 

states that cations enter the root passively, while anions move into 

the root as a function of a metabolic process as indicated by a linear 

relationship with respiration. Becking (7) maintains that Lundegardh I s 

own results show that cation uptake, if the cations are separated by 

species, also show a linear relationship to respiration. He presents 

further evidence that ammonium ion uptake was independent of the uptake 
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of other ion species and that an increase in respiration was due only 

to active ammonium uptake. 

In 1939 Jenny and Overstreet (30) proposed a contact exchange 

theory as a possible mechanism by which plant roots accumulate ions. 

However, they tested this hypothesi.s by using the reverse process, 

contact depletion. Loss of potassium from low salt and potassium 

deficient barley roots to distilled water, dilute salt solutions and 

bentonite clay suspensions was measured, 

Loss of potassium to distilled water and dilute salt solutions 

was negligible. Potassium loss to dilute clay suspensions ranged 

from 15 to 90% depending on the clay concentration, particle size 

and species of ion adsorbed. If the roots were suspended in a semi­

permeable membrane such that the roots were separated from the clay, 

but ion movement was not restricted, the depletion was not observed. 

On the basis of these data the authors concluded that the phenomenon 

of contact exchange did occur. Overstreet and Jenny (44) carried 

this experiment one step further. They compared sodium uptake by 

excised barley roots from a sodium clay suspension and the inter-

'micellar liquid of the cla.y suspension. Low salt roots were used, 

From the data the authors concluded that it would be expected that 

contact phenomena would be a predominant process in absorption in 

those cases where the level of exchangeable nutrient ions or the 

degree of saturation of the soil was low and the availability of the 

root surface limiting. 

Bartlett and McLean (6) found a diversity of results in measur­

ing the effect of potassium and calcium activities in clay suspensions 
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and solutions on plant uptake. Some evidence was found for contact 

exchange for both potassium and calcium. 

Olsen and Peech (43) and Lagerwerff (31), using clay and resin 

systems and their equilibrium dialyzates and a resin plus glass bead 

system respectively, came to the conclusion that their results were 

at variance "With Jenny's theory. They further concluded that under 

conditions of equilibrium the composition of the solution phase of 

the growth media fully characterized the environment of the plant 

root; the adsorbed cations having no direct effect. 

Fried et al. (20) have used a further modification of the Michae­

lis-Menten equation to determine the relationship between adsorption 

and absorption of cations and the concentration of the acceptor. They 

concluded that ions are adsorbed and absorbed by specific ion bonding 

sites and that only negligible quantities of the cations used were 

adsorbed nonspecifically. They found that the root cation exchange 

capacity was ten times as great as the concentration of carrier. Thus, 

it was concluded that measurements of root cation exchange capacities 

include not only the site for the cation used, but also a large amount 

of other titratable groups. Therefore, although correlations between 

cation uptake and root cation exchange capacity would exist, it would 

appear that the capacity of the plant to adsorb the ion of interest 

would be a more specific observation than root cation exchange capacity. 

By comparison of the calculated percentage saturation of barley 

root exchange sites with rubidium and calcium with the amounts of these 

cations absorbed by the roots, Lagerwerff and Peech (32) concluded that 

the rate of accumulation of the two cations was not determined primarily 
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by the relative amounts of these two cations adsorbed on the exchange 

sites. They further concluded that exchange adsorption and cation 

accumulation are two independent co-existing processes. 

Evidence conflicting with the above conclusions has been presented 

by Epstein and Leggett (16). They presented evidence that metabolic 

absorption removed strontium from exchange sites. Further, they showed 

that absorption of the alkaline earth cations would fit the criteria 

of the carrier mechanism. as described by the Michaelis-Menten equation. 

Wallace (57) found that both the action of some enzyme systems 

and ion uptake varied with substrate concentrations according to cln2 

where C is the concentration of the substrate. However, a saturation 

point was reached where this relationship no longer held. Wallace 

stated that this equation in no way violated the Michaelis-Menten 

equation, Wallace's statement is probably true and the relationship 

that he observed might be expected. His equation is of the Freundlich 

type while the Lineweaver and Burk equation is a Langmuir type equation, 

The Freundlich equation and Langmuir equation both describe a Type I 

adsorption isotherm, but the Freundlich equation breaks down at high 

concentrations and the Langmuir equation does not. 

Etherton and Higinbotham (17) measured potential differences in 

oats sufficient to increase the potassium content in the plant 100 

times that in solution. They also concluded that the plasmalemma did 

indeed exist and that the cytoplasm was not a part of free space. 

Dainty (11) maintains that ions move under the influence of 

electrochemical potential gradients, not chemical potential gradients, 

In view of this he has proposed that ion pumps exist in higher plants. 
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Briefly they are supposed to work as follows: Inwardly directed anion 

pumps are located in the tonoplast and are the most important in higher 

plants. These are supposed to produce the high internal pressure in 

the vacuole and, thus, the turgor pressure of the cells. A sodium ex­

trusion pump is located in the plasmalemma. Essentially the sodium 

extrusion pump would work on a carrier system. On the inside boundary 

of the plasmalemma the carrier would pick up a sodium ion, traverse 

the membrane, release the ion to the outside, pick up a potassium ion, 

again traverse the membrane, release the potassium ion to the inside 

of the cell and start the whole process again. The pumps, therefore, 

produce differences in ion concentrations across the membrane and 

this produces membrane potentials. These membrane potentials are dif­

fusion potentials and arise in the following manner. 

The outwardly directed sodium pump produces a lower inside 

electrochemical potential and the inwardly directed potassium pump a 

higher inside electrochemical potential. Thus, the sodium would tend 

to diffuse inward and the potassium outward. However, most membranes 

are more permeable to potassium, so a higher electrochemical potential 

is created for sodium than potassium. This system would have energy 

requirements similar to those of the enzyme carrier system. 

Ling (34) has shown rather conclusively that the sodium pump 

theory is inadequate for animal tissue. He has shown that the energy 

available for the operation of such a mechanism is insufficient. His 

conclusion is of course based on what is currently known about cellular 

energy sources. 

In view of this Ling (34) has proposed an association-induction 
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theory of ion uptake. Essentially it is as follows: Cells contain a 

fixed-charge system. Cytoplasmic inclusions such as nucleii and mito­

chondria as well as the cytoplasm itself are three dimensional lattice 

works of protein. This protein contains the charged groups of amino 

acids such as glutamic acid, aspartic acid, arginine and lysine. Water 

and ions are associated closely with the protein molecules. 

Further, the primary function of the highly polarizable resonating 

protein chain is to provide a way for the ready transmission of an 

inductive effect from one functional group to another. Just as the 

substitution of three chlorine ions for three hydrogen ions radically 

changes the properties of acetic acid, so does the association of an 

ion with one fixed-charge group change another fixed-charge group in 

close proximity. Thus, a chain of events such as falling dominos can 

be instigated. Ling considers it to be an all or nothing effect. 

This would also provide for key positions that could regulate the en­

tire process. Since ATP is found in close association with protein, 

Ling considers it to be used in this regulartory function rather than 

as an energy source. He has presented evidence that ATP has a role 

in selective ion uptake by animal tissues. 

The association-induction theory makes ion uptake an exchange 

process, which in turn makes it a diffusion process. Ling considers 

two sources of ion exchange limitation, surface-limited and bulk­

phase-limited. Surface-limited exchange would be where the rate 

limiting step was at the surface of the fixed-charge system, e.g. 

the plasmalemma. Bulk-phase-limited ion exchange would be where 

the rate limiting step was in diffusion through the cytoplasm. 
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The ions would move in the fixed charge system by adsorption-

desorption migration. According to Ling the most likely type of 

migration would be triplet migration. In order for an ion to move it 

would have to gain sufficient kinetic energy to jump out of its ad-

sorbed position. An anion-cation: pair in the fixed-charge system 

would be polar. A second counter cation would be repulsed or attracted 

depending on its direction of approach. As the second counter· cation 

approached the ion pair, it would cause the first cation to be held 

less tightly. Finally, an equilibrium state would be reached. Thus, 

a triplet would be formed and the kinetic energy necessary for the first 

cation to be released would be reduced. 

By use of the theory given above, Ling has derived an equation 

for competitive entry of ions. This derivation is given in the Appen-

dix. Ling's equation is similar to the Lineweaver and Burk plot of 

the Michaelis-Menten equation. 

