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ABSTRACT 

Single  l a rge  internode c e l l s  of N i t e l l a  f l e x i l i s  were 

pu t  i n  water conta in ing one of t h e  following 14c-labelled 

compounds a t  concentra t ions  from 1 x ~ o - ~ M  t o  1 x ~ o - ~ M :  

g lyc ine ,  a lan ine ,  va l i ne ,  a rg in ine ,  a s p a r t i c  a c id ,  glucose, and 

sucrose,  "Cytoplasmic" and "vacuolar" f r a c t i o n s  of t h e  cell  

w e r e  analyzed s epa ra t e ly  f o r  t h e i r  14c content .  

A l l  compounds permeated i n t o  t h e  c e l l .  Uptake 

increased with time up t o  s i x  hours,  without an i n i t i a l  

s t imula t ion  o r  l a g  i n  uptake. Rates of permeation of  a rg in ine  

and a s p a r t i c  a c i d  w e r e  10 t i m e s  t h a t  of the n e u t r a l  amino ac ids .  

The r a t e  of permeation of the n e u t r a l  amino ac id s  decreased i n  

t h e  order  glycine>alanine>valine . 
Kinet ic  a n a l y s i s  was appl ied  t o  the uptake of 

a rg in ine ,  a s p a r t i c  a c id ,  glucose and sucrose.  T h i s  ana ly s i s  

ind ica ted  t h a t  a  c a r r i e r  system was opera t ing  f o r  a s p a r t i c  a c i d  

and glucose i n  the concentrat ion range 1 x ~ o - ~ M  t o  1 x ~ o - ~ M .  

A t  h igher  concentrat ions,  1 x ~ o - ~ M  t o  1 x 1 0 - l ~ ,  the c a r r i e r  

mechanism d id  not  opera te  f o r  glucose. The c a r r i e r  mechanism 

d id  no t  operz te  f o r  a rg in ine  a t  low concentra t ions ,  

Cnromatographic ana lys i s  of cells allowed t o  t ake  up 

e i t h e r  sucrose o r  glucose ind ica ted  t h a t  sucrose was probabl-y 

converted t o  i t s  cons t i t uen t  hexose sugars  before  permeation. 

Also, t h i s  ana ly s i s  showed t h a t  the "vacuolar" f r a c t i o n  of t h e  

ce l l  was probably contaminated with p a r t  of t h e  cytoplasm. 



ACKNOWLEDGEMENT 

I am indebted t o  D r .  C .  D. Nelson for  permitting m e  

the  opportunity of pursuing graduate s tudies .  For h i s  

encouragement, and direct ion of my thes i s  problem and graduate 

programme, I wish t o  express my thanks and appreciation. 

D r .  Towers and D r .  Tregunna a t  the University of 

Br i t i sh  Columbia w i l l  be remembered with appreciation. From 

them and D r .  Nelson I have received generously t h e i r  pr inciples  

and philosophy of research i n  Plant Physiology. 

To M r .  R. Schmidt who was of great  ass is tance i n  t h i s  

investigation and who approached each problem with enthusiasm- 

I wish t o  express my thanks. To my fellow students and 

professors a t  Simon Fraser University who discussed, c r i t i c i z e d  

and encouraged my work, t o  M r .  P .  Foreman who prepared the 

diagrams and graphs, and t o  M i s s  Jenny Turner, M i s s  Barbara 

Pizzuto and M i s s  Diane Whiffin who typed t h i s  thes i s ,  I a m  

indeed grateful .  

Last,  but  ce r t a in ly  not l e a s t ,  I thank my wife, Donna 

Jean, for placing aside the  comforts and secur i ty  of home i n  

order t o  accompany her husband on a most uncertain course. 



iii 

Table of Contents 

Page 

Abstract........,...,........,...,... ............,.. i 
Acknowledgement .................................. ii 

Table of Contents,.......,...,..,.................. iii 

List of Tables...... ................................ iv 
List of Figures .................................... vi 
Glossary... ........................................... viii 

Introduction....,..,. ............................. 1 
Statement of the Problem........,.......,.,,....., 18 

Materials and Methods.......,,....................., 20 

Results 

Permeation of Neutral Amino Acids...,.....,.,.. 31 

The Permeation of Basic and Acidic Compounds,.. 39 

Kinetic Analysis of Permeation of Amino Acids.. 44 

Permeation of Sugars into Nitella............,. 48 

Kinetic Analysis of Permeation of Sugars., . . . . . 52 
An Investigation into the Form in which 
Compounds Permeate............,......,......,.. 56 

S u m m a r y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82 

Bibliography ................................... 84 
Curriculum Vitae.................,.................. 88 



Table 1. 

Table 2. 

Table 3. 

Table 4. 

Table 5. 

Table 6. 

Table 7. 

L i s t  of Tables 

The 14c-labelled compounds used in  

.................. permeation experiments 

Example of primary data and calculations 

of uptake of arginine-14c by 1 2  Nitella 

ce l l s  with increasing time from 0.5 t o  

6 hours. Tr ia l  one of s ix  trials.. . . . . . .  

S t a t i s t i c a l  analysis of uptake of 

arginine-14c by 1 2  Nitella ce l l s  shown 

i n  Table 2.............................. 

S t a t i s t i c a l  analysis of s i x  t r a i l s  t o  

determine the presence or absence of a 

lag i n  the uptake of arginine-14c in to  

.......... the 'Vacuole" of Nitella ce l l s  

'IF" values which determine the "Goodness 

of F i t "  of a l ine  through the origin t o  

... the data obtained for each compound.. 

Kinetic analysis of permeation of 14c- 

labelled basic and acidic  amino acids 

in to  Nitella flexilis................... 

Kinetic analysis of permeation of 14c- 

labelled sugars in to  Nitella f lexi l i s . . .  

Page 



Table 8. 

Table 9. 

Table 10. 

Table 11. 

Distribution of 14c-labelled glucose, 

fructose and sucrose in Nitella flexilis 

after treatment for three hours in Sucrose 

-14 c....................................... 

Distribution of 14~-labelled glucose, 

fructose and sucrose in Nitella flexilis 

after treatment for three hours in Glucose 

- ..................................... 14c. 

Distribution of 14c-labelled compounds 

in the "vacuole" and "cytoplasm" of 

Nitella flexilis after treatment for three 

hours in ~s~artate-l~~. .................... 
Summary of compounds used for permeation 

investigations of Nitella flexilis........ 



Figure 1. 

Figure 2. 

Figure 3. 

L i s t  of Figures 

The carr ier  concept ......................... 
Hypothetical mechanisms of transport 

across membranes... ........................ 
Diagram t o  demonstrate the formation of a 

Donnan Equilibrium ........................ 
Figure 4a. A plant of Nitella f l e x i l i s  (Characeae) 

showing a large single internode cell. . . . . .  

Figure 4b. Schematic section of a Nitella c e l l  ....... 

Page 

I 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

The permeation of neutral amino acids 

in to  the 'kytoplasmic" and "vacuolar" 

fractions of Nitella flexil is . . . . . . . . . . . . . .  

The permeation of basic and acidic  amino 

acids in to  the "cytoplasmic" and 'ivacuolar" 

fractions of Nitella flexil is . . . . . . . . . . . . . .  40 

Kinetic analysis of uptake of basic and 

acidic  amino acids in to  Nitella f l ex i l i s . .  . 45 

The permeation of 14c-labelled sugars in to  

Nitella flexilis........................... 

Kinetic analysis of uptake of 14~- label led  

sugars in to  Nitella f l e x i l i s  using con- 

centrations ranging from 4 x ~ o - ~ M  t o  

-6 1 X 10 M............................... 



v i i  

List  of Figures Page 

Figure 10. Kinetic analysis of uptake of sugars by 

Nitel la f l e x i l i s  using concentrations 

ranging from 1 x 1 0 ~ ~ 8  t o  1 x 1 0 ~ ~ 8 . .  . . . 57 



v i i i  

Glossary 

Bioelectric potential  difference: an e lec t r i ca l  potential 

difference normally maintained i n  l iving matter. 

Electro-osmosis: the movement of a f luid under the influence 

of a potential  difference through a channel having charged 

walls. 

Parti t ion coefficient: the r a t i o  of concentrations found 

i n  an organic solvent and water when a particular compound 

i s  shaken up i n  equal volumes of both, and the liquids are  

allowed t o  separate a f t e r  equilibrium has been achieved. 

Permeability: i s  a property of a membrane which controls 

penetration of substances. 

Permeation: the process whereby a substance penetrates a 

membrane. 

Permeation power: the a b i l i t y  of a substance t o  penetrate 

a membrane. 

Pore: a channel existing i n  a membrane of a cel l .  



Introduction 

The b io log ica l  menibrane i s  the  fundamental u n i t  of 

t ranspor t  and governs a l l  permeabil i ty processes,  whether they 

a r e  simple d i f fus ion  (25) 8 exchange d i f fus ion  (2) , ion exchange 

(2) , o r  a c t i v e  t ranspor t  (7) agains t  a prevai l ing electrochemical 

gradient .  

Pfef f e r  (3) advanced the  hypothesis t h a t  t h e  res i s tance  

t o  permeation is p r i n c i p a l l y  due t o  two extremely t h i n  membranes, 

t h e  one covering the  outer  surface  of t he  p ro top las t ,  t he  other  

separa t ing t h e  c e l l  sap or  vacuole from the  protoplasm. The 

outer  membrane i s  now general ly  ca l l ed  t h e  plasmalemma, while 

t h e  inner one i s  ca l l ed  t h e  tonoplas t .  

Overton (3) was t h e  f i r s t  t o  suggest t h a t  t h e  c e l l  

surface  is  a l i p i d  l ayer .  The work of Gorter and Grendel i n  

1925 (2) ,  showed t h a t  enough l i p i d  was present  i n  erythrocyte 

membranes t o  make a membrane about two molecules t h i ck .  They 

suggested t h a t  t h e  membrane consis ted  of a bimolecular layer  of 

l i p i d  molecules, t h e  molecules being or ien ted  perpendicular 

t o  t h e  membrane-water i n t e r f aces ,  and with t h e i r  po la r  groupq 

i n  the  i n t e r f aces .  For such a c e l l ,  t he  tens ion a t  t h e  surface  

would be of t h e  order of 10 t o  20  dynes cm.'l Harvey and Cole, 

i n  1932 ( 2 ) o  measured t h i s  tens ion and found it t o  be of t h e  

order 0.1 dynes cm." Danell i  and harvey, 1934, therefore ,  

suggested t h a t  t h e  cel l  surface  consis ted  of a bimolecular l i p i d  



layer, with an adsorbed protein monolayer on each side. This 

model was compatible with all other observations available at 

that time. Later studies on the surface tension of cells and 

of protein adsorption indicated that in addition to the monolayer 

of denatured protein there was a secondary layer of globular 

native protein, which was reversibly adsorbed (2). These protein 

chains endow the membrane with a certain degree of elasticity, 

and mechanical resistance, as well as low surface tension. 

Because the length of the lipid molecules is about 

30 angstrom units and the thickness'of a monomolecular protein 

layer is some 10 angstroms, Danielli fixed the total thickness 

of the membrane at about 80 angstroms. This model of the membrane 

has been supported by observations made with the electron 

microscope (22) . 
This model has received wide acceptance and has been 

used as the basis for discussion of the possible permeability 

mechanisms of cell membranes. 

Frey-Wyssling (11) recently proposed a membrane model 

which he terms a block structure. He envisages this structure 

consisting of a bimolecular layer of globular lipoprotein 
0 

macromolecules 40 - 50 A in diameter. The lipid molecules are 

anchored in the loosely-constructed protein macromolecules wi* 

their helically wound polypeptide chains, and in the interseices 

between the globukr macromolecules. The necessary polarity of 

the membrane is given by the intramolecular construction of the 

globular macromolecules. 



Permeability mechanisms fall into five main groups 

or categories as follows: 

1. Simple Diffusion: Two models have been proposed for the 

simple diffusion of permeants across a cellular membrane. 

a) The lipid-solubility principle. Overton (3) found 

that permeability in both plant and animal cells was 

a function of the oil/water partition coefficient of 

the penetrating molecules. Molecules with a high oil/ 

water coefficient are able to permeate more rapidly 

than molecules with a small partition coefficient. From 

this, he reached the conclusion that compounds which 

are extremely lipophilic, such as hydrocarbons, have 

great permeation power and permeate into the cell by 

dissolving in the lipid component of the plasmalemma 

and diffusing across into the cytoplasm. 

