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CHAP2ER 1: INTRODUCTION 

A unicellular organism has to maintain its individual identity 

within its environment and sometimes within a range of environments, 

which may differ widely from the internal medium of the cell. 

Variation in the intra-cellular medium is closely limited because 

vital processes are functionally stable only in narrowly defined 

environments; thus an important feature of the cell is its ability 

to maintain a constant internal environment by accumulating certain 

compounds and excluding others, while at the same time retaining 

certain valuable intermediates which often occur only in low 

concentrations. This control is manifested in the cellular 

organisation; it is now generally accepted that semipermeable 

membranes at the surface of the cell separate the external and 

internal environments, so preventing the loss of components from the 

protoplasm and excluding substances present in the extra-cellular 

medium. This control of the internal environment of the cell is 

vital - the first evidence of death of a cell is a non-specific 

increase in its permeability (Knaysi 1935). At present the knowledge 

of the mechanism of semipermeability is incomplete, although it has 

been extensively studied from both ph,ysiological and biochemical 

points of view. 

Surface membranes of the cell function primarily to exclude 

certain elements of the external environment, but they must also 

mate contact with it to obtain a carbon and nitrogen supply to 
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furnish the energy-yielding and building materials necessary for the 

growth and maintenance of the cell; these are taken up either in 

the form of gas, entirely so in the case of some photosynthetic 

organisms, or as pre-.formed organic substances to which the cell may 

be impermeable. The entry of such nutrient substances, and the 

rate at which they enter, is determined by the surface membrane, as 

also is the rejection of end-products of metabolism and toxic 

substances. Thus the mechanism by which the cell controls its 

internal environment is highly specific in that, while maintaining 

the physical and chemical properties of an impermeable barrier, it 

can select certain substances from its surroundings and eject those 

which are undesirable* this latter function is of extreme importance 

to the living cell, for physical forces may tend to favour the 

spontaneous uptake of molecules which, in some cases, must be pumped 

out if the cell is to survive. Compatible with a dynamic concept 

of the cell membrane is the fact that the permeability properties of 

any one cell may vary considerably during its growth cycle, and this 

may play a part in its behaviour. The description, in physical terms 

of the mechanisms by which the living cell makes contact with its 

external medium is of great importance to the understanding of the 

functioning of the organism. 

In order to study this process it is necessary to consider the 

biochemistry of the membranes which effect these control mechanisms. 

In the present study, bacteria have been chosen as the group of 

micro-organisms for investigation, as they represent the simplest 

type of cellular organisation (Mitchell 1959a)  and this particularly 
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favours their use in permeability studies (for furtaer discussion of 

tns choice of materials, see below, 2A (1)). 	The substrate 

specifically studied is glucose as this is a ubiquitous substrate 

holding a central place in metabolism, and many bacteria are able to 

use it as their sole external carbon source. There has been a 

certain amount of controversy over the mechanism of specific 

permeation in bacteria, widely different views being held by various 

workers (Roberts, Cowie, Abelson, Bolton & Britten 1955; Cohen & 

Monod. 1957; Mitchell 1959b)s and so far no complete explanation at 

a molecular level of glucose movement in aama1ian tissues has been 

obtained. However, it is of interest to relate the information 

obtained from bacteria to the theories used to explain the mechanism 

of glucose transport in other tissues, for as common biochemical 

features are shared by all cells whether they are unicellular 

organisms or from highly organised multicellular forms, it is also 

likely tiiat the features of membrane transport, especially as they 

relate to the movement of the commonly occurring carbohydrate, 

glucose, may be of general occurrence. 

Current views on membrane transport and the molecular mechanisms 

of transport that have been postulated will be discussed below as far 

as they have any bearing on the movement of glucose across natural 

membranes. The literature on the permeability of cell membranes is 

extensive, and therefore detailed consideration has not been given 

here to the movements of ions across membranes (for reference see; 

Davson & Danielli 1943;  Osterb.out 1952; )Jssing  1954;  Le Fevre 1955; 

Conway, Duggan & Beary 1956; Harris 1956; Burgen 1957;  Fuhrman 
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1959; Sutcliffe 1959),  except where it has particular relevance to 

the movement of the sugar; and the discussion will be confined to 

the movement of glucose across cell membranes in general, and to the 

specific permeation of organic substances into bacteria. 

1A. EVIDENCE FOR THE EXISTENCE OF THE OSMOTIC BARRIER 

IN BACTERIA AND ITS LOCATION 

That external solutes do not have free access to tne cell 

interior was first demonstrated by Fischer (1903)9 wh o observed the 

plasmolysis of Grain-negative bacteria in sucrose and salt solutions, 

but not in glycerol, urea, chloral hydrate or other substances of low 

molecular weight and high. lipid-solubility. From the observations 

on their position and function, he described the three main envelopes 

of the bacterial cell, the slime layer, the cell wall and the plasma 

membrane: the first two were permeable and easily observed in the 

microscope, the wall possessing structural rigidity and being 

responsible for the shape of the protoplast; while tae membrane was 

postulated on the functional evidence that the shrinking protoplasm, 

which appeared to behave as a liquid, retracted as though it were 

covered by a flexible semipermeable membrane. This indicated the 

existence of an osmotic barrier (a term first coined by Mitchell 

(1949b) to describe the functional unit which effects the osmotic 

separation of the cell interior from the external environment) which 
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was impermeable to salts and sucrose, but permeable to glycerol. 

This was confirmed by many other observations on the plasmolysis of 

bacterial cells (e.g. Knaysi 1930) 9  and also by the fact that when 

the cells were treated with reagents which destroyed the semi-

permeability of a lipid membrane such as that proposed by Overton 

(1895), then plasinolysis did not occur (literature reviewed by 

Mitchell 1959b). Fischer's definitions were restated by Henrici 

(1934) and Knaysi (1938), and now are generally accepted. Grain-

positive bacteria, however, do not plasmolyse at all easily; but it 

has now been demonstrated, that they do in fact behave in the same 

manner as Grain-negative organisms, except that the membrane adheres 

to the cell wall so that generally the cell as a whole contracts in 

certain media of high osmotic pressure, e.g. sucrose, but not in 

glycerol; this implies that they also have an osmotic barrier 

(Mitchell & Moyle 1959b). 

The evidence for the existence of an osmotic barrier in bacteria 

has been reviewed (Knaysi 19 4 ; Weibull 195; Mitchell & Moyle 

1956a), and it has been pointed out that shrinking and swelling of 

cells in relation to osmotic pressure does not conclusively 

demonstrate the anatomical identity of an osmotic barrier, for a 

gelled structure without a membrane could behave in the same way by 

the direct adsorption of solutes from the medium. As yet there are 

no measurements of the physical state of bacterial protoplasm except 

under conditions which might cause destruction of a protoplasmic gel 

(Knaysi 1951). However there is strong functional evidence of the 

existence of a permeability barrier in bacteria. The stirinking and 
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swelling of bacterial cells in relation to osmotic pressure in 

certain solutes is now established (Mitchell & Moyle 1956b, 1959b; 

Kuczynski, Avi-dor & Mager 1958; Mager, 1uczynski, Schatzberg & 

Avi-dor 1956); and bacterial cells and protoplasts have been shown 

to be osmotically fragile under certain circumstances (Mitchell & 

Moyle 1956a, 1956c, 1956d;  McQuillen 1956; Weibull 1956; Gilby & 

Few 1959). 	The selective effects observed, are consistent with an 

osmotic effect across a semipermeable membrane which is permeable to 

glycerol but not to sucrose and sodium chloride. That the protoplasm  

is not entirely polymerized is indicated by the demonstration that 

there are freely diffusible internal solutes within the cell which 

can be released by trichloroacetic acid, and which are effective in 

determining the osmotic pressure of the cell (Gale 1953;  Mitchell & 

Moyle 1956a). 

The permeability barrier with respect to phosphate in 

Staphylococcus aureus has been located by Mitchell (1953): using a 

thick-suspension technique he showed that the water inside the cells 

was not available to externally added phosphate, and the phosphate-

impermeable volume corresponded to the volume occupied by the proto. 

plast and not to that of the whole cell, indicating that the osmotic 

barrier was located at the surface of the protoplast (the area 

corresponding to the postulated plasma membrane) and that the cell 

wall was freely permeable to phosphate. Weibu.1l (1955a) similarly 

demonstrated that the osmotic barrier to small molecular weight 

solutes in Bacillus megateriuin resided in the plasma membrane rather 

than in the cell wall. The plasma membrane and protoplasm exert 
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little, if any, resistance to the movement of water into or out of 

plasinolysed cells of Eschericnia coli strain B; but when the cells 

are suspended in sodium chloride concentrations above the plaamolyaia 

threshold (see 3B (5)), the hydrostatic pressure exerted by the cell 

wall, which resists further swelling of the protoplast, is equal to 

the difference in osmotic pressure between the media inside and 

outside the plasma membrane (Mitchell & Moyle 1956a). It was 

concluded that the osmotic barrier must be represented by the plasma 

membrane, and if a gelled region exists in the protoplasm it could 

not contribute much to the rigidity of the protoplast. *eibull 

(1953a) found that the rigid cell wall determined the shape of the 

cell; on removal of the wall from cylindrical bacteria, surface 

tension caused the protoplasts to become spherical. Similar 

considerations imply that the osmotic barrier for small molecular 

weight solutes is some part of the membrane in Micrococcus 

lysod.eikticus and Sarcina lutea (Mitchell & Moyle 1956c). 

If tao permeability barrier is in fact located at the plasma 

membrane, then after the removal of the cell wall (which seems to be 

permeable to solutes of molecular weight < 10 9 000 (Mitchell & Moyle 

1956a; Knaysi  1951)),  the resulting naked protoplast should behave 

in the same way, with respect to swelling and shrinkage in some 

solutes and not in others, as the intact cell; and in solutions of 

a penetrating external solute the protoplaat, lacking the restriction 

normally provided by the mechanical strength of the cell wall, would 

be expected to continue swelling until it burst. This has been 

demonstrated for B.. meaterium (Weibull 1953a), and for 
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L 1ysodeikticus, S. lutea and Staph.  aureus (Mitchell & Moyle 1956c, 

1957, 1959b; Gilby & Few 1959); a summary is given by 4eibull (1958) 

Protoplasts of all the cells could be stabilised in isotonic solutions 

of non-penetrating solutes; this suggested the existence of a 

membrane, and as this appeared to possess the same properties as that 

postulated to exist in intact cells (permeable to glycerol but not to 

sucrose and sodium chloride), it seemed likely to be identical with 

the plasma membrane. McQuillen (1956) has shown that bacterial 

protoplasts have all the capabilities of intact cells; this is 

consistent with a cell wall which is purely mechanical in function, 

supporting the surface of the membrane against considerable pressures 

and possibly exerting a sieve effect on molecules entering the cell 

(Knaysi 1951). On disruption of the plasma membrane of Staph. aureu 

by a method, that left the cell wall intact, only the smaller sized 

molecules escaped from the cells (Mitchell & Moyle 1951), and. it was 

suggested that in general molecules with a diameter ,) 2.5 mja e.go pi 

teins, could not pass through the cell wall (itchel1 & Moyle 1956a) ,  

The cell wall and plasma membrane are considered to function as a 

unit by Mitchell & Moyle (1956a); although the membrane does not 

appear to be built into the pores of the wall, and the two are 

separable, they are intimately associated and together are responsible 

for the osmotic properties of the cell. 

The existence of the plasma membrane as a discrete structure, 

the first definite proof of which was given by Knaysi (1946), has now 

been demonstrated both by phase-contrast microscopy and electron 

microscopy (Knaysi 1951; Bradfield 195; Ohepman  1959);  yet it is 
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still difficult to define (Mitchell 1959a; Chapman  1959; Marshak 

1959). Although in some cases the electron micrographs do not 

clearly distinguish a membrane (Birch-Andersen, MaalØe & Sjdstrand. 

1953), it has been shown to exist in Staph. aureua (Brad!ield. 1950, 

Bacillus cereus and Spirillum app. (Murray 1957), Spirillum serpens 

(Chapman & Kroll 1957)9 and E. coli (Kellenberger & Ryter 1958). 

It is clear that present methods of fixation and embedding are at 

fault (Murray 1957), and the structure seen in the electron micro-

graphs may correspond to a lipid or lipoprotein component of the 

membrane rather than the whole. Robinow & Murray (1953) have 

differentiated the cell wall and plasma membrane of Gram-positive 

bacteria by selective staining. All triat can be said at the 

present is that the surface of the protoplasm is very easy to 

stain, and it appears to be a smooth continuous layer of 50 A thick 

(Iobinow & Murray 1953;  Mitchell 1949) which is rich in ribonucleic 

acid; this is suggestive of a membrane attached to, or adhering to, 

the cytoplasm (Bradfield 1956). 

Tae term plasma membrane nas been applied to this membrane 

occurring in bacteria, in preference to the former terms "cell 

membrane" or "cytoplasmic membrane" (Knaysi 1938) to distinguish it 

from the complex cytoplasmic membranes surrounding and within other 

cells (Mitchell 1959a);  it is defined as the outer region of the 

protoplast which is normally In contact with the inner surface of 

the cell wall (Mitchell & Moyle 1959b), and it corresponds to the 

osmotic barrier for small molecular weight solutes (Mitchell & Moyle 

1956a). Substances which are excluded by, and those which can 
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penetrate, bacterial cells are listed by Mitchell & Moyle (195b: 

see also Mitchell 1953;  Mitchell & Moyle 1956a, 1956c, 1959b, 1957; 

Moyle 1957; Weibull  1955a, 1955b). 	Cells of E. coil, Staph. aureus, 

S. lutea, and M. lyso1eikticus appear to be impermeable to, and thus 

exclude, most olectolytes in the medium - -NaClo KC1, NH40I9 MC120 

KBr, (Na2i{P0 + NaR2PO4)9 (K2aPo,4  + Kk{PQ), Na2SO49 w4 Na acetate, 

There is some variation between different species (Mitchell & Moyle 

]956b), and in some cases there is evidence that weak acids may 

penetrate cells in an ux4issooiated form. Of the organic solutes, 

sugars carrying more than four water molecules (disaccharides, 

hexoses and the pentoses, L-arabinose and D-xylose)  did not penetrate 

at a measurable rate, while erytkrito1, ribose and glycerol 

penetrated rapidly into cells of E. coil strain B; and a similar 

situation was found. in Staph. aureus, M. lysodiktic'us, S. lutea and 

B. megaterium. A barrier to the penetration of glutemic acid, 

glutamine and glycine has been found in Staph. aureus (Mitchell & 

Moyle 1959b). 

It must be concluded that there is an osmotic barrier in 

bacterial cells which separates the internal, environment of the cell 

from the external medium, and this barrier appears to correspond to 

tie plasma membrane, whose existence is postulated mainly on 

functional evidence. From this it follows that the plasma membrane 

is also the seat of interchange of molecules between tae cell and 

the medium, the "osmotic linkage" as it has been described by 

Kitchell & Moyle (1956b), and as such it must be highly specific. 
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1he mechanism by which the plasma membrane makes this specific 

contact with the medium in respect of one solute, glucose q  is the 

subject of this thesis. 

1 B. CAkLkCThRISATION OF ThE PLASMA MAdRRANE OF BACTERIA 

Because O1 its function as the osmotic Link, a knowledge of the 

properties and constitution of the plasma membrane is important in 

the interpretation of its permeability casracteristics' The 

earlier literature has been reviewed by Knay8i (1951), and the more 

recent evidence has been given in detail by Mitchell (1959a); 

however, a few points of particular interest to this study will be 

made here. 

Overton (1895) was the first to propose a lipid structure for 

the plasma membrane, based on the evidence of its hydrophobic 

properties, and this has since been supported by others (DaYson & 

Danielli 1943; dóber 1952; Mitchell & Moyle 1956a). In Staph. 

aureus the plasma membrane comprises 10-'15% of the dry weight of 

the cell, which could make a layer of ca. 5 nia thick, and it consists 

mainly of protein (40%) and lipid (2CYc) - this is sufficient to form 

a monolayer of lipid and one of protein (Mitchell 1959a). Recent 

observations of the membrane in the electron microscope show that 

it usually delaminates into two layers, each of 4 nIJ tb.ick (Chapman 
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1959). 	The membrane "ghosts!' obtained from B. ineateriun have a 

similar composition (Weibull 1957). 

A difficulty encountered in the study of the plasma membrane 

is that in order to characterise the membrane material it is 

necessary to isolate it, and this labile structure tends to give 

rise to small particles (which were suggested to have pre-existed 

as part of the membrane by Stanier (1954)) during the processes of 

isolation; these cannot be distinguished from the true cytoplasmic 

particles, and have in some cases been mistaken for them. It has 

now been conclusively demonstrated that on disintegration, the 

plasma membrane of various bacteria gives rise to particulate 

fractions (Mitchell 1959a;  Woibull 1953b; Newton 1955) which have 

the same composition and staining characteristics, and other 

properties that are associated with the plasma membrane (Mitchell & 

Moyle 1957): in fact in some cases such particles were found not 

to exist in sections of intact cells (Carr 1958). 	±[owever, it is 

also clear that other particles do exist in some cells (Knaysi 1959; 

Mitchell 1959a) and may be included in te membrane fraction; these 

may normally be associated with the meitbrane (Tissires 1957) and 

may thus be considered as constituents of the membrane, probably in 

dynamic equilibrium with it (Mitchell 1959b); but in many cases 

there is still some doubt about the actual loss or gain of 

particulate material during the isolation procedures, and this also 

reflects some doubt on the subsequent analyses. 

An outstanding feature of the plasma membrane is that the 

activities of numerous enzymes are associated with it; the membrane 
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particulate fractions contain most of the enzymes tnat have been 

classed as "insoluble" or "particulate", including the cytocnroines 

and also many enzymes involved in intermediary metabolism (Mitchell 

1959b; Weibul2.  1953b;  Storck & Wachema.n 1957;  1augaard 1959; 

Cota-"Robles, Marr & Nilson 1958; Weibull, Beckman & Bergatr&n 1959). 

The membrane fraction of Staph. aureus was the first to be fully 

analysed (Mitchell & Moyle 1956e) and was found to contain 90% of 

time cytochrome system of the cells, and also most of the succinic, 

lactic, malic, formic and alphag1ycerophoaphate dehydrogenases, 

malic enzyme and acid phosphatase of the cells; while glucose-6-

phosphate dehydrogenase and glucose"6-'phosph.atase appeared mainly 

in the soluble fraction. Many of these enzymes have been shown to 

occur in the membrane material from B. megateriuni (Weibuli 1955b; 

torck & Wactsmnan 1957;  Weibull, Beckman & Ber6atr6m 1959),  i. coli 

(daugaard 1959)  and Azotobacter vinelandii (Cota4obles et al. 1958); 

in tae last case the enzymes involved in oxidative pliosphorylation 

were also located in the membrane • The aynthesis of proteins and 

the activation of amino acids appears to be closely associated with 

the membrane "ghosts" of B. meateriurn (Butler, Crathorn & dunter 

1958; Brookes, Crathorn & Hunter 1959). There are many instances 

of enzymes being located in particulate fractions from bacteria, 

either without reference to their origin or witri the mistaken 

assumption that they originated in the cytoplasm (Tissires & Slater 

1955; Alexander & Wilson 1956;  discussed by Mitchell 1959b); 

however, it seems likely that these, at least partly, represent 

components of the membrane. 