--=1- 1-

/:PiJ ex 

where: vi= the initial rate of entry of the ith - ion 

Vi - the maximum rate of entry of the ith - ion 

/:PiJ = the ith - ion concentration 

/:P.J = the jth - interfering ion concentration 
J 

Ki= the dissociation constant for ith - ion adsorption 

Kj = the dissociation constant for jth - interfering ion adsorp­

tion 

The difference between this equation and the Michaelis-Menten equation 
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is that Ki in Ling 1 s equation is a true dissociation constant while 

it is not in the Michaelis-Menten equation. Ling 1 s derivation, although 

analogous to the Michaelis-Menten derivation, does not involve the 

chemical changes involved in enzymatic type reactions, 

Cations can accumulate passively against a concentration gradient 

in two ways. These are: l.Donnan equilibrium and 2. diffusion through 

an ion exchange membrane. Ions have been considered to accumulate in 

the Donnan-free space of plants at a concentration higher than in the 

external medium. The mechanism involved is thought to be the Donnan 

equilibrium. Satisfactory limits have not been set on the extent of 

Donnan-free space. 

Ionic diffusion through an exchange membrane is governed by a 

number of conditions. The conditions are membrane thickness, water 

film thickness, exchange capacity of the membrane, ionic species, 

ionic concentration, number of ion species, temperature, pH, physi-

cal structure of the membrane, ion pair formation and association, 

electrostatic attraction, London interactions, complex formation in 

solution, formation of precipitates, ionic salvation and swelling 

pressure. One of the most outstanding characteristics of exchange 

membranes is their selective permeability. This selective permeability 

is governed by diffusion and, therefore, by the ion, solution and 

membrane characteristics given above. Ions of similar characteristics 

could compete for movement through the same membrane, but one would be 

preferred. Equations describing ionic diffusion across an exchange 

membrane are much more complex than Ficks law of diffusion (25), The 

use of the foregoing theory for ion uptake depends on the presence of 
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an ion exchange membrane. Two possibilities are immediately apparent 

for plants. These are the pectin layer found by Jenny (29) and the 

plasmalemma. 

At this point it might be of value to discuss the limitations of 

mathematical characterizations of experimental data. Substitution of 

experimental data into an equation that describes a particular theory 

and determining if the proper relationships exist between terms is one 

of the most useful methods for evaluation of a particular theory. One 

of the techniques most often used is graphical analysis. Two components 

of the descriptive equation are plotted against one another to determine 

if the expected relationship exists. 

If the components do not have the expected relationship, then the 

theory can be rejected. However, a rejection can be made only if the 

investigator can be certain that the experiment as designed and exe­

cuted actually gave a measure of the components used. If the com­

ponents do have the relationship expected, the theory is not neces­

sarily proved. The fact that one descriptive equation will satisfy 

the experimental data does not preclude another descriptive equation 

of a totally different theory from satisfying the same experimental 

data, 

With this in mind it becomes apparent that the cation uptake 

theories discussed above must not only describe uptake in relation 

to time and ionic concentration, but they must also be compatible 

with such things as free energy changes, enthalpy changes, activation 

energies and ion selectivity. 

Even these quantities can be of dubious value for predicting 
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mechanisms. For enzymatic reactions, free energy changes to form the 

enzyme-substrate complex can be less than 10 kcal,per mole. Total 

enthalpy changes for enzymatic reactions varies with temperature and 

has been known to range from -5 kcal, per mole to 20 kcal. per mole 

for the same reaction. Activation energies for enzymatic reactions 

also vary with temperature and have been known to range from 9 kcal, 

per mole to 15 kcal. per mole for the same reaction (12). 

Q10 is related to activation energy 11E11 by the equation 

where: R - gas constant 

T - absolute temperature 

Q10 values for enzymatic reactions generally range between one and two 

(12). Adsorption generally increases 4% to 8% per degree centigrade 

(25). This places it in the same Q1o range as enzymatic reactions. 

Q1o values for ion uptake have been shown to vary not only with tem­

perature, but also solute concentration (58). 

Adsorption energies are generally less than 10 kcal. per mole, 

Enthalpy changes for adsorption are generally less than 2 kcal. per 

mole, but have been known to go as high as 10 kcal. per mole (25, 37). 

Thus, it is obvious that thermodynamic quantities of physical and enzy-

ma.tic reactions overlap and caution must be used when predicting 

mechanisms based on measurements of these quantities, 

Other than Q10 measurements and cation adsorption energies to the 

plant root exchange complex, energy measurements for cation uptake are 

lacking. Adsorption energies for several cations on the plant root 

exchange complex for several plant species have been measured (30). 
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The range of energies was 55 to 1629 calories per mole. The adsorption 

energy was found to depend on the plant and cation species. Since 

Woodruff (60) has shown that Marshall's bonding energy concepts can 

readily be used in studying exchange phenomena of roots, ionic concen­

trations would also be expected to affect adsorption energies. Ratio 

of ions and total ion concentration would both be expected to contribute. 

Since differences in adsorption energies represent a selective mechanism, 

these same factors would be expected to affect selective adsorption. 

Some work has been done on selective ion uptake. The criteria 

used has been tissue composition. From the previous discussion on 

the theories of the cation uptake mechanism, it is evident that the 

manifestation of uptake phenomena in plant composition might produce 

a variety of results. In view of this, Specht (48) has proposed a 

variation-control mechanism in plants which controls degrees of vari­

ability of element concentration in tissues. To test this hypothesis 

Specht grew rose clover, soybeans and rice in solutions varying in 

magnesium, phosphorus and manganese respectively. Roots and tops were 

analyzed. The evidence led the author to conclude that a control 

mechanism does exist in plants. The author further stated that each 

plant or even each cell in a tissue has a definite minimum and maximum 

tolerance for each element and that this tolerance is relative to spe­

cific growth functions. Further, the action of the variation-control 

mechanism is low or absent so long as the supply of an element is 

more than adequate, but not excessive. Therefore, in this range, the 

competitive action of ions in nutrient absorption results in relatively 

wide variations within limits permitted by cation-anion balance. The 
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author also states that when the plant is subjected to a progressive 

change from an adequate nutrient supply to a deficient or toxic con-

centration that activation of cellular processes tends to counteract 

the direction of change in concentration. This was said to be done in 

two ways: 1. By causing a more uniform distribution throughout the plant 

tissues. 2. By either decreasing or increasing the feeding power of the 

roots. Also, under extreme deficiency or toxic conditions the element 

variation-control processes are impaired, allowing a relatively wide 

variation to occur, As described here, this mechanism would be physic-

logical in nature, but it would be hard to explain the observations of 

Epstein (14), Viets (56) and Tanada (52) by its use. Various other 

investigations have been conducted with the the·ory that physical pro-

cesses might account for selective ion uptake. 

In an experiment by Huffaker and Wallace (26) it was found that 

potassium, magnesium and calcium contents of different plant species 

grown under similar conditions could be related by the equation 

where: CEC is the root cation exchange capacity 

K:,. Ca and Mg are concentrations< of· the. ions represented 

Subscripts 1 and 2 represent different plant-species 

This equation was derived using the Donnan concept. The idea that 

root cation exchange capacity is related to ion uptake indicates that 

root cation exchange capacity as a physical process is the preliminary 

step in cation uptake and does not imply a subsequent metabolic process. 
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The theory is that root cation exchange capacity due to the density of 

negative charge regulates the relative proportion of divalent and mono-

valent ions absorbed by regulating the relative proportion of these ions 

entering the free space. 

This equation was investigated by growing several species of plants 

under varying conditions. The authors concluded that the evidence pre-

sented was circumstantial, but gave an indication that such a relation-

ship did exist. Some of their data indicated that either the apparent 

root exchange capacity was too high or not all of it was functional in 

adsorption. This substantiates the ideas of Fried et al. (20) dis-

cussed earlier. 

Gray et al. (22) also investigated the possible relationships 

between root cation exchange capacities and plant composition, but 

from a more practical standpoint. They investigated the possibility 

that root cation exchange capacities as related to potassium compo-

sition might be used to explain the disappearance of legumes from 

grass-legume pasture. Ladino clover, smooth bromegrass, Kentucky .. 
bluegrass and bentgrass with root cation exchange capacities of 43, 

24, 21 and 16 meg. per 100 grams respectively were used. 

It was found that potassium uptake by individual plant species 

was correlated with root cation exchange capacities. However, a 

concentration factor was found in that differences between species was 

reduced by higher additions of potassium. Ladino clover grew best with 

smooth bromegrass and poorest with bentgrass. In fact 1 120 pounds of 

potassium per acre added to the clover-bentgrass mixture was not enough 

to meet the demands of the clover for potassium. This was said to be 
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in agreement with the law of differential mono-,...divalent ·. cation, adsorp­

tion by colloids. The higher the cation exchange capacity, the more 

divalent ions that are attracted to the exchange complex. Thus, the 

effect would be a compound one in that not only would plants with low 

root cation exchange capacities have a greater attraction for potas­

sium, but the divalent ions would have a greater affinity for the high 

cation exchange capacity roots. 