Amino groups, hydroxyl groups, carboxyl groups, and 

keto groups decrease the lipid solubility and hence, the 

permeation power of a molecule. An increase in the 

length of the nonpolar portion of these molecules as well 

as an increase in the degree of methylation results in 

an increase in lipid solubility and hence, permeation power. 

b) The molecular-sieve principle. The extensive studies 

of the relationship between molecular size and permeability 

led to a picture of the cell surface as a membrane 



containing different  sized pores of diameters 

commensurate with the s ize of the penetrating molecules. 

Dainty (8) a s  a resu l t  of investigations of electro- 

osmosis i n  Nitel la ,  has s tated h i s  hypothesis tha t  the 

existence of electro-osmosis across c e l l  membranes 

implies the existence of water-filled charged pores 

through the membrane. Solomon (23) regards pores in 

menibranes a s  dynamic openings within a complex, hydrated 

lipoprotein framework. These are  not necessarily fixed 

canals; a s  the membrane responds t o  changing conditions 

inside or outside the c e l l ,  some pores may open and 

others may seal  up. Nevertheless, he conceives the 

membrane a s  containing on the average a uniform number 

of pores. In t h i s  regard Kavenau's new theory of 

membrane s tructure (16) has many a t t rac t ive  aspects. 

According t o  t h i s  theory the regularly arranged 

constituents of l iving membranes can change the i r  

structure reversibly from an open-type configuration 

with membrane pores t o  a closed-type configuration i n  

which the pores are obliterated. In  the open s t a t e  the 

l ip ids  form p i l l a r s  within the envelope of membrane 

proteins and these p i l l a r s  f l a t t en  out into discs in  

the closed s ta te .  

2 ,  Active transport: When ions or molecules are moved across 

a membrane by a mechanism which i s  d i rec t ly  dependent on 

metabolic energy, they are said t o  be transported "actively." 

d 



There are certain important features of active transport. 

The ra te  of transport is not a l inear  function of the 

difference of concentrations on the two sides of the c e l l  

membrane. There i s  competition among substances having 

similar configurations. There i s  inhibition by enzyme 

inhibitors.  The r a t e  of transport may be different  even 

for optical  isomers. The temperature coefficients are  

often of the same order of magnitude as  those of enzyme 

reactions. 

Most of the hypotheses advanced t o  explain active 

transport involve reversible binding of ions or molecules 

t o  a constituent of the membrane which ac t s  a s  a "carrier." 

According t o  the "carrier" concept (fig.  1) , an ion or 

molecule reacts with i ts  carr ier  (x) a t ,  or near, the outer 

surface ( M i )  of the membrane. This reaction might involve 

adsorption, exchange adsorption, or some kind of chemical 

combination. Neither the carr ier  nor the ion-carrier complex 

( I X )  can move in to  the medium, but I X  i s  mobile in  the 

membrane, and moves t o  the other side (M2) .  Here it breaks 

down, releasing the ion in to  the internal  solution and 

1 forming a ca r r ie r  precursor (X ) which i s  incapable of 

leaving the membrane, or of reaccepting an ion. x1 is  

transported back across the membrane and reconverted t o  X, 

where a t  M1 it can combine with another ion. 

One suggestion i s  tha t  the carr ier  and ion or 



~ x t e r r k l  M I  
Solution I 

Diffusing carriers 

Solution 
Internal 

Rotating carriers Sliding carriers 

.= . Fig. 2 Hypothetical mechanisms of transport across membranes. 



molecule may form a lipid-soluble complex which can diffuse 

across a l ipoprotein membrane along a concentration gradient 

(Fig. 2 ) .  Another p o s s i b i l i t y  i s  t h a t  the c a r r i e r  or par t  

of it i s  capable of ro ta t ing  i n  some way i n  the membrane and 

thus of t ransfer ing ions or molecules bound a t  one surface 

across t o  the other.  Some mechanism would be necessary t o  

ensure t h a t  the  binding s i t e  re turns  t o  the outer surface 

unloaded t o  receive another ion or  molecule. Alternatively,  

the  ca r r i e r  might be a strongly surface-active substance 

which s l ides  along the water-fi l led pores i n  the membrane 

with the  polar head i n  the water phase, and the  l ipophi l ic  

t a i l  associated with l i p i d  materials  i n  the membrane (13). 

Phospholipids appear t o  be well sui ted for  such a purpose, 

and they a r e  known t o  be consti tuents of biological  membranes, 

Daniel l i  (7) and Mitchell (19) have suggested the existence 

of s p a t i a l l y  organized enzyme and c a t a l y t i c  c a r r i e r  systems 

a s  components of the  membrane complex. Such enzymes, have 

i n  common with other enzymes, the  property of binding t h e i r  

substra tes  (the -permeating molecules) by non-covalent bonds 

t o  form the c l a s s i c a l  Michaelis-Menten complex, the  energy 

required being supplied by the  metabolic processes within 

the c e l l s ,  Green and Davis (14) have discovered t h a t  the  

ca ta lys t s  of the  en t ry  of cer ta in  carboxylic acids  and 

sugars i n t o  the  metabolic systems of E, c o l i  resemble -- 
enzyme systems i n  being inducible, and t h a t  the  induction 



can be blocked by certain inhibitors of protein synthesis. 

These kinet ic  observations lend further support t o  the idea 

tha t  transport car r iers  may be normal enzyme and ca ta ly t ic  

carr ier  systems. 

The active transport processes require the 

expenditure of energy. For a carr ier  E and substrate 

(permeating molecule) S, the following equation may be written: 

S + E + E S + E  + P,  i n  which ES represents the enzyme substrate 

complex, P the product. Ghosh ( 1 2 )  suggests that  the energy 

transfer is  similar t o  those involved in other synthetic reactions 

in  the ce l l .  

ATP ADP + P i  

car r ier  + sub r r i e r  ----------- substrate 
enzyme 

The enzyme ATPase is necessary for the breakdown of ATP 
I 

t o  ADP. ATPase has been reported in  the plasmalemma of 

erythrocytes and Streptococcus faecalis (30) . 
A s  yet, no unambigious c r i t e r i a  exis t  for distinguishing 

between these mechanism, and there i s  no firm knowledge as  t o  

how these postulated transport mechanisms indeed ac t .  

3 .  Electro-osmosis: When an aqueous solution is separated from 

another by a membrane possessing charged pores, and a potent ial  

difference exis ts  between the two solutions, ions move through 

the pores along an electrochemical 



potent ia l  gradient.  I n  doing so, they car ry  water molecules 

with them. This type of movement i s  ca l led  electro-osmosis. 

The pores through which electro-osmosis may occur i n  plant  

membranes a re  thought t o  have negatively charged walls (1). 

This is  i n  agreement with the f ac t  t h a t  under normal 

conditions of p H  the  walls usually a re  negatively charged 

due t o  the presence of proteins.  D .  S. Fensom (9) has 

s ta ted  h i s  hypothesis t h a t  electm-osmosis may be a 

motivating factor  for phloem transport ,  a s  well a s  for  the  

entry of water i n t o  the  vacuole of many plant  c e l l s .  

Ion exchange: I f  two solutions containing d i f f e ren t  s a l t s  

a re  separated from one another by e i the r  a cation-permeable/ 

anion impermeable or cation impermeable/anion permeable 

membrane, one of the  two ion species i n  each case i s  f r ee  

t o  move across i n  exchange for an ion of l i k e  charge.- 

Equilibrium i s  established when the  r a t i o  of the  two cations 

( in  the f i r s t  case) or the  two anions ( in  the  second case) 

i s  equal on the two s ides .  A t  equilibrium, exchange does 

not stop but equal r e l a t i v e  amounts of the  two cations or 

anions move i n  each direct ion,  so t h a t  the  r a t i o  remains 

the  same, The t o t a l  concentration of s a l t  on e i the r  s ide  

is  not affected by exchange, even when a concentration 

gradient ex i s t s ,  because movement of one ion species, and 

therefore diffusion of s a l t ,  i s  prevented. Exchange involves 

equivalent e l e c t r i c a l  charges so t h a t  two univalent ions 

exchange for  one bivalent ,  th ree  for  one t r i v a l e n t  ion, and 

SO on. 



The Donnan equilibrium is  a more complex ion- 

exchange system. I n  t h i s  systen?, the  merrSrane sepa.rates a 

solution containing ions t o  which the memirjrane i s  permeable, 

from another containing i n  addit ion t o  mobile ions, e i t h e r  

cations or  anions t o  which it is impermeable. 

Assuming the  concentration of the  s ingle  cation,  

sodium, on the  two s ides  of a membrane i s  i n i t i a l l y  equal 
# 

(Fig. 3a),  the  concentration of d i f fus ib le  anions, chlorides,  

on s ide  2 w i l l  be lower than on s ide  1, since p a r t  of the  

cations a re  balanced by phosphate, which is indi f fus ib le  . 
The proportion of sodium ions a s  a percent of the  diffusLble 

ions on s ide  1 i s  l e s s  than on s ide  2 .  The proportion of 

chloride ions a s  percent of the d i f fus ib le  ions on s ide  1 

is greater  than on s ide  2 .  Since the  concentration of 

d i f fus ib le  pos i t ive  and negative ions i s  d i f f e ren t ,  chloride 

ions w i l l  tend t o  move by diffusion from s ide  1 t o  s ide  2,  

sodium ions w i l l  move i n  the  opposite d i rec t ion .  However, 

a s  the  movement of ions progresses, e l e c t r o s t a t i c  forces 

w i l l  be developed, the  e f f e c t  of which w i l l  be t o  oppose 

such a separation of e l e c t r i c a l  charges. Ultimately a 

condition of equilibrium w i l l  r e s u l t .  A t  equilibrium the  

electrochemical potent ia l s  of the  two s ides  of the  membrane 

a r e  equal, but  Lm+Jl > h a + J 2  and ICI-J1 < Lc~-J2.  
Since the  concentrations of mobile ions a r e  unequ 

on the t w o  s ides  of the  membrane i n  a Donnan system a t  
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Na+ 
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Fig. 3 .  
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negative 

Diagram t o  demonstrate the formation o f  a Donnan 

Equilibrium 



equilibrium while the electrochemical potentials are equal, 

it follows that there is an electrical potential difference 

between the two sides. This is sometimes called the Donnan 

membrane potential. 

5. Exchange Diffusion: Ussing in 1947 (24) observed in frog 

skin a one for one exchange of sodium ions which was greater 

in magnitude than the net movement. This he called exchange 

diffusion. It is suggested that in this process the ions 

cross the membrane in combination with carriers which do 

not readily cross the membrane in the uncombined state. 

The best known example of such an exchange 

diffusion comes from the work of Mitchell and Moyle (24) 

on phosphate exchange across the membrane of Staphylococcus 

aureus. When the bacteria were put into a phosphate-free 

medium no phosphate left the cells, But on addition of 

isotope-labelled phosphate to the medium there was a rapid 

exchange of intra and extra-cellular phosphate without any 

net movement. 

Permeation experiments have been performed using 

a wide variety of techniques and a wide variety of plant 

and animal materials, The permeation of materials into 

plant cells can sometimes be detected by microscopic 

observations. One method involves measurement I of the rate 

of recovery of a vacuolated cell after it has been plas- 

molysed in a hypertonic solution, The entry of dyes into 

cells can sometimes be followed by direct microscopic 



observation, Penetrat ion of co lo r l e s s  molecules o r  ions 

can occasionally be detected a s  a r e s u l t  of formation of 

colored complexes with cell  cons t i tuen ts ;  i r on  fo r  example, 

g ives  a b lue  color  i n  t h e  presence of tannins .  I f  a ce l l  

contains soluble  carbonates o r  oxala tes ,  t h e  e n t r y  of calcium 

ions  i s  indicated by t h e  appearance of c r y s t a l s  of insoluble  

calcium s a l t s ,  

The en t ry  of permeants i n t o  whole p l an t s ,  o r  t h e i r  

p a r t s ,  can be determined quan t i t i ve ly  by ana lys i s  of samples 

of e i t h e r  t he  cells (or t i s s u e s )  o r  t he  immersion medium. 