14. 

If the membrane is envisaged as a continuous, laterally-bonded, 

lipid sheet, the components effecting the osmotic linkage must be 

present in the same sheet at some stage; but it cannot be inferred 

that they must consist of lipid, for proteins are not necessarily 

less effective as barrier components than lipids (IIitche1i 1959b). 

As yet there is no knowledge of tue precise arrangement of the 

lipid and protein in the membrane; and., although, from the chemical 

analyses there is sufficient to form a monolayer of each, they do 

not necessarily exist as separate layers (Mitchell 1959a). To 

endow the uptake mechanisms with specificity it must be postulated 

that components representing the osmotic link for one solute must, 

although in the same sheet, represent the osmotic barrier for others 

(Mitchell 1959b), and postulations have been made of the arrangement 

of the molecules in the membrane whereby this may be effected (Daniell 

1954a; see below, 1C (3)). 	From the distribution of enzyme activity 

between the membrane and the rest of tae cytoplasm, which is roughly 

equal, and the known amount of protein in these fractions, it has 

been estimated that the ratio of the amount of protein with enzymic 

activity in the endoplasm to that in the membrane is 3*1; and from 

the estimated number of enzymes in the cell, it follows that many 

of the protein molecules of the membrane must be enzymes (Mitchell 

1959b). This has suggested that enzymes and protein carriers may 

be associated with the mechanism of specific permeation, and has 

been used as a basis for the explanation of the uptake of lipid 

insoluble polar molecules through an essentially hydrophobic 

membrane (see IC (3)); also it is consistent with the observed 

association of metabolism with some transport mechanisms. Thus 
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the concept of the plasma membrane as a structure possessing certain 

physical properties which endow it with fixed permeability 

characteristics, is inadequate; for it participates actively in 

physical and chemical functions of the cell and contains enzymes 

both of synthesis and of degradation which may be intimately 

concerned in effecting the osmotic linkage. 

1 0 • PkiEORIES OF MEMBRANE TRANSPORT 

1) Passive permeability 

The physiological, properties of biological membranes and some 

of their permeability properties have long been known, and various 

theories have been formulated to explain the mechanism of semi. 

permeability, based on the observation that certain solutes, whose 

physical properties were defined, entered living cells. These 

classical experiments, mostly employing the phenomenon of 

plasniolysis, have been summarised by Knayei (1951)9 kiöber (1952) 9  

teilbrunn (1952), and Davson & Danielli (1943); and the theories 

fall into four main groups: (i) The mechanical sieve theory, in 

which it is postulated that the membrane acts as sieve allowing 

only molecules below a certain size to pass through, selectivity 

being exerted by the variety of pore size. It has since been found 

(see above, U) that the cell wall functions in this capacity. 
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The theory of selective solubility, which is based on the work 

of Overton (1895)  who found that the ability of molecules to 

penetrate the membrane depended on their lipid-water partition 

coefficients, the membrane being considered to dissolve selectively 

those solutes possessing a high lipid solubility. This may in 

part be explained by adsorption, for the adsorbability of a solute 

from an aqueous solution can be a hydrophobic phenomenon. 

Adsorption theories which take surface and capillary forces 

into accounts any small pores in the membrane structure Wi].l be 

filled with adsorbed water, so only solutes positively adsorbed 

will pass through and diffuse down the concentration gradient. 

This theory has been enlarged upon by Danie].li (1954a9 1954b; see 

below, 10 (3)). 	(iv) Theories involving electrical forces to 

explain the equilibration of charged particles. 

2) Concept of catalysed  transport 

The above mechanisms, which are not sutua].ly exclusive, may 

all be involved in the passive permeation or diffusion of solutes 

into living cells; some of the considerations may be subordinate 

to others, giving a complex situation (Knaysi 1951), the description 

of which is not yet complete. However, many molecules required 

by the cell do not penetrate at a measurable rate, for the membrane 

functions as a permeability barrier (lA); and paradoxical 

situations have long been known to exist where hydrophilic 

substances are able to penetrate cell membranes. Glucose, for 
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example, penetrates the red cell, membrane (Bowyer 1957). Thus 

there must be other explanations of what kLôber (1952) calls 

"physiological permeability", which apparently allows substances, 

tiaat normally have difficulty in passing the membrane, to enter 

more freely by some specific process. Krijgsinan (1932) believed 

that the essential characteristic of living membranes was that an 

expenditure of energy was involved in the transport of substances 

across the membrane; and the numerous observations that have 

associated the transport of such substances with metabolism have 

led to the concept of "active transport". It is postulated that 

there is a driving force, which may or may not be independent of 

the membrane, superimposed on the passive penetration of the solute; 

this may be directed towards the uptake mechanism, and the solute 

will tend to diffuse out of the eell unless it is involved in some 

e}temical or physical reaction, and a steady state internal solute 

concentration may be obtained.; or, in eases where uptake is 

spontaneous, it may be directed towards the pumping out of the solute 

Active transport has now been more closely defined (Danielli 

1954a; Rosenberg 1954-), and it is generally applied to the transport 

of substances across membranes, which cannot be explained by a 

diffusion in response to the chemical potential gradient of the 

substance (diffusion is brought about by the driving force of 

thermal agitation only, and is selective in terms of molecular 

dimensions and not in terms of structural or steric factors). 

Such movements are considered to require some other driving force, 

or catalyst, and have been termed "active transport!'. The term 
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was coined to convey the idea of the active participation of the 

cell in the transportation of solutes across a permeability 

barrier, rather than a spontaneous uptake of solutes due to 

physical foroess the cell can expend metabolic energy in 

influencing the rate and direction of transport. 

Rosenberg (1954)  considers that it is not possible at present 

to determine with certainty whether a transport is active or not 

unless the movement is uphill from a lower to a higher chemical 

(or electrochemical) potential, because it is difficult to demonstrate 

forces other than diffusion. Deviation from the normal diffusion 

laws does not necessarily indicate that a transport is active 

because it is difficult to define "normal" diffusion for a cell 

membrane, and it is impossible to know how its diffusion resistance 

varies. Various criteria have been used as indicative of active 

transports saturation effects; competition between chemically 

similar substrates; high temperature coefficients similar to those 

of enzyme reactions; responses to alight structural or ateric 

modifications in the penetrating molecule; dependence on metabolism; 

and sensitivity to enzyme inhibitors. However, these may merely 

show the dependence of the process on some regulatory mecaism, 

and this is not equivalent to the participation of additional 

forces; they may equally well be due to changes in membrane 

resistance as the membrane structure will be dependent on all these 

factors (Rosenberg 1954).  This reflects the incomplete state of 

the present knowledge of the structure of biological membranes. 

Rosenberg's (1954)  definition of active transport may be too narrow, 
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but it lends itself to theoretical considerations (Rosenberg 1948) 

as a general mechanism in terms of substrate transported and 

differences in potential, which can be based on experimental 

evidence without making assumptions regarding the structure of the 

membrane. 

Danielli (1954*, 1954b) divides catalysed transport into two 

types: facilitated diffusion which occurs under the driving force 

of thermal agitation, but is strongly influenced by structural and 

ateric factors, the diffusion equilibrium being reached much more 

rapidly than would be possible by non-facilitated diffusion; and 

true active transport which involves forces other than, or in 

addition to, those of thermal agitation. This division has proved 

useful in describing the movement of glucose across the red cell 

membrane (see below, l (2)), but it may not be complete (Danielli 

1954a); some types of facilitated diffusion may require energy for 

the maintenance of structural units even though the actual movement 

of the molecule proceeds under thermal agitation alone, and other 

sub-divisions may be necessary. 

3) postulated mechanisms of catalysed tr ansport 

Although little is known about the molecular mechanism of 

transport, various models have been proposed to explain the observed 

kinetics of transport of sugars across biological membranes; these 

mostly fall into two groups, those involving mobile membrane 

components which carry the substrate through the membrane, and 
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those involving non-mobile membrane components, in which the 

substrate itself moves. This is only an arbitrary distinction, 

and both may be concerned. Both types of mechanism require the 

intermediary formation of a complex, which may only be short-lived 

and is as yet unidentified., between the substrate and a component 

in the membrane. Much of the experimental, evidence on which the 

theories are based has been obtained from the study of g1ucoa 

transport across the red cell membrane (lIt (2)) 9  but the implications 

are of general interest, and comparative studies suggest that they 

may be of wide biological application (Stein & DanieUi 1956; 

Bowyer & Wid.das 1956). 

(a) on-.enzymatic mobile carriers. 

Widdas (1952) has reviewed, the earlier proposals, based solely 

on the evidence that simple diffusion did not explain the experi-

mental data, of the existence of carrier molecules in the membrane 

which catalysed transport; and described a carrier iteohanismn which 

fitted the kinetics of placental glucose transfer in the sheep 

(WIddas 19519 1952). He proposed that carrier molecules, distinct 

from enzymes, existed in the membrane, and that these could acquire 

sufficient thermal energy to leave one orientated interface and 

enter another; the carrier forming an adsorption complex with a 

substrate molecule at one interface and releasing at ttte second: 

net transport was thus proportional to the differences in the 

saturation of the carrier at the two sides of the membrane, and 

could occur in either direction. The carrier was envisaged as 

lipid or lipoprotein so that it could move through the membrane; 
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and it was suggested that it could effect "against the gradient" 

transfer under certain specified conditions (Widd.as 1952). 

Rosenberg (1948)  has given a thermodynamic description of a carrier 

mechanism. 

A carrier mechanism was invoked by ilasing (1947) to explain 

the exchange of radio-sodium in isolated muscle these carriers 

were ttiougkt to move through the membrane by terina1 agitation and 

exchange ions on either side of the membrane without equalising 

their concentrations. Mitchell (1956b) has suggested that such 

an exchange-diffusion system might effect facilitated diffusions 

if the solute were constantly removed on one aide of the membrane, 

for example by metabolism on the inner surface, so that tie carrier 

were no longer saturated on that side, net transport wouLd occur 

towards that side of the membrane. The rate-determining steps of 

such a system could give the required kinetics for glucose transport 

in erythrocytes (Bowyer & Wlddas 1956). 

Stein & Danielli (195) have pointed out a disadvantage in the 

postulation of a diffusible substrate-carrier complex in the 

membranes if the carrier is able to reduce the lipopkobic character 

of a molecule such as glucose, the carrier must itself be lipophobic 

for the reaction to occur, in which case it is difficult to explain 

how the diffusion of the free carrier tIuough the membrane occurs. 

Rosenberg (1954)  has considered, in general terms, the 

theoretical implications of a carrier mechanism driven by metabolism 

(or "energetic carrier"); but does not postulate at which step the 
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t.ie coupling occurs or comment on the nature of the carrier. 	fe 

has suggested that kYdrophilic eubstanees are transported as orgazio-

philic complexes (possibly produced by chemical transformation); 

the active traiiaport observed being movement of only one part of 

an mkripwn transport complex, while the total transport of the whole 

complex is not active but is downhill, and this furnishes, by 

coupling, time energy for the uphill transport (Rosenberg & Wilbrandt 

1958). 

Danielli (195a) has proposed elaborate schemes for the 

mechanism of mobile-carrier transport, which effect facilitated 

diffusion and active transport, and do not necessarily require the 

diffusion of the free carrier through the membrane. The carrier 

is considered to be protein (evidence of this has been obtained from 

inhibitor studies (Bowyer 1957), and from the involvement of enzyme 

proteins see 10 (3c); 1B) which adsorbs the substrate and transfer 

it through the lipid membrane or through a discontinuity in the 

lipid (see 10 (3b)). The simplest type is the "diffusing carrier" 

which is lipoid-soluble and water-insoluble; this readily and 

reversibly forms complexes with molecules and shuttles them between 

the two sides of the membrane by thermal agitation, (as described 

immediately above). An elaboration of essentially the same scheme 

is the "rotating carrier"; a molecule of the same diameter as the 

membrane thickness, or a segment of the membrane, is envisaged to 

rotate about an axis composed of two covalent beads, so that its 

specific adsorption centre alternates between the outer and inner 

faces of the membrane. This may or may not be energized by enzymic 
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centres. The possibility that a protein could form an "expanded 

lattice" is also considered; this would permit the penetration of 

molecules of th correct gize •ard structure, and again energy may 

or may not be required. An asymmetrical expanding and collapsing 

of such a structure might give net transport in one direction. 

Danielli (1954a)  also proposes a "propelled shuttle" mechanism, 

based on the contractile protein theory of Goldacre (1952) tae 

adsorption centre of a contractile protein is postulated to be on 

the outside of the membrane when the protein is expanded, and on 

the inside when it is contracted; in the latter case tae adsorbing 

groups can saturate their affinities intramolecularly and any 

adsorbed molecule will become ciesorbed. As an energy source is 

required and as transport can occur against a concentration gradient, 

it could be considered as a mechanism of active transport as defined 

by Rosenberg (1954).  This mechanism is consistent with the fact 

that changes in molecular form of proteins are known to occur, and 

may parallel their adsorption capacity. 	Iow far these formulations 

of the transport mechanism are thermodynamically applicable at the 

molecular level given, is not clear (Mitchell & Moyle 1959d). 

(b) Non-enzymatic, non-mobile carriers. 

Danielli (1954a, 1954b; Stein & Danielli 195) has proposed 

a membrane structure, incorporating protein into the lipoid layer, 

to explain the permeability of an essentially lipoid sheet to 

lipoid-insoluble compounds without postulating the existence of 

mobile carriers. The membrane is envisaged as a sandwich structure 

consisting of a bimolecular lipoidal core with a monolayer of protein 
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on either side (Davson & Danielli 1943) tn.is is consistent with 

tne enemica]. analyses of the plasma membrane (see above, 1B), and 

evidence from optical and surface tension studies of the red cell 

membrane, and from the kinetics of the diffusion of salutes across 

it s  support the possible existence of such a structure (Stein & 

Danielli 1956). Movement of polar molecules across this structure 

would be limited by hydrogen-bond formation between water and the 

molecule concerned: so it is postulated that polar pores exist, 

through which the substrate travels along a series of adsorption 

sites; the selectivity of the pore being determined by its 

organisation in space, and possibly also by ttie existence of specific 

labile bonds at its ends which must be broken before the molecule 

can enter (Adair 195). 	A suitable hydrogen-bonding, proton- 

conducting channel could be provided by the proteins of the membrane 

existing in pairs in the form of horizontal lamellae, orientated 

with tieir polar side-"chains facing towards each otner, extending 

through a discontinuity in the lipid layer (Danielli 1954a): there 

is some evidence tiat sheets of protein molecules exist both in the 

plane of the erythrocyte membrane, and at right angles to it (Stein 

& Danielli 1956). However, it may not be necessary to postulate 

the existence of a lamellar structure, for temporary gaps in the 

meaaLa witi sites sufficiently polar and specific may facilitate 

glucose transfer (Bowyer 1957). 

This is essentially a mechanism of facilitated diffusion, for 

the movement of the penetrating species is determined by the kinetic 

energy of the penetrating molecules themselves, or by the oscillation 
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between alternate forms of a protein under the influence of tnernial 

agitation; but it could also be an active transport mechanism if 

movement of the protein were energised. Thus it is likely that 

active transport and facilitated diffusion possess features in 

common, and they may be easier to distinguish theoretically than 

experimentally. 

(C) Enzymatic mechanisms. 

There is much evidence in favour of the participation of 

enzymes in the mechanism of membrane transport: transport is 

closely linked with metabolism; transport processes require 

catalysts (10 (2)), and it has been suggested tciat specific proteins 

catalyse transport reactions (Danielli 1954a; Bowyer 1957; Conen & 

Monod. 1957); and many of the protein molecules of the membrane are 

considered to be enzymes (1k). Thus various workers nave involved 

enzymes in tie proposed transport mechanisms (Doud.oroff 1951; 

Rosenberg & Wilbrandt 1952;  Rosenberg 1954; iilbrandt 1954; 

Dan.ielli 1954a;  Mitchell & Moyle 1956a; Mitchell 1959b). 

Enzymes may be indirectly involved in transport mechanisms 

(Danielli 1954a;  Rosenberg  1954; Mitchell & Moyle 195a) by 

providing energy for the movement of a carrier or the contraction 

of a protein, by transforming molecules into non-diffusible 

derivatives, and thus trapping them inside the cell, by maintaining 

a specific membrane structure, and by the formation and the emptying 

of vacuoles. Transport may be coupled to metabolism if enzymes at 

the surface of the membrane transform the substrate into a 

derivative, or complex, which can diffuse through the membrane in 
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response to the concentration gradient of the derivative; and 

enzymes could regenerate the molecule on tae ilther surface of ttae 

membrane (Rosenberg 1954). In the various mechanisms that have 

been proposed (see above, 10 (3a, 3b)), an active membrane unit 

(protein) is involved which has a specific adsorption centre 

analogous to the active centre of an enzyme; thus it is possible 

that such proteins may also have enzymic activity, and Danielli 

(1954a) has suggested that cellular enzymes may be 'polyfunctional 

centres whose function in one context may be chemical and in anotner 

mechanical, and sometimes both." 

The inhibition of a transport mechanism by an enzyme poison 

does not necessarily indicate that active transport is involved, for 

other specific protein carriers may also react with tieee reagents, 

or the effect may be on an enzyme which is only indirectly concerned. 

Thus enzyme inhibitors cannot be used to distinguish between 

facilitated diffusion and active transport. 	Bowyer (1957) has 

discussed the use of inhibitors in transport studies and has come 

to the conclusion that they have been of little help in the 

elucidation of the molecular mechanism of transport; they give no 

positive evidence because they are mostly unspecific in their effects, 

and even proof of the participation of a particular enzyme gives no 

information as to how far it takes part in the actual transport 

mechanism. However, inhibitor studies have indicated that protein 

components are involved in catalysed transport, and they may resemble 

enzymes (see 1E (2); of. the inhibition of 'permease" production 

by inhibitors of protein synthesis lD). 
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Mitchell (1957) has suggested that enzyme  Systems might cii8e 

transport by their nonnal metabolic functioning if they were suitably 

orientated in the plasma membrane. He considers that substrates are 

transported as chemical groups, rather than as molecules or postulated 

transitory molecular complexes, and they appear in the cell first as 

covalent compounds. In enzymic group-transfer reactions, if the 

active centre of the enzyme system were anisotropic, a spatial 

movement of a chemical group from a donor to an acceptor molecule 

must occur. Such an enzyme system, if it were orientated so that 

the donor and acceptor of the group react with the enzyme centre from 

different sides of the membrane, would cause a chemical group to pass 

from one side of the membrane to the other. A similar condition 

would be obtained if enzymes were orientated in pairs at the membrane, 

the second enzyme participating by having its active centre placed so 

that the product of the first reaction is chemically transformed 

before it has a chance to escape (Mitchell & Moyle 1958a): the 

functional grouping of enzymes is frequently encountered in enzyme 

studies, and it is also known that the structural integrity of cellula: 

components is necessary for their functioning. Thus transport and 

metabolism would be integral consequences of the same enzyme -cat alysec 

process; and group-translocation accompanying group-transfer may be 

a general phenomenon in enzyme- cat alysed transfer reactions (Mitchell 

& Moyle 198b). Metabolic energy is involved in this active 

transport mechanism in the formation and opening of covalent links 

between the translocators in the membrane and the carried molecules. 