In conjunction with the effects of plant properties on cation 

uptake and plant composition, the effect of the plant root envirorunent 

must also be considered. 

It seems apparent that ions have various effects on each other 

in relation to their uptake as manifested in plant composition. In 

some cases ions have been found to compete with one another and in 

other cases one will stimulate the uptake of another (1, 4, 15, 16, 

18, 19, 26, 41, 45, 47, 52, 56). In at least one case calcium was 

thought to be necessary for the selective ion uptake mechanism to 

function (14), Concentration effects of ions have also been observed. 

Ions have been found to be non-competitive at one concentration and 

then to be competitive at another (15). Others have found, even with 

widely varied ratios of ions, that some plants took up a relatively 

constant number of milliequivalents of cations per unit weight (2, 3, 

28, 35, 39, 55), It has been reported that this cation equivalent 

constancy can be disrupted by high concentrations of one ion (13). 

From the review presented, it is apparent that cation uptake, as 

indicated by plant composition, is regulated by a complex array of 

factors. Plant effects discussed were passive uptake, active uptake 
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and root cation exchange capacity. Evidence discussed in this review 

supports more strongly a connection between passive and active uptake 

than the proposition that they are separate and unrelated processes. 

There is also ·an indication of a relationship between selectivity of 

cation uptake and root-cation exchange capacity. 

Plant root enviromnental factors considered include exchange com­

plexes, cation ratios and cation concentrations present. All these 

factors seem to interact with the plant factors in different ways and 

under a variety of conditions to produce changes in plant composition, 

e.g. the indicated relationship between selective cation uptake and 

root cation exchange capacities, cation ratios and cation concentra­

tions. Thus, there appears to be little doubt in the value of obtain­

ing relationships from which predictions could be made. 



CHAPTER III 

MATERIALS AND METHODS 

Plant Production 

Sugar Drip forage sorghum, Sorghum vulgare Pers., was the indi­

cator plant used throughout this entire series of experiments. Approxi­

mately twenty grams of seed were washed for two minutes in 80% ethyl 

alcohol to eliminate contaminating organisms. The seeds .. were -then washed 

with deionized water to remove the alcohol and placed in 800 ml. of 

continuously aerated deionized water. Aeration of the water was con­

tinued for three days. The water was changed each day. 

The germinated seeds were then planted on a single layer of 

cheesecloth over three liters of a solution containing 1x10-4 molar 

calcium sulfate and 1x10-4 molar magnesium sulfate. The cheesecloth 

was spread over glass rods held in a wooden frame. The corners and 

two edges of the cheesecloth dipped into the solution. The seeds were 

approximately 2,5 cm. above the liquid. A glass pan 4 cm. deep, 22 cm. 

wide and 35 cm. long contained the calcium-magnesium solution. Seeds 

of as uniform germination as possible were planted. The plants were 

grown in the dark in a 24°c constant temperature room for nine or 

twelve days before use, During this interval, the calcium-magnesium 

solution was added as needed to maintain the liquid level. 

23 
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Absorption 

At the end of the growth period the plants were removed from the 

cheesecloth one at a time in a random manner, but in groups of sixteen. 

They were suspended in approximately 200 ml. of the calcium-magnesium 

solution. The plants were removed one at a time from the solution, 

blotted between two pieces of tissue paper and the roots inserted 

through holes in a piece of lucite plastic 0.5 cm. thick and 4 cm. 

square. The seeds were allowed to rest on top of the plastic. A 

piece of string was used to tie the plant tops together loosely in 

order to keep them erect. During the process of placing the plants 

in the plastic holders, the roots were not allowed to dry out. Im­

mediately after each plant was placed in the plastic holder the roots 

were dipped into deionized water. Less than a minute lapsed between 

the time a root was blotted and it was dipped into the water. After 

a holder was filled, the roots were washed for two minutes in 500 ml. 

of deionized water. 

Upon removal from the water, the roots were put into their respec­

tive radioactive absorbing solution, The roots of the plants extended 

2,5 cm. above the surface of the liquid. Approximately Sl ml. of the 

absorbing solution were held in 90 ml. plastic centrifuge tubes. The 

ions used were cesium, sodium, potassium and calcium. Tracer ions used 

were Cs137, Na22 and ca45. The cations were all chloride salts. 

Preparation of Plants for Analyses 

After the appropriate absorption period, the roots were removed 

from the absorbing solution and washed twice for one minute in 500 ml. 
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of distilled water. The roots and tops were then separated and weighed. 

Roots and tops were placed in a 30 ml. beaker, digested together in 3 ml, 

of a 3:1 mixture of 15,7 normal nitric and 11.6 normal perchloric acids 

and taken to dryness. Digestion and drying were conducted on a care-

fully controlled hot plate. The digested material was taken up in 

approximately 3 ml. of 12.1 normal hydrochloric acid and the volume 

reduced to approximately O. 5 ml. by .heating.. The contents of the 

beaker were then washed into a glass planchet using six to nine ap-

proximately 0,5 ml. portions of a solution containing 1 ml. of 1% 

Sterox2 per 30 ml. of water and/or 2N HCl. Each time the planchet 

was filled, the liquid was evaporated under an infrared lamp. For 

the final evaporation the planchet was placed on a sample spinner. 

The samples were then ready for radioactive assay. 

Assay of Radioactivity 

When only one of the ionic species in solution was radioactive, 

beta particles were counted. The beta particles were counted using 

a Nuclear-Chicago model 186 scaler and a model DS5 scintillation de-

tector probe equipped with an XTB anthracene crystal. The detector 

was housed in a model 3053, aluminum veneer, lead shield. 

When two ion species in the solution were radioactive, a 

Nuclear-Chicago model 1820A recording spectrometer and a Harshaw 

2 
Sterox, a special wetting agent for flame photometry. Obtained 

from E. H. Sargent and Co. Dallas, Texas. 
,' ;- ... , -· 
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808F4 NaI (Tl) crystal were used in conjunction with the equipment des-

cribed above. The scaler and probe were attached to the radiation ana-

lyzer. 

It was found that the Csl37 gamma spectrum did not coincide with 

the Na22 gamma spectrum of the 1.28 Mev. Na22 gamma energy peak. 

Thus, when Cs137 and Na22 were mixed, the gamma count from Na22 could 

be determined without interference from csl37, An integral gamma 

count was made by setting the base level of the radiation analyzer at 

the appropriate value with a window width of 10 volts and using the 

scaler to record the time necessary to obtain a given number of counts. 

The ratio of beta counts to gamma counts for csl37 and Na22 was 

worked out using a set of concentration standards. By using the beta.­

gamma ratio for Na22 the amount of beta count from Na22 could be de­

termined and subtracted from the total beta count of a Cs137 and Na22 

mixture and, thus, the amount of csl37 determined. Since ca45 emitts 

only a beta particle, the same technique could be applied for a mixture 

of ca45 with Na22 and Cs137. The beta-gamma ratio of the standards was 

determined each time a series of experimental determinations were to 

be made. This eliminated the effects of any changes in geometry that 

might have occurred due to changing crystals or repositioning the probe. 

When betas were counted, lOOi,000 counts were made. When gammas were 

counted, three counts of 10,000 counts each were made. 

Absorption Studies 

A series of experiments consisting of ion uptake for various 

lengths of time were conducted in single salt solutions. Another 
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series of experiments involving varying concentrations of single and 

double salt solutions were conducted. One series of double salt solu-

tion experiments involved the use of two radioactive tracers. In this 

series of experiments one set contained the salts in varying ionic 

ratios, but constant solution concentration. The other set contained 

the ions in constant ratio, but varying total solution concentration. 

All concentrations are indicated where the results are reported. All 

data were reported on the basis of fresh plant weights. Absorption 

studies were conducted in a constant temperature room at 24°c unless 

otherwise stated. 

Temperature and ionic concentration of the absorbing solution 

were variables in one experiment. Five concentrations and two tem-

peratures were used. The lowest temperature of the absorbing solution 

was 19°c and maintained by use of a constant temperature room. The 

higher temperature was 29°c and was maintained constant by use of a 

constant temperature bath. No deviations in temperature were found to 

occur during this experiment. Activation energies, Q10 1 s and overall 

uptake enthalpy were calculated from these data. 

It was found that the plants would take up enough tracer ion to 

give a reasonably short counting time when the solutions were labeled 
. ' 

to give apprci.ximately 10,000 counts per minute per milliliter. All 

solutions used were made by dilution of stock solutions. When two 

absorption studies were compared, the plants were from the same plant-· 

ing. 