I n  p rac t ice ,  ana lys i s  of the  medium i s  of ten  preferred,  s ince  

it is  then poss ible  t o  measure uptake a f t e r  severa l  con- 

secutive time i n t e r v a l s  w i t h  t he  same p l an t  material. 

Analysis of t h e  t i s s u e  i s  of ten  less r e l i a b l e  than that of 

t h e  medium owing t o  t he  presence of a g rea t e r  number of 

substances which may i n t e r f e r e  w i t h  t h e  determination. Also, 

d i f f i c u l t y  may be encountered i n  ex t rac t ing  sa l t  quan t i t ive ly ,  

e spec i a l l y  i f  some has  been incorporated i n t o  organic c e l l  

cons t i tuen ts .  

A change i n  t h e  t o t a l  concentrat ion of ions i n  

a so lu t ion  can be estimated from t h e  change i n  e l e c t r i c a l  

conductivity.  However, i f  t he  uptake of one ion is accompanied 

by r e l ea se  i n t o  t h e  medium of a d i f f e r e n t  ion with t he  same 

e l e c t r i c a l  charge, l i t t l e  o r  no change i n  conduct iv i ty  may 

be detected even though an appreciable amount of a p a r t i c u l a r  

ion may be removed from t h e  solut ion.  



The estimation of some cations, particularly 

sodium and potassium ions is determined by flame photometry. 

The apparatus is inexpensive, the method is rapid and 

reasonably accurate. A more modern and accurate instrument 

is the atomic absorption spectrophotometer. 

The introduction of isotopically labelled compounds 

into permeability studies made possible experiments which 

were beyond the reach of early investigators. Radioactive 

compounds can be detected in extremely small amounts, and 

their passage across cell membranes can therefore be followed 

over very brief intervals of time. This permits measurements 

of the penetration of a compound before there is appreciable 

metabolism. Furthermore, if such metabolic conversion does 

occur, it can easily be detected even if the cell already 

contains large amounts of the same compound. Whereas 

previously, the movement of a particular substance could be 

measured only if it resulted in change of intracellular 

or extracellular concentration, it can now be measured in 

the absence of any concentration change. Thus a study of 

the exchange of potassium ions for potassium ions or chloride 

ions for chloride ions is possible. Ussing (24) , using a 
radioactive sodium nuclide, discovered the mechanism of 

exchange diffusion across cell membranes. The method in 

combination with autoradiography has been used to show the 

uptake by root tips of phosphate and sulphate, and to 

demonstrate their intracellular location. 



variety 

favored 

because 

Cell permeability has been studied in a wide 

of botanical materials. Many investigators have 

the use of excised roots in permeation studies 

roots are the major absorbing organs in most 

angiosperms. The system is less complex than is a whole 

plant, inasmuch as any influences of the shoot on uptake 

by the root may be removed, and it is somewhat less variable 

in behaviour . 
DeVries (3) in 1871 used thin sections of red beet 

(Beta vulqaris) in an investigation of the permeability of 

plasmolysed protoplasts. Since then, storage tissue 

parenchyma has been widely used in permeation studies. 

Storage organs which have been used include potato (Solanum 

tuberosum)' and artichoke (Helianthus tuberosus) tubers and 

red beet and carrot (Daucus carota) roots. The material is 

used in the form of thin disks, not exceeding 1 mm in 

thickness. 

Multicellular algae have been used extensively in 

permeation studies, Giant coenocytic vesicles of the marine 

algae Valonia and Halicystis allow extraction of uncontam- 

inated vesicle sap for detailed chemical a&alysis. Even a 

perfusion of the living vesicle with solution of known 

composition is possible. For many purposes, the smaller 

but more easily obtainable single cells of different members 

of the Characeae such as Chara, Nitellopsis, or Nitella, are 

equally suitable. 



An enormous amount of work on permeation problems 

has been carried out with animal cells. Since erythrocytes 

are easy to isolate, float freely in their natural environment 

and are not attached to other structures in the body, they 

have been used by many investigators. Because of their 

large size, and ease with which they can be manipulated, 

muscle cells and nerve cells have been used a great deal in 

permeation studies. 

Organic molecules of various molecular weights 

and various electrical charges have been used to examine 

permeation processes (3). Recently it has been possible to 

label such molecules with 14c to produce very high specific 

activities. The high specific activities in conjunction 

with the highly sensitive liquid scintillation assay 

techniques make it possible to re-examine permeation in 

single cells at very low concentrations. 

The isotope technique in collaboration with the 

giant cells of Nitella is a powerful combination for studying 

permeation of a single membrane. 

Nitella and other members of the Characeae are 

distinguished by their large internode &ells which are often 

more than 10 cm. long and up to 2 mm in diameter. The 

internode cells are separated from each other at the nodes 

by smaller cells from which branches develop (Fig. 4) . The 
large internode cell has a large central vacuole surrounded 



Fig&. A plant of Nitella flexilis (Characeae) 

showing a large single internode cell. 

Fig 4b. 

Internode cell. 

hloroplast 

i tochondria 

Schematic section of a Nitella cell. 



by cytoplasm containing many s m a l l  e l l ipsoidal  chloroplasts. 

One feature of the cytoplasm is i t s  streaming motion 

sp i ra l ly  around the long axis.  The el l ipsoidal  chloroplasts 

are  readily identified and may be carried i n  the streaming 

cytoplasm, but generally they adhere t o  the walls. The 

streaming cytoplasm is sensit ive t o  s l igh t  changes in  the 

internal  and external environment and part icular ly t o  changes 

in the osmotic potential  of the medium. Hence, one i s  able 

t o  assess the physiological condition of the Nitella during 

the course of an experiment. 

These c e l l s  can be cut open a t  one end with a 

razor and the "vacuolar" contents collected quite eas i ly  on 

absorbent paper for  these flow freely from the cut end of 

the ce l l .  The "cytoplasmic" fraction can be recovered on 

absorbent paper by squeezing the remaining contents away 

from the c e l l  wall with a beaded glass rod. Although there 

may be some contamination between the two fractions, micro- 

scopic examination shows tha t  a l l  the chloroplasts remain 

in  the "cytoplasmic" fraction. 

Statement of Problem 

High specif ic  ac t i v i t y  14c-labelled compounds tha t  

are  now available can be used t o  study permeation processes i n  

single large Nitel la  ce l l s .  For the investigation reported i n  



th i s  thesis a series of three neutral amino acids, glycine, 

L-alanine and L-valine was used. The permeation of these compounds 

was compared t o  that  of a basic amino acid, L-arginine, an acidic 

amino acid, L-aspartate, and two neutral sugars, D-glucose 

and sucrose. 

The data on permeation of a l l  these compounds 

was analysed t o  produce a description of the Nitella ce l l  

membrane, which f i t s  a t  least  two mechanisms. 



Materials and Methods 

Nitella flexilis used for these experiments was 

obtained from the Northwest Biological Supply House, Victoria, 

B.C. It was maintained in aquaria containing guppies for 

several weeks without apparent injury. 

Permeation experiments were carried out using 1%- 

labelled amino acids and sugars (Table 1) . The amino acids 
were obtained from the New England Nuclear Corporation, the 

sugars from the Radioisotope Laboratory, Queen's University. 

In a typical experiment to measure permeation of a 

14c-labelled amino acid, or sugar, twenty Nitella cells were 

trimmed from neighboring cells and placed separately in a petri 

dish containing 10 ml. of distilled water. In the trimming of 

cells, the neighboring cells were cut off with a razor blade. 

A small stump of nodal cells left at each end was convenient 

for the handling of cells with forceps. 

The distilled water was carefully decanted and 10 ml. 

of 1 x 10-7~ arginine-14c was added to the petri dish. At 30 

minute intervals a cell was removed, washed by dipping into a 

series of three changes of distilled water, and excess water 

was removed with absorbent paper. One end of the cell was cut 

with a razor and the "vacuolar" and l'cytoplasmicll fractions 

collected separately for assay. The fractions were counted with 

a liquid-scintillation spectrometer, Packard Tri-Carb Model 3003. 
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The absorbent paper containing the  e x t r a c t  was placed 

1 i n  a v i a l  containing s c i n t i l l a t i o n  f l u i d  cons i s t ing  of 3,Og PPO , 
and O.lg dimethyl PO POP^ i n  one l i t r e  of toluene.  I n  order t o  

co r r ec t  fo r  quench and t o  convert from cpm t o  dpm a 10 ~1 

a l iquo t  of 14c standard containing 4240 dpm was p ipe t ted  onto 

a square of absorbent paper, placed i n t o  a v i a l  of s c i n t i l l a t i o n  

f l u i d  and counted, The r a t i o  of t he  a c t u a l  count r a t e  fo r  t h e  

spike t o  the  absolute r ad ioac t iv i t y  of t he  spike gives  t he  

counting e f f i c i ency  fo r  t he  i sotope,  Counting e f f i c i ency  

depends on t h e  amount of quench and the  width of t h e  window on 

each channel of t h e  spectrometer. The channels w e r e  set t o  

count 14c with an e f f i c i ency  of from 68 t o  77%. 

Each e x t r a c t  was counted fo r  t h r ee  five-minute periods. 

The average of these  counts was taken a s  t he  count r a t e ,  This 

was corrected for  background and converted t o  dpm which i n  t u rn  

w e r e  converted t o  micrograms, The technique i s  i l l u s t r a t e d  i n  

Table 2. 

The amount of mater ia l  recovered from each of t h e  

two f r ac t ions  was p l o t t e d  aga ins t  t i m e  and t h e  data  was t e s t e d  

by regression l i n e  ana lys i s .  The slope of t h i s  l i n e  was a 

measure of t h e  r a t e  of uptake of t h e  mate r ia l  o f fe red  t o  t h e  

PPO : 2, 54iphenyloxazole 

* Dimethyl POPOP : 1, 4-bis-2- (4-methyl-5 -phenyloxazolyl) -benzene 
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For s t a t i s t i c a l  analysis of a bivariate  population 

two similar methods are appropriate, regression and correlation, 

I f  the two variables under consideration are designated X and Y, 

Y may be ei ther  a consequence of X (through heredity, for 

instance) or merely a concurrent variate ,  I f  X and Y are  

suspected of having a cause-effect relationship, regression i s  

the bet ter  method, I f  X and Y are  independent of each other 

correlation i s  the appropriate method t o  use, 

The l inear  regression equation i s  of the general 
A h 

form Y = bX in  which Y i s  called "estimated Y" or "regression Y," 

and represents a value of Y based on a l l  the values of X. The 

quantity "b" i s  known a s  the regression coefficient.  It i s  

also the slope of the regression l ine  or the r a t e  of change 

in  Y with uni t  change i n  X ,  

When the regression l ine  does not pass through the 

origin of X ' s  and Y ' s  - as i s  usually the case with biological 
/r 

data - the regression equation takes the form Y = a + bX where 

"a" i s  the intercept of the regression l ine  on the Y axis ,  

The s t a t i s t i c a l  analysis is  i l lus t ra ted  i n  Table 3 .  

Six t r i a l s  were performed with each of the compounds 

and the data analyzed a s  above. The mean uptake by the 

"cytoplasmic" and llvacuolar" fraction a t  each time interval  

was calculated and plotted against time and the slope determined 

by regression analysis,  The regression l ines  fo r . t he  s ix  t r i a l s  



14 
Table 3. S t a t i s t i c a l  a n a l y s i s  of uptake of Arginine- C by  

1 2  N i t e l l a  c e l l s  shown i n  Table 2 .  

Length of ti 
TZC 

Amount recovered 
i n  Arginine- 

h r s  . "VacuoleI1 l'Cytoplasm" 
I.Lg 10-5 pg 10-5 

Vacuole 

Cytoplasm 

CY = 395.9 n =  12 b = Cxy/Cx 
2 - - - 33.0 

C+ 
= 11.3 - 

= 18844.2 CXY = 1690.2 Y - P = b(X-x 
( C Y ) ~ / ~  = 13081.2 (CX) (Dl)/n = 1287 -0  Y = -2.2+11.3: 
ZY = '  5763.0 Zxy = 403.1 

The reg ress ion  f o r  t h i s  s e r i e s  of c e l l s  is: 

where t h e  rate o f  uptake is 11.3 x log5 pg hr-' 



were analyzed t o  determine whether t h e  l i n e  F = a + bx was 

s i g n i f i c a n t l y  better than 9 = bx o r  t o  pu t  it i n  o the r  words 

t o  determine whether the l i n e  passed through the o r ig in .  An 

example of t h i s  s t a t i s t i c a l  ana ly s i s  i s  i l l u s t r a t e d  i n  Table 4. 