Although it is considered that the catalysts of tranalocation are 

identical with enzymes, and that the translocation is a normal 



attribute of such an enzyme when it forms part of the membrazie, it 

is also possible that the protein catalysts of translocatio2l may lack 

chemical catalytic activity. Iitohe11 (1957) has applied the name 

"translocase" to the protein catalyst, and "traaalocator" to the 

region, or active centre, of the tranalocaae which is linked with the 

substrate during its translocation. If the translocator is 

accessible on either side of the membrane, then it can constitute a 

non-mobile membrane component of transport, the chemical group itself 

moving across the membrane; however, it is possible that the trans. 

locator may move through the membrane by thermal agitation (Mitchell 

& Moyle 1957). This mechanism corresponds to the carrier-type 

already described (see lC (3a)), but here the enzyme is the carrier, 

and the covalently-bound group is not in equilibrium with its 

hydrolysis or dissociation products but with metabolic intermediates. 

Transport in this system is accompanied by chemical change, so no trw 

osmotic work is done unless it is supplemented by a reaction which 

regenerates the component from its tranalocation product. 

It is also possible that facilitated diffusion, as well as 

active transport, may be mediated by the enzymes of the membrane 

functioning normally (Mitchell 1959a). In this case the catalysts 

are described as analogous to hydrolases which catalyse the 

permeation of their hydrolysis products, the substrate-carrier 

intermediates being in equilibrium with their hydrolysis or 

dissociation products on either side of the membrane. Possibly 

such a catalyst might form hyd.rolyaable intermediates with its sub-

strate in situations where it does not have significant hydrolytic 
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activity, and. cause the equilibration of the substrate across the 

osmotic barrier; as such it must be considered as a protein catalyst 

of permeation, which Cohen & Monod (1957; see 11)) have called a 

"permease", a term which Mitchell (1959a) suggests need only be used 

when the protein is not functioning in its normal role as an enzyme. 

aowever, the translocase-translocator system gives a higher efficiency 

than the hydrolase-type system because it is "designed to pass 

chemical groups from one place to another, wittiout interruption by 

water and the loss of the bond hydrolysis energy" (Mitchell 1959a). 

Mitchell (1959a) has pointed out that tae theory, taat tae 

chemical work and the osmotic work of the cell may both be represented 

by tie exchange of covalencies from substances arising from exergonic 

systems with those of the end.ogonic systems, has led to a new 

conception of the cell membrane; it must be considered not only as 

an osmotic barrier and an osmotic link between the media on either 

side of it, but also as a "chemical link' allowing the exchange of 

covalently-linked groups between tue cell and the external medium. 

Thus the plasma membrane may effect tae movement of solutes, by way 

of covalent intermediates involving translocators in the membrane, 

directly into covalent compounds (such as proteins), either in the 

protoplasm or as extracellular substances: hence this single theory 

forms a plausible mechanistic explanation of both the uptake of solutes  

from tae medium and the synthesis of cellular components external 

to the plasma membrane. 

(d) Concluding remarks- 

At present the knowledge of the molecular mechanism of catalysed 
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transport across biological membranes is theoretical only. It is 

impossible in some cases to distinguish experimentally between the 

various possibilities suggested. (see 10 (3a, 3b)); and the knowledge 

of the structure of the membrane is insufficient, as yet, to be of 

any great value in the interpretation of experimental data. This 

confusion is due to the fact that transport systems are, from the 

experimental point of view, inaccessible; and the experimental 

methods used so far in their elucidation (including kinetic and 

metabolic studies, cytochemical and cytological methods, measurements 

of electrical potentials, and inhibitor studies) may not be adequate: 

the indirect approach by the use of enzyme inhibitors has only been 

of limited use (10 (3e)) except in providing evidence tiat proteins 

are involved in some cases (Bowyer 1957); it is difficult to 

determine the extent to which enzymes are actually concerned in the 

mechanism (IC (3c)), and this is further complicated in cases where 

the substrate being considered is actively metabolised; and in 

addition to this a study of the kinetics erieds little light on the 

actual mechanism of transport. As well as net transport through 

the plasma membrane there may also be exchange reactions which 

continually mix molecules on either side of the membrane without 

changing their concentrations (Ussing 1947), and this must be 

distinguished in the methods of study used - many of the isotopic 

techniques fail to do this (liarris, 19579 discusses the pitfalls in 

the application of isotopes to transport studies). 	Pinocytosis, 

membrane flow or vesiculation may also simulate active transport 

(Bennett 195; Leake & Pomerat 1958): these are known to exist 

in animal cells (Brandt 1958; kiolter 1959), and possibly also in 
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red blood cells (Stein & Danielli 195); 	but although it is not 

known how far trtese phenomena occur in bacteria they must be 

considered in a discussion of membrane transport. The postulated 

mechanisms may be oversimplifications or may overlap; possibly 

there is a complex situation, varying with the experimental 

conditions, and more than one mechanism may function even for any 

one given substrate. Rothstein (1956) has described a complex 

structure for the cell surface of yeasts involving compartmentali-

sation which imposes severe limitations on the analysis of its 

behaviour as a simple membrane. 

1 D. TRANSPORT OF ORGANIC SOLUTES INTO BACTERIA 

From experiments using radioactive tracer techniques, Roberts 

and his co-workers postulated that the envelopes of E. coli were very 

permeable to many solutes (Roberts, Abelson, Cowie, Bolton & Britten 

1955) and concluded that the only mechanism involved in the transport 

of materials across the plasma membrane was simple diffusion, and 

thus the penetration of solutes was not a rate-limiting factor in 

the metabolic reactions of the cell. However, the application of 

isotopic techniques to transport studies has been criticised because 

of the existence of exchange reactions which may simulate net 

transport in these experiments (Harris 1957; see also, 1C (3)), 

and in view of the more precise measurements made on the permeability 
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of bacterial cells by Mitchell & Moyle (1956b; see also, 1A), and 

of the evidence of the existence of an osmotic barrier in bacteria 

(Mitchell & Moyle 1956a; see 1A), these results must now be 

regarded as suspect. 

Failure to understand the existence of the osmotic barrier and 

the necessity for transport mechanisms has been a source of 

erroneous conclusions concerning metabolic pathways in bacteria: 

it was thought tiat the tricarboxylic acid cycle did not operate 

because intact cells could not metabolise the intermediary acids 

when they were present in the external medium (Karlason & Barker 

1948; Ajl 1951) 9  but the enzyme systems involved in their metabolism 

were shown to exist in extracts from such cells (Saz & Krampitz 1955; 

Ajl & Wong 1955). Many instances have been found of the apparent 

paradox that intact bacterial cells are unable to utilise metabolic 

intermediates under conditions where the enzyme systems involved in 

their utilisation can be demonstrated to exist inside the cells (see 

4C (3)), and this has led to the postulation that specific permeation 

mechanisms at the surface of the cell effect the entry of solutes to 

the internal metabolic systems (Cohen & Monod 1957; Davis 1956; 

Clarke & Meadow 1959;  Tucker 1959). Cells of Pseudomonas 

fluorescens and Aerobacter app. were found only to utilise citrate 

after an adaptive process, while extracts of the cells could 

metabolise it immediately; this was taken as evidence of the 

existence of specific adaptive transport mechanisms in tne intact 

organism, which carried citrate into the cells (Kogut & Podoski 

1953; Barrett, Larson & Kallio 1953; Davis 1956). It was 
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suggested that such systems, which were considered to be the 

limiting step in the metabolism of external substrates, were energy-

coupled and resembled enzymes, but were not identical with them 

because they performed osmotic work only (Davis 1956). Similar 

considerations have been found to apply to the utilisation of 

tartaric acids by intact cells and extracts (Siailo & Stanier 1957); 

and to ±uebs cycle intermediates, the adaptive processes in taese 

Cases being prevented by inhibitors of protein synthesis and thus 

considered as synthesis of new protein, distinct from any enzymes 

involved in the metabolism of the substrates (Clarke & Meadow 1959; 

E'alard & Clarke 1959; Tucker  1959) these postulated transport 

systems were considered to belong to the category of "perineases" 

as defined by Cohen & Monod (1957; see immediately below). However, 

this is only one possible explanation of the discrepancy in metabolic 

characteristics found between intact cells and their extracts; 

Mitchell (19590) uas proposed another explanation which also fits 

the experimental data (see immediately below). It must also be 

pointed, out that the direct uptake measurements of MacDonald & 

Gerhardt (1958) indicate that the movement of citrate into cells of 

E. coli is passive, so it may not be necessary to postulate the 

existence of a transport mechanism for this substrate, and some 

other explanation may be needed. 

From similar evidence, that the presence of beta-galactosidase 

in cells of E. coli (strains ML and X 12) did not give tiem the 

ability to utilise external beta-galactosides unless a galactoside- 

accumulating system was also present, Monod and his co-workers, also, 



34. 

have postulated that functionally specialised proteins similar to 

enzymes existed in the plasma membrane and specifically catalysed 

the transport of beta-galactosides into the cell (Uonod. 1956; 

Rickenberg, Cohen, Buttin & Monod 1956; Cohen & Monod 1957). As 

the active components of these systems were shown to be specific, 

inducible proteins, they were termed "permeases' (protein catalysts 

of transport) by analogy with enzymes. Specific amino acid 

permeases have also been invoked to account for the accumulation of 

amino acids in E. coil (Cohen & Rlckenberg 1956); and it has been 

further suggested that similar uptake systems, which controlled the 

entry of substrates into the cell, existed as a general rule for 

each type of organic substrate metabolised by a given organism 

(Monod. 1956). However, this would require an extremely large 

repertoire of specific proteins, separate from enzymes, to be 

present in the plasma membrane (Cohen & Monod 1957). 

A detailed, study of the beta-galactoaide'permease is given by 

Riekenberg, Cohen, Buttin & Monod. (1956) and Kees & Monod. (1957), 

aLd tne postulate has been expanded in a review by Cohen & Monod 

(1957); but no consideration was given to the molecular mechanism 

of the transport process or to the method of its coupling with an 

energy supply. The evidence for the existence of permea8ea Caine 

from two sources; 

(I) iroa the study of the accumulation, by cells of E. coil, 

of the unnatural gs.lactoside analogue, bet a-mettiyl-.thio gal actoside 

(TMG), which allowed the in vivo isolation of the uptake system (the 

betar.ga1actosid.e-permease) as this analogue was not metabolised by 
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tae organism and., although it acted as an inducer of both the enzyme 

and the permease or TMG-ac cumulating system (which develop 

simultaneously - Cohen & Rickenberg 195), was not hydrolysed by 

beta-galactosidase. It was found that TMG did not permeate the 

cells by a passive process, and its accumulation could not be 

accounted for by an adsorption onto specific sites as too many SUCh 

sites would have to be postulated; the kinetics indicated that a 

catalytic permeation system existed in the membrane, and that the 

level of intracellular TMG was proportional to the activity of this 

system (Rickenberg 1957). The permease was considered to be 

distinct from the betagalactosidase as TMG was not a substrate of 

this enzyme; however, it was at the same time assumed that the 

entry mechanism of TMG was the same as that of normal beta-

galactosid.es, which does not seem justified in view of the work of 

Rotman (1959) who has shown that beta-methyl galactosid.e and TMG 

have separate uptake mechanisms - it cannot be concluded that a 

particular molecule enters a cell by a given permease because it 

interacts with that permoase. Similarly Sistrom (1958) proposes 

that metabolised substrates do not accumulate in cells under normal 

conditions. 

(ii) That the pernlease, and the kyd.rolase activity of beta-

galactosid.ase, were not manifestations of the same system (or 

enzyme) was further postulated from the existence of two distinct 

phenotypes in mutants of E. coli, both of which were incapable of 

metabolising galactosicles: one mutant was "cryptic", galactosidase 

activity being demonstrable in cell extracts but the cells being 
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unable to utilise external galactosides or accumulate PMG; the other 

did not contain any beta-.galactosidase activity yet the cells could 

accumulate the analogue. It was postulated that the permease was 

lacking in the former case, so taat the external galactosid.e could 

not reach the internal hydrolase; while in the latter case the 

permease was present and not the hydrolase: this represents the 

loss of either the h.ydrolase or the permease without the concomitant 

loss of the other, and it was taken to indicate that the two systems 

were separate. So it was assumed that the beta-galactosidase 

existed inside an impermeable barrier which could only be crossed 

by the formation and subsequent dissociation of a complex between 

the galactosid.e and the permease, and that in vivo 'the galactosidase 

and permeaae formed a metabolic sequence. 

Mitchell (1959c) has pointed out that this is not the only 

possible interpretation of the existence of these mutants, and 

suggests that the non-'catalytic part of an enzyme (which is the 

major part of the molecule) may function to locate it in the cell, 

and this implies that it is possible for a mutation to occur which 

could cause a change in the location of an enzyme witnout loss of 

its chemical activity; hence the production of a cryptic mutant 

may equally well be due to a change in the location of an enzyme 

from the membrane to the cytoplasm, as to the loss of a permeation 

catalyst. So it appears that transport and metabolic change could 

be functions of the same specific protein catalyst in this system, 

if it werd correctly orientated in the membrane. This is in accord 

with the theory of Mitchell (1957; see above, 1 C (30) that 
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transport can be effected by the enzymes of the membrane functioning 

normally. Cohen & Monod (1957) do in fact show that there are 

similarities between the permease and the ilydrolasea they have the 

same inhibition characteristics; the induction specificity and the 

general kinetic and chemical properties of the substrate-specific 

component of the permease are similar to those of the beta-

galactoaid.ase; and the two are closely linked genetically. 

More recent studies on the beta-galactosidase system have also 

ailed some doubt on the validity of the conclusions drawn by Monod 

and coworkers from the experimental data. It was assumed that 

galactoside transport in different mutants could not be catalysed 

by different enzymes, but this has since been shown not to be 

altogether justified (Sistrom 1958;  Pardee 1957), and it is still 

not clear how these mutants are metabolically related. Beta-

galactosidase has been shown to be immediately inducible in the 

cryptic strain, but a lag occurred before the enzyme was produced 

by the normal cells; this was considered to be due to the synthesis 

of the inducible permease in the normal, cells, which was necessary 

before the inducer could enter the cells, while in the cryptic cells 

there was no production of a permease (iierzenberg 1959). But this 

supposes that the inducer can enter the cryptic cells, for Rickenberg 

(1960) has shown that the induction of beta-galactosidase involves a 

combination between the enzyme and the inducer and not with a hypo.. 

thetica]. "organiser' on which Monod. (1956) bases his theory, and as 

such it is not necessary to postulate the existence of a permease 

in this case. However, the induction was carried out with analogues 
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of galactosides, and it is known that the addition of a methylated 

group to a sugar greatly increases its penetrating powers (see 

3 B (6)); thus the uptake of the analogues cannot necessarily be 

related to the penetration of the free sugar (this has already been 

pointed out above). It seems unlikely that the cells were permeable 

to metabolisable galactosides as they could not be utilised by 

cryptic mutants which possess the hydrolase activity; Sistrom (1958) 

has shown that such sugars, unlike the analogues, do not normally 

accumulate inside the cells; and., further, it could be predicted 

that they do not penetrate these cells from a consideration of the 

permeability measurements that have already been made (Mitchell & 

Moyle 1956b). It is clear that the behaviour of these mutants is 

not yet entirely understood, and some of the observations on the 

beta-galactosidase system are as yet inexplicable (Pardee, Jacob & 

Mon.od 1959;  klerzenberg 1959; Rickenberg (1960); see review of 

Mitchell 1959b). The evidence, as it stands, appears to favour 

Mitchell's theory that both the hyd.rolase and permease activities 

could be attributes of the normal functioning of a single enzyme 

which varies its location within the cell (Mitchell 1959c; 1959b). 

But the explanation may not be complete as it does not explain how 

the induction of cryptic mutants occurs (unless they are only 

induced by analogues which can penetrate the cells passively or 

unless the mutant has changed its permeability properties); and 

it must be reiterated at this point that there is evidence that 

intact cells which may be permeable to citrate cannot utilise it 

although all the necessary enzymes are present inside the cells 

(Foulkes 19541 MacDonald & Gerhardt 19581 Davis  1956; see above): 



possibly there may be further compartmentalisation of cells which 

is not yet understood (see Rothstein 1956), and there is other 

evidence that the selection and exclusion of substrates may not be 

due solely to the functioning of the surface membrane of the cell 

(see Norman, Menozzi, Reid, Lester & £iechter 1959). 

The fact that metabolic studies alone are not sufficient to 

postulate the existence of a permease is emphasised by the work of 

Eggleston & Krebs (1959), who showed that glucose-grown cells of 

E. coli would inetaboliso ribose in the form of purine and pyriinidine 

nucleotides or nucleosides but not as free ribose or ribose-5-

phosphate unless they had been grown on ribose, although cell 

extracts did not show an inductional requirement before they would 

metabolize these substrates. From this it was postulated that the 

penetration of ribose and ribose-phosphate into the cells was 

mediated by an inducible permease. however, direct permeability 

measurements of cells of E. coil (Mitchell & Moyle 1956b; see also, 

3 B (1)) have shown that ribose permeates rapidly into glucose-grown 

cells by a passive process, and this suggests that the postulation 

of a permease is redundant. The observed results may be due to 

the degree of availability or the orientation of the necessary 

enzymes in the cell, but it is not conclusive, and the nature of 

the adaptive process is not understood. 

The concept of the "perzeaed' is essentially the same as that 

proposed by Danielli (1954 )9 and in the form in which it is defined 

(as a functionally specialised enzyme-like protein in the membrane 

which forms stereospecific reversible complexes with hydropkilie 
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compounds that may dissociate on the inside of the membrane, and 

whose activity may be coupled with an energy donor) it is clear 

that it catalyses the equilibration of the substrate on either side 

of the membrane, and thus the term should be more strictly applied 

to protein catalysts of facilitated diffusion (Mitchell 1959a) 

which can cause coupled transport under certain conditions, rather 

than active transport (see 1 C). But it has not been shown that 

the so-called "permease" systems do in fact catalyse facilitated 

diffusion. 

Most of the other evidence of the transport of essential 

metabolites into bacterial cells invokes the participation of 

enzymes. 	Gale (Gale 1953;  Rowlands, Gale, Folkes & I1arrian 1957) 

suggested that specific amino acid uptake systems existed in 

Staphylococci and Streptococci which resembled enzymes in that they 

catalysed a coupling between substrate transfer and metabolism, 

showed saturation phenomena, and were sensitive to enzyme 

inhibitors; these systems could build up a free amino acid pool 

within the osmotic barrier of the cells. Doud.oroff (1951) has 

considered that specific enzymes may act as membrane carriers for 

certain disaccharides; this explained the fact that d.isacc±iarides 

were often oxidised much faster than their constituent hexoses. 