A series of studies were conducted using 1x10-3N ICH2C02H and 

1x10-3N NaCN in a 1x10-4M Caso4 and 1x10-4M Mgso4 solution as 
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metabolic inhibitors. The plants were positioned as discussed previously 

and 99.995% N2 was bubbled into the solution to exclude oxygen from the 

solution and from around the root portion above the liquid. Iodoacetic 

acid inhibits the glycolysis cycle and proteinases (21, 34), Nitrogen 

and cyanide inhibit oxidative phosphorylation. The first study con­

ducted was for determination of the length of time in the inhibiting 

solution necessary to inhibit ion uptake. The second study was to 

determine the length of time necessary for increasing absorption by 

inhibited plants to cease. 

After these determinations were made, a study was conducted to 

determine the maximum amount of ATP available for ion uptake. This 

study was conducted twice. In the first study the roots of six sets 

of sixteen plants each were placed for one hour in the inhibiting solu­

tion. The roots of two sets were washed for two minutes in 500 milli­

liters of distilled water and placed in a 6x10-3N CsCl solution con­

taining Cs137 as a tracer. After a three hour absorption period, the 

plants were removed and treated as discussed previously. 

Another two sets were placed in a non-radioactive 6x10-3N CsCl 

solution for three hours. Nitrogen was bubbled into the absorbing 

solution to exclude oxygen from around the root portion projecting 

above the liquid surface. After removal from the absorbing solution 

the roots were washed, separated from the topsj fresh weights ob­

tained and ATP plus ADP determined by the method outlined by Umbreit, 

Burris and Stauffer ( 54). ·· The procedure was modified in that two 

extractions of 0.1 N perchloric acid were used. 

The roots of the other two sets were removed from the inhibiting 
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solution, separated from the tops~ fresh weights obtained and ATP plus 

ADP determined. The first study yielded such small quantities of ATP 

plus ADP that the experiment was repeated using thirty-two plants in­

stead of the usual sixteen. 

The decision not to use aeration of the roots while in the absorb­

ing solution was based on experimental evidence. Two studies were con­

ducted to determine the necessity for aeration if 2.5 cm. of the roots 

were exposed to the air. One experiment involved absorption with 

varying time from solutions of constant concentration and the other 

involved absorption from solutions of varying concentrations with time 

in the solution constant. The roots of one group of plants were aerated 

and those of the other group were not while they were in the absorbing 

solution. The results are given in Figures 1 and 2. 

Microequivalents of cesium taken up per gram of fresh roots were 

plotted versus time in the absorbing solution in Figure 1. Three plots 

are given in Figure 2, The microequivalents of cesium taken up per 

gram of fresh roots per two hours were plotted versus cesium concen­

trations in the absorbing solution directly3 log9-loge and recipro­

cally, The reciproca1 plots were made according to the method of 

Lineweaver and Burk ( 21) and Ling (34.). 

The results show, in both cases, that aeration had no effect on 

the relationships shown. Differences in the positions of the lines 

were due to variation when plants from two different plantings were 

used. Therefore, in all other experiments reported, aeration was not 

used. 

A study to compare methods of growing the experimental plants was 



16 

14 

12 

10 

6 

4 

2 

0 30 60 

0 - Aeration 
X. - No Aeration 

l:J. - No Aeration 

90 120 150 180 

Minutes 

Figure 1. Effect of Aeration on Cesium Uptake 
as a Function of Time, Solution Concentration-
5x10-3N CsCl. 

30 



31 

3,0 

2, 5 (c) 

:> 2.0 
s::: 

...:I 

1. 5 

1.0 =-r - , I "l 
.5 1.0 1.5 2.0 2.5 

Ln S 

16 

14 (b) 

12 
C\I 

0 

~ rll :> 
10 

8 

6 

,1 .2 ,3 .4 • 5 

1 
16 s 
14 (a) 

12 

:> 10 

8 Aeration 
No Aeration 

6 

0 2 4 6 8 10 

S - m.e,/liter 
Figure 2. Effect of Aeration on Cesium Uptake as a Function 

of Cesium Concentration. v = microequivalents per gram of 
Fresh Roots per Two Hours. 



also conducted. Three groups of seed were treated as discussed previously 

up to time of planting. One group of seed were planted over a calcium­

magnesium solution as discussed previously. Another group was planted 

over l.xl0-4M Caso4 . The third group was left in the aerated deionized 

water for a total of nine days. The water was changed each day. The 

planted seeds were used six days after planting. 

The results of this experiment are given in Figure 3 and Figure 

4. Microequivalents of cesium taken up per gram of fresh roots were 

plotted versus time in the absorbing solution. The results show no 

differences in uptake versus time. The decision to use the roots grown 

in the calcium-magnesium solution was based on ease of handling the 

roots. The roots grown in the deionized water were turgid and stiff. 

They also had a tendency to curl. The combination of stiffness and 

curling made it difficult to put the roots through the holes in the 

holder without breaking them. Roots grown in the calcium-magnesium 

solution were used, because they appeared to be the straightest, 

toughest and most limber. These qualities facilitated their use with 

the plastic holders. 

The pH of the solutions used was approximately 7.0. Changes in 

pH of the absorbing solutions were not detected. A Beckman model N 

pH meter was used to determine pH. 

Statistical Analyses 

All straight lines were plotted by the method of least squares. 

The methods for least squares and 11 t 11 tests were taken from LeClergJ 

Leonard and Clark (33). 
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CHAPTER IV 

RESULTS AND DISCUSSION 

For presenting results and discussion of results, the various 

experiments conducted will be grouped according to the primary effect 

being evaluated. Thus, this section will be divided into time and 

concentration studies, energy magnitude studies, selectivity studies 

and energy source studies. 

Time and Concentration Studies 

Cesium, sodium and calcium uptake as a function of time is il­

lustrated in Figure 4. Regression equations and coefficients of deter­

mination are given in Table I. 

TABLE I 

RE,GRESSION EQUATIONS AND r 2 VALUES OF LINES FITTED 

TO DATA IN FIGURE 4 

Ion Regression Equation r2 

Na y = 0.14(x) t 1.17 0.98 

Cs y = 0.062(x) t 1.95 0.98 

Ca y = 0.019(x) t 1.47 0.98 

The lines representing cesium and sodium exhibit a slight tendency 

for an adsorption shoulder as compared to the line for calcium. 
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From previous studies, this would be expected (15). The plants were 

grown in a calcium-magnesium solution, consequently, the root cation 

exchange complex should have been saturated with calcium and magnesium. 

Monovalent ions, in the concentrations used, would not be expected to 

displace an appreciable amount of divalent ions as compared to the 

amounts taken up. This would be due to the fact that divalent ions 

would be held more tightly to the exchange complex than monovalent 

ions. The calcium curve exhibits a more pronounced adsorption shoulder 

when compared to the amounts taken up. Again this is similar to pre­

vious results (16). It would be expected that calcium in the absorb­

ing solution would replace more calcium and magnesium on the root 

cation exchange complex in proportion to the amounts absorbed than 

would cesium or sodium. 

With all three ions, a steady state condition of uptake was well 

established at 120 minutes. Therefore, in subsequent experiments 

involving ion concentrations as a variable, the absorption time was 

two hours. 

Results of a replicated experiment of cesium uptake as a function 

of cesium concentration in the absorbing solution are given in Figure 

5. This experiment was conducted not only to determine the pattern 

of cesium uptake, but also to determine the validity of comparing sets 

of plants selected at random from the same planting. Ten sets of 

sixteen plants each were selected at random from the same planting 

and subjected to the same solution concentrations in groups of two. 

The data obtained were plotted three ways. A plot of velocity 

versus concentration was made and illustrates a steady state condition. 
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A Lineweaver-Burk or Ling plot was also made. It will be remembered 

that the reciprocal plot would give the same results for both the 

carrier mechanism (Lineweaver-Burk) or for the adsorption mechanism 

(Ling). The reciprocal plot is a Langmuir type plot. The ln-ln plot 

is a Freundlich type: ;plot. Both Langmuir and Freundlich type equations 

represent a type I adsorption isotherm. The Freundlich equation breaks 

down at high concentrations, whereas, the Langmuir equation does not. 

Wallace (57) found that ion uptake and enzymatic reactions followed 

a Freundlich type equation up to certain concentrations. 

The data presented in Figure 5 fit all three types of plots. 

There was no significant difference between the two replications. 

Only one line was plotted, but equations for both lines and coef­

ficients of determination are given in Table II. 

The velocity versus concentration plot shows that a steady state 

condition existed over the concentration range used. The reciprocal 

and ln-ln plots show that the data fit both the carrier and association­

induction theories. 

Absorptioq data for sodium and calcium as a function of concen­

tration are illustrated in Figures 6 and 7. Regression equations and 

coefficients of determination are given in Table III. These data are 

subject to the same interpretation given previously for cesium. 