The uptake f o r  s i x  t r i a l s  of each 14c-label led 

compound i n t o  the "vacuolar" and "cytoplasmic" f r a c t i o n  of 

N i t e l l a  c e l l s  was analyzed, using th i s  s t a t i s t i c a l  model. The 

"F" values obtained i n d i c a t e  t h a t  f o r  each compound, there was 

no l a g  i n  uptake i n t o  e i t h e r  " f r ac t i on"  of t h e  c e l l .  

I n  a d i f f e r e n t  experiment t h e  permeation of  
14 

L-arginine- C i n t o  N i t e l l q  was determined f o r  a s e r i e s  of 

concentra t ions  ranging from 1.1 x 1ow8M t o  1.1 x ~ o - ~ M .  C e l l s  

w e r e  removed from t h e  so lu t i on  and determinat ions made on t h e  

"cytoplasmic" and "vacuolar" f r a c t i o n s  a t  20 minute i n t e r v a l s  

f o r  150 minutes. S imi lar  experiments w e r e  performed with 
14 

D-glucose- C and s u c r ~ s e - ~ ~ ~  us ing concentra t ions  ranging from 

~ o - ~ M  t o  ~ o - ~ M  and ~ - a s ~ a r t a t e - 1 4 c  us ing concentra t ions  ranging 

from 1.5 x t o  1.5 x ~ o - ~ M .  C e l l s  w e r e  removed from t h e  

sugar so lu t ion  and ex t r ac t ed  a t  30 minute i n t e r v a l s  f o r  t h r e e  

hours  . 
A second set of experiments involving concentrat ion 

g rad ien t s  was c a r r i e d  ou t  us ing D-glucose and sucrose.  Four 

s e t s  of f i f t e e n  N i t e l l a  cells  w e r e  placed i n  p e t r i  d ishes  

conta in ing 10 m l .  of  cold  glucose o r  sucrose ranging from 10-I 
14 

t o  lo-% p lu s  ~o- 'Y  D-glucose- C o r  sucrose-14c. A f i f t h  set 
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of Ni te l la  c e l l s  was placed i n t o  10 m l .  of ~ o - ~ M  ~ - ~ l u c o s e - ~ ~ ~  

or  sucrose-14c. 

The pur i ty  of ~ - ~ l u c o s e - ' ~ ~  and sucrose-14c solutions 

were determined by two dimensional paper chromatography an 

Whatman 3 MM paper. The solvents were phenol: water: ammonium 

hydroxide (267:37:1) and n-propanol: e thyl  acetate :  water 

(7:1:2) . 
The radioactive compounds were located by autoradio- 

graphy using I l f o r d  I l f e x  x-ray film. Spots corresponding t o  

the  posit ions of the  sugars were cut  from the  chromatogram. 

These spots were placed i n  v i a l s  containing the same s c i n t i l l a t i o n  

f l u i d  a s  used t o  count the  two c e l l  f ract ions .  The counting 

of the  spots gave the  r e l a t i v e  a c t i v i t y  of each compound formed 

on the chromatogram. The background was taken from a v i a l  

containing a piece of non-radioactive paper which had been run 

through the  chromatogram solut ions .  The v a l i d i t y  of t h i s  method 

has been established,  (27) . 
To determine i f  s u c r ~ s e - ~ ~ ~  was entering the  c e l l  

a solution containing 50 mg, each of sucrose, glucose and 

fructose was prepared. 25yl of t h i s  solution was spotted on 

four sheets of chromatogram paper. A s  a control ,  ex t rac ts  of 

5 Ni te l la  c e l l s  taken from the aquarium were spotted on one 

chromatogram. Extracts of f ive  Ni te l la  c e l l s  taken from a 

solution of 2.5 x 10m5M s u c r ~ s e - ~ ~ ~  a f t e r  three hours were 

spotted on each of the  other three  chromatograms. The posit ion 

of the label led compound could not be ident i f ied  by autoradio- 



graphy a s  the ambunt of 14c i n  the c e l l  was too small. One 

chromatogram was tes ted  for  sugar using a solution consist ing 

of 0.5 m l .  benzidine, 10 m l .  a ce t i c  acid,  10 m l .  40% (w/v) 

t r ich loroace t ic  acid,  and 80 m l .  of 90% ethanol sprayed on 

the chromatogram. The chromatogram was then heated a t  100-llO•‹C 

for 5 t o  10 minutes. Spots corresponding t o  the posit ion of 

the  sugars on the other two chromatograms were cut  out ,  placed 

i n  v i a l s  and counted. 

A s imilar  experiment was performed with L-aspartate- 

14c. A solution containing the three sugars and several  amino 

acids was prepared. 25yl of t h i s  solution was spotted on each 

of f ive  sheets of chromatogram paper. A s  a  control ,  the  

extracts  of f ive  Ni te l la  c e l l s  were spotted on one chromatogram, 

Extracts of f ive  Ni te l la  c e l l s  taken from a solution of 1.5 x 

~ o - ~ M  ~ - a s ~ a r t a t e - ' ~ ~  a f t e r  three hours was spotted on each of 

the  other four chromatograms. Replicate chromatograms were 

tes ted  for  amino acids and sugars. The sugars were located a s  

above, the  amino acids were located with ninhydrin (18). Spots 

corresponding t o  the posit ions of the  amino acids and sugars 

on the unsprayed chromatograms were cu t  out,  placed i n  v i a l s  

and counted. 

Molecular models of each compound were constructed 

using the Fisher-Heischfelder-Taylor system and photographed 

using kodacolor-X, speed 64 ASA film. 



Severa l  v a r i a b l e  f a c t o r s  had t o  be considered i n  

t h i s  i n v e s t i g a t i o n  us ing  t h e  experimental  model. These included 

l i g h t ,  temperature,  02 and C02 concent ra t ion ,  p, age, s i z e  

and volume of c e l l s .  Experiments were performed i n  t h e  same 

l i g h t  environment, about  50 f t - c  of  white  f l u o r e s c e n t  l i g h t .  

Room temperature was 23OC + 0.5OC. No a t t empts  were made t o  

c o n t r o l  t h e  concent ra t ion  o f  02 o r  C02 produced by phys io logica l  

processes  i n  t h e  c e l l .  The medium was not  buffered  because 

t h e  b u f f e r s  r equ i red  t o  maintain pW i n  t h e  range 6 - 8 a r e  

q u i t e  i n e f f i c i e n t .  Also,  with in t roduc t ion ,  t h e s e  compounds 

may i n t e r a c t  with t h e  permeant t o  cause d e v i a t i o n  i n  t h e  

permeation behaviour. Because cytoplasmic streaming is very 

s e n s i t i v e  t o  small phys io log ica l  changes o r  changes i n  pHI t h e  

presence of  streaming i s  t h e  b e s t  i n d i c a t i o n  t h a t  cons tant  

experimental condi t ions  were being maintained throughout t h e  

experiment. I n  a l l  experiments c e l l s  w e r e  cons tan t ly  checked 

f o r  cytoplasmic streaming and were not  used un less  t h i s  c r i t e r i o n  

was m e t .  

Age of  t h e  c e l l s  could not  be determined. C e l l s  w e r e  

ha rves ted  a t  random and were o f  d i f f e r e n t  s i z e s .  No at tempt  

w a s  made t o  measure t h e  volumes o f  i n d i v i d u a l s  t o  c o r r e c t  f o r  

t h i s  d i f f e r e n c e  i n  s i z e .  The uptake d a t a  were q u i t e  v a r i a b l e ,  

however a p p l i c a t i o n  o f  s t a t i s t i c a l  a n a l y s i s  of t h e  many r e p l i c a t e s  

and t r i a l s  used allowed conclusions t o  be drawn. 



Results 

Permeation of Neutral Amino Acids 

The f i r s k  experiment examined the  permeation of 

t ~ 1 ~ c i n e - l ~ ~  i n t o  Ni te l la .  Twenty c e l l s  were harvested and placed 

i n  a p e t r i  dish containing 10 m l .  of d i s t i l l e d  water. The 

d i s t i l l e d  water was decanted and 10  m l .  of 3 x ~ o - ~ M  glycine-14~ 

was added t o  the  p e t r i  d ish containing the  c e l l s .  A t  30 minute 

in te rva l s  over s i x  hours, a c e l l  was selected a t  random and 

washed by dipping i n t o  a s e r i e s  of three  changes of d i s t i l l e d  

water. The excess water was removed with absorbent paper. One 

"cytoplasmic" f rac t ions  col lected separately  for  assay. A t  

i n t e rva l s  during the  six-hour experiment, a c e l l  was removed 

and-examined microscopically for  mechanical damage. I f  mechanical 

damage resul ted i n  cessation of the  protoplasmic streaming, then 

the  t r i a l  was discontinued and repeated. There was no damage 

t o  any c e l l s  for  the  f i r s t  s i x  hours. By 24 hours protoplasmic 

streaming had stopped and a l l  the  c e l l s  were plasmolyzed. Six 

t r i a l s  were used on a t o t a l  of 1 2 0  c e l l s ,  

Using iden t i ca l  techniqdes, experiments were performed 

t o  examine the  permeation of 1 x 1 0 ~ ~ 1  ~ - a l a n i n e - l ~ ~  and 

1 x 1 0 0 ~ ~  ~ - b a l i n e - ' ~ ~ .  Fig. 5 summarizes the  permeation of 

glycine-14~, ~ a l a n i n e - 1 4 c  and ~ - v a l i n e - l ~ c  i n t o  the  Ni te l la  c e l l .  
b 



Fig. 5. The permeation of neutral amino acids in to  the 

"cytoplasmic" and "vacuolar" fractions of  ite el la 
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The permeation of each of the  neu t r a l  amino ac ids  i s  

s ign i f i can t .  The quant i ty  of amino ac ids  en te r ing  the  c e l l  is  

d i r e c t l y  proport ional  t o  the  length of t i m e  i n  which the  c e l l  

was i n  t he  amino ac id  solut ion.  Also, t he re  was no ind ica t ion  

of any l ag  i n  uptake of t he  amino acids.  Since t h e  14c i n  t he  

llvacuolar" f r ac t ion  a l s o  increases  i n  a l i n e a r  manner with time, 

it is  probable t h a t  t h e  amino ac ids  were ab le  t o  penetra te  both 

the  plasmalemma and the  tonoplast  . 
The slope "b" fo r  the  permeation of glycine-14~ i n t o  

thelkytoplasm"is 4.0; "b" fo r  t he  permeation of t he  glycine 

i n t o  thel 'vacuole"is  1.4. Hence, t he  permeation r a t e  of glycine 

i n t o  t he  llcytoplasm" is grea te r  than t h e  permeation r a t e  i n t o  

t h e  "vacuole." S imi la r ly  t he  permeation of ~ - a l a n i n e - l ~ c  and 
14 

L-valine- C was a t  a g rea te r  r a t e  i n t o  t he  "cytoplasm" than 

i n t o  t h e  "vacuole ." 
The r a t e s  of permeation i n t o  t h e  "cytoplasm," expressed 

a s  vg h r - l ,  w e r e  4 .0 x low5 fo r  glycine-14~, 1.4 x loo5 for  

~ - a l a n i n e - ~ ~ ~ ,  and 0 -6 x fo r  ~ - v a l i n e - l ~ c .  

That t he re  was no lag  i n  uptake was confirmed by 

applying t h e  s t a t i s t i c a l  ana lys i s  out l ined i n  Table 4 t o  determine 

t h e  "goodness of f i t "  of a l i n e  o r ig ina t ing  a t  t he  o r ig in  i n  

each of these  graphs. The r e s u l t s  of t h i s  ana lys i s  a r e  presented 

i n  Table 5. For each of t he  neu t r a l  amino ac ids ,  t h e  "F" value 

i s  l e s s  than one. Thus, t he  slope passes through &he or ig in ,  i..e. 

t he re  is no i n i t i a l  l a g  period o r  i n i t i a l  period of rapid  uptake. 