Pseudomonas gaccharophila, for example, could not utilise fructose 

(the cells were presumed to be impermeable to this sugar) yet they 
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could utilise the fructose moiety of sucrose when it was liberated 

by sucrose phoaporylaae, and it was suggested that this enzyme 

functioned as a carrier for fructose when it was suitably 

orientated in the membranes in support of this was the demonstration 

that on adaptation to sucrose, the kydrolase activity appeared 

extracellularly. Similarly it was proposed (Doudoroff, iassid, 

Putnam, Potter & Lederberg 1949; Doudoroff 1951)  that amyloznaltase 

mediated the uptake of the glucose moiety of maltose in glucose-

negative mutants of E. coli, which utilised glucose only slowly 

although all the enzymes necessary for its metabolism were found 

to be present inside the cells. Such systems are in accord with 

the group-translocation theory of Mitcnell (1957). 

The uptake of phosphate into Staph. aureus has been studied in 

detail (Mitchell 1953, 1954a, 1954b; Mitchell & Moyle 1953), and 

this system also shows the existence of a specific carrier with 

the characteristics of an enzymes it was suggested that phosphate 

reaction catalysed by 

passes into the internal 

the phoaphoryl ation 

glucose metabolism. 

e cell was presumed 

compound (Mitchell 

enters the osmotic link (by a group-transfer 

an enzyme in the membrane) as phosphoryl and 

medium of the cell as a phosphoryl compound, 

Of which is coupled to the bond exchanges of 

The accumulation of inorganic phosphate in t 

to arise from the enzymic hydrolysis of this 

1959b). 

There is evidence that auccinate and amino acids also enter 

bacterial cells as acyl compounds catalysed by "activation' enzymes 

(Mitchell 1959b),  and as these reactions are the first step in the 
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metabolism of these substances, the enzymes involved must be retarded 

as trarLslocases. Mitchell & Moyle (19590) have shown that the 

sueeinate-activating system producing succiny1oA in M. 1ysodeiticu 

had the same characteristics as the system causing succinate uptake 

by intact cells, suggesting that succinate is transported as succinyl 1  

which can pass directly into metabolism or can undergo deaoylation 

to release free succinate within the cells (the d.eacylase was shown 

to be in the end.oplasmic fraction). The amino acid activation 

enzymes have been found in the membrane fractions of E. coli, 

B. megaterium, and Azotobacter spp. (Nieman 1959; Brookes, Crathorn 

& Hunter 1959; Connell, Lengyel & Warner 1959) and are thus 

available to the external medium; and it has been demonstrated that 

external amino acids can be the direct precursors of amino acyl 

compounds or peptides within the cell (Gale 1954 ; see also 

dalvorson & Cohen 1958). 

The evidence from bacterial cells is in favour of enzymes 

participating directly in the transport of organic metabolites into 

the cells, especially in the cases of auccinate and amino acids 

which appear to enter the cells as chemical groups (which is in 

accord with the theory of Mitchell, 1957). But as yet no single 

transport mechanism has been conclusively demonstrated. The 

evidence so far given for the existence of "permeases" is doubtful 

because it is based on induction studies which are not yet fully 

elucidated; however, it is possible that sugars may enter bacterial 

cells by a facilitated diffusion system which may be linked to 

metabolism. 
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1 E. GLUCOSE TRANSPORT IN OTHER TISSUES 

In other cells also, as well as those of bacteria, it has been 

found that the entry of glucose is not only a process of non-specific 

diffusion, and that specific mechanisms are involved, in its uptake. 

The movement of glucose in mammalian tissues is of especial interest 

because of its central role in metabolisms glucose is a form in 

which organic substances are transported by the blood to the 

peripheral tissues to provide an energy source for muscular work; 

it is a form in which carbohydrates may be absorbed by the intestine 

to be conveyed to, and stored in, the liver; and also it has to be 

re-absorbed from the glomerular filtrate in the kidney to prevent 

its loss from the body by excretion. Thus there are numerous sites 

where glucose is actively secreted, often against a concentration 

gradient, and the elucidation of the mechanism of this secretion 

has long been a problem to animal physiologists. 

1) Kidney and intestine 

The early literature on intestinal and renal absorption of 

glucose has been adequately reviewed by Hbber (1952) and LeFevre 

(1955). The fact that a specific mechanism was involved in the 

uptake of sugars by the intestine was indicated by the selectivity 

of the process, various sugars being absorbed at widely different 

rates (Cori 1925; wilbrandt & Laaht 1933). To explain this (and 

the observations that hexoses, although of larger molecular dimensions 

were absorbed faster than pentoses, and that glucose absorption was 
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accelerated by the presence of phosphates while that of the pentoses 

was not), it was suggested that hexoses were phosphorylated during 

their absorption, and this caused the diffusion gradient of free 

glucose to rise. This was further substantiated by the demonstratiox 

that iodoacetate, which inhibited the phosphorylation of glucose in 

extracts of intestine tissue, prevented the absorption of hexoses but 

not of pntoses (Wilbrandt & Laszt 1933). Phosphorylation was 

associated with renal absorption because it was found that phiarizin, 

which prevented sugar re-absorption in the kidney, inhibited ph.oaphat 

eaterification in tissue extracts at concentrations comparable with 

those found in the kidney after the administration of this inhibitor 

(Lundagaard 1933). It was also shown that phiorizin prevented the 

accumulation of phosphorylated derivatives in the mucosa of the 

intestine, which normally occurred during the absorption of sugars; 

as this inhibitor had no effect on the phosphatase activity of this 

tissue, it was concluded that it primarily affected glucose 

phospb.orylation (Beck 1942). 

However, there is some doubt as to whether the inhibitory effect 

of pb.lorizin on glucose absorption was due to its interference with 

tiae phosphorylation of the sugars Gomori (1939) found that low 

concentrations of this inhibitor, sufficient to inhibit glucose 

absorption in the kidney, had no measurable effect on the phosphory1a 

tion of glucose; and phiorizin was found to prevent the tubular re 

absorption of dyes which were unlikely to be phosphorylated. 

(Lambrechts 1937). The effect of this inhibitor on glucose 

absorption may be unspecific; it has been shown to interfere with 
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oxidative phosphorylation (Shapiro 1947; Lotspeich & Keller 1956), 

and so it may inhibit many systems which depend on an energy supply. 

But more recently, phiorizin has been considered to have a specific 

effect on the glucose transport mechanism in the kidney (Lotapeich & 

Keller 1956); in the intestine it has been shown to stop the 

mechanism responsible for the transfer of glucose in in vitro systems 

at very low concentrations which have no effect on metabolism (Parsoni 

Smyth & Taylor 1958;  Newey, Parsons & Smyth 1959); and it has been 

found to inhibit hexose transfer in red cells where the energy-  

supplying reactions of the cell play no part (Bowyer 1957). 

Lotepeich (1958)  has discussed at length the effect of phiorizin on 

glucose absorption, and suggests that it may have a binding action on 

a surface carrier as well as an effect on oxidative metabolism, and 

that the metabolism may be important in the maintenance of the 

membrane structure (in connection with this it has been found that in 

secretory cells of the kidney the mitochondria are arrnged longi-

tudinally along the cell walls bordering the lumen, and may have 

some association with the secretory activity Davis 1954). 

Yet many other workers have considered that phosphorylation is 

an essential step in glucose absorption, because the uptake of sugars 

is associated with metabolism (Darlington & Quastel 1953;  Wilson & 

Wiseman 1954; fridhandler & Quastel 1955), and inhibitors which 

prevented glucose absorption also inhibited enzymes involved in 

phosphorylation in extracts of the tissues concerned (Chanel 1955; 

Wilbrandt & Laszt 1933) Rosenberg & lJilbrandt (1952)  have discussed 

the role of phosphorylation in glucose transport. 
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dole (19509 1953a, 1953b) studied the Aexokinase of the inteatizu 

mucosa of the rat, and found that the phosphorylation rates of 

different sugars in vitro was in proportion to their absorption rates 

in vivo; and further, the segments of the intestine which absorbed 

glucose most rapidly had the greatest phoaphory1ating activity. It 

was sugge8ted that hexokinases (probably two or more) formed an 

integral part of the sugar absorption mechanism by participating in 

a phoaphorylation.'.d.ephosphorylation cycle, and they determined the 

rate at which sugars were absorbed by the intestine (sugar mono -

phosphates were all de.phosphorylated at the same rate). But this 

does not account for the preponderance of alkaline phosphatase 

activity, rather than hexokjnase activity, at the lUuLinal borders of 

the small intestine and kidney tubules, both of which areas are 

associated with glucose secretion (Gomoxi 19391  Verzr, Sailer & 

Richterich 1952). In addition to this it was found that the 

phosphatase activity of the intestine diminished in parallel with the 

decrease in the selective absorption of glucose after adrenalectomy 

(Verzr & Sailer 1952), and both were restored by corticosteroid 

injections, while the hexokinase activity did not increase (Lüthy & 

Verzár 1954). The glucose-6-phosphatase activity of the kidney 

increases during alloxan diabetes, and this has been suggested to be 

a physiological response to the rise in blood sugar imposing a 

greater metabolic load, on the re-absorption mechanism (Harper 1959). 

It is possible that alkaline phosphatase under certain condition 

can transfer phosphate to substrates such as glucose (Meyerhof & Gree 

1950), in which case it could act both as a phospb.orylating and a 
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dephoaphorylating catalyst. Danielli (1953) suggested a mechanism 

for glucose transport across the kidney tubule, involving phosphoryla 

ting and dephosphorylating enzymes located in appropriate parts of 

the eel]. (Davaon & Danielli 1943), which could effect a facilitated 

diffusion system. It is assumed that glucose-phosphate permeates 

much more slowly than glucose: a phosphatase at the external border 

of the tubule hydrolyses any glucose-phosphate present, and glucose 

diffuses into the tubule cell; this is immediately converted, by 

means of a phosphorylating mechanism in the cytoplasm adjacent to the 

lumen, to glucose-phosphate which cannot pass back into the lumen 

because of the permeability barrier. The converse situation occurs 

in the cytoplasm adjacent to the tissue spaces, where glucose-

phosphate is converted to glucose to accelerate its passage through 

the membrane. This would give a distribution of concentrations of 

glucose and glucose-phosphate across the cell, a high concentration 

of glucose at the membrane adjacent to the tissue spaces and an equi-

valent concentration of glucose-phosphate against the membrane 

adjacent to the lumen of the tubule, causing a net transport of 

glucose to occur across the cell irrespective of its external concen-

trations. The kinetics of transfer, for example, in the red cell, 

however, indicate that a membrane carrier is involved rather than a 

cytoplasmic carrier (Wilbrandt 1954). Danielli (1953)  has further 

proposed that phosphatase may be concerned in a variety of activities 

acting fundamentally in the same way, by representing the enzymic 

centre of a contractile protein (1C (3)) which effects the transport 

of molecules into the cell; the significance of the enzyme activity 

would lie in its ability to make chemical energy (from ATP) available 
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for the contraction, and might, or might not, simultaneously 

phoaphorylate the trana:ported. substrate. With suitable adsorption 

centres with different affinities, it was suggested that this system 

could function as a general carrier transporting molecules in both 

directions across the cell membrane; or it could form a stereo-  

specific, hydrogen-bonding, proton-conducting surface, as has already 

been postulated as a possible membrane transport mechanism (Danielli 

1954a; see also, 1C (3)). 

Although taere is much evidence that is consistent with the 

involvement of phosptiorylation in the mechanism of sugar transport, 

as yet it has not been conclusively demonstrated taat the phoaphoryla- 

tion of sugars is a necessary concomitant of their absorption, or that 

phosptiatases or phosphorylating enzymes participate directly in the 

absorption mechanism. Fisher & Parsons (1953a, 1953b) introduced a 

new technique for studying transport mechanisms in the intestine by 

using perfused isolated aenents; and this triggered off a flood of 

new experimental work on sugar movements in this tissue • It was 

found that there was a sugar uptake mechanism that showed Michaelis-

Menton kinetics, and that free glucose accumulated in the intestinal 

wall (Fisher & Parsons 1953a, 1953b). liestrin-"Lerner & Shapiro (1953 

using this technique found that the glucose absorbed was accumulated 

as an unidentified metabolite (not sugar phosphate) in the intestinal 

tissue, and diffused out on to the other side of the intestinal, wall. 

This was identified as lactate in the perfusion experiments of Wilson 

(19539 1956), who found that half of the glucose disappearing from the 

lumen was converted into lactate in the mucosa tad this diffused to 
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the seroas; its preferential discharge in one direction was 

considered possibly to play a rile in glucose absorption, and the 

lactate that was passed into the portal blood was presumably converted 

into glycogen in the liver. Wilson (1953, 1956)9 however, found that 

the glucose concentration as well as that of lactate rose on the 

serosal aide; this was confirmed by Newey, Smyth & Whaler (1955); so 

it was suggested that free diffusion and active transport, possibly b 

a phosphorylating mechanism, also contributed to the absorption of 

glucose, the relative quantitative importance of these three mechanism 

varying with the experimental conditions in vivo and in vitro. 

This led to an investigation of the form in which the absorbed 

glucose entered the blood in vivo. 	estrin-'Lerner & Shapiro (1954) 

found that actively absorbed glucose appeared in the portal blood as 

a metabolite, which was supposed to diffuse down a concentDation 

gradient from its site of production in the mucosal cells; as glucose 

was not regenerated at a second site, a spatial separation of enzymes 

did not have to be assumed. But Kiyasu, Katz & Ohaikoff (1956) found 

that after enteral administration of labelled glucose, most of it was 

present as free glucose in the portal plasma, very little (416%) as 

lactate; and the predominantly labelled compound extracted from the 

intestinal wall, was glucose. This was confirmed by the quantitative 

in vivo estimations of Atkinson, Parsons & Smyth (1957), who found thai 

most of the radioactive glucose absorbed from the intestine against a 

concentration gradient could be found in the mesenteric blood as free 

glucose; further, they demonstrated that the movement of glucose was 

unidirectional. These authors concluded that the preferential 
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appearance of lactate in the in vitro experiments of other workers 

was due to the limitations of the experimental conditions that were 

used. 

The case against a phosphorylating mechanism being involved 

in the transport of glucose has been strengthened by Sole (1956a), 

who found that the substrate specificity of the hexokinase from the 

intestinal mucosa of the rat was dissimilar to tiat of the absorption 

of sugars by the mucosa, but resembled that of brain hexokinase (Sole 

& Crane 19511): glucose, fructose, mannose and 2-deoxyglucose were 

phosphorylated by a single enzyme, but not galactose or 3-methyl 

glucose. He suggested that the role of bexokinase in the intestine 

was only to initiate the metabolism of glucose for the tissue's own 

needs. However, this does not eliminate the possibility that some 

other enzymic conversion of glucose to a phosphate ester or some 

other derivative participates in its transport. Keaton (1954) 

postulated that mutorotase could be involved in a general transport 

mechanism for sugars this was based on the indirect evidence that 

mutorotase occurs in high concentrations in tissues which actively 

secrete glucose; it is inhibited by phiorizin at very low concen-

trations; and sugars that are actively transported, and those which 

respond to insulin in muscle, are all substrates of this enzyme. 

It was suggested that a mutorotational intermediate was produced 

which diffused into the cells in response to a concentration 

gradient: the enzyme controlling the rate of penetration but not 

being involved in its mechanism. But the work of Crane & Krane 

(195) and Wilson & Crane (1958) indicates that such abemical 
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conversions of glucose do not occur as intermediate steps during 

its transport. They found that compounds lacking the hydroxyl at 

C-1 or C-6, ax4 which were thus incapable of undergoing phosphoryla-

tion or mutorotation, were also "activelj" transported - modification 

of the glucose molecule at carbons 1, 3 9  4, or 6 had no effect on 

its rate of absorption from the intestine. Also, labelled 3-methyl 

glucose, which was not hydrolysed or metabolised, was rapidly 

absorbed from the intestine under conditions which precluded any 

ciange in the molecule (Osiky & Wilson 1956). It has now been 

demonstrated that there is no cleavage of the six-carbon chain of 

glucose during its absorption by the intestine, and its transport 

to the liver (Taylor & Langd.on 1956); similarly glucose has been 

BkiOWfl to be re-absorbed from the kidney tubule witnout a concomitant 

breakdown and re-synthesis of its carbon chain, and it can be 

recovered mostly as free glucose from the renal vein in in vivo 

experiments (Chinard, Taylor, Nolan & Enns 1957, 1959). The 

features which a sugar must possess for it to be actively transported 

ares the D-configuration, a pyranose ring, a methyl or substituted 

methyl group attached at C -5 of the ring, and a hydroxyl group in 

the glucose configuration at C-2. If any of these features are 

altered, the property of being transported "actively" is lost 

(Wilson & Crane 1958). Thus the hydroxyl at C-2 of a sugar 

molecule is the only hydroxyl group whose presence is essential 

for the sugar to be actively transported; but Crane & Krane (1959)9 

using radioactive tracers, have excluded, as intermediate steps in 

the transport mechanism, any reactions involving the removal or 

transfer of oxygen at C-2, or which require the presence of c 

i  n.'C~nl 



52. 

bound hydrogen at the same position. This does not entirely 

eliminate the possibility of phosphorylation occurring at C-2 of 

the transported molecule, but there is no direct evidence of suck 

a reaction occurring. 

Thus it appears that glucose, actively absorbed from the kidney 

tubule and the intestine, enters the blood as free glucose; and 

there is evidence that no chemical change or cleavage of tie molecule 

occurs during its transport. As the uptake mechanism is hignly 

selective and occurs against a concentration gradient, it must be 

catalysed in some way (see 1C (2)). Apart from flypotaeses of 

vesiculation or membrane-flow (Brandt 1956; see lC (3d)), carrier-

systems have been postulated to explain the experimental findings. 

Lotspeioh (1958) has suggested that phiorizin inhibits glucose 

transport by binding, and thus inactivating, membrane carriers: he 

envisages the membrane carrier to be some substance like the uridine 

diphoaphate co-enzyme which could transport glucose as UDPG. Suck 

a model would be consistent with the experimental findings - it 

would not alter the chain configuration of glucose, it would be 

dependent on metabolism for a supply of the co-enzyme, and it would 

explain the necessity of maintaining the integrity of the membrane 

(which is also dependent on metabolism) if transport is to occur. 

Chinard, Taylor, Nolan & Enna (1957) have postulated the existence 

of a carrier which combines with glucose at the cell barrier and 

mediates its movement across the kidney tubule; they suggested 

from their experiments that ttie glucose-carrier complex was not a 

macromolecule, and that organised intra-cellular particles, es. 
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iitochondria, were not involved in the transport mechanism. Glucose 

reabsorption in the kidney has been treated theoretically by Burgen 

(1956); it has been found to show Mi oliaelia-'Menteu kinetic a, and 

the carrier involved, has a very high affinity for glucose. 

Whether glucose re-absorption from the kidney and glucose 

transport across the intestinal wall is an active transport or a 

facilitated diffusion system (see 10 (2)) has not yet been elucidated 

the situation in these tissues is complicated by "uphill" transport 

and by metabolic processes* klowever, the rate of absorption shows 

a Michaelis44enten type of relationship to concentration (Fisher & 

Parsons 1953a; Burgen 1956); and Bowyer (1957) has sugeated that, 

as the Michaelis constant for glucose transfer in these tissues is 

of the same order of magnitude as that found for glucose transfer 

in the red, cell, and as a similar specificity for a variety of sugars 

is found in these tissues and in red cells, it is possible that there 

may be a common mechanism of glucose transport. 