The next series of experiments was conducted to determine the 

effects of sodium, potassium and calcium as interfering ions on 

cesium uptake. These experiments were replicated. Each replication 

represents a single growth of plants. Sodium interference with cesium 

uptake is illustrated in Figures 8 and 9. Regression equations and 
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Figure 6. Sodium Uptake as a Function of Sodium concentration. 
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TABLE II 

REGRESSION EQUATIONS AND r 2 VALUES OF LINES FITTED TO 

DATA IN FIGURE 5 

Rep. Plot Regression Equation r2 

I (a) y = 0.93(x) f 7.35 0.98 

II (a) y = 0.94(x) t 7.28 0.98 

I (b) y = ll.78x1o-2(x) t 5.41x10-2 0.94 

II (b) Y = 12.59x10-2(x) t 5.24xl0-2 0.97 

I (c) y = 0.37(x) t 1.92 0.98 

II ( c) y = 0.39(x) t 1.90 0.94 

TABLE III 

REGRESSION EQUATIONS AND r 2 VALUES OF LINES FITTED TO 

DATA IN FIGURES 6 AND 7 

Ion Plot Regression Equation r2 

Na (a) y = l.34(x) t 10.94 0.98 

Na (b) y = 7.58xlo-2(x) t 3,76x10-2 0.90 

Na (c) y = 0.35(x) t 2.34 0.86 

Ca (a) y = o.33(x) t 2.63 0.96 

Ca (b) Y = 3.31x10-1(x) t 1.52x10-l 0.92 

Ca (c) Y = 0.34(x) t 0.91 0.88 
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coefficients of determination are given in Table IV. 

TABLE IV 

REGRESSION EQUATION3AND r 2 VALUES FOR LINES FITTED TO 

DATA IN FIGURES 8 AND 9 

Fig. Ion{s~ Plot Regression Eguation r2 

8 Cs (a) y = o.702(x) I- 6.70 0.96 

8 Cs (b) y ~ 10.llxl0-2(x) /- 7.2/+xl.0-2 0.77 

8 Cs ( c) y .= 0.30(x) I- 1.87 0.92 

8 Cs f Na (a) y = o.65(x) I- 3.05 0.94 

8 Cs I- Na (b) y = J6.44x10-2(x) t 7.J6xlo-2 0.98 

8 Cs /- Na ( c). y = 0.54(x) /- 1.01 0.98 

9 Cs (a) y = o.618(x) I- 7.48 0.94 

9 Cs (b) y = 9.2sx10-2(x) /- 7.05.x:10-2 0.85 

9 Cs ( c) y = 0.27(x) /- 1.96 0.90 

9 Cs/- Na (a) y = o.628(x) I- 2.00 0.98 

9 Cs t Na (b) Y = 4l.95x1.o-2(x) t 9.64x10-2 0.94 

9 Cs I- Na ( c) y = o.56(x) I- 0.78 0.96 

Sodium was present at a concentration of two milliequivalents per liter. 

In the plot velocity versus concentration the data shown that sodium 

reduced cesium uptake by a constant amount regardless of the cesium 

concentration. The slopes of these regression lines were not signifi­

cantly different. The reciprocal plots show competitive inhibition 

of cesium by sodium. The slopes of the lines of cesium alone and cesium 

plus sodium were significantly different at the 1% level. The Freund­

lich type plots also illustrate the interference of sodium with cesium. 
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Here again the slopes of the lines were significantly different at the 

1% level. 

Potassium interference with cesium uptake is illustrated in Figures 

10 and 11. Regression equations and coefficients of determination are 

given in Table V. Potassium was at a constant concentration of two 

milliequivalents per liter. 

TABLE V 

REGRESSION EQUATIONS AND r 2 VALUES FOR LINES FITTED TO 

DATA IN FIGURES 10 AND 11 

Fig. Ion~s) Plot Regression Eguation r2 

10 Cs (a) y = 0.58(x) t 6.25 0.90 

10 Cs (b) y = 12.12x10-2(x) t 7.82x10-2 0.85 

10 Cs ( c) y = 0.30(x) t 1.76 0.83 

10 Cs t K (a) y = l.04(x) t 0.83 0.96 

10 Cs t K (b) y = 73.48xlo-2(x) t 1.59x10-2 0.99 

10 Cs t K ( c) y = 0.90(x) t 0.35 0.98 

11 Cs (a) y = 0.78(x) t 6.54 0.96 

11 Cs (b) y = 13.54x10-2(x) f 6.2ox10-2 0.94 

11 Cs ( c) y = o.36(x) t 1.80 0.96 

11 Cs t K (a) y = 0.93(x) t 1.68 0.96 

11 Cs t K (b) y = 60.67x10-2(x) t 2.75x10-2 0.98 

11 Cs t K ( c) y = 0.79(x) t 0.59 0.98 
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Figure 10. Interference of Two Milliequivalents per Liter of 
Potassium on Cesium Uptake as a Function of Cesium Concentration. 
Rep. 1. v = Microequivalents of Cesium per Gram of Fresh Roots 
Per Two Hours. 
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The slopes of the lines in Figure 10 (a) were significantly dif­

ferent at the 5% level while those in Figure 11 (a) were not signifi­

cantly different. Thus, in one experiment potassium acted in a man­

ner similar to sodium and in the other it did not. The ln-ln plots 

tend to converge at higher concentrations and come closer to con­

vergence than the sodium plots. The slopes were significantly dif­

ferent at the 1% level. The reciprocal plots are quite different 

for potassium than for sodium. In order to adequately interpret 

these plots, further investigation at higher concentrations would 

be necessary. 

The data presented in Figures 12 and 13 represent the effects 

of 0.25 milliequivalents of calcium in solution on cesium uptake. 

Since it has been thought that calcium in low concentrations was 

necessary for selective ion uptake, a relatively low concentration 

was used. No calcium effect is illustrated in either figure. Again 

only one line per graph was plotted, but all regression lines and co­

efficients of determination are given in Table VI. 

Results presented thus far show that cation uptake by non-aerated 

intact plants fits the mathematical characterizations of the carrier 

and association-induction theories. Thus, neither theory could be 

accepted or rejected as the sole mechanism responsible for cation up­

take. Therefore, further characterization would be required. It was 

thought that magnitude measurements of various energies involved in 

the cation uptake process might be of value for this purpose. 
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Figure 12. Interference of 0,25 Milliequivalents of Calcium per 
Liter on Cesium Uptake as a Function of Cesium Concentration. 
Rep.l. v = Microequivalents of Cesium per Gram of Fresh Roots 
per Two Hours • 
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Figure 13. Interference of 0.25 Milliequivalents of Calcium per 
Liter on Cesium Uptake as a Function of Cesium Concentration. 
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TABLE VI 

REGRESSION EQUATIO:IBAND r 2 VALUES FOR DATA 

IN FIGURES 12 AND 13 

Fig. Ion(s) Plot Regression Equation r2 

12 Cs (a) y = 0.78(x) /- 5.01 0.94 

12 Cs (b) y = 20.17x10-2(x) I- 6.42xlo-2 0.96 

12 Cs (c) y = 0.44(x) /- 1.51 0.92 

12 Cs/- Ca (a) y =' o.67(x) /- 4,88 0.98 

12 Cs .f Ca (b) y = 18,75xl0-2(x) .f 7,54xl0-2 0.94 

_,12 Cs/- Ca (c) y = 0.42(x) .f 1.47 0.92 

13 Cs ( a) y =, 0,45(x) .f 6.23 0.86 

.. 13 Cs (b) -2( ) t ~2 y: 14.30x10 X 8.27x10 0,98 

13 Cs (c) y = 0.30(x) I- 1,67 0,79 

13 Cs/- Ca ( a) y = 0.54(x) I- 5,57 0.96 

13 Cs .f Ca (b) y = 14.49xl0-2(x) t 8,4lxl0-2 0,94 

13 Cs I- Ca ( c) y: 0.32(x) /- 1.64 0.90 

,':, ,.-·.~ 

Energy Magnitude Measurements 

It might be useful at this point to discuss further the Briggs­

Haldane constant (Km) of the carrier mechanism and the· thermodynamic 

substrate dissociation constant of Ling (Ki). The Briggs-Haldane 

constant as shown in the Appendix is given by the equation 
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and is a true thermodynamic dissociation constant only when k3 is negligi­

ble with respect to k2 . The rate limiting step is generally considered 

to be regulated by k3 • The back reaction involving k4 is considered 

negligible. Ling's constant (Ki) is a true thermodynamic constant be-

cause of the nature of his derivation. 