Table 5 .  "F" values which determine the "goodness of f i t "  of 

a l ine  through the origin t o  the data obtained for 

each compound 

Compound "F" Value 
Vacuole Cytoplasm 

"F" < 1.0 indicates' that the l ine  passes through the origin 

and there i s  no lag t o  uptake. 



The permeation of these compounds into a Nitella c e l l  increases 

l inear ly  with time, within the l i m i t s  of the time interval  used, 

It has been reported tha t  in  the case of both plant 

and animal ce l l s  (3,29), an increase in  length of the non polar 

portion of amino acids as  well a s  an increase in  the degree of 

methylation resul ts  i n  an increase in  l ip id  solubi l i ty .  

Christensen (29) has demonstrated tha t  the permeation of neutral 

amino acids in to  human erythrocytes i s  d i rec t ly  related t o  the 

length of the hydrocarbon chain. 

To visualize the s ize and shape of the various 

compounds a t  the molecular level models were constructed of 

each compound using the Fisher-Heischfelder-Taylor system, 
0 

Table ll. These models are  constructed t o  the scale 1 cm = 1 A. 

The atoms are represented by spherical ba l l s  with f l a t  faces 

where covalent bonds may be formed. The radius of the spheres 

represent, t o  scale,  the van der Waals radius of the atom, or 

the radius t o  which the electron orb i ta l s  of the atoms. extend 

with appreciable density, With the models, "covalent bonds" are 

formed between the "atoms , " by means of small metal fasteners 

a t  the centers of the f l a t  faces of the  atom^,'^ and these 

couplings are so designed tha t  the resulting "bond" between two 

"atoms" represent the correct interatomic distances between 

the i r  centers. Likewise, the angles between the faces are such 

as  t o  form ttbondsw a t  the correct angles. O f  course, single, 



double, and t r i p l e  bonds d i f f e r  i n  bond length and angle, so 

d i f fe rent  model "atoms" a r e  required t o  represent d i f fe rent  

bond configurations of a given element. These models a re  

extremely useful  too ls  i n  visualizing and comparing various 

compounds used i n  permeation experiments. 

Molecular s i ze ,  a s  well as  the  degree of methylation 

decreases i n  the order L-valine>L-alanine>glycine . A t  the  

concentrations used i n  t h i s  se r i e s  of experiments, the micro- 

molar as  compared t o  the millimolar leve l ,  the  permeation of 

these three amino acids i s  opposite t o  t h a t  reported i n  the 

l i t e r a t u r e  for erythrocytes. Glycine penetrates the  quickest, 

the  order of penetration being glycine>L-alanine>L-valine. 

Fig. 5 summarizes the r a t i o  of the permeation of each 

compound i n t o  the cytoplasm of a Ni te l la  c e l l  t o  the  permeation 

of the  compound i n t o  the vacuole. A s  seen above, the  permeation 

r a t e  d i f f e r s  for each of the neut ra l  amino acids ,  decreasing i n  

the  order glycine>L-alanine>L-valine, However, the  permeation 

r a t i o s ,  cytoplasm:vacuole, of each of these amino acids a re  very 

close t o  the  same value, ranging from 2.0 t o  2.8. 

The permeation r a t e  in to  a Ni te l la  c e l l  decreases 

with increasing methylation. The proportion of the  amino acid 

crossing the  tonoplast t o  t h a t  crossing the plasmalemma is  

similar  for  each compound. This suggests t h a t  the  plasmalemma 

is  the  l imiting membrane for permeation from the external  

environment i n t o  the  "vacuole." 



The Permeation of Bas ic  and Acidic  Compounds 

The permeation of  c e r t a i n  b a s i c  and a c i d i c  compounds 

i n t o  N i t e l l a  c e l l s  was examined t o  compare any in f luences  t h e  

e l e c t r i c a l l y  charged molecules may have on permeation with t h a t  

of t h e  n e u t r a l  amino a c i d s .  I d e n t i c a l  techniques t o  t h a t  used 

wi th  t h e  n e u t r a l  amino a c i d s  were a p p l i e d  t o  t h e  permeation of  

a b a s i c  amino a c i d ,  ~ - a r ~ i n i n e - l ~ c .  The  r e s u l t s  of s i x  t r i a l s  

are summarized i n  Fig.  6A. 

The permeation of  L-arginine i s  s i g n i f i c a n t .  The 

q u a n t i t y  of L-arginine e n t e r i n g  t h e  cel l  i s  p ropor t iona l  t o  

t h e  l eng th  of  t i m e  i n  which t h e  c e l l  was i n  t h e  s o l u t i o n  of  

L-arginine.  The 14c i n  t h e  "vacuolar" f r a c t i o n  a l s o  i n c r e a s e s  

i n  a l i n e a r  manner wi th  t i m e ,  Hence, it is  probable t h a t  

L-arginine w a s  a b l e  t o  p e n e t r a t e  both  t h e  plasmalemma and 

t o n o p l a s t  . 
The permeation r a t e  of  L -a rg in ine  i n t o  t h e  "cytoplasm" 

i s  1.1 x pg h r - I  i n t o  t h e  "vacuole," 0.3 x pg h r - l .  

Hence t h e  permeation o f  L-arginine i n t o  t h e  cytoplasm is  f a s t e r  

than  i n t o  t h e  vacuole.  The "F" value  of t h e  e n t r y  of a r g i n i n e  

i n t o  t h e  cytoplasm and i n t o  t h e  vacuole i s  less than  one. 

Therefore,  t h e r e  i s  n e i t h e r  an i n i t i a l  l a g  pe r iod  o r  pe r iod  of 

r a p i d  uptake.  The q u a n t i t y  of  t h i s  compound e n t e r i n g  t h e  N i t e l l a  

c e l l  i n c r e a s e s  l i n e a r l y  wi th  t i m e ,  w i th in  t h e  experimental  

i n t e r v a l .  



Fig. 6. The permeation of basic and acidic  amino acids 

in to  the "cytoplasmic" and "vacuolar" fractions 

of Nitella f l ex i l i s .  
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Comparison of Figs. 5 and 6 shows tha t  the r a t e  of 

permeation of L-arginine i s  an order of magnitude greater than 

the permeation of L-valine in to  a Nitell-a ce l l .  I f  the.mech- 

anism i n  the plasmalemma for the permeation of L-arginine in to  

a Nitella c e l l  was the same as  tha t  for the neutral amino acids, 

the permeation of the much larger molecule L-arginine should 

be slower than the permeation of L-valinc. 

L-arginine, hnlike L-valine, has a single unbalanced 

posit ive charge i n  solution. This influences the permeation of 

the compound in to  the ce l l .  The mechanism for uptake of arginine 

i s  apparently different  from the mechanism for the uptake of 

the e lec t r i ca l ly  neutral  amino acids. 

A s  a comparison t o  the permeation of the basic compound, 

the' permeation of an ac id ic  compound, ~ - a s ~ a r t a t e - l ~ c ,  in to  

Nitella ce l l s  was examined using the same technique. The resu l t s  

of s i x  t r i a l s  a re  summarized i n  Fig. 6B. 

The r a t e  of permeation of L-aspartate in to  the 

"cytoplasmm1 i s  0.9 x bg hr-l and i n t o  the "vacuole" it is 

0.4 x 1 0 1 ~  h r  . Hence the permeation of aspar t ic  acid in to  

the cytoplasm i s  fas te r  than in to  the vacuole of a Ni te l la  cel l .  

Also, the "F" values of permeation of ~ - a s ~ a r t a t e - l ~ c  in to  the 

l'cytoplasmicn and "vacuolar" fractions of a Nitella c e l l  a re  

l ess  than one, Table 6. Therefore, there i s  neither an i n i t i a l  

lag period of permeation nor an i n i t i a l  period of rapid uptake. 



The permeation of L-aspartate i n t o  these  cells increases 

l i n e a r l y  with t i m e ,  within the  l i m i t s  of t he  t i m e  i n t e r v a l  used. 

L-aspartate e n t e r s  t h e  N i t e l l a  c e l l  a t  t he  same r a t e  

a s  L-arginine. Its molecular s i z e  i s  grea te r ,  and degree of 

methylation is l e s s  than L-valine. Since it is  en te r ing  t h e  

cel l  a t  a much f a s t e r  r a t e  than the  neu t r a l  amino ac ids ,  a 

d i f f e r e n t  permeation mechanism must be present  i n  t he  cel l  

membrane, 

Both a rg in ine  and a s p a r t i c  ac id  permeate t en  t i m e s  

f a s t e r  than the  n e u t r a l  amino acids .  Arginine has a pos i t i ve  

charge and a s p a r t a t e  a negative charge. It  is  hard t o  v i sua l ize  

how these  two molecules can be taken up by t h e  same mechanism. 

Cer ta in ly  i f  pores i n  t h e  membrane a r e  involved, then t h e  

negative charges t h a t  are known t o  surround t h e  pores should 

impede one molecule w h i l e  increas ing the uptake of t h e  o ther .  

A ~ S O ,  i f  a c a r r i e r  mechanism i s  postulated,  a d i f f e r e n t  c a r r i e r  

should e x i s t  f o r  t he  two d i f f e r e n t l y  charged molecules, 

Kinet ic  ana lys i s  of uptake of these  two opposi te ly  

charged molecules should supply information about mechanisms. 

Such'experiments w e r e  undertaken and one i s  repor ted i n  t he  next 

sec t ion .  



Kinetic Analysis of Permeation of Amino Acids 

The permeation experiments performed with the amino 

acids indicate that there are differences in mechanisms. A 

carrier mechanism is one which has been proposed, The existence 

of such a mechanism can be demonstrated by applying enzyme 

kinetic analysis to uptake data. 

The permeation of L-arginine-I% into Nitella was 

determined for a series of five different concentrations ranging 

from 1.1 x lo-* to 1.1 x IO-~M, Table 6A. Cells were removed 

from the solution at each concentration and the uptake was 

determined for the combined "cytoplasmic" and "vacuolar" 

fractions of the cell, at 20 minute intervals for 150 minutes, 

The mean value of permeation of L-arginine was 

determined for each concentration used. This data was analyzed 

using the Michaelis-Menten model for the formation of an enzyme- 

substrate complex. Also, the mathematical method of Lineweaver 

and Burk, was used on the data. The results are illustrated in 

Fig, 7A and Table 6A. 

The rate of permeation of L-arginine is directly 

proportional to the concentration gradient. It does not exhibit 

kinetic features similar to those of enzyme and carrier systems, 

A similar experiment was performed with L - a ~ ~ a r t a t e - ~ ~ ~ .  

A series of five concentrations ranging from 1.5 x lo-* to 1.5 x 

7 logm were used, Table 6B. Cells were removed from the solution 

at each concentration and uptake determinations made on the 



Fig. 7 .  Kinetic analysis of uptake of basic and acidic  

amino acids into Nitel la f l e x i l i s .  
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combined c e l l  f r ac t ions  a t  30 minute i n t e r v a l s  fo r  180 minutes. 

The mean value of permeation for  each concentration 

used was determined. This data  was then analyzed using the  

Michaelis-Menten model, t he  mathematical model of Lineweaver 
l 

and Burk and of Eadie. The r e s u l t s  a r e  i l l u s t r a t e d  i n  Table 6B 

and Fig. 7B. 
14 The r a t e  of permeation of L-aspartate- C i s  not 

d i r e c t l y  proport ional  t o  t h e  concentration gradient ,  it s a t i s f i e s  

enzyme-carrier k i n e t i c s .  This means t h a t  a t  l e a s t  two mechanisms 

a r e  involved i n  t he  permeation of amino acids  i n t o  N i t e l l a .  The 

. c a r r i e r  mechanism i s  poss ible  fo r  L-aspartate bu t  t he re  must be 

another mechanism for  L-arginine . 

Permeation of Suqars i n t o  N i t e l l a  

The neu t r a l  amino ac ids  i n  so lu t ion  a r e  e l e c t r i c a l l y  

neu t r a l ,  they possess an equal number of a c i d i c  carboxyl and 

bas i c  amino groups. Experiments inves t iga t ing  the  permeation 
14 

of D-glucose- C and s u c r ~ s e - ~ ~ ~  w e r e  performed t o  compare the  

permeabil i ty p roper t i es  of the  membrane t o  the two types of 

neu t r a l  compounds. 