(2) Erytbrooytes 

The Tnomma lian erythrocyte has been useful as a material for 

permeability studies because of its behaviour as an osmometer; and, 

because glucose is not rapidly metabolised, the characteristics of 

the glucose transfer mechanism have been easier to elucidate than 

in other tissues. Glucose transport across the red cell membrane 

has been extensively studied, and the experimental evidence has been 

summarised in a number of reviews; Wilbrand.t (1954); Leievre  (195149 
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1955); Bowyer & Widd.as (1956); Stein & Danielli (1956); Prankerd. 

(1956); Bowyer (1957). 

iae penetration of glucose into erythrocytes is not a simple 

process of passive diffusion (Leev?e 1948; Davson & Danielli 1952; 

the early literature is reviewed by £eFevre & Davies 1951); it 

penetrates at 10 - 10 '  times the rate calculated for the penetration 

of such a molecule by diffusion through a lipid-protein membrane 

(Bowyer 1957)9 and when the external concentration is above 2% 9  the 

sugar does not equalise in concentration between the cells and medium 

Kinetic studies of the swelling of cells in glucose-saline solutions 

showed that a saturation point is reached, above which no increase 

in the rate of glucose transfer could be produced by increasing its 

external concentration: this implied that some specialised receptor 

site became saturated, and the kinetics obtained agreed with those 

predicted on the basis that a carrier participates in the transfer 

process (Wilbrandt & Rosenberg 1951 ; Wilbrandt 1956; Bowyer & 

Widdas 1956). This has been confirmed by quantitative measurements 

of sugar transfer, and by the mutual interference found between 

various sugars which appear to compete for the same carrier aochanisi 

(Wilbrandt, Guensberg & Lauener 1947; 'Milbraudt & Rosenberg 19501 

L.Fevre 1948, 1954; LeFevre & Davies 1951; LeFevre & LeFevre 1952; 

Widd.as 19559 1954; Wilbrandt 1956); and, together with the evidence 

obtained from inhibitor studies, has given rise to the view that the 

sugar first combines with some component of the cell membrane and 

that transfer is effected by a carrier system or a process of 

facilitated. transfer (LeFevre 1948; Widdaa 1954; Rosenberg & 
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is involved, in the transport process is a protein. 

Information obtained from these inhibitor studies is essentially 

indirect, for most of these reagents are non-specific; and the 

evidence obtained from the use of enzyme inhibitors gives even 1e88 

positive information (see 1C (3a)). 	Wilbrandt (1954) suggested 

that phiorizin prevented glucose transfer in the red cells by 

inhibiting phosphatase activity (although there is evidence that 

phiorizin has no inhibitory effect on phosphatase Shapiro, 1947; 

see also 1E (1)), and further suggested that the action of this 

inhibitor was on the outer surface of the membrane. As the outward 

movement of glucose was more inhibited by phiorizin than the inward 

movement, Wilbrand.t (1954)  postulated either that two enzymes at the 

outer surface of the membrane were involved in glucose transport, 

only one of which was inhibited by phiorizin, or that kinetic 

asymmetry may occur with identical enzymes on the outside and inside 

of the membrane (possibly a phosphatase could act in two capacities, 

both as a phosphorylating and a dephosphorylating enzyme see above, 

1E (1)). Phiori zin is, however, a glycoside and could compete for 

a receptor site; it may form a ring structure and bind a surface 

carrier by means of hydrogen-bonds (Rosenberg & Wilbrandt 1957). 

It has been postulated that hexokinase may be involved in the glucose 

transport process (see 1E (1)): Gourley (1952) suggested that 

hexokinase phosphorylated glucose at the surface of the red cell; 

and various lachrymators, which are known to inhibit aexokinase, 

prevented the transfer of glucose (Wilbrand.t 1954). But Lana (1958 

found that kexokinase was not suitably located in the erythrocyte 
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or this function and LeFevre (1954), from taeoretical 

considerations, thought that a phosphorylatiozi was unlikely o be 

associated with the glucose transport. There is very little 

evidence in support of an enzymic transfer inec'nism for glucose; 

the inhibitory action of enzyme poisons on the transfer process 

may only be a reflection that both transport and enzyme reactions 

are effected by protein catalysts (Bowyer 1957). 

The evidence indicates that the transfer of glucose across the 

erythrocyte membrane is by a facilitated diffusion system (1( (2)); 

glucose is not accumulated against a concentration gradient, and it 

is not associated with metabolism (iod.oacetate does not inhibit the 

transfer, and Widdas (1955) found a disproportion between the rate 

of glucose transfer and its rate of utilization). It is suggested 

that some unknown carrier exists and facilitates the entry of 

glucose, or that chemical groups at certain sites of the cell can 

overcome the restraint imposed by the polarity of the sugar in an 

aqueous medium. The properties of facilitated diffusion systems 

have been discussed by Bowyer (1957): they show steno specificity, 

saturation kinetics, and respond to enzyme inhibitors and to 

competition by other sugars. 

Various molecular mechanisms of facilitated diffusion have been 

proposed to explain the kinetics of glucose transport across tse red 

cell membrane (these have already been considered in detail at the 

beginning of this chapter as general mechanisms of glucose transport, 

see 1C (3)). Carriers have been envisaged to exist in the membrane; 

these form adsorption complexes with the sugar and move through the 
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ui.iabrane by tnermal agitation or by te exanion az4 coatrautio 

of a proteiz, net transfer depending on the difference in saturation 

of the carrier on the two sides (?iiddas 1951, 1952; Rosenberg & 

ilbrandt 1955, 1957; Danielli 1954a; i.eFevre & Davies 1951; 

Wilbrandt 1956). Rosenberg & Wilbraud.t (1958) have shown that a 

"flow-induced uphill transport" can be produced in a transport system 

where a carrier of the "niobilV' type(lc (3))  iaz affinity for two 

substrates, the concentration gradient induced with respect to one 

substrate being able, under certain conditions, to induce the 

transport of the other against the concentration gradient. These 

authors demonstrated that the inward movement of glucose into the 

red cell could be effected by the temporary outward movement of 

xylose; this implies the participation of a mobile carrier in the 

glucose transfer process. Enzymes could be indirectly involved in 

the facilitated diffusion system; the formation and dissociation 

of the substrate-carrier complex may be catalysed by enzymes; 

enzymes may produce readily-diffusible forms of the substrate; or 

enzymes may act as carriers (LePevre & Davies 1951; Danielli 1954a; 

Rosenberg 1954;  see also LC (3a)). But any such enzymes which may 

be involved have not yet been identified; phosphorylating enzymes 

do not appear to participate (LePevre 195 4 ). Non-mobile L*ystems 

have been suggested in which the membrane facilitates the movement 

of glucose through its structure by way of "polar pores" (Danielli 

1954a; Stein& Danish 1956; Bowyer & Widd.aa 1956; see 1C (3b)); 

hydrogen-bonding reagents diminish glucose transport, and Stein & 

Danielli (1956) use this as evidence in favour of their theory. 
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At present there is no direct physico—chemical evidence of the 

occurrence of any one particular mechanism; tby all fit the 

observed kinetics of facilitated glucose transfer in red cells, and 

the methods of study used so far have been unable to distinguish 

between them. 

(3) Muscle 

From radioactive studies, Sacks (1944) postulated taat glucose-

6-phosphate was formed on the membrane of muscle cells; the glucose 

moiety penetrated to the interior of the cell, and was subsequently 

hydrolysed off leaving the phosphate remaining in tie extracellular 

phase. It was suggested, to account for the observation that there 

was no exchange of intracellular phosphate groups, that two 

phosphorylating enzymes might exist as separate external and internal 

systems (for transport and metabolism). 

In the presence of insulin the metabolism of glucose by muscle 

cells is markedly stimulated (see reviews by Rosenberg & Wilbrandt 

1952; and LeFevre 1955), and as Insulin was assumed not to enter 

these cells, It was thought that it must stimulate the mechanism by 

which glucose penetrated (Colowick, Cori & Slein 1947). Thus the 

site of action of insulin in metabolism has been extensively studied 

as a possible method of elucidating the mechanism of sugar transport. 

Con (1946), Cliernick & Chaikoff (1951 )9 and Renold., Hastings & 

Nesbett (1954) have all reported that the decrease of glucose 

phosphorylation was the major metabolic lesion in insulin deficiency 
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in muscle and liver; and Kipnis (1958) found that insulin stimulated 

the phosphorylation and accumulation of the non-metabolised sugar, 

2-deoxygluoose, which was retained as such in the diaphragm. But 

there is evidence that insulin does not actually stimulate the 

hezokinase reaction (Perlmutter & Greep 145; Stadie & Hauaard 

1949; see review by Stadie 1954). 

It has been demonstrated that there is a direct action of 

insulin on the specific surface transfer reactions which catalyse 

the entry, into the cell, of all sugars possessing the same 

configuration at carbons 1, 2 and 3;  and muscular work was found 

to have an effect identical with that of insulin (Levine, Goldstein, 

Huddleatun & Klein 1950; Goldstein, lienry, Huddlestun & Levine 1953; 

Goldstein, Mulliek, Huddleetun & Levine 1953; Drury & Wick 1952; 

Resnick & Heohter 1957). The entry of glucose into muscle cells 

was considered to be the rate-limiting step in its metabolism, so 

insulin, by stimulating the entry of glucose, also stimulated its 

rate of utilisation: this was not just an effect of insulin on the 

metabolism of the sugar, because the free glucose content of the 

cells rose (Park & Johnson 1955). 	However, deDuve & Hers (1957) 

concluded from a survey of the relevant literature that the rate-

limiting step of glucose metabolism in muscle had a specificity 

pattern resembling, qualitatively, that of known hexokinasea. That 

glucose was transported as the free hexose was again demonstrated 

by Park & Johnson (1955), Par*, Bornstein & Post (1955), and Park, 

Johnson, Wright & Batsel (1957); they showed that the transport procea 

was prior to, and distinct from, the hexokinase reaction, and further 
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postulated that insulin combined with the constituent of the 

membrane which effects the transport of glucose. Insulin was 

found to have a similar effect on glucose transport in other tissues 

(Fisher & Lindsay 1956; Kipnis & Cori 1957;  Renold, iiaatings, 

Neebett & Ashmore 1955). 

However, it has been found that a primary action of insulin 

is to stimulate the production of oligo- and polysaccharides from 

glucose (Beloff -Chain, Catanzaro, Chain, Masi, Pocchiari & Rossi 

1955), and this may change the permeability egaractenistica of the 

membrane as a secondary effect. Insulin did not stimulate the 

production of glucose-phosphates, but glucose initially underwent 

a rapid polymerization and was degraded subsequently. These 

authors found that the data were inexplicable on the basis of a 

mechanism of glycogen synthesis involving the intermediary 

production of glucose-6-phosphate and glucose-i-phosphate (but it 

could involve UDPG - Niemeyer 1955). Other observations have also 

indicated that insulin causes the incorporation of glucose into 

glycogen in muscle and in liver (Levin & Weinhouse 1958; Spiro, 

Aabmore & Hastings 1958).  Shaw & Stadia (1957) found the co-

existence of two glycolytic pathways in the diaphragms one of which 

was insulin-responaive and led to the formation of glycogen (this 

system probably involved the transport mechanism of glucose); and 

the other was insulin-non-responsive and led to the formation of 

lactate. Oxidative phosphorylation has also been implicated as a 

site of, or involved in some way in, insulin action (Vaster & Stadia 

1957; Randle & Smith 1958a,  1958b). 
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Tile site of action of insulin is still not definitely 

established (see Stad.ie 1954); but various hypotheses have been 

put forward to explain its action. Krahl (1957) suggests that 

"insulin interacts with specific structural molecules of extra-

cellular-intracellular boundaries thereby initiating a series of 

intermolecular rearrangements which are propagated along the boundary 

into the cell interior"; this could facilitate the entry of glucose. 

It has also been suggested that insulin has an effect on the intra-

cellular cytoplasmic boundaries which compartmentalise the glycogen-

synthesis systems, Increasing both sugar diffusion and enzyme 

activity, and thus exerting a directive effect on glucose metabolism 

(Norman Menozzi, Reid, Lester & Hechter1959; Randle & Smith 1958b). 

As there is no evidence that the movement of glucose into muscle 

cells occurs against a concentration gradient, and as the insulin--  - 

sensitive mechanism appears to be at the cell surface, an 

explanation compatible with the observations is that glucose enters 

by an insulin-sensitive facilitated diffusion system (Danielli 

1954b); possibly it is phosphorylated after its entry so taat a 

favourable concentration gradient is maintained (Bee 1C (3) for 

discussion of possible facilitated diffusion systems). Another 

suggestion has been put forward by Keaton (1954), that mutorotase 

effects the insulin-sensitive rate-limiting step in glucose 

utilisation (see 1E (1)). 

It must be pointed out, however, that insulin has no effect on 

hexose transport in red cells (Wilbrandt, Guensberg & Lauener 1947); 

this indicates either that the mechanism of glucose transport in 
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different tissues is not necessarily the same, or that insulin acts 

on other processes (e.g. glycogen synthesis) peculiar to muscle 

cells, but possibly involved in the transport mechanism in some way. 

The observation of Paul (1957), that insulin intensifies pifloCytOSi8, 

is of interest but the significance of this is not yet known. 

(4) Yeast 

The penetration of sugars into yeast cells has been extensively 

studied by Rothstein (1954,  1956); and the early literature has 

been reviewed, by Rosenberg & Wilbrandt (1952) and LeFevre (1955). 

Little will be added here to the conclusions of Rothstein that 

glucose is metabolised at the cell surface, and that its transfer 

is an integral part of the g].ycolytic cycle. Evidence from the 

kinetics and the specificity of the uptake of sugars, and from the 

study of the action of the non-penetrating uranyl ion, indicates that 

enzymes at the cell surface are responsible for the entry of glucose 

into the cell. Sugar-phosphates are not metabolised by intact 

cells; and phosphate is esterified during gugar uptake. This 

led to the conclusion that glucose is plospborylated at the surface 

barrier by hexokinase, and the resulting phosphate ester proceeds 

through the glycolytic reactions within the cortex of the cell. 

This theory accounts for the observation that at least two surface 

reactions are involved aerobically in the uptake of glucose, but 

only one anaerobically this is a manifestation of the different 

pathways of metabolism under these conditions. 
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The cell surface of yeast appears to be a complicated structure 

and is probably compartmentalised (Rothstein 1956); the fermentation 

system bas been shown to be associated with a cellular structure 

(because the metabolic characteristics of dried cells which have 

lost their permeability barrier resemble those of intact cells 

rather than cell extracts), which is near the surface of the cell 

(Rothstein, Jennings, Deals & Bruce 1959). 

There are some observations which are not in accord with this 

evidence that sugars are metabolised at the call surface in yeast. 

Sols (1956) believed that prior to phoaphorylation there is a 

transport system, common to glucose and fructose, which effects the 

entry of the sugars. This was based on the evidence that certain 

sugar analogues inhibit sugar uptake although they have no effect 

on the hexokinase reaction; and that the hexokinase inhibitor, 

N-acetylglucoaamine, does not inhibit fermentation in intact cells 

but is inhibitory in cell extracts. Sauternes yeast was found to 

ferment fructose faster than glucose; this could not be accounted 

for by their affinities for the hexokinase which phoephorylates 

them both, but could be explained by their affinities for a specific 

uptake aechn1sm. The antifungal, nystatin, inhibited the anaerobic 

and aerobic utilisation of glucose in yeast, but as it had no effect 

on its metabolism in extracts, it was concluded that it had no 

inhibitory effect on kexokinase. Best (1955)  too considered that 

the hexokinase in yeast exists inside the cell membrane; and Burger, 

Kleinzeller & llejmova (1958) gave more evidence that uptake of sugars 

occurs in the absence of pbosphorylation; and, furti2er, the free 
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sugars can be demonstrated inside yeast cells under certain 

conditions. 

(5) Concluding remarks 

Glucose transport is a fundamental property of all cells, but 

its mechanism has not yet been fully established in any tissue. In 

red cells it now seems clear that a facilitated diffusion-type 

system occurs, although little is known of its mechanism at a 

molecular level (1E (2)). How far the knowledge obtained from 

erythrocytes is applicable to other cells has been questioned 

(Rothstein 1954;  of. Bowyer 1957); the glucose transport mechanism 

may be different in red cells because of their peculiarities (they 

are atypical cells, and their metabolic rate is very low). 

Phosphorylation, the first step involved in the metabolism of 

glucose, has been associated by many workers with the transport of 

the sugar into the cells of all tissues (Rosenberg & Wilbrandt 1952). 

However, the experimental evidence shows that hexokinase is not a 

transport catalyst in the mechanism occurring in kidney and 

intestine (iE (1)) 9  and, further, the action of this enzyme is not 

stimulated by insulin (iS (3)). It has been suggested that 

phosphatasea may participate in the glucose transport mechanism 

since they occur most frequently in tissues which actively secrete 

glucose, and their abundance parallels the level of secretory 

activity of some tissues (15 (1)). They could act in both a 

phosphorylating and a dephosphorylating capacity (Meyerhof & Green 
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1950). 

In yeast cells there is much evidence indicating that glucose 

transport is an integral part of the glycolytic cycle, although at 

present it is by no means conclusive (I.E (k)). It is possible that 

these cells are biochemically different from those of other tissues 

where the experimental evidence shows that during the transport of 

glucose no chemical change or cleavage of the molecule occurs as an 

intermediate step (I.E (1); ].E (2); 1E (3)), and sugar derivatives 

which cannot be phosphorylated can be actively transported by 

(presumably) the same mechanism as glucose. Thus it must be 

concluded at present that the phospharylation of glucose is not a 

necessary step in its transport across the membrane of many cells. 

Enzyme-like proteins appear to be the membrane components which 

catalyse the active transport or facilitated diffusion of glucose; 

it is not known whether these may be functionally specific proteins 

or enzymes  themselves (see 1C (3c)). The close association of 

pkoepbatases with the areas of tissues which secrete glucose had 

led to the postulation that phosphatases may act as the specific 

protein catalysts of transfer (Danielli 19539 1954a; Bowyer 1957) 

apart from their enzymic  activity; in some cases phoapkorylation 

of the glucose molecule may occur simultaneously. How coupling of 

the transport mechanism to metabolism occurs is not clear; energy 

may be necessary for the movement of a carrier or for the 

maintenance of a specific membrane structure, or both, and could be 

provided by the activity of an enzyme (such as phoaphatase) if it 

were acting as a carrier. Morton (1955) discusses the glucose 
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transferring activity of hydrolytic enzymes. However, there is, 

as yet, no ease where it has been established that enzymes do 

function as the protein catalysts of the membrane which effect 

glucose transport. 