If measurements of the overall reaction enthalpy and energies 

of association (carrier system) or adsorption (association-induction) 

are to be meaningful, true thermodynamic constants must be used in 

their calculation. It is possible by calculation of association or 

adsorption energies to show whether or not the constant involved is 

a true thermodynamic constant. This can be accomplished by using the as-

sociation or adsorption energies for the same ion as a substrate ion 

and inhibiting ion according to the equation 

AF= RTlnK 

where: fl F = free energy of association or adsorption in·cal./mole 

R = gas constant 

T; absolute temperature 

K = Km, Ka, Ki or Kj 

If the energy found is the same, then either the constant K is 

a true thermodynamic constant as in the theory of Ling or k3 is negljgi­

ble with respect to k2• This would be true since in both cases the 

dissociation constant for the inhibiting ion is a true thermodynamic 

constant. 

In order to obtain data for the determination of the overall 

reaction enthalpy, Q10 1 s and activation energies, an experiment was 

conducted with temperature and ionic concentration in the absorbing 
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solution as variables. The results are presented in Figure 14, 

These data and the data presented in the previous section were used 

to calculate association or adsorption energies. These are presented 

in Table VII. All energies were for 24°c except where indicated. 

TABLE VII 

FREE ENERGIES OF ASSOCIATION OR ADSORPTION FOR 

CESIUM, SODIUM AND CALCIUM 
a b 

Ion 1,,.F i Ion t::,.Fi l::l j 

Aerated Cs -3.64 Non Aerated Cs -3.88 

Non Aerated 
Cs] 

C -3.66 Na -3.28 

Cs -3.62 Cs -3.91 

Cs -3. 56 Na -3,46 

Cs -3.82 Na -3.66 

Cs -3.62 Ca -3.62 

Cs -3.75 19°c Cs -3,47 

29°c Cs -3.65 

a 
Free energy of association aradsorption as a substrate ion in kcal./mole. 

b 

C 

Free energy of association or adsorption as an interfering ion in kcal./ 
mole. 

Replicated experiment from single group of plants. 
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The association or adsorption energy of cesium at 24°C ranged from 

-3.62 kcal./mole to -3.91 kcal./mole for plants from different plantings. 

For the replicated experiment they were very close and were considered to 

be the same, because the slopes and intercepts of the reciprocal plots 

were used in these calculations and were found to be not significantly 

different. By the same reasoning the association or adsorption energies 

of sodium as an interfering ion was concluded to be different from 

cesium, since the slopes of the lines involved in the calculations were 

significantly different. The free energies of association or adsorption 

for cesium were considered to be the same for the aerated and non-aerat­

ed experiments. 

It was thought that the energy values for sodium as an interfering 

ion and substrate ion were sufficiently close to warrent the conclusion 

that the constant involved was a true thermodynamic constant. Thus, 

further calculations based on the need for a true thermodynamic con­

stant could be made. 

The free energy change for 29°c was greater than that for 19°c. 

This would be expected to occur within reasonable temperature limits. 

The values are negative indicating that the reaction could proceed 

spontaneously. A negative free energy change does not necessarily 

mean that the reaction will take place, but is merely an indication 

that the process can occur under proper conditions. The magnitude 

of the free energy change indicates how large the potentiality is for 

the reaction to occur. Thus, the need for activation energies is not 

ruled out. 

The association or adsorption energy for calcium would be expected 
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to be larger than for the monovalent ions in an adsorption system. This 

was not observed. 

The overall reaction enthalpy was calculated using the Arrhenius 

equation and found to be -1.89 kcal./mole. Generally it is considered 

that overall heats of reaction for physical processes are less than 

2 kcal./mole. 

From the velocity versus concentration: plot in Figure 14, it can 

be seen that the regression lines for 19°c and 29°c are not parallel. 

The slopes were significantly different at the 5% level. Consequently, 

the activation energies and Q10 values varied with concentration. 

Activation energies and Q10•s were plotted versus concentration in 

Figure 15. The relationships were found to be linear over the con­

centration range used. The Q10 and energy values obtained were of 

little value in ma.king a decision between the carrier and adsorpt.ion­

desorption migration theories. The reason for this is, the values 

obtained are in the transition zone between enzymatic and physical 

processes. In view of this, it was decided to conduct selectivity 

studies to determine if ionic selectivity by plants might be explain­

ed on an adsorption basis or if the multiple acceptor system would be 

necessary. 

Investigations of Selective Ion Uptake 

For this series of experiments two radioactive isotopes were 

placed into solution. The amounts of each taken up by the plant 

were determined as discussed previously. Selectivity coefficients 
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were calculated according to the equation (25) 

where: K~ = selectivity coefficient of ion A 

XA = equivalent fraction of ion A in the plant 

XB = equivalent fraction of ion Bin the plant 

XA = equivalent fraction of ion A in solution 

X = equivalent fraction of ion Bin solution 
B 

ZA = valence of ion A 

ZB ~ valence of ion B 
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The results of the exper:iment for cesium and sodium selectivity 

are given in Figures 16 and 17. A plot of velocity versus concentration 

for the solutions with constant total ionic concentration, but varying 

ratios of cesium and sodium is given in Figure 16 (a). This plot shows 

that more sodium than cesium was taken up until a ratio of approximately 

2:1 of cesium to sodium was reached. This plot also shows that the total 

equivalents taken up per gram of fresh root tissue were constant for 

these solutions. This followed the cation equivalent constancy theory 

of Bear and co~workers (2, 3). 
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A plot of velocity versus concentration for the solutions con­

taining a 1:1 ratio of ions, but with increasing total ionic concen­

tration in solution is shown in Figure 16 (b). Here again, more 

sodium than cesium was taken up, but a total concentration effeat is 

also exhibited, At a total solution concentration greater than 

twelve milliequivalents per liter, uptake of both ions increased 

sharply. The linear pattern was always observed previously. Ep­

stein and co-workers (15, 16) noted a similar effect for one ion in 

the presence of another and hypothesized a dual carrier system, 

A plot of equivalent fraction in the plant versus equivalent 

fraction in solution is shown in Figure 17 (a). This plot also showa 

that more sodium than cesium was taken up until approximately a ratio 

of 2:1 cesium to sodium was reached. A plot of the sodium selectivity 

coefficient versus equivalent fraction of sodium in solution is il­

lustrated in Figure 17 (b). This shows that the plants were more 

selective for sodium than cesium except where the ratio of cesium to 

sodium was 1: 5, As the sodium concentration became less anEl. less in 

solution the plants became more and more selective for sodium. The 

sodium selectivity coefficients for the solutions of equal ionic 

ratio, but varying total concentration, were relatively constant. 

These are given in Table VIII. There was a tendency for them to 

decrease with increasing concentration, but they are all greater 

than 1.0. This shows that the plant was more selective for sodium 

than cesium at equal ratios of the two ions regardless of total ionic 

concentrations. 



TABLE VIII 

SELECTIVITY COEFFICIENI'S FOR SODIUM AND CALCIUM FOR SOLUTIONS 

OF CONSTANT EQUIVALENT RATIOS 

'Cone. in Ions Present 
m.e. per Na f Cs Ca f Cs Na f Ca 
Liter A= Na A= Ca A = Na 

4 1.68 1.26 6.04 

8 1.64 1.18 5.49 

12 1.51 1.44 4.00 

16 1.42 1.16 3.18 

20 1.39 1.75 2.49 

Data obtained from investigation of cesium and calcium selec-

tivity are given in Figures 18 and 19. The plot of velocity versus 

concentration in Figure 18 (a) shows that slightly more calcium than 

cesium was taken up even at an equivalent ratio of 1:1 for the two 

ions. Also, it again illustrates that the tot al equivalents of ions 

taken up were relatively constant compared to situations where solu­

tion concentrations varied as illustrated in Figure 18 (b). The 

data in Figure 18 (b) also shows that more calcium than cesium was 

taken up at 1:1 equivalent ratio. However, it will be noted that a 

total solution concentration effect is illustrated in that the two 

lines are not parallel. Apparently, calcium uptake was stimulated more 

by total solution concentration than cesium uptake. 

A plot of equivalent fraction. in the plant versus equivalent 

fraction in solution is given in Figure 19 (a). It shows that 
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slightly more calcium than cesium was taken up at a l:l equivalent 

ratio. A plot of the calcium selectivity coefficients versus equiva­

lent fraction of calcium in solution is illustrated in Figure 19 (b). 

This shows that the plants were more selective for calcium except at 

low cesium to calcium ratios. The plants became much more selective 

for calcium as the calcium concentration in solution decreased. The 

selectivity coefficients for calcium, when the equivalent ratios were 

constant, were also relatively constant. These are given in Table 

VIII. There was a tendency for them to increase with increasing 

total concentration, 

Data obtained from investigation of sodium and calcium selec­

tivity are given in Figures 20 and 21. 