Experiments t o  examine the  permeation of ~ - c ~ l u c o s e - ~ ~ ~  

and s u c r o ~ e - ~ ~ ~  i n t o  N i t e l l a  c e l l s  were performed with the  

techniques used on t h e  14c-labelled amino ac ids .  For each sugar, 

s i x  t r i a l s  were performed, on a t o t a l  of 120 cells. The 

concentration of the sugars used i n  t he  experiments was 1 x ~ o - ~ M .  

Fig. 8 summarizes t h e  permeation of glucose-14~ and sucrose-14c 

i n t o  the  cells. 



F i g .  8. The permeation of 14c-labelled sugars into 

Nitella flexilis. 



ime (hours) 



x It ~ ~ t o ~ l a s r n "  y = 2.9 + 8,3 x 

0 "~acuo le  I' y = 2.6 + 1.7 x 

ratio = 4.4 

B Sucrose 

Time( hours) 



The permeation r a t e  of ~ - ~ l u c o s e - ~ ~ c  in to  the 

locytoplasmll i s  7.7 x lom4  ~g hr-' , ' in to  the "vacuole1' 3 .7 x l o w 4  

p,g hr-l .  The ra te  of entry of s u c r o ~ e - ~ ~ c  into the locytoplasmll 

i s  8.3 x low4 p,g hr-l ,  and in to  the "vacuole" it i s  1.7 x l o W 4  

For each of the sugars, the "F" value. of permeation 

into the "cytoplasd' and"*acuole" i s  less  than one. Therefore, as  

i s  the case for the amino acids, the amount of these two compounds 

in  the c e l l  increases l inearly with time, within the experimental 

interval .  Since the 14c i n  the olvacuolar" fraction i s  d i rec t ly  

proportional t o  the length of time i n  which the c e l l  was in  the 

sugar solutions, it i s  probable tha t  ~ - ~ l u c o s e - ~ ~ c  and s u ~ r o s e - ~ ~ c  

were able t o  penetrate both the plasmalemma and the tonoplast. 

The resul ts  suggest tha t  D-glucose and sucrose permeate 

the c e l l  membrane and tha t  they move across the plasmalemma a t  

the same ra te ,  but tha t  the tonoplast i s  s l igh t ly  less  permeable 

t o  sucrose than D-glucose. 

I f  the main mechanism of permeation i s  by diffusion 

through pores in  the c e l l  membranes, sucrose, a considerably 

larger molecule would exhibit  a slower r a t e  of permeation than 

D-glucose. One or both sugars may cross the membrane a s  an 

enzyme carr ier  complex. To examine t h i s  poss ib i l i ty  both sugars 

were examined kinet ical ly.  



Kinetic Analysis of Permeation of Suqars 

14 
The permeation of D-glucose- C into Nitella was 

-5 
determined for a series of concentrations ranging from 4 x 10 

to 1 x 1oW6M, Table 7A. Cells were removed and the uptake 

determined at each concentration, for the combined "cytoplasmic" 

and 'lvacuolar" fractions of the cell, at 30 minute intervals 

for 180 minutes. 

The mean value of permeation was determined for each 

concentration used. This data was analyzed using the Michaelis- 

- Menten model, the mathematical method of Lineweaver and Burk 

and of Eadie. The results are illustrated in Fig. 9A and 

Table 7A. 

By the same method, the permeation of sucrose-14c 

into Nitella was determined for a series of concentration ranging 

from 2 -5 x low5 to 1.0 x ~ o - ~ M .  The data was analyzed kinetically 

as for ~ - ~ l u c o s e - ~ ~ ~ ,  Fig. 9B and Table 7B. 

The rate of permeation of both ~ - ~ l u c o s e - ~ ~ ~  and 
14 

sucrose- C is not directly proportional to the concentration 

gradient, it satisfies enzyme-carrier kinetics. This suggests 

that D-glucose and sucrose may penetrate the cell membrane by 

means of an enzyme-carrier mechanism. 

To determine the permeation of sugar across a wider 

range of concentrations, a second set of experiments were carried 

out. Cold D-glucose was added to solutions of 1 x 1 0 ~ ~ 8  D-glucose- 

14c to prepare four 10 ml. solutions of D-glucose, the concentrations 

ranging from 1 x to 1 x 10-lM. ~ - ~ l u c o s e - l ~ ~  was used as a 



Table 7 .  Kinetic analys is  o f  permeation o f  l4=-label led sugars 

i n t o  N i t e l l a  f l e x i l i s  

Concentration Uptake 

LsJ v v/LsJ LsJ/v l/v l/LsJ 

~ o l e s / l i t e r  x loo6 -3 Micrograms x 10 l o 2  l o 4  

Vmax. (calculated) = 0.0089 
Km (calculated) = 0.0160 

B .  Sucrose 

L SJ Uptake v / L s ~  L S ~ V  
~ o l e s / l i t e r  x loo6 Micrograms x l o 2  

Vmax (calculated) = -0083 
Km : '(calculated) = -0108 



Fig. 9. Kinetic analysis of uptake of 14c-labelled sugars 

by Nitella flexilis using concentrations ranging 

4 x ~ o - ~ M  to 1 x ~ o - ~ M .  
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t r a c e r  i n  t h e  experiment. A f i f t h  10 m l .  s o lu t i on  of D-glucose- 

14c (1 x ~ o - ~ M )  was a l s o  prepared. C e l l s  were removed a t  30 

minute i n t e r v a l s  from each of t h e  so lu t i ons  f o r  180 minutes and 

k i n e t i c  a n a l y s i s  made on the da ta  f o r  t o t a l  cel l  uptake, Fig.  10A. 

A s im i l a r  experiment was performed using sucrose, t h e  

concentra t ions  ranging from 1 x ~ o - ~ M  t o  1 x 10-'M, prepared i n  

the same manner. Fig. 10B i l l u s t r a t e s  t h e  r e s u l t s .  

The  k i n e t i c  experiments r evea l  a common over-a l l  

p a t t e r n  of concentrat ion dependence f o r  uptake, which can be 

assumed t o  r e s u l t  from t h e  operat ion of two types  of processes.  

One of these  can be described i n  terms of Michaelis-Menton 

k i n e t i c s ;  the o ther ,  up t o  the h ighes t  l e v e l s  s tud ied ,  f a i l s  t o  

s a t u r a t e  and hence follows d i f fus ion  k i n e t i c s .  

An inves t i qa t i on  i n t o  the form i n  w h i c h  compounds permeate 

Ursino (28)  i n  1964 performed permeation experiments 

with 14c-labelled D-glucose and sucrose. Under h i s  experimental 

condi t ions ,  s u ~ r o s e - ' ~ ~  d i d  not  permeate t h e  plasmalemma of  

N i t e l l a  f l e x i l i s  f o r  a t  l e a s t  two and one-half hours.  O t h e r  

workers (6) have a l s o  repor ted  the impermeability of the N i t e l l a  

plasmalemma t o  sucrose.  I n  the experiments described i n  t h i s  

thesis, sucrose-14c appears t o  permeate i n t o  N i t e l l a  c e l l  f r a c t i ons ,  

t h i s  permeation being d i r e c t l y  propor t ional  t o  t i m e .  

The de tec t ion  technique us ing the s c i n t i l l a t i o n  counter 

provides information about t h e  amount and loca t ion  of 14c-labelled 



Fig. 10. Kinetic analysis  o f  uptake o f  sugars by Ni te l la  

f l e x i l i s  using concentrations ranging from 

1 x ~ o - ~ M  to 1 x 10-IM. 



(s) Moles / Liter 
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compounds but  does no t  provide information about the nature  of  

such compounds. Since,  t h e  r e s u l t s  d i f f e r e d  from t h e  r e s u l t s  of  

previous workers and s ince  t h e  r e s u l t s  were s imi l a r  t o  those fo r  

D-glucose, t h e  following quest ion is  r a i s ed .  Did s u c r ~ s e - ~ ~ ~  

permeate t h e  c e l l  membrane o r  is  it hydrolysed t o  ~ - ~ l u c o s e - ~ ~ ~  

and ~ - f r u c t o s e - l ~ c  by some mechanism a t  t h e  ou te r  s i d e  of t h e  

plasmalemma, ~ - ~ l u c o s e - l ~ c  and ~ - f r u c t o s e - l ~ c  then permeating 

through the plasmalemma? 

I n  an at tempt t o  answer t h i s  ques t ion ,  t h e  compounds 

i n  the combined c e l l  f r a c t i o n s  were separated by two dimensional 

paper chromatography a f t e r  a t h r e e  hour feeding i n  2.5 x 

s u c r ~ s e - ~ ~ ~ .  The 14c-label led sugars  cannot be i d e n t i f i e d  by 

autoradiography, the amount of l abe l l ed  compound i n  t h e  c e l l  

being minimal. The  sugars  can be i d e n t i f i e d  by two dimensional 

paper chromatography by  using a cold  so lu t i on  of D-glucose, 

D-fructose and sucrose a s  t r a c e r s .  T h i s  so lu t i on  i s  spot ted  on 

the chromatogram a s  described previously,  a long w i t h  the ce l l  

e x t r a c t .  The  concentra t ion  of unlabel led  sugars  i s  s u f f i c i e n t  

t o  produce colour r eac t i on  with the benzidine spray.  The spo t s  

a r e  then c u t  ou t  from unsprayed chromatograms and counted i n  t h e  

l i q u i d  s c i n t i l l a t i o n  counter .  The r e s u l t s  a r e  summarized i n  

Table 8. 

To examine the d i s t r i b u t i o n  of  these t h r e e  sugars  

a f t e r  c e l l s  w e r e  t r e a t e d  f o r  t h r e e  hours i n  ~ - ~ l u c o s e - ~ ~ ~ ,  a 

s im i l a r  experiment was per  formed using 2.5 x 1 0 ~ ~ 1  ~ - g l u c o s e - ~ ~ c .  

The r e s u l t s  are summarized i n  Table 9.. 
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The data, Table 8, indicate the presence of sucrose-l4= 

i n  the c e l l ,  a f t e r  the ce l l s  were placed for three hours in  

sucrose-14c. The amount of sucrose-14c present i s  greater than 

tha t  of glucose-14~. However, when the ce l l s  were placed i n  a 

medium containing ~ - ~ l u c o s e - ~ ~ ~  for three hours, sucrose-14c 

again was present as  a major fraction of the three sugars i n  the 

c e l l ,  Table 9., One can suggest from these resu l t s  tha t  perhaps 
14 

sucrose- C i s  hydrolysed a t  the plasmalemma converting it t o  

i ts  constituent hexose sugars. These compounds then permeated 

across the plasmalemma in to  the ce l l .  
1 

To resolve the problem of the form in  which compounds 

permeate the plasmalemma and tonoplast, an experiment was 
I 

performed t o  investigate the poss ib i l i ty  of separating and I 

I 

identifying amino acids and sugars in  the cel lular  fractions. I 

14 
For t h i s  investigation L-aspartate- C was used as the permeating 

molecule. 

The dis tr ibut ion of the 14c-labelled compounds is 

l i s t ed  in  Table 10. The r a t i o  of 14c in  the llcytoplasmiclt fraction 

t o  tha t  i n  the "vacuolar" fraction is  1.8, the r a t i o  of L- 

aspartate-14c i s  2 .  O. #.)These values agree with the values obtained 

i n  the i n i t i a l  permeation experiment. 

The c e l l s  are  act ively metabolizing. A large number 

of compounds, exhibiting a wide range of molecular weights and 

degree of methylation, have been labelled with 14c. With the 

exception of ~ - f r u c t o s e - ~ ~ ~ ,  the of each 14c-labelled 



compound in the two fractions is similar. This appears to 

suggest that these diverse compounds are permeating across the 

tonoplast into the vacuole at the same rate. The investigations 

in this thesis and the reports of other workers show that this 

is not the case. Molecules exhibiting such diversity in 

molecular weight, electrical properties and degree of methylation 

do not permeate at the same rate. 