CHAPTER 2: MATERIALS AND METHODS 

2L. DISCUSSION OF CHOSEN ASPJCT 

1) Choice of organism 

Bacteria were chosen as the biological, material in this 

investigation because their relatively simple morphology makes 

them especially suitable for permeability studies: bacteria have 

biochemical features in common with other forms of life but differ 

mainly in their lack of specialised structural features (Staniar 

1954). The organisation of bacterial cells (reviewed by Bradfield 

1956) is comparatively simple, with a nuclear area containing the 

deoxyribonucleic acid (DNA); this is surrounded by cytoplasm 

possessing specialised surface layers, of which the plasma-membrane 

forms the osmotic barrier (see 1 A for a discussion of the existence 

and position of the osmotic barrier). There is at present no 

evidence to suggest that the DNA is surrounded by an osmotically 

functional membrane (Birch-Andersen, MaaJ%e & Sjôstrand 1953; 

Chapman & Hillier 1953; Bradfield 1956). The cytoplasm contains 

numerous small granules and sometimes larger volutin granules, but 

no organelles of dimensions greater than 20 niu (Mitchell 1959a); 

notably absent from the electron micrographs of bacterial cells are 

structures resembling mitochondria, the endop1aic reticulum, and 

vacuoles, which are major features of plant and animal cells 

(Bradfield 1956;  Mitchell  1959b). 	As Mitchell (1959a) has pointed 
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out, it is impossible for bacterial cells, having the dimensions 

of mitochondria, to contain scale model subeellular organelles. 

This lack of intra-.cytoplasmic membranes in bacteria], cells makes 

it possible to limit the study to movement across only one membrane, 

the plasma-membrane; the multiple membrane structure found in other 

cells complicates the interpretation of experimental results 

(Biekevitz, 1959,  discusses the difficulties involved in defining 

permeability in mammalian cells; see also Mitchell 1958).  Further, 

an approximation can be made to the volume of the bacterial cell 

which is accessible to solutes, sinee tu.ere are no intra-cellular 

membranes to exclude, or partially to exclude, solutes from sub-

cellular compartments (see Giese, 19579 for discussion of the "non-

solvent volume" of cells). 

Bacteria grow very rapidly, and large yields can be obtained 

in very short periods of time. They can be grown in chemically 

defined medial thus their growth conditions can be kept constant 

so that very little variation is found from culture to culture. 

The cells are easy to separate from their growth medium and can be 

Washed without damage. Ee&ierichig coli was the species 

particularly chosen for this work as it has been used for similar 

studies by other workers who have arrived at conflicting conclusions 

concerning the mode of entry of solutes into the cells (this is 

discussed immediately below; see also, U)). 	E. coli is easy to 

handle, nonpathogenic, and grows well in simple inorganic media; 

this latter property is very useful as it lessens the possibility 

of contamination of the cultures, and the composition of the media 
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can be exactly controlled.. 

Celia of E. coli are 0.4-0.7 F in width and 1.03.0 i in length 

(quoted by Knaysi 1951); this is too email for ehomical analysis of 

single cells, but because of the reproducibility of cultures under 

the same conditions, large numbers of individually alike cells have 

been analysed successfully. These cells are, however, of a 

suitable size for microscopy: they are small enough to obtain good 

resolution in the phase-contrast microscope, and yet large enough 

for plasmolysis to be easily observed. E. coil,, a gram-negative 

organism, is readily plasmolysed and this property has been used 

as a means of evaluating the penetration power of various saaars 

(see Chapter 3). 

Much is known about the morphology and biochemistry of K. coil. 

(Eleden 1952); because it is easy to culture under constant 

conditions it has been a frequent choice for laboratory investigation 

This forms a good background on which to base the study of the bio-

chemistry of the membrane. Postulations have already been made 

concerning the permeability of cells of E. coil.: Roberts, Cowie, 

Abelson, Bolton & Britten (1955) likened E. coli to a "sponge 

surrounded by a ba.irnet", (an analogy which seems unlikely to be. 

valid in view of other workers' results - see 1D), and believed 

that the "free internal solutes" of the cells were, in fact, bonded 

to internal cellular components. Mitchell & Moyle (1956a;  see 1A) 9  

on tAe other hand, found that the cells of E. coli were impermeable 

to most sugars and strongly dissociated molecules. Monod (Cohen & 

Monod 1957) postulated the existence of functionally specific 
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proteins, or "permeases", which catalysed the entry of molecules 

such as sugars, that normally do not penetrate the cells; this 

hypothesis was based on experimental evidence obtained from E. coil. 

However, there is strong evidence that enzymes are involved in the 

transport mechanisms for certain organic solutes in bacterial cells 

(see discussion, 1D). 	It is the purpose of this thesis to 

contribute to the further understanding of transport mechanisms in 

E. coli. To allow direct comparison with the widely different 

views of the Washington and Paris schools, the strains of E. coil 

chosen for this investigation were the American strain B9 as used 

by Roberts et al. (1955),  and ML 30, which was the wild-type used 

by Monod (Monod 1956;  Cohen & Monod 1957). 

2) Choice of substrate 

To simplify this study, non-electrolytes were chosen as sub-

strates so that, as far as possible, movement of only one component 

would be involved: movement of an ion always implies movement of 

another ion in the same or opposite direction setting up electrical 

gradients in addition to a chemical gradient. This does not, of 

course, imply that movement of non-electrolytes excludes the 

concomitant movement of ions, but electrical gradients are not so 

directly involved. Thus sugars were an obvious choice for this 

work; monosaccharides were mostly used since their molecular size 

is small enough to allow them to pass easily tbrough the bacterial 

cell wall (Mitchell & Moyle 195a  have measured the maximum size 

of the pores in the cell wall; see also 1A). 
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Glucose holds a special position in metabolism; it is the 

starting point of various metabolic pathways, and it is the basic 

component of many storage polymers of the cell. This sugar is an 

almost universal carbon source, and muck information has been 

accumulated about its metabolism. But studies of glucose movement 

are complicated by the fact that it is metabolised extremely 

rapidly, asking chemical analysis almost impossible except under 

the artificial conditions imposed by the presence of metabolic 

inhibitors. So in the present work various methylated glucose 

derivatives were used in addition to glucose; these had the 

advantage of not being metabolised by the strains of B. colt used 

(see 41) (1) and Table XV). 	Cohen & Monod (1957) have used the 

accumulation of alpha-methyl glucoside in cells of B. colt as a 

supposed model system for the glucose uptake mechanism; thus it 

was of interest to compare glucose and its methylated derivatives 

in these studies. 

3) Choice of method 

The two main methods used here to evaluate the permeation and 

accumulation of solutes have been used successfully in classical 

physiological studies (iIeilbrunn 1952). 

(a) Osmotic methods. 

Much of te information concerning the permeability of cells 

to non-electrolytes has been obtained from plasaolysi8 studies, 

using deplasuiclysis as the criterion of permeability (this is 
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discussed by Fleilbrunn 1952; see also 3B - introduction). 	These 

methods have been widely used and have contributed, largely to the 

development of the subject; but they are not as direct as chemical 

analysis, although it is very easy to distinguish between substances 

which enter the cell readily and those which enter slowly or not at 

all. Osmotic inetb.ocIa depend on volume changes, which are easily 

observed through the phenomenon of plasmolysis in cells that are 

surrounded by a wall (see 3B). A great advantage of such methods 

Is that individual cells can be studied rather than a whole 

population; and net transport of a solute is measured, so any 

exchange reactions occurring do not complicate the result (see 

3A (1)). 

(b) Chemical methods. 

This approach is direct and the results obtained are generally 

unequivocal. But there are difficulties in using small cells, 

because the extraction of the cell contents and the analysis of 

minute quantities of material may be sources of error; in this 

case the rate of uptake of substrate from a solution, after a 

suspension of the organism has been added, can be used as the 

criterion of entry into the cell, However, only one determination 

can be made on any one batch of cells, as it is necessary to extract 

the organism from the medium for the analysis (plasmolysie methods 

on the other hand involve tne use of living cells, and a series of 
out 

experiments can be carried/on any one cell or on a suspension of 

cells). 

Anotn.er approach to the problem of glucose entry into bacterial 



74. 

cells has been made through metabolic and enzymic  studies since 

it has been suggested that the enzymes of classical biocistry 

may be responsible for specific membrane transport (itobell 1959b). 

2L. MATERIALS 

1) Growth of bacteria 

The two strains of Eacherichia coli, strain 3 and ML 50 9  were 

grown in an inorganic medium (Roberts, Cowls, Abelson, Bolton & 

Britten 1955),  containing 0.2% NkI4C1 1  0.6% NaLP0411 0.3%  Kil2 049  

0.3% NaC1, 0.01% U12 .6U20 9  0.015% Na28049  and 0.4% glucose; this 

was sterilised by autoclaving at a pressure of 15 lb./sq. in. for 

20 minutes. The thoculum used was a. 12 hr. culture of E. coli in 

4 ml. of the inorganic medium. The cultures were grown aerobically 

at 250C using one litre of medium in a 10 1. flask; the glucose 

being sterilised separately with 10% of the T2 2PO4  in one-tenth of 

the total volume, and added to the medium just before inoculation 

with the organism. £he flasks were rotated at 2 revs./sec. Using 

te technique of i4itohell (1949a). 

2 jarveating conditions 

Growth curves for E. coli Mu 30 and strain 2 are shown in 
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Fig. 1. The bacteria were harvested towards the end of the 

logarithmic phase of growth at an optical density of 1.10 for 

strain B, and 1.40 for ML 30, corresponding to dry weight concen-

trations of 0.3 mg./inl. and 0.6 mg./al. respectively (see 

immediately below for calibration). The cells were collected by 

centrifugation at 2,000 g at room temperature, washed once in 

0.17 M NaCl to remove the growth med.iwn, and suspended in 0.17 M 

aCl to the required density. Saline was used as the washing 

medium because cells of B. coli harvested v&en growing rapidly 

tended to burst unless the osmotic pressure of the external medium 

was raised (Mitchell & Moyle 1956a). The concentration of NaC1 

(0.17 M) was chosen as it is approximately isDtQnic with the internal 

solute concentration of these cells, and also it is the concentration 

of salt used in the growth medium (for further discussion, see 4C (1)) 

All experiments, unless otherwise stated, were carried out on 

freshly-'harvested cells, although sometimes the suspensions were 

used up to 24 nra. later after storage at 2°C. In these cases the 

cells, suspended in 0.17 ull NaC1 9  were found to be undamaged and 

behaved identically with the fresuiy-harvested coils. 

3) Determination of dry wei ght of suspensions 

Values for the dry weight concentrations of cells were obtained 

apectrophotometrically. The optical density of 1 cm. deptn of the 

suspension of bacteria, harvested near the end of the logarithmic 

phase of growth, was measured using a tTnicam Spectrophotometer 
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(SP 500) at a wavelength of 700 sip. The suspension was diluted 

with 0.17 M NaCl to give a density below 100 jigs/mi., the concen-

tration range where extinction is proportional to dry weight 

(Mitchell 1950).  The dry weight concentration of any suspension 

was then estimated by multiplying the extinction by a factor 

obtained, by calibrating the optical density against measurements 

of dry weight: measured volumes of suspensions of known optical 

density and containing ca. 50 mg. dry weight of cells were centri-

fuged, washed carefully with distilled water twice to remove the 

medium, and dried to constant weight at 105 0C. 

This turbid.imetric determination of the dry weight concentration 

was always made on cells of the same ;k.ysiological state, i.e.  at the 

same phase of growth when the average cell size from culture to 

culture showed little variation. This was necessary because ctkanges 

in cell, diameter, as occur during the course of growth, are 

accompanied by chenges in light scattering characteristics (Mitchell 

1950). 

4) Frozen cells 

It was of interest in this study to obtain cells which were 

partially, but not completely, disintegrated, and a simple method 

was found during the course of this investigation (see 4C (3)). 

The slow freezing of E. coli suspensions at -150C  overnight or for 

longer periods, followed by a slow thawing to room taperature, 

rendered the cells completely permeable to small molecular weight 
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solutes, yet they were unaltered morphologically as determined by 

phase-contrast microscopy. These "broken-cell" preparations were 

used in manometric experiments; however, as they were not so 

metabolically active as freshly-harvested cells, much denser 

suspensions were used. 

5) Preparation of crude extracts 

Cultures of E. coli were harvested as above, and after washing, 

the suspension was adjusted to Ca. 25 mg. dry weignt/xal. in 0.17 M 

NaCl. The cells were disintegrated sonically by the method of 

Mickle (1948). The two cups were each filled with 8.0 ml. of the 

bacteria], suspension in 0.17 M N3 1 (200 mg. dry weight of organism) 

plus 4.0 g. of Ballotini glass-balls grade 12 (The English Glass Co-

Ltd. , Leicester), and vibrated at 50 eye-/sec- for 30 mins. at 20C. 

The extract was decanted off the beads, taking as much of the 

material as possible, and centrifuged at 3 9 000 g at 00C for 20 *ins. 

to disperse the froth. The pad (consisting of some glass beads, 

a layer of unbroken cells, and a diffuse particulate fraction) was 

then resuspended; the extract was decanted off the glass beads and 

centrifuged. for 5 mins. only, at 3 9 000 g at 000  using a swing-out 

head, to remove the remaining whole cells. The opalescent 

supernatant was used as the crude extract, and contained the 

particulate fractions, but whole cells were absent. The extent of 

cell breakage obtained by this method was measured by the drop in 

optical density of the suspensions, and was found to be Ca. 90%, 

but there was some variation between different preparations. 
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However, any whole cells formed a discrete pad on centrifugation 

and could be easily removed. 

For the estimation of hexokinase this extract was dialysed 

against 0.0]. M Tris bixtfer (pH 8.0) in 0.17 11 NaCl at 20C for 24 hrs. 

The dialysis medium was constantly stirred and changed once during 

this period. 

6) ReMents 

The organic compounds used in this work were of Research 

Reagent grade supplied by ilopkin and Williams, Light or LD.il. 

All the inorganic chemicals were of Analytical Reagent grade. 

Dr. D. Bell very kindly gave samples of beta-meth.yl-glucoside, 

alpha-'methyl-galacto side, 3.-methyl glucose and 6-methyl glucose. 

The alpha-methyl.glueoside came from two sources, one from 3. D. ii. 

and the second was synthesized by Dr. Hockenhull; both behaved 

identically in the experiments reported here. The adenosine 

triphosph.ate and sugar phosphates were from Sigma. 

Where the glucose phosphates were obtained as barium salts, 

they were dissolved in 0.1 N HC1, and BaSO 4  was precipitated with 

! H2804  uxtil precipitation ceased. After standing for one hour 

in the cold, the supernatant was collected and combined with the 

precipitate washings, and the whole neutralised with NaOH and 

adjusted to the required volume. The resulting sodium salt was 

assayed by organic and inorganic phosphate estimations (see 2C (2)). 



79. 

Glass distilled water was used throughout in the preparation 

of all the reagents, and for adjusting the volumes of all 

experimental mixtures. 

2C. ROUTINE METHODS 

The methods used in this study fall into four well-defined 

groups; (1) osmotic methods; (2) metabolic methods; (3) accumula -

tion methods; and (4) enzymatic methods. The results obtained 

from these are given in four separate chapters, and the general 

methods have been included at the beginning of the chapters for 

the sake of clarity. However, some specific methods have been 

used which need.,a separate discussion; and as, in some cases, 

they have been used in more than one section, it seemed necessary 

to describe them here for easy reference. 

1) Estimation of total carbohydrate 

A method of carbohydrate estimation that could be used for 

either glucose, a reducing sugar, or alpha-methyl glucoside, a 

non-.reducing sugar, or for any of the sugar derivatives used in 

this work, was chosen. This was the quantitative adaptation of 

Dreywood's (1946) anth.rone reaction method developed by Seifter, 

Dayton, Novic and Muntwyler (1950). It depends on the reaction 
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between azathrone and the furfural derivative formed from mono-, 

di.' and polysaccharides, resulting in the formation of a blue-

coloured complex. 

The method was modified for use over a range of 10-50 p1g. 

of monosaccharide, the concentration of the reagent used being 

0.05% anthrone in 95% 112504 so that the value for the reagent blank 

would be small. The anthrone was recrystallized from methanol 

before use, and the reagent was prepared daily. The volume of 

the sample, or sample plus distilled water, was 2.5 ml.; to this, 

5.0 ml. of the anthrone reagent was delivered from a fast-flowing 

bulb pipette while the tube was agitated in an ice-cold water-bath. 

The necessity for this rapid and thorough cooling is discussed by 

Seifter et a].. (1950). The tubes were covered and heated at 100°C 

for exactly 10 minutes, immediately cooled, and read in a (Jnicam 

Spectrophotometer (SP 500) at a wavelength of 620 mu using glass 

cuvettes of 1 cm. light path. 

The calibration curves of glucose and alpha-methyl glucoside 

are shown in Pigs. II and III, a straight line relationship between 

optical density and concentration being obtained over the range 

chosen; samples containing 0.2 p moles sugar could be estimated 

within +. Large amounts of salt are known to interfere with 

this reaction, and in many instances it has been shown that it is 

unsuitable for use with tissue extracts (Ashweij. 1957). Here the 

samples tested were very small (0.2 ml.), so there was no significant 

interference by the presence of salt; and the extract of the 

organism had no effect on the estimation of alpha-methyl glucosid.e 
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when the appropriate blank values were taken into account. This 

i8 shown in Fig. ill, where various concentrations of the glucosid.e 

were accurately estimated in the presence of a cell extract. All 

estimations were carried out in duplicate. 

2) Estimation of phosphorus compounds 

Inorganic phosphate. 

Orthophosphate was determined by the method of Fiske & Subbarow 

(1925), in which phosphate is converted to phosphomolybdic acid in 

0.5 M d2SO4  and then reduced to molybdenum blue with 1-amino-'2-

naphthol-4sulphofliC acid. The micro-adaptation of this method by 

Mitchell & Moyle (1951 ), with a standard deviation of tl% for samples 

containing 3q30 jig. of phosphorus, was used. 

The estimations were carried out in test-"tubes as follows: 

to 4.5 ml. of the sample, or sample plus distilled water, 0.5 ml. 

of 2.5% ammonium molybdate in 5 j H 2804  was added and mixed well; 

then 0.2 ml. of the aminonaphthol-BulPltOI1iC acid reagent was added. 

The colour was allowed to develop for 45 minutes at 25 °C, and the 

optical density determined at a wavelength of 800 ap in a Unicam 

Spectrophotometer (SP 500) using glass ouvettes of 1 cm. light path. 

Organic phosphate. 

Organic phosphorus compounds were determined by acid hydrolysis 

followed by orthophosphate estimation (see Leloir & Qard.ini 1957). 

The samples were characterised into groups by heating at 100 °C in 
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the presence of 1 N II01 for 10 minutes, so that three fractions 

were obtained: (1) "Free phosphate", reacting as orthophoaphate 

before the hydrolysis. This fraction also includes extra-labile 

compounds, e.g. phosphocreatine, which estimate as inorganic 

phosphate by the method of Fiske & Subbarow (1925). 	(ii) Labile 

phosphates which hydrolyse in acid, in 10 minutes at 10000.  This 

group includes APP, ADP, UDP, aldoae-'l-'pkosphates, fructose-l-  

phosphate, and inorganic pyrophosphate and metaphoephate. (iii) 

Stable phosphates, or true phosphate esters, which are not hydrolysed 

by this treatment, including hexose-6-phosphates. iiiie fraction 

is termed "organic phosphate". Thus inorganic phosphate estimations 

were made before and alter acid hydrolysis giving values for 

fraction (i), and fractions (i) plus (ii) respectively. Organic 

phosphate, fraction (iii), was estimated by determining tne total 

phosphorus content of the sample and subtracting the value for 

fractions (i) plus (ii). 