The plot of velocity versus concentration in Figure 20 (a) shows 

that more sodium than calcium was taken up at all equivalent ratios. 

It also shows that total equivalents of ions taken up were relatively 

constant regardless of the ionic ratio. The plot of velocity versus 

concentration for the equal equivalent ratio solutions, in Figure 20 

(b), shows the same type of total solution concentration effect 

observed for the sodium and cesium selectivity experiment. The same 

comments apply here as for that experiment. 

A plot of equivalent fraction in the plant versus equivalent 

fraction in the solution is given in Figure 21 (a). This plot also 

shows that more sodium than calcium was taken up at ~11 equivalent 

ratios. A plot of sodium selectivity coefficients versus equivalent 

fraction of sodium in solution , is given in Figure 21 (b). It shows 

that the plants were more selective for sodium at· all ratios of sodium 
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and calcium. The plants became much more selective for sodium as the 

sodium concentration in solution decreased. The sodium selectivity 

coefficients for the solutions of constant equivalent ratios exhibited 

a definite decrease with increasing total solution concentration. 

These coefficients are given in Table VIII. Thus the selectivity coef­

ficients for the monovalent ions tended to decrease and the divalent 

ion selectivity coefficients tended to increase with total solution 

concentration. Middleton, Handley and Overstreet (40) found a similar 

effect with potassium and attributed it to a dual carrier system. 

·Helfferich (25) states that this can be expected with exchange phenomena. 

_Specificity, in both enzyme and exchange phenomena, i1;3 a highly 

complex action and has not been fully _investigated in either case. 

Enzymes are known to be highly specific, but the mode of action has 

not been clearly defined. For ion exchange phenomena some general 

trends have been observed for ion specificity. An exchanger tends 

to prefer: 1) the counter ion of higher valence, 2) the counter ion with 

the smaller equivalent volume, 3) the counter ion with the greater polari­

zability, 4) the counter ion which interacts more strongly with the fixed 

ionic groups or matrix and 5) the counter ion which participates least 

in complex formation with the co-ion. There are exceptions to these 

rules, since some of the effects counteract one another. 

The data presented would not require a double carrier system to 

explain the ion selectivity observed. From Table VII, the free energy 

change for-cesium was greater than for sodium indicating that cesium 

interacted more strongly with the fixed charge sites. With the larger 

hydrated radius of sodium this is reasonable. However, sodium was 
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found to be taken up selectively over cesium. Another consideration 

must be taken into account according to Ling (34). The adsorption­

desorption migration process takes place in two steps: First the oc­

cupation of a site by an ion which depends directly upon the magnitude 

of the free energy of adsorption, and second, replacement of this ion 

by a second counter ion which depends inversely upon the free energy 

of adsorption of the first ion. An optimal free energy for a maximal 

rate of entry should exist and probably would be somewhat less than 

the maximum free energy of adsorption of the ions involved. 

Calcium was found to be taken up selectively over cesium when 

the equivalent ratios were the same. This would follow the trends 

given above. Calcium exhibited the same free energy of adsorption and 

has a smaller ionic radius than cesium. 

Sodium was found to be taken up selectively over calcium at all 

equivalent ratios and concentrations used, From the above discussion, 

this would point out the importance of the second stage of the adsorp­

tion-desorption migration on the velocity of uptake. 

Although the selectivity observed in these experiments can be 

adequately explained on the basis of what is known about adsorption, 

investigation of ion concentrations higher and lower than those used 

here would have to be conducted before ruling out the multiple carrier 

mechanism. 

Since the data discussed thus far do not afford concrete con­

clusions with respect to the two uptake mechanisms under investigation, 

it was decided to conduct an investigation of possible energy sources. 
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Energy Source Study 

In gen~ral, it is considered that metabolic energy is required 

at five places in a carrier system. These are: 1) carrier synthesis, 

2) formation of the carrier-ion complex, 3) movement of the carrier­

ion complex across the plasmalemma, 4) release of the ion into the 

cytoplasm and 5) movement of the carrier back across the plasmalemma. 

From previous discussion it is evident that formation of the car­

rier-ion complex would not require metabolic energy, but would be 

spontaneous under the proper conditions. The activation energy for 

either uptake mechanism would be thermal in nature. Any of the other 

four processes mentioned above could require metabolic energy. To 

release an ion from its carrier would require energy at least equal to 

the energy of association of that ion with its carrier. This quantity 

was measured and it was decided to determine if the roots contained 

sufficient potential metabolic energy to remove the attached ions. 

Ma.jar anaerobic energy sources are generally considered to be 

ATP, ADP and creatine phosphate. Creatine phosphate has not been 

found to occur in plants (54). Thus, it was decided that the formation 

of ATP and ADP could be stopped with inhibitors and the amounts avail­

able determined. This total amount would be considered as being avail­

able for removal of the ions from their carrier. 

First, the effects of three metabolic inhibitors were investigated 

using solutions and sets,of intact plants as discussed previously. In 

the first experiment the plant roots were placed in the inhibiting so­

lutions for varying lengths of time, removed and washed for two minutes 
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in 500 milliliters of deionized water, They were then placed for two 

hours in a 6x10-3N '.Cser solution tagged with Cs137. The results of 

this experiment are given in Figure 22 • . It will be noted tha:t after 

approximately twenty minutes in the inhibiting solution, no further 

decrease in uptake resulted. It was found that after two hours in the 

inhibiting solution and then two hours in the absorbing solution, the 

plants were wilted. Therefore, one hour in the inhibiting solution was 

chosen for the next experiment. 

After removal from the inhibiting solution and washing, the roots 

were placed, for varying lengths of t;ime, in a 6x10-3N CsCl absorbing 

solution tagged with Cs137. From this point the plants were treated as 

discussed previously. The data are presented in Figure 23. It 

will be noted that from two to four hours no increase in cesium uptake 

occurred. From these two experiments, it was concluded that the rrajor 

sources of metabolic energy for ion uptake were inhibited by the treat­

ments used. Further, the sources of anaerobic energy were used up at 

the end of two hours. 

In the following experiment the plant roots were subjected to one 

hour in the inhibiting solution and three hours in a tagged 6x10-3N CsCl 

absorbing solution •. This experiment was conducted as previously 

discussed. The data are presented in Table IX. The amount of energy 

calculated as being necessary was arrived at using an average of all 

the free energy measurements previously made for cesium, the amount 

of cesium taken up and a value of 5.3 kcal./mole for ATP---i)ADP (42). 

Separation of ATP and ADP could not be accomplished by the method used. 

The difference in pentose determined was attributed to ATP----> AMP in 
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order that the maximum amount of potential metabolic energy possible 

would be used in the comparison of available to needed energy. 

The extreme variation noted in the samples can be accounted 

for by the fact that the small amount of ATP found was at the 

lower limit of detection by the method used. The method of de­

tection was good for to.1 micromoles of ATP per gram of roots. 

If the amount calculated as being necessary had been present, the 

sensitivity of the determination method would have been adequate. 

The change in calories per gram of roots in Table IX was cal-

culated using the values that would give a maximum. The micro-

moles of cesium taken up were average values of the plants subjected 

to the radioactiv:e absorption solution. It was found that approxi-

mately four to six times more energy was needed than was found to be 

used. 
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TABLE IX 

COMPARISON OF MAXIMUM ENERGY DELIVERED BY SORGHUM ROOTS 

AND ENERGY NEEDED FOR ION UPTAKE 

J'I' moles ATP 
gm. roots 

o.s 
0.1 

0.3 

0.2 

0.1 

o.6 

0.2 

0.2 

;vmolesa 
ATP~AMP 

• roots 

0.5 

0.6 

0.4 

0.4 

First Trial 

Aeal. .roots)x103 

5.3 

6.4 

Second Trial --

4.2 

4.2 

Uptake 
/"moles Cs 

.roots 

6.9 

6.9 

6.5 

6.5 

Cale. cal·) 3 
Needed. xlO 

25.7 

25.7 

24.2 

24.2 

Energy release from ATP > AMP was taken as 10.6 kcal./mole. Each pyrophosphate 
bond releasing 5.3 kcal./mole (42). 

-..J 
~ 



75 

An insufficient amount of ATP was found to accomplish only one 

of the four processes where it might have been used in a carrier 

system. However, such a system might have been operative. It is 

possible that other anaerobic sources of energy as important as ATP 

and ADP could exist in plants. 