The technique of separating the two fractions of 

Hitella cells and of analyzing the compounds present in each of 

the two fractions after cells have been immersed in a 14c-labelled 

solution has not been reported in the literature. It was adopted 

from the method developed by Thompson (27) to detect low 

3 concentrations of H. The technique is a valid one. 14c- 

labelled compounds which are present in concentrations too law 

to be detected by autoradiography can be detected by two 

dimensional paper chromatography. This is done by using cold 

compounds as tracers to locate each present on the chromatogram. 

These spots can then be assayed by the scintillation counter to 

detect radioactivity. This technique offers some.exciting 

possibilities in the field of permeation investigations using 

Nitella cells. 
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Discussion 

The single Nitella cell was used for permeation 

studies of 14c-labelled solutes. It was chosen because it 

contains two well defined membrane systems, the plasmalemma 

and the tonoplast, separating the cell into two main 

compartments. The plasmalemma separates the cell from the 

external environment, the tonoplast separates the vacuole 

from the cytoplasm. It was the aim of the investigation, 

using this model, to examine the permeability properties 

of the two membranes. This was done by assay of the two 

compartments to determine the rate of permeation of 14~- 

labelled compounds across these membranes. 

Permeation of solutes into the cell was based on 

the assumption that the cell wall does not effect permeation. 

Cellulose and polyuronic acids in the cell wall are arranged 

to form large pores with electrical properties (I). These 

pores in the cell wall are considered to be inert. They do 

not interfere with diffusion of low molecular weight permeants 

to the surface of the plasmalemma. Hence, any lag in uptake 

into the "cytoplasmictt fraction would be due to the behaviour 

of the plasmalemma. 



One technique described i n  t h e  l i t e r a t u r e  fo r  

d i f f e r e n t i a t i o n  of the  membranes involved i n  permeation i n  

N i t e l l a ,  is  the  cu t t i ng  of f  of one end of the  c e l l .  I t  has 

been assumed t h a t  t he  watery f r ac t ion  which flows q u i t e  

e a s i l y  from the  c e l l  is  the  vacuolar contents ,  Also, it 

i s  assumed t h a t  t h e  f r ac t ion  t h a t  is  squeezed away from 

the  c e l l  wal l  i s  the  cytoplasmic f rac t ion .  Because a l l  

t h e  chloroplas ts  a r e  i n  the  l a t t e r  f r ac t ion ,  it has been 

throught t h a t  t h i s  i s  a v a l i d  technique. 

However, two pieces of evidence ind i ca t e  t h a t  t h i s  

is  not so. ~ a i t e s  ( 1 7  ) found t h a t  t h e  watery f r ac t ion  

contained some pro te in  ind ica t ing  t h a t  it d id  not cons i s t  

of vacuolar contents alone. 

The second piece  of evidence i s  shown i n  Table 10. 

For t he  model used i n  t h i s  inves t iga t ion ,  t he re  a r e  t h r ee  

compartments involved, t he  ex te rna l  environment, t he  cytoplasm 

and the  vacuole. Because of t he  pa r t i t i on ing  of  these  

f r ac t ions  one would not expect the  d i s t r i b u t i o n  of  the  com- 

pounds i n  the  "cytoplasmic" and "vacuolar" f r ac t ions  t o  be 

s imi la r ,  However, a l l  of the  t en  compounds with t he  poss ible  

exception of f ruc tose  a r e  pa r t i t i oned  equal ly  between the  two 

f rac t ions .  We must conclude, therefore ,  t h a t  t he  technique 

does not separa te  the  cel l  i n t o  the  two f r ac t ions  bounded by 

the  two membranes. Rather, t he  da ta  ind ica tes  t h a t  t he  



watery fract ion flowing from the cut  end of the c e l l  contains 

pa r t  of the  cytoplasm a s  well as  the  vacuole. We might 

speculate t h a t  the  f ract ions  a r e  separated a t  the interface 

of the  sol-gel phases, t h a t  can be seen i n  the cytoplasm. 

The deviation of ~ - f r u c t o s e - ~ ~ C  leads t o  some speculation. 

~ - f r u c t o s e - ~ ~ ~  may be concentrated i n  the g e l  phase of the  

cytoplasm by being preferent ia l ly  adsorbed or taken up by 

the chloroplasts.  

The model used i n  these experiments, therefore,  

involves permeation across a s ingle  membrane, the outer 

c e l l  bounding plasmalemma. We a re  however, dealing with two 

compartments, the "cytoplasmic" f rac t ion  consisting of the 

g e l  layer along the plasmalemma. Also, the "vacuolar" 

contents consist ing of the watery or s o l  layer of the  

cytoplasm a s  well as  the  vacuolar sap. 

The permeability of the c e l l  i s  a function of the 

character both of the  plasmalemma and of the  penetrating 

molecule. Important charac ter i s t ics  involved a r e  molecular 

weight and diameter of the penetrating molecule, t h e i r  polar 

or  non polar nature and the  subst i tuents  attached t o  the 

basic  carbon skeleton. 

Several types of mechanisms have been proposed as  

possibly being involved i n  the permeation of compounds through 

the plasmalemma i n t o  the  plant  or  animal c e l l .  The re su l t s  

of t h i s  invest igat ion i n t o  the permeability propert ies of the 



plasmalemma of Ni te l la  c e l l s  suggest t h a t  more than one 

of these mechanisms i s  operating. 

One mechanism involved i n  the entry of compounds 

i n t o  c e l l s  i s  ac t ive  transport .  Most hypotheses advanced 

t o  explain ac t ive  t ransport  involve binding of the penetrating 

ion or molecule t o  some consti tuent of a membrane which a c t s  

a s  a ca r r i e r ,  Active transport  may be t rea ted  k ine t i ca l ly  

using the enzyme analysis of Michaelis and Menton, and the 

mathematical models of Lineweaver and Burk and of Eadie. 

The data for  a spa r t i c  acid f i t  the  Michaelis- 

Menten model for  the formation of an enzyme substra te  complex 

i e .  a car r ie r .  It i s  concluded t h a t  the  entry of L-aspartate 

i n t o  Nite l la  f l e x i l i s  i s  an ac t ive  t ransport  process. L- 

aspartate-14c penetrated the plasmalemma a t  a r a t e  ten-fold 

grea ter  than L-valine, a t  the same concentration. Comparison 

of the Fisher-Heisch •’elder-Taylor models of L-aspartate and 

L-valine (Fig. 11) indicated t h a t  the two molecules a r e  

approximately the same s ize .  However, L-aspartate has two 

carboxyl groups, a s  a r e s u l t ,  i n  aqueous solut ion it acquires 

a s ingle  negative charge. 

L-aspartate i s  insoluble i n  organic compounds, 

Therefore, it w i l l  not dissolve i n  the l i p i d  component of 

the plasmalemma. Also, L-aspartate ions w i l l  l i ke ly  be unable 

t o  permeate through pores i n  the membrane owing t o  e l e c t r o s t a t i c  
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repulsion exercised by the negative charges i n  the pore 

w a l l s  . 
Gayle and h i s  co-workers (3) found that  i f  ce l l s  

of Sta~hylococcus aureus are suspended i n  L-glutamate and 

glucose, rapid uptake of glutamic acid takes place into 

the cel ls .  This accumulation i s  abolished by inhibitors 

which prevent glucose metabolism. Also, the r a t e  of 

uptake i s  independent of external concentration, except 

for very low values. This, then, indicates tha t  glutamic 

acid uptake is  the resu l t  of active transport. L-glutamate 

and L-aspartate are  very similar i n  structure,  both are  

dicarboxylic amino acids, acquiring a single negative 

charge i n  aqueous solution. It is  interest ing t o  note tha t  

with respect t o  the dicarboxylic amino acid the a lgal  and 

bacter ial  membranes a re  similar. 

The permeation of D-glucose i n  t h i s  investigation 

f i t s  an active transport mechanism only a t  very low concentrations 

of substrate. Ursino (28) suggested tha t  D-glucose permeates 

into Nitella f l e x i l i s  through pores i n  the plasmalemma. It 

has been shown by Conway and Downey (4) among others tha t  D- 

glucose enters the yeast c e l l  by an active transport system. 

Henderson (15) has s tated tha t  the uptake of D-glucose into 

r a t  muscle ce l l s  measured a s  a function of the extracellular 

concentration seems t o  follow Midhaelis-Menten kinetics,  

suggesting tha t  the uptake of D-glucose is associated with 

some enzyme-carrier mechanism i n  the plasmalemma. 



The k i n e t i c  experiments c a r r i ed  out  i n  t h i s  

i nves t i ga t i on  i nd i ca t e  t h a t  a t  low concentrat ions,  below 
-5 

1 x 10 M, t h e  e n t r y  of D-glucose i n t o  N i t e l l a  f l e x i l i s  is  

by some enzyme-carrier mechanism. The uptake of D-glucose 

a t  h igher  concentrat ions is not  by a  c a r r i e r  mechanism 

and i s  discussed l a t e r .  

Another model, which has been proposed f o r  en t ry  

of substances i n t o  t h e  c e l l ,  i s  t h e  l i p i d  s o l u b i l i t y  prin-  

c i p l e  (3). Lipid  so lub le  compounds d i f f u s e  ac ross  t h e  

plasmalemma by d i s so lv ing  i n  t h e  l i p i d  component of t h i s  

membrane. 

Amino groups, hydroxyl groups, carboxyl groups and 

ke to  groups decrease t h e  l i p i d  s o l u b i l i t y  and hence, t h e  

permeation power. A s  a  r e s u l t ,  amino ac id s  and sugars  a r e  

t h e  most l i p i d  inso lub le  compounds t h a t  occur a s  na tu r a l  

cons t i tuen t s  of c e l l s .  The plasmalemma of  p l a n t  and animal 

c e l l s  has  proved t o  be  more o r  less impermeable t o  them. 

This app l i e s  even t o  a  r e l a t i v e l y  small  compound such a s  

glycine.  What uptake t he r e  is,  is  thought t o  be due e i t h e r  

t o  d i f fu s ion  through pores o r  due t o  processes of a c t i v e  

t r anspor t .  This f i t s  D a n i e l l i ' s  concept (2), t h a t  t h e  p las-  
. - 

malemma i s  not  a  homogeneous l i pop ro t e in  l ayer  bu t  t h a t  spec- 

i a l i z e d  a r ea s  c o n s t i t u t e  a  small  f r a c t i o n  of t h e  membrane and 

play a v i t a l  r o l e  i n  some permeabil i ty  processes. .  



Christensen (29) in his investigations on amino 

acid permeation into erythrocytes has demonstrated a dominant 

effect of the size of the apolar group of an amino acid 

on the rate of permeation. The longer the apolar chain the 

greater the rate of entry. He attributes this, in part, to an 

increase in lipid solubility. A simple increase in lipid solubility 

with lengthening apolar chain cannot account for the increased 

rate of entry alone. One cannot visualize the long chain amino 

acids passing through a lipid barrier phase without some means 

of masking their hydrophilic groups. These amino acids do not 

permeate by simple diffusion through pores because the rate 

of entry increased with molecular size. Kinetic experiments 

which Christensen performed led to his suggestion that the 

permeation of these amino acids was due in part to lipid solubility 

and in part it was due to some non specific enzyme-carrier 

complex. 

The molecular-sieve principle has undergone con- 

siderable controversy. Pores, if present in membranes, are 

considered to be too small to be detected by electron 

microscopy (23), thus, it has been suggested that the membrane 
0 

pore is less than 10 A in diameter. Solomon has suggested 
0 

a pore diameter in erythrocytes of 8 - 4  A.  Kavanau (16) has 

stated that porasare wider dynamic structures which are 



capable of changing t h e i r  s t r u c t u r e  from an open type con- 

f igura t ion  t o  a closed type configurat ion i n  which pores a r e  

ob l i t e ra ted .  

One aim of t h i s  inves t iga t ion  was t o  inves t iga te  

t he  p o s s i b i l i t y  of permeation of molecules through pores i n  

the  plasmalemma using a s e r i e s  of neu t r a l  amino ac ids  of 

increasing molecular s i ze .  

In  t h i s  inves t iga t ion  with neu t r a l  amino acids ,  the  

r a t e  of permeation decreases with increasing molecular s i z e  

and degree of methylation. I n  t h i s  inves t iga t ion  then, the  

r e s u l t s  a r e  opposite t o  those obtained by Christensen using 

erythrocytes.  The s i z e  of the  apolar  group o r  an increase  

i n  the  degree of methylation of the  amino acids  is  not  

influencing the  r a t e  of uptake. Therefore, amino acids  

do not  permeate by dissolving i n  the  l i p i d  component of the  

plasmalemma and d i f fu s ing  across  t o  en t e r  the  cytoplasm. 