Total phosphorus content was determined by incineration of 

the samples (of suitable phosphorus content) in 0.25 ml. 10 ! 12SO4 

and clearing with one drop of concentrated KNO 3. After cooling, 

2.0 ml. of distilled water were added, and the fractions were 

hydrolysed for 10 minutes at 100 0C. The volume was increased by 

the further addition of 2.0 ml. of water, and inorganic phosphorus 

determined as previously given (a (2a)). In this ease, however, 

the ainnionluin molybdate was made up in N J12;304  as the incineration 

was performed in sulphuric acid. Care was taken to ensure that 

the test-tubes used for these incineraiions were scrupulously clean 
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80 t±iat accurate estimations could be made. 

A standard calibration was used for both inorganic phosphorus 

and total phosphorus determinations, a atraiit-line relationship 

being obtained between extinction and phosphorus concentration 

over the range used (Mitchell & Moyle 1951). Each value was 

obtained by equating to a standard with a known extinction within 

the range. 

(C) Separation of phosphate fractions. 

Inorganic and organic phosphate determinations were made on 

fractions obtained by acid extraction ( perchioric or 5% tn-

chioroacetic acid) of whole cells or cell extracts at room 

temperature. The supernatant obtained after extraction contained 

the acid-soluble phosphates, i.e. low molecular-weight organic 

phosphates, nucleotides and inorganic phosphates; this was 

neutralized and the inorganic and organic phosphorus content 

determined (2C (2a, 2b)). The residue contained the acid-insoluble 

phosphates, nibonuoleic acid (RNA) and desoxynibonucleic acid (DNA); 

these were extracted as follows. 

The pad was washed once in a small amount of the appropriate 

acid, the washing discarded and the pad resuspended to 1.0 ml. with 

water. The RNA was depolyinerized by incubation with 1.0 ml. of 

2 N NaOH for 16 hours at 350C. The DNA, which is resistant to the 

alkali treatment, was precipitated by adding 0.2 ml. 10 N k1 9  and 

tnicb.loroactic acid to give a final concentration of 309% (w/v). 

After standing for 15 minutes, the DNA was centrifuged down at 
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5 9 000 g at room temperature, and the organic phosphate of the RNA. 

plus the inorganic phosphate of phosphoprotein was determined by 

the methods of sections (a) and (b) above. 

3) Measurement of cell leakage 

A criterion of cell leakage was necessary in some cases 

(e.g. after the cells had been standing for long periods or after 

deep-'freezing) when the cells appeared intact as viewed under the 

light microscope although small lesions in tne plasma-membrane 

might let low molecular weight solutes into and out of the cell 

interior, and thus any specific uptake mechanism could be snort-

circuited. 

The leakage of inorganic phosphate and aucleotidee was used 

as this criterion of membrane damage. In both oases the washed 

cell ispension, after the appropriate treatment, was centrifuged 

at 3,000 g for 10 minutes at room temperature; the resulting 

supernatant and cell-pad (washed once in water and resuspended to 

the seine volume) were both extracted with 	perthtloric acid for 

10 minutes at 20°C, and re-centrifuged. The acid soluble 

fractions were assayed  for inorganic phosphate and nucleotide. 

Thus the amount of solute which escapes from the cells during the 

given treatment could be obtained, and this was expressed as a 

percentage of the total amount originally present inside the cells 

(measured as the sum of the supernatant and cell values). This 

value is taken to represent the degree of membrane damage; in 
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salt solution at room temperature the loss of internal solute is 

not significant, but after deep-freezing and thawing tue loss may 

be up t0 90% (see Table XIV). 

Nucleotides were measured by absorption epectrophotonietry. 

The prepared extracts were diluted with distilled water to give 

a suitable value and read directly in a Unicam spectrophotometer 

(SP 500) at a wavelength of 260 ni1.i using silica cuvettes of 1 cm. 

light path. Inorganic phosphate was estimated directly on the 

extracts after neutralizing to pH 8.0 with NaOH, as already 

described (2C (2a)). 



CiiAPTER 3: 3S240'11I0 EL-ERITS 

3 A. OSMOTIC METHODS 

1) By plasmoljsig 

The plaBULOly8iS of cells of Escnerichia coli was observed with 

the use of a Zeiss binocular microscope fitted with an anoptral 

contrast set (Reichert, Austria); sufficient magnification (x 1000) 

was obtained wita an oil-immersion 2 mm. objective and a x 10 eye-

piece. The test mixtures were made up in micro-test-tubes, usually 

in a total volume of 1.0 ml., and buffered with 0.02 14 Na2HPO4/ 

NaIi2PO4 at pli 7.0 (where a mixed sodium/potassium buffer was used 

this is indicated, in the text). 	Substrates were added at hyper- 

tonic concentrations, the determination of which is given in the text 

oC this chapter. Where acidic substrates were used they were added 

as sodium salts at neutral pH; inhibitors were also adjusted to 

neutrality with HC1 or NaOil with the use of a glass-electrode. 

Concentrations of solutions were expressed in molalities because, 

where large molecular volumes are concerned, osmotic pressure is 

more accurately defined by using the volume of solvent rather than 

the volume of solution. A small volume, usually 0.01 ml. corres-

ponding to Ca. 100 g.  dry weight of cell material, of a thick 

bacterial suspension was added to each tube at the start of the 

experiment. Small samples were removed from the test mixtures at 

frequent intervals, with a platinum loop, and sealed between slide 
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and coverslip with vaseline to prevent evaporation from ckianging 

the concentration of the medium surrounding the cells. Each slide 

was observed for only a short period of time to minimize neat or 

evaporation effects, or any change in pH. The time course of 

deplasmolysis was followed over a number of hours, but if the cells 

were still plasmolysed. after 6 hours it was concluded that penetra-

tion of the solute d.id not occur or that it was too slow to be 

measurable by this method (i.e. the rate of uptake was less than 

0.05 )1 moles/hour/mg. dry weight). 	When ranges of solute concen- 

tration were used, the numbers of plasmolysed and unplasmolysed 

cells were counted in random fields, or the a erage of a series of 

deplasmolysis times of a number of individual cells was estimated. 

All the plasmolysis experiments were repeated to confirm the results, 

and it was found that the timing could always be duplicated to within 

5 minutes. 

In some cases experiments were carried out in anaerobic 

conditions: reaction mixtures were made up in Warburg flasks in 

0.01! sodium bicarbonate, and gassed with 5% CO2  and 95% N giving 
a final pH of 7.0. A separate flask was set up for each time 

interval, and the flasks were opened up rapidly and the sample 

removed to a slide and observed immediately: it is likely that the 

sample remained relatively anaerobic. When potassium or sodium 

was added in anaerobic experiments, it was added as the chloride at 

a concentration of 20 mg (the same concentration of sodium or 

potassium phosphate used in the aerobic exeriments). Aerobic 

experiments were carried out at room temperature, and the anaerobic 
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experiments were incubated in a Warburg tank at 250C;  all micro-

scope observations were made at room temperature. 

This is a quick and dependable method of determining the 

passive non-specific permeability of cells of E. coil to solutes. 

The cells are of a suitable size (Ca. 0.5 pi x 2.0 p.1) for plaamolysis 

to be seen clearly by using an oil-immersion objective, and it is 

possible to count numbers of plasmolysed cells in any one field or 

part-field. Only very small volumes of solutes are needed, often 

an advantage where such high concentrations are used; and the 

possibility of adsorption of the substrate on to the cells, w*ich 

has to be allowed for in chemical methods of estimation of the 

penetration of solutes (see 5B) does not complicate the results. 

However, the main advantage in using an osmotic method is that a 

net movement of solutes across the plasma membrane is observed, and 

any exchange reactions occurring which may simulate net transport 

in experiments involving the use of radioactive tracers (see 10 (3d.)) 

are discounted. 

The bacterial suspensions used were very dilute and the 

external solutes very concentrated, so water migrations or movement 

of solutes into or out of the cell had no significant effect on the 

external concentration of solute. Assuming that the volume of a 

single cell of Z. coil is 1.1 x 10'12  ml., and that its dry weight 

is 0.36 x io.12  g. (values given by Mitchell 1959b),  then the total 

volume occupied by the cells in these experiments using very dilute 

suspensions (100 jig.) was only 0.0003 al. This is insignificant 

in a total volume of 1.0 ml.; even if the substrate completely 
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equilibrated, with the cell contents or the total cell water migrated 

into the medium surrounding the cells, taere would be effectively 

no change in the concentration of the external solute. Also, the 

amount of metabolism occurring (in cases where the substrate under 

investigation 18 metabolised) in such a dilute suspension would not 

appreciably alter the concentration of the external mediums the 

maximum rate of metabolism of glucose is 2 9 000 i 
moles/hour/g. dry 

weight organism (see 4B), so the amount of glucose which could be 

metabolised by 100 jug. of cell material was 0.2 moles in an hour, 

and 2.0 moles in 10 hours; while in a volume of 1.0 ml. of a 0.5 U 

solution there are 500 moles of solute. Thus, in these conditions 

of high substrate concentration and low cell density, after a period 

of 10 hours tne concentration of the external medium would be 

depleted by less than 1% by metabolic activity; the actual value 

must have been much lower than this as conditions in the test 

solutions were not optimal for metabolism. Thus metabolism can be 

disregarded as far as lowering the external substrate concentration 

is concerned. 

The main disadvantage of the plasmolysis metnod is tnat it is 

difficult to estimate how aerobic the conditions are during the 

manipulations, and so the conditions could not be fully controlled. 

Very high concentrations of solutes are required in this method, so 

only compounds of high solubility can be used; it is possible that 

high solute concentration in certain cases may damage the plasma 

membrane or alter its osmotic properties in some other way this 

has long been a criticism of this method, but there is no evidence 
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that there was any cellular damage in the experiments reported in 

this work. There are difficulties in obtaining a quantitative 

basis from observed phenomena: counting methods are subject to 

p•raonal error, and timings are only an approximation as there is 

always an interval before an effect can actually be seen. 	iowever, 

in general the advantages of the method outweigh its disadvantages, 

and it can be applied to many other bacteria including gram-positive 

organisms where plasmolysis cannot occur as the membrane is firmly 

attached to the cell wall, but volume changes of the whole cell can 

be measured. Dick (1959) has surveyed the use of osmotic methods 

in the study of the permeability of living cells. 

2) By light-scattering 

It is possible to put volume c.ange measurements on a quantita-

tive basis by measuring the light-scattering of dilute suspensions 

of cells in various media. As bacteria swell, as occurs in a 

solution of a penetrating solute, they scatter less light; while in 

hTpertonic solutions of non-penetrating solutes the protoplast 

shrinks, causing plasmolysia of the cell, and th, light-scattering 

of the suspension increases. 

The suspensions for the light-scattering measurements were 

prepared exactly as for the plasmolysis method., but in a total volume 

of 5.0 ml. The density of the cell suspension was adjusted to give 

suitable reacUns; and the measurements were made in a LJnicam 

spectrophotometer OF  500) at a wavelength of 700 	using glass 
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cuvettes of 1 cia. light path. However it was found that t4ij method 

was relatively insensitive; the changes in light-scattering in any 

one concentration of glucose (hypotonic or hypertonic) over a period 

of time were very small in comparison with to magnitude of the 

readings, so that large errors were necessarily incurred. Also, 

because of the difference in refractive index of solutes, and of 

different concentrations of these solutes, it is very difficult to 

interpret the results from these experiments; a fall in light.-

scattering under one set of conditions cannot be directly equated 

to the values obtained in another set of conditions, and tne degree 

of swelling cannot be related directly to the external solute 

concentration because the light-scattering obtained depends on the 

difference of refractive index between the coil and its medium. 

Thus the results are not so clear-cut as those obtained by the 

piasmolysis method where any effect can be observed directly; for 

this reason in most of the experiments the plasniolysis method was 

used. 

3 B. PERMEABILITY OF CELLS OF 9CthRICdIA G0i41 

I NThODtETIOI4 

When two solutions are separated by a semipermeable membrane 

which permits solvent to pass but not solute, there ia a flow of 
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solveni towards tae side oX higher molecular concentration; this 

constitutes osmotic flow (deilbrunn 192). Biological membranes 

are never ideal semipermeable membranes but are semipermeable only 

with respect to certain solutes - tnose which cannot passively enter 

the cell. Thus the demonstration of a permanent osmotic barrier 

with respect to a certain solute indicates taat tne cell is 

impermeable to this solute. The principle of volume change in 

different solutes at various concentrations can be used as a tool 

in determining the permeability of cells. 

The method has been successfully used in classical physiological 

studies, and was originally used by Fischer (1903) in the description 

of the three main envelopes of bacterial cells. H6ber (1952) and 

Heilbrunn (1952) have considered this method at length and surveyed 

the relevant literature; and Jacobs (1952) has pointed out 

limitations in the measurement of cell permeability. More recently 

Dick (1959)  has discussed the osmotic properties of living cells. 

Plasmolysis. Osmotic methods depend on volume changes and can 

be readily observed in cells possessing a cell wall; in hypertonic 

solutions, the protoplast surrounded by the plasma membrane shrinks 

away from the cell wall as its volume decreases by loss of water, 

leaving well—defined gaps which can easily be seen in the light 

microscope (see Aa&ysi 1951) this phenomenon of plasmolysia was 

first discovered in plant cells by Nigeli & Cramer (1855). 

Impermeability to the solute is indicated if plaaniolysis persists, 

showing that there is a true osmotic barrier. If the cell is 

permeable to the solute, the plasmolysis is only temporary because 
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entry of the solute increases the osmotic pressure of the cell, and 

Water is taken up in response to the osmotic change thus causing 

the protoplast to swell and ultimately the cell to deplasmolyse; 

the rate of deplasmolysis depends on the degree of permeability of 

the cell to that solute. The effect observed is not only a function 

of osmotic pressure but also of the difference in the rate of 

diffusion between water and the solute. In cases where the solute 

enters the cell very rapidly relative to 'the rate of entry of water, 

no initial plasmolysis is apparent. This is put on a quantitative 

basis by using the rate of recovery from plasmolysia in hypertonic 

solutions as a measure of permeability. 

The use of the phenomenon of plasiaolysia as a method of 

determining the permeability of cells of E. coli was evaluated 

above (see 3A). 

1) Penetration of sugar8 

The permeability of cells of E. coli strain 3 was measured for 

a range of sugars. In dilute bacterial suspensions in hypertonic 

concentrations of solute, plasmolysia was immediate, being 

established by the time the slide was set up; the suspensions were 

subsequently observed in the light microscope over a period of 6 

hours. The results are summarised in Table I (1). 

The establishment of permanent plasmolysis in various sugars 

indicates the presence of an osmotic barrier with respect to these 
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solutes (see above); wnere no deplaaaolysis occurred within 6 uours, 

it was assumed tat the solute did not penetrate the cell or that 

the rate of its penetration was too low to be measurable by this 

method. It can be seen (Table I (1)) tuat tne cells of B. coli 

were practically impermeable to the range of monosaccharides ari1 

disaccharides used. Disaccharides and hexosea having more than 

4 -0±1 groups in the molecule did not penetrate at all, and of the 

pentoses only ribose, which has all its hydrophilic groups on one 

side of the sugar ring, penetrated at a measurable rate; glycerol 

having only 3 -Oil groups equilibrated rapidly across the plasma-

membrane (the non-penetration of sugars into cells of B. co.Li has 

already been reported by Mitchell & Moyle 1956b). 

2) Effect 01 potassium on pLasmolysis in ucose media 

Celia of E. coli suspended in a range of hypertonic glucose 

solutions made up in 20 mM sodium/potassium phosphate buffer were 

compared with those in glucose solutions made up in 20 mV sodium 

phosphate buffer (Table II). As above, cells suspended in hyper-

tonic glucose solution in the presence of the sodium buffer did not 

deplasmolyse; however, when potassium was present in the medium 

there was a limited rise in the osmotic threshold of the cells. 

By varying the potassium concentration, it was found tnat this 

effect occurred at concentrations as low as 2 u. In addition to 

this, light-scattering measurements showed that cells suspended in 

a range of glucose solutions swell in the presence of potassium (the 
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light-scattering decreased), but not in its absence (the light-

scattering remained, constant except in hypertonic solutions, when 

it increased owing to the shrinkage of the protoplast on plasmolysia) 

indicating the penetration of one or other of these components; but 

because of the insensitivity of the method, and the difficulty found 

in the quantitative interpretation of the results obtained using 

various external solute concentrations (see 3A (2)) 9  t.e data have 

been omitted. 

As cells of E. coil appear to be impermeable to potassium 

(Mitchell & Moyle 195Eb)  as well as to glucose, it appears that in 

tne presence of both these components one probably activates the 

uptace of the other. As very low concentrations of potassium cause 

the osmotic threshold to rise it seems likely that potassium 

facilitates the penetration of glucose. However this was not 

demonstrated conclusively (see Mitchell 1956), and further there 

are numerous reports that cells accumulate potassium against a 

concentration gradient during metabolism (Leibowitz & Kupermintz 

1942; Cowie, Roberts & Roberts 1949; Eddy, Carroll, Danby & 

1{inshelwood 1951;  Krebs, Whittaxn & Hems 1957, have all demonstrated 

this in bacteria; Pulver & Verzar 1940 9  and Rothstein & Enna 19469 

in yeasts; Whittain & Davies 1953, and J&acfarlane & Spencer 1953, 

in msnmalian tissues). Ørskov (1948) believed that deplasmolysis 

was due largely to the uptake of potassium in the presence of glucose 

To account for this potassium accumulation it has been suggested by 

various workers that during metabolism a material is siI.tesied 

which binds potassium from the medium, but it has not yet been 
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identified (ilevesy & Nielson 1941; Roberts *  Roberts & Cowie 1949; 

Krebs, *b,ittam & Hems 1957). 	Roberts, Roberts & Cowie (1959) 

suggested t2at non-diffusible potassium salts of hexose phosphates 

were formed; Conway & Boyle (1939) and Conway & O'Malley (1943) 

associated potassium uptake with the formation of phosphate esters, 

which results in a shift in the donnn equilibrium. Fenn (1940) 

and .Rothstein & Emis (1946) account for the uptake of potassium in 

yeast by an exchange reaction for hydrogen produced in the cells 

as a consequence of the formation of organic acids. The retention 

of potassium in cells has also been associated with the formation 

of carbohydrate reserves (Pulver & Verzar 1940; Leibowitz & 

Kupermintz 1942; Rothstein & 3nns 1946). In addition to this 

there are reports of the stimulatory effect of potassium on the 

permeability of cells to substrates. Pulver & Verzar (1940) associa 

ted potassium uptake with glucose penetration into cells; and Krebs, 

Whittam & Hems (1957) suggested that potassium regulates permeability 

in Alcaligenes faecalis. Abrams & Mackenzie (1959) found that 

potassium was necessary for the uptake of sucrose into protoplasts 

of Streptococcus faecalis and thought that it acted in the capacity 

of a cofactor in the transport of the sugar across the cell membrane. 

The swelling of cells 3. coli strain B in the presence of substrate 

and potassium has been interpreted as the effect of the ionic 

environment on the rate of penetration of the substrate (Miller & 

Avi-d.or 1958). It is likely that the penetration of both substrate 

and potassium may cause the observed rise in osmotic pressure of the 

cell, and movement of anions may also be involved (Mitchell 1956). 