That energy was necessary for ion uptake was shown by the meta­

bolic inhibition experiments. However, where utilization of this 

energy takes place is the primary concern. It might be used in the 

four processes given previously or in protein formation for fixed 

charge sites of a process such as association-induction. If used 

for the production of fixed charge sites, once the sites were filled 

ion uptake would cease. It is known that inhibitors of protein syn­

thesis (e.g. ribonuclease and chloramphenicol) may reduce ion uptake 

without an appreciable effect on respiration. Thus, it has been 

considered that active ion uptake might be more closely linked to 

protein synthesis than other metabolic processes. The mechanism 

that has been proposed by Sutcliffe is a cycle of ion binding and 

release accompanying the synthesis and hydrolysis of protein ( 50) • 

Although the carrier of Epstein and co-workers might well be a pro­

tein, the carrier-ion complex of this mechanism is different than 

that proposed by Sutcliffe and Ling. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

These investigations were concerned with two objectives. These 

were: 1. To investigate the mechanism of cation uptake using a sys-

tern more nearly approaching the natural conditions of the plant and 

environment than excised roots and forced aeration. 2. To evaluate 

the proposed mechanisms of cation uptake with measured quantities in 

addition to kinetic considerations. In order to car.rycout :thes.e cob-

jectives, a series of short term absorption experiments were conducted. 

Intact plants of Sugar Drip forage sorghum nine to twelve days old were 
,7,; . 

used. 

Aeration of the absorbing solution was found to have no advantage 

over non-aeration when 2.5 centimeters of the roots extended above the 

liquid surface. Cesium, sodium and calcium uptake were found to satis-

fy the mathematical characterizations of both the carrier and associa-

tion-induction mechanisms of cation uptake. Interference studies showed 

that sodium at 2 milliequivalents per liter interfered competitively 

with cesium uptake, while, calcium at 0.25 milliequivalents per liter 

had no measurable effect. 

By use of association or adsorption energy calculations it was 

concluded that the dissociation constant measured could be used as a 

true thermodynamic constant. These calculations also indicated that 
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this phase of absorption could have been spontaneous. Using this con­

cept and data. from absorptions at two temperatures, the overall reaction 

enthalpy was found to be -1.89 kcal. Activation energy and Q10 values 

were found to vary with absorption solution concentration. Activation 

energies ranged from 5.52 to 7.68 kcal./mole: QlO values ranged from 

1..37 to 1.55. 

Sodium was found to be taken up selectively over cesium and cal­

cium. Calcium was found to be taken up selectively over cesium. The 

selectivity coefficients for the various ions were found to increase 

with decreasing concentration of that ion in solution. It was not 

necessary to invoke the multiple carrier hypothesis to explain the 

selectivity observed. 

It was concluded that the major sources of metabolic energy for 

ion uptake were inhibited by exposure of the plant roots to lxl0-.3M 

sodium cyanide and 1x10-.3M iodoacetic aciq. The sources of anaero­

bic energy were found to be used up at the end of two hours of absorp­

tion. The maximum amount of anaerobic energy for ion uptake, as ATP, 

was measured. It was found to be inadequate by a factor of four to 

six to accomplish only one of four processes where it might have been 

used in a carrier system. 

The data presented in this thesis does not prove or disprove 

,, either the carrier or association-induction hypothesis of ion uptake. 

It does show that measurements other than kinetics must be made in 

order to adequately describe the ion uptake mechanism. Some of the 

magnitudes of measurements made were in the transition zone between 

enzymatic and adsorption phenomena, while others tended to indicate 



an adsorption process. However, additional measurements using wide 

ion concentration ranges and absorption times will have to be made 

before the cation uptake mechanism can be adequately characterized. 
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APPENDIX 

Kinetics of Enzyme Action 

Consider the enzymatic reaction process as follows: (21) 

Et S 

kl. 

k2 

k 
3 

ES----• Products/. E 

The following designations will be used: 

(E) = Total concentration of enzyme E 

(S) = total concentration of substrate, so chosen that (S) 

is much greater than (E) 

(ES)= concentration of enzyme-substrate complex 

(E) - (ES)= concentration of free enzyme 

If E f S ;:::=:= ES is reversible then .the dissociation constant of 

ES, defined as Km, can be written as, 

Km~ {:(E) - (ES)_7 (S) 
(ES) 

solving for (ES) 

(ES): (E~(S) 
Km (S) 

If the velocity constant for the decomposition of ES is k3, and the 

measured velocity is v, then v = k3(ES), and 

v = k3(E) (S) 
Km f (S) 
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The maximal velocity V will be attained when the concentration of ES 

is maximal, i.e., when all the enzyme is bound by substrate, and 

(ES)= (E). Then, 

V = k3(ES) = k3(E) 

If Vis substituted fork (E), the Michaelis-Menten equation is ob-
3 

tained. 

_ v~s~ 
V - KmS) 

By taking reciprocals the Lineweaver-Burk equation is obtained 

1 - Km [ 1 J I 1 --:;---v- 'fsY 'T 

Briggs and Haldane (21) pointed out that Km represents the true 

dissociation constant of ES only if the velocity of the dissociation 

of ES is much greater than the rate of its conversion to products and 

E~ The rate of formation of ES may be denoted by the term 

k1L(E) - (ES)_j'(S) and the rate of decomposition of ES by the 

term Lk2(ES) t k3(ES)J. 

The overall rate of change in the concentration of ES is therefore 

di~)= k1L(E) - (Es)J(s) - k2(ES) - k3(Es) 

So long as the rate of the reaction (v) is constant, then (ES) is 

constant and the term d(ES)/dt = O. Under these circumstances, 

(ES)= k1(E)(S) 
k1 (S) t k2 t k3 = 

If the quotient (k2 I k3)/k1 is set equal to Km, the expression is 

the same as derived by Michaelis. Therefore, Km is a true dissociation 

constant of ES only when k3 is negligible with respect to k2• 
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For the application of the Michaelis-Menten equation to the com-

petitive inhibition of enzymes, the equilibrium 

E f I EI 

where I denotes the inhibitor, must also be considered, For a com-

petitive inhibitor the concentration of the free enzyme becomes 

L(E) - (ES) - (EI)_J 

and the dissociation of the enzyme-inhibitor complex is 

Ka = L(E) - (ES) - (EI)_l(I) 
EI 

The overall rate of formation of ES is 

ct&~s) = k1 L(E) - (Es) - (EI)_J(s) - k2(Es) - k3(Es) 

At the steady state of the reaction, d(ES)/dt = 0 and 

(ES)= (S)L(E) - (EI)_J 
(S) t Km 

Substituting for (EI) 

(E) (S)Ka 
(ES)= KmKa t Km(I) t Ka(S) 

Then as before 

V(S)Ka 
v = Km.Ka f Km(I) f Ka(S) 

Modification by the method of Lineweaver and Burk gives 



Kinetics of Competitive Entry of Ions by Association 

and Induction According to Ling (34) 
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Adsorption-desorption migration for the ith external ion depends 

fundamentally on the mole fraction of fixed ionic sites occupied by 

the ith ion. There is only a finite number of such fixed ionic sites; 

the mole fraction of the ith ion-fixed-ion doublets depends on the ith-

ion adsorption energy, and on the adsorption energy and concentration 

of counter ions competing for the same sites. The dissociation con-

stant, Ki, for the ith ion·adsorption is defined by 

fr. 
(p.f.). 

Ki=. 1 

)ads. 
(p.f. i 

where: (p.f.)fr· = partition function of ith ion in free state 

(p.f,)ids• = partition function of ith ion in adsorbed state 

A Ei: adsorption energy of the ith ion 

R = gas constant 

T = absolute temperature 

Assume that there are only two major external ions, pi and pj, com-

peting for fixed-charge sites, f. At equilibrium, of (f)0, the 

total number of fixed-charge sites per unit surface area, (f) are 
V 

vacant. Thus, 



However, 

(piex • f) - LpiJ (f) K~ - ex v 1 

(pjex • f) = f:pjJ (f) ,;"'""" ex v n.J 

where f:piJ = external concentration of ith ion. ex 
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Since the rate of ith-ion permeation is proportional to the number of 

ith-ion-fixed-site pairs, one may expect that a theoretical maximum 

rate of entry, Vi, should be reached when (piex • f) = (f) 0 and that 

the actual rate of ith-ion permeation, vi, should be related to Vi 

in such a way that 

Vi (f)o --
vi (P~x · f) 

by substitution 

(f)0 = (f) f (f)v ;_1_ f:piJ .;. (f)v _1_ f:pjJ 
v Ki ex Kj ex 

Then, 

and 

Vi Ki 
vi= {"piJ 

ex 

{"pi_Jex 
Ki 

I- [PjJex) 
Kj 

1 - 1 (Ki f Ki{"p
0

jJex) 1 1-v°i - Vi 
KJ r iJ LP ex 

1 

Vi 
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