This i s  i n  agreement with Overton's hypothesis.  

An examination of t he  molecular models (Fig. 11) 

of these  compounds revea l s  t h e i r  r e l a t i v e  s ize .  Molecular 

s ize 'decreases  i n  t he  order  L-valine>L-alanine>glycine. The 

molecular s i z e  does not decrease i n  a l i n e a r  manner, L-valine 

i s  a branched-chain amino acid ,  the  o ther  two compounds a r e  

s t ra ight-chain  amino acids .  



The r e s u l t s  of t h i s  investigation show t h a t  

the  permeation r a t e  i s  correlated with molecular s i ze .  

Therefore, from t h i s  data the conclusion is  reached t h a t  

these compounds are  permeating through pores i n  the plasmalemma 

i n t o  the  cytoplasm. Permeation i s  passive, the  driving force 

being due t o  the  chemical potent ia l  gradient.  This investigation 

with amino acids supports Solomon's conclusion t h a t  the  
0 

plasmalemma has a pore diameter of 8.4 A. 

L-alanine is  one methyl group larger  than glycine, 

L-valine contains two methyl groups. The r a t i o  of permeation, 

glycine: L-alanine i s  2.9, the  r a t i o ,  L-alanine: L-valine 

i s  2.3. L-valine, i n  addit ion t o  two methyl groups, is  

considerably larger  than L-alanine because it is a branched- 

chain amino acid,  Table 11. One would expect the  second 

r a t i o  t o  be greater  than 2.9, since the  s i z e  of L-valine 

r e l a t i v e  t o  L-alanine is greater  than the s i z e  of L-alanine 

r e l a t i v e  t o  glycine . . L-valine is very s l i g h t l y  soluble i n  

organic solvents. One may speculate t h a t  t h i s  compound a l so  

permeates, t o  a ce r t a in  extent,  by diffusion through the  l i p i d  

component of the  plasmalemma. I f  t h i s  i s  so, it is interest ing 

t h a t  two d i f fe rent  mechanisms a r e  involved i n  the  permeation 

of a s ingle  compound across the plasmalemma. 



The erythrocyte  c e l l  is  an a t y p i c a l  c e l l ,  lacking 

both a nucleus and vacuoles. Therefore, it i s  not  surpr i s ing  

t h a t  t he  permeabil i ty c h a r a c t e r i s t i c s  of  the  plasmalemma of 

the erythrocytes towards neu t r a l  amino ac ids  is not t h e  same 

a s  t h e  c h a r a c t e r i s t i c s  of the  N i t e l l a  f l e x i l i s  plasmalemma. 

o the r  evidence has  been obtained i n  t h i s  inves t iga t ion  

t o  support t h e  molecular s i eve  pr inc ip le .  One such piece 

of  evidence was derived from permeation experiements using 

~ - a r ~ i n i n e - l I ~ .  

The permeation r a t e  of ~ - a r ~ i n i n e - l ' I ~  is g r e a t e r  

by a f ac to r  of t en ,  than t h a t  of the  neu t r a l  amino acids.  

From examination of  t he  molecular model (Fig. 11) it is  

seen t h a t  L-arginine i s  l a r g e r  than L-valine. Unlike L-valine 
6 

it has no methyl groups, bu t  s eve ra l  amino groups. It d i f f e r s  

from the neu t r a l  amino ac ids  i n  t h a t  i n  aqueous so lu t ion  t h e  

molecule acquires  a p o s i t i v e  charge. 

The f a c t  t h a t  t h e  r a t e  of of L-arginine 

i n t o  N i t e l l a  cells was s o  much f a s t e r  than the permeation r a t e  

of L-valine suggests,  a t  f i rs t  glance, t h a t  t h i s  compound 
-- 

d i d  not  en t e r  t h e  cel l  through pores i n  t he  plasmalemma. Also, \ 
I 

because t he  compound is inso lub le  i n  organic solvents ,  the . 
number of amino groups and the  carboxyl group completely masking 

any e f f e c t  of  t h e  methylene groups, L-arginine does no t  d i sso lve  
, 

i n  t h e  l i p i d  component o f  the  plasmalemma. 



Analysis  of  k i n e t i c  s t u d i e s  performed on t h i s  

compound ind ica ted  t h a t  L-arginine d id  not  e n t e r  N i t e l l a  

by means of  an enzyme-carrier mechanism. The f a c t  t h a t  

L-arginine does n o t  permeate i n t o  t h e  c e l l  by an  enzyme- 

c a r r i e r  mechanism and i s  very l ipophobic l eads  t o  some 

specu la t ion  about  t h e  mechanism involved. It i s  probable 

t h a t  L-arginine permeates i n t o  t h e  c e l l  through pores  i n  

t h e  membrane. However, it does not  f i t  i n t o  t h e  permeation 

p a t t e r n  of  t h e  n e u t r a l  amino a c i d s ,  t h e i r  permeation r a t e  

decreas ing  with inc reas ing  molecular s i z e .  It may be t h a t  

t h e  p o s i t i v e  charge c a r r i e d  by L-arginine i s  a c r i t i c a l  

f a c t o r  i n  t h e  permeabi l i ty  of t h e  plasmalemma t o  t h i s  ion.  

Briggs,  Hope and Robertson (1) have suggested 

t h a t  t h e  pores  o f  N i t e l l a  have nega t ive ly  charged w a l l s .  
\ 

MacRobbie (18) has  shown t h a t  t h e  e l e c t r i c  p o t e n t i a l  of  

N i t e l l a  t r ans lucens  i s  negat ive  wi th  r e s p e c t  t o  t h e  ou te r  

so lu t ion .  L-arginine ions  d i f f u s i n g  p a s s i v e l y  i n t o  t h e  

sphere  of in f luence  o f  t h e  negat ive charged w a l l s  of t h e  

pores  would be a t t r a c t e d  by t h e s e  charges. These c a t i o n s  

then  'move by e l e c t r i c a l  a t t r a c t i o n  along an  e lec t rochemical  

g r a d i e n t  i n t o  t h e  c e l l .  

One may specu la te  t h a t  t h e  permeation o f  L-arginine 

is  due t o  electro-osmosis.  The c a t i o n s  move i n t o  t h e  cell ,  

through pores  wi th  nega t ive ly  charged w a l l s ,  i n  response 



t o  a bioelectr ical  potent ial  difference between the c e l l  

in ter ior  and the environment. The permeation character is t ics  

of the neutral amino acids and L-arginine into Nitella ce l l s  

supports the molecular sieve principle. The electro-osmotic 

mechanism is a variation of the principle, permeation is 

through pores, butz, the charge carried by the compound 

influences i t s  permeation character is t ics .  

The unbalanced charged atom on the arginine ion 

i s  located a t  the end opposite the amino group. Hence, one 

can speculate t ha t  L-arginine would enter the pore and move 

through it length-wise. The width of L-arginine l i e s  

within the limits of the pore s ize  suggested by Solomon (23). 

A s  s tated ea r l i e r  the entry of D-glucose into 

Nitella f l e x i l i s  a t  very low concentrations is  by means of 

some enzyme-carrier mechandhn. However, since the uptake 

of D-glucose appeared t o  reach a maximum a t  a very low 

concentration and since Ursino (28) demonstrated tha t  glucose 

permeation in to  Nitella f l e x i l i s  occurs a t  much higher 

concentrations a second kinet ic  analysis was made covering 

a wider range of concentrations. The resul ts  indicated 

tha t  a second process i s  involved a t  higher concentrations 

which fai led t o  saturate  up t o  the highest concentration 

used and hence follows diffusion kinet ics .  

D-glucose is a hydrophilic non-electrolyte and 



i s  very lipid-insoluble. Hence, it does not dissolve i n  

the l i p i d  component of the plasmalemma. Permeation then, 

of D-glucose a t  higher concentration does not f i t  the 

l i p i d  so lub i l i ty  theory. One can conclude from t h i s  

data,  t h a t  the  diffusion of D-glucose i n t o  the c e l l  i s  

through pores i n  the plasmalemma. Since D-glucose i s  

s l i g h t l y  under 10AO one must modify the pore s i ze ,  a s  

established by Solomon for  erythrocytes when dealing with 

the  plasmalemma of Nite l la  f l e x i l i s .  

These experiments using radioactive glucose, 

arginine and neutral  amino acids confirm those of Collander 

( 3 ) ,  who used non-radioactive sugars and other neutral  

molecules t o  determine the r e l a t i v e  pore s i z e  i n  plant  

c e l l  membranes. They a r e  interpreted t o  mean t h a t  pores 

a r e  present i n  the Nite l la  c e l l  plasmalemma, and that Chese 

membrane pores a re  su f f i c i en t ly  large t o  allow the easy 

passage of glucose i n t o  the c e l l .  

The permeation of sucrose i n t o  Nite l la  f l e x i l i s  

leads t o  considerable speculation. In  the i n i t i a l  permeation 

experiments with D-glucose and sucrose, the  r a t e s  of uptake 

of the two sugars were the  same. The km values derived 

from k ine t i c  analysis  were similar .  It i s  highly unlikely 

t h a t  sucrose ( f ig .  11) which i s  roughly twice the s i z e  of 

glucose would enter  the  c e l l  a t  the same ra t e .  It i s  possible 



t o  postulate a carr ier  which may at tach t o  the glucose 

moiety of sucrose and transport it across the membrane 

a t  the same r a t e  as  D-glucose. However, t h i s  does not 

explain the diffusion of sucrose through pores being as  

fas t  as  tha t  of D-glucose. 

. Another s imilar i ty  is observed when the data 

obtained by paper chromatography on the dis tr ibut ion of 

14c i n  the ce l l s  following immersion i n  ~ - ~ l u c o s e - ~ ~ ~  

or sucrose -14c is examined. The '% is  distributed 

roughly the same, between glucose and sucrose i n  the 

two groups of ce l l s .  Because of the very great s imilar i ty  

between the uptake of D-glucose and sucrose i n  Nitella 

f l e x i l i s ,  the conclusion i s  reached tha t  sucrose i s  

hydrolysed a t  the plasmalemma and then enters the c e l l  

as  i t s  constituent hexose sugars, D-glucose and D-fructose . 



Summary 

The s ingle  large internode c e l l s  of Nite l la  f l e x i l i s  can 

be used for  studying permeation of neutral ,  basic  and 

aaidic - amino acids and sugars. 

The technique of separating the protoplasmic contents 

i n t o  two compartments bounded by the plasmalemma and 

tonoplast i s  not valid.  The "cytoplasmic" f ract ion 

contains only pa r t  of the cytoplasm, probably the g e l  

phase, with i t s  chloroplasts,  t h a t  i s  next t o  the 

plasmalemma. The "vacuolar" f rac t ion  contains the 

vacuolar sap a s  well  a s  some cytoplasm, probably the 

s o l  phase next t o  the tonoplast. 

More than one mechanism i s  involved i n  permeation 

processes. The operating mechanism i s  determined by 

the charac ter i s t ics  of the  permeating molecules. 

The permeation of the neutral  amino acids f i t s  the 

molecular-sieve principle.  It has been speculated t h a t  

permeation of L-valine i s  enhanced by a s l i g h t  so lub i l i ty  

of t h i s  compound i n  the l i p i d  component of the membrane. 

The permeation of L-arginine a l s o  appears t o  be through 

pores. However, permeation of L-arginine i s  not a s  simple 

a s  tha t  of the  neutral  amino acids. It resembles electro- 

osmosis, permeation of ions through pores with charged walls. 



By contrast, kinet ic  analysis suggests tha t  the uptake 

of L-aspartate i s  due t o  a carr ier  system. 

Active transport via a carr ier  of D-glucose appears t o  

occur a t  very low concentrations. A t  higher concentrations, 

the permeation of D-glucose appears t o  be by diffusion 

through pores i n  the plasmalemma. 

It i s  suggested tha t  sucrose does not permeate across 

the Nitella plasmalemma. Rather, sucrose i s  hydrolysed 

and permeates as  i t s  constituent hexose sugars. 
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