The stimulatory effect of potassium salts on metabolism has been 
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attributed to their stimulation of the uptake of the substrate 

(see 4B (1)). 

Experiments were also carried out in anaerobic conditions 

using Warburg flasks and a bicarbonate buffer, samples being 

removed rapidly from the flasks and observed immediately. It was 

found that neither in the presence nor in the absence of potassium 

did deplasmolysis occur in hypertonic glucose solutions in the 

absence of oxygen, suggesting that the movement of potassium was 

in some way involved in the aerobic metabolism of the cells. 

3) Effect of inhibitors on plasmolysls in glucose media 

When cells of E. coil are immersed in glucose media, a certain 

amount of metabolism of this substrate must occur, and although this 

does not appreciably deplete the external solute concentration (see 

3k (1)) it is likely that if the metabolic rate were commensurate 

with a passive permeation rate, then glucose would not appear to 

accumulate within the cell and thus could not cause the internal 

osmotic pressure to rise. A range of metabolic inhibitors at 

concentrations known to prevent the metabolism of glucose (Tables 

VII and XLII) were added to the plasmolysis media, and in all cases 

deplasmolysis in hypertonic glucose solution failed to occur (Table 

III). 

Table III shows that when metabolism was inhibited, the rise 

in internal osmotic pressure of cells suspended in a glucose/potassii 
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medium was also prevented (as was also found by Ørskov 1948), 

suggesting that it is linked with metabolism; only in semicarbazide 

and methylene blue, which do not completely stop metabolism, was 

this inhibition of deplasmolysis in potassium—containing media not 

apparent. 	(The relationship between potassium and metabolism is 

discussed above; see also 4 (1).) Thus it appears that potassium 

or glucose does not directly stimulate a possible uptake mechanism, 

separate from metabolism, of the other component. The rise in 

internal osmotic pressure of the cells in the presence of glucose 

and potassium may be associated with the aerobic state, for in the 

absence of oxygen no deplasmolysis occurred either in the presence 

or in the absence of inhibitors; linked with this is the fact that 

residual metabolism is negligible under anaerobic conditions (see 

ki (1)). 

As it was found that in the absence of potassium the cells did 

not deplasmolyse in hypertonic glucose solutions even when metabolism 

was prevented, it seems unlikely that the internal utilisation of 

glucose keeps up with its passive (non-specific) penetration. It 

could be postulated that there is a glucose uptake mecnanism, 

separate from metabolic reactions, which is inhibited by all these 

reagents, but the fact that a range of inhibitors with different 

characteristics prevent glucose from entering the cells would mean 

tiat such a mechanism would be completely unspecific. The simplest 

explanation of these results is that metabolism is necessary for 

uptake of glucose to occur; but whether this can be considered 

active transport or a facilitated diffusion in which metabolism 
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effectively keeps the internal glucose concentration low (see 

10 (5a)), so that a carrier with a low dissociation constant can 

effect net transport, is not clear. 

k) Permeability of frozen cells 

Because of the results obtained from the metabolic experiments 

using frozen-thawed cells (40 (2)) it was of interest to obtain some 

information concerning their permeability. Mashed suspensions of 

cells of E. coli strains B and ML 30, suspended in 0.17 NaG 1, 

were divided into 2 portions; one half was kept at 2 0C and the 

other was placed in a deep-freeze (_15 00) overnight. The cells, 

after being brought to 2000,  were placed in glucose and sucrose 

solutions at a concentration of 1.0 molal, and observed over a 

period of time. 

In each case (Table I (2)), the cells kept at 2 °C plasmolysed 

immediately and did not recover, while the cells which had been 

frozen did not plasmolyse. On a series of countin.gs it was found 

that only Ga. l( of the cells could be plasmolysed after freezing, 

although the cells appeared normal in all other respects as far as 

could be seen in the light-microscope. This suggested that 

freezing disturbed the plasma-membrane sufficiently to allow small 

molecular weight solutes to pass into or out of the cells without 

any of the larger cell constituents being lost; further evidence 

of this is given in Chapter k (4C (3)), where it is shown that 

cells, after freezing and thawing once, lose most of their intra- 
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cellular inorganic phosphate and nucleotide. 

Thus it appears that freezing and thawing causes extensive 

damage to the cells, 90% of the cells showing some osmotic barrier 

damage after a single freezing treatment. Deep-freezing has been 

used as a method of obtaining bacteria], extracts by various workers 

(Avery & Neill 1924; Koepsel]. & Johnson 1942); taere is other 

evidence that it destroys the permeability barrier of cells of 

E. coli (Mager, Kuczynski, Schatzberg & Avi-'dor 1956; Straka & 

Stokes 1959) 9  and Eggleston (1957) has shown that cells of E. coil 

are more permeable to amino acids and nucleotides alter freezing 

and thawing. However, deep-freezing has also been used as a 

method of storage of bacterial cells, which after thawing were 

assumed to be equivalent to unfrozen cells (Leloir, Trucco, Card-mi, 

Paladini & Caputto 1949); this is clearly not so (see 40). 

5) Plasinolysis threshold 

It was necessary to estimate the osmotic pressure of the cells 

so that the measurements of the passive penetration of solutes in 

subsequent experiments could be placed on a quantitative basis, and 

the external solute concentration could be expressed in terms of 

the internal solute concentration. The internal osmotic pressure 

of plasniolysable bacterial cells can be found by determining the 

concentration of a non-penetrating solute in a. solution in which 

the cells are at the threshold of p].aamolysis; the osmotic pressure 

of such a solution approximates to that of the cells, the cells 
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being regarded as osmometera with ideal semipermeable membranes 

(however, although living-cell membranes are only selectively 

permeable, the cells can approximate to osmometere if water passes 

through the membrane very much more readily than the solute (see 

Giese 1957 for discussion of permeability of cells to water in 

relationship to their behaviour as osmometers); Dick (1959) 

discusses the various limitations of this assumption). The cells 

were suspended in a range of concentrations of solute and the 

numbers of plasmolysed cells counted. Glucose was generally used 

in these experiments, but the results obtained were confirmed by 

using suspending media which were not metabolised by these cells 

galactose and maltose (see 4E (1)). 	The results from a typical 

experiment are shown in Fig. IV. The osmotic pressure of the 

external medium where 50% of the cells were plasuiolysed was taken 

to represent the mean internal osmotic pressure of the cells; or, 

phrased in another way, the concentration which barely caused 

plasmolysis of any one cell was isotonic with the internal solute 

concentration of that cell. The graph (Fig. IV) shows that the 

osmotic threshold is well defined and can be easily measured by 

using this method. 

The osmotic threshold was determined for each individual 

culture, as there were slight fluctuations between various batches 

of cells for strain B, the mean isosmotic concentration varied 

from 0.4 molal to 0.6 molal; for ML 30 it was usually 0.3 molal, 

approximately corresponding to a mean internal osmotic pressure of 

7 atmospheres. In Fig. IV, the osmotic threshold concentration 
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for strain B was Ca. 0.55 inolal, corresponding to a mean internal 

osmotic pressure of approximately 13 atmospheres. In these 

measurements it is assumed that the osmotic coefficient (the ratio 

of the observed to the ideal osmotic pressure) is close to unity 

for glucose at these concentrations (see kiôber 1952).  These values 

are commensurate with those given by Kn&ysi  (1951), who quotes an 

average osmotic pressure (defined as that which equals or exceeds 

the osmotic pressure of half the population) of 9 atmospheres for 

cells of E. coli and a variation in osmotic pressure from 4 to 25 

atmospheres during growth. The mechanical implication of the 

internal osmotic pressure of bacteria], cells is discussed by 

Mitchell & Moyle (1956a). 

Estimations of internal osmotic pressure of cells by this 

method tend to be high because it is difficult to detect small 

changes in volume: mild plasmolysis is used as an index of 

isotonicity, but obviously the external medium in this case is 

slightly hypertonic. Also there may be adhesions between the 

plasma-membrane and the cell wall which would retard the onset of 

plasmolysis. The method is not extremely sensitive as it is 

impossible to distinguish between narrow concentration differences; 

this is in part due to the insensitivity of the plasinolysis method, 

and in part due to the fact that in any population of cells there 

is a range of internal osmotic pressures (Knaysi 1951). It is 

possible that the solutes chosen for the suspending media may enter 

the cells very slowly and cause erroneously high values; but it 

has been shown in the previous experiments that the permeability 
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of the cells to water is many times greater than tiat to ttiese 

solutes which cause plasmolysia, and any errors due to the raisins 

of the osmotic pressure of the cell by a slow penetration of the 

solute can be eliminated by observing the effect not more than a 

few minutes after the test suspension is prepared. However, this 

method gave a quick and simple estimation of the osmotic pressure 

of the cells, which was accurate enough for use in the subsequent 

permeation experiments. 

Suspensions of cells stored at 2 0C in saline for up to 3 days 

showed the same plasmolysis characteristics and were used in some 

of the experiments. 

6) Permeation of various methylated sugars 

As many methylated sugars were not metabolised by E. coli (see 

4D (1)) 9  they were used in plasmolysis experiments as substitutes 

for simple sugars so that their movements could be observed in the 

absence of metabolism, and thus the experimental conditions could 

be more fully controlled. Convenient relative values of the 

permeation power of various penetrating solutes in these experiments 

were obtained by determining their kalf-'equllibration times, defined 

as the time taken for the internal concentration of the permeating 

solute of individual cells to reach half the concentration of that 

solute in the external medium (any dilution of the medium on equili-

bration of the external solute with the cells is insignificant in 

these experiments where very dilute cell suspensions are used; see 
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3A. (1)). 	It was necessary to express the results in this way, as 

the time taken for deplasmolysia to occur in any one cell depends 

mainly on two variables, the external solute concentration and the 

osmotic pressure of the cell; and the point of deplasmolysis, which 

indicates only that sufficient solute has passed into the cell Just 

to raise the internal osmotic pressure above that of the external 

medium, has no value unless related to these variables. The 

internal solute concentration of the cells was determined from the 

estimation of the plasmolysis threshold, and from this, and the 

time taken for d.eplasmolysis to occur in a known external solute 

concentration, the degree of equilibration could be calculated. 

tiowever in most of the experiments it was easier to determine the 

half-equilibration time directly by having the external substrate 

concentration at exactly twice that of the estimated internal total 

solute concentration of the cells, so that the actual time taken 

for deplasmolysis to occur is equivalent to the half-equilibration 

time. This is a convenient value to use, since all the experiments 

were carried out with the same organism possessing the same osmotic 

properties; thus all these relative values are directly comparable 

and it is not necessary to equate them to surface area or to 

calculate permeability constants, which are required in the 

quantitative comparison of the permeability of different types of 

cells. 

The permeability of cells of E. coli strain I to unnatural sugar 

analogues is shown in Table Na. Dilute bacterial suspensions were 

made up in various methylated sugars, and the time-course of 
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deplasmolysis of the cells was followed; the numbers of COUB 

plasmolysed in fields of ca. 30 cells were counted, and when this 

value dropped to 506/ as far as could be estimated by eye, it was 

assumed that the mean internal solute concentration of the cells 

was isosmotie with the external concentration. The methylated 

derivatives used rapidly permeated the cells of . coA. irrespective 

of whether or not they were metabolised (of the methylated sugars 

used, only beta-methyl glucoside was metabolised byglucose-grown 

cells see 41) (1) and 4 (1)), mostly giving a half -equilibration 

time of Ca. 60 minutes. Alpha-methyl glucosi, however, penetrated 

at nearly four times this rate. Thus the substitution of glucose 

and galactose, which do not themselves penetrate cells of E. coli 

at a measurable rate, by a methyl group greatly increased their 

penetration powers (this has been reported in early studies Hâber 

1952; Heilbrunn  1952). 

7) Permeation of alpha-methyl glucoside 

Of the methylated sugar derivatives that permeated the cells 

of S. coli, alpha-methyl glucoside was chosen for a more detailed 

study of the permeation mechanism, not only because it was not 

metabolised (see 41) (1)) and thus presented a simpler experimental 

system than glucose, but also because it has been used in this study 

as an inhibitor of the glucose uptake mechanism (41) (2)), and its 

accumulation has been estimated by chemical methods (see 5B). The 

results are given in Table I1b 9  section 1 of which refers to strain 
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B of L colj and section 2 to strain ML 30* however, parallel 

experiments were carried out on both strains and it was found that 

they reacted identically in these experiments. 

(a) Effect of inhibitors. 

Although alpha-methyl glucoside is not metabolised by E. coil, 

its uptake might still be associated with the residual metabolism 

of tne cells; thus plasmolysis experiments were carried out in the 

presence of inhibitors. Section 1 of Table IVb shows that sodium 

azid.e ( x 4 x l0 2), 2,4-'dinitrophenol ( x 10') and sodium arsenit 

(! x 10P2)  had no effect on the rate of deplasmolysis of cells of 

strain B suspended in hypertonic solutions of alpha-methyl glucoside. 

As all these reagents inhibit the metabolism of glucose (Tables VII 

and XMl), the deplasmolysis observed cannot be due to an activation 

of the uptake of the methylated sugar by the presence of a possible 

glucose impurity in the alpha-methyl glucoside sample (a 	glucose 

contaminant was suspected in one of the glucoside samples (see 

41) (1)), and this would give an actual glucose concentration of 

0.01 M in these experiments). Therefore it must be concluded that 

the entry of alpha-methyl glucoside into cells of E. coil is either 

by a passive penetration (i.e. non-specific) or by a facilitated 

diffusion system (see 10 (2)), and., unlike the uptaice of glucose, 

it is not directly associated with metabolism. If any uptake 

mechanism were involved in the movement of tue glucoside it could 

not be directly affected by any of these inhibitors. 

It is possible that the mode of entry of alpha-methyl glucoside 

into the cell might be the same as that of glucose if it is 
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postulated that glucose enters by a facilitated diffusion system 

(5 (3)). 	Cohen & Monod. (1957) used this glucoside as a non- 

metabolisable model for glucose in an accumulation system in E. co; 

and also in the present study it has been shown that alpha-methyl 

glucoside has some affinity for the glucose uptake system (41) (3)). 

Perhaps a facilitated diffusion system exists and is used by both 

these sugars, but in the case of glucose the sugar appearing inside 

the cell is immediately removed by metabolism and thus it cannot 

raise the osmotic pressure of the cell and cause deplasmolysis' 

A difference in dissociation constants, that of the glucose-carrier 

complex being very much lower than that of the glucosid.e-carrier 

complex, could account for the fact that glucose does not accumulate 

in the presence of metabolic inhibitors (53 (3)), for the carrier 

would become saturated on the inside of the membrane at a very low 

concentration when metabolism was prevented, and thus cease to cause 

any net transport. If this is so, it must be concluded that 

metabolism is necessary for the removal of glucose from the inside 

of the membrane to facilitate its net transport into the cell, and 

thus it is not possible to separate distinctly the process of glucose 

uptake from that of glucose metabolism (cf. 43 (2); and 50 (1)). 

(b) Competition with glucose. 

Glucose does not accumulate inside the cells of E. coli, as was 

determined by plasmolysis methods (33 (1); 3B (2)) and direct 

chemical estimations (5C (2)); therefore the rate of its metabolism 

can be used as an approximate measure of its rate of uptake. The 

half-equilibration time of 0.6 molal alpha-methyl glucoside was 
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15 mina. (Table IVa), and from this and the known volume and dry 

weight of a single cell of E. coli (Mitchell 1959b), it can be 

calculated that the rate of entry of the glcoside into the cells 

was 4 ,z moles/hr./mg. dry weight. This value is of the same order 

of magnitude as the rate of glucose metabolism, which was found to 

be 1.5 2.0 ja moles/hr/mg. dry weight at 25°C  (4B (1)); this is 

consistent with the postulate that the modes of entry of glucose 

and alpha-methyl glucoside could be the Same (the lower rate of 

glucose penetration could be due to its dependence on the rate of 

metabolism which may be limited by the saturation of its component 

systems). Further it has been shown in this study that glucose 

and alpha-methyl glucosid.e appear to compete for the postulated 

glucose uptake mechanism (4D (3)); So if glucose and alpha-methyl 

glucosid.e use the same entry mechanism in these experiments, then 

it is likely that the presence of glucose, which has a much higher 

affinity for the postulated initial acceptor (41)), would competitivol; 

prevent the permeation of the glucoside. 

The effect of glucose on the penetration of alpha-methyl 

glucosid.e into cells of E. coli ML 30 is shown in section 2 of 

Table lYb. Conditions were devised to parallel, as closely as 

possible, the experiments in which 0.6 molal alpha-methyl glucosid.e 

was used alone: the total xnolalit.y of the medium, consisting of 

various mixtures of glucose and alpha-methyl gluco side, was 

maintained at 0.6 (which was twice the total solute concentration 

of the cells estimated from the plaamolysis threshold - 3B (5)), so 

that on d.eplasmolysis an equivalent amount of glucoside will have 
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passed into the calls in each case, irrespective of its exteraal 

concentration or of whether glucose was present or absent. In 

these experiments glucose could not enter te cells in the sense 

that it did not alter their osmotic threshold. (Table I). As long 

as the external glucosid.e concentration equalled or exceeded the 

original solute concentration of the cells (in this case ca. 0.3 

molal), it was found that the rate of d.eplasmolysis was not affected. 

by the presence of glucose; this suggested that glucose did not 

compete with alpha-methyl glucosid.e for an uptake mechanism . if 

the same carrier had been involved in the uptake of both these 

sugars the concentrations of glucose used here should have given a 

ten-fold inhibition of the penetration of the glucoside, and 

d.eplasmolysis would not have occurred within 3 hours. It must 

then be postulated that if a carrier is involved in the permeation 

of the gluoosid.e, glucose has little affinity for it relative to 

the glucoside, and as such it does not appear to correspond to the 

glucose carrier. 

The possibility that glucose might stimulate the accumulation 

of alpha-.methyl glucoaid.o was discOunted. above (3 (7a)) because the 

glucoside permeated the cells rapidly in the presence of metabolic 

inhibitors which would have prevented the use of any glucose present 

as an impurity in the sample of methylated sugar. This is again 

demonstrated in Table IVb, section 2: in the presence of a large 

quantity of a metabolisable non-penetrating substrate, glucose, and 

low concentrations of alpha-methyl glucosid., d.epJ.aamolysis did not 

occur. This indicated that alpha-methyl glucosicie could not be 
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accumulated by the cells against a concentration gradient, and, 

further, that the presence of a metabolisable substrate did. not 

"activate" its uptake. This could be interpreted, by postulating 

the existence of a glucO8ide carrier which eventually becomes 

saturated on both sides of the membrane, so that net uptake then 

ceases; but it is clear that this Is not the same mechanism of 

entry as that used by glucose, and it is unlikely that this 

unnatural glucoside, which is not metabolised by these cells, would 

have its own specific carrier. Thus, even in the presence of a 

source of energy, alpha-methyl glucoaide appears only to equilibrate 

across the membrane of cells of E. coli. 

A criticism that can be made of these experimeiJtta Is that the 

external concentration of alpha-.methyl giLicoside will affect the 

rate of its inward movement, and in these experiments it was necessar 

to vary the glucoside concentration in order to maintain the total 

osinolality of the external medium at a constant level. Jiowever, 

in a few experiments which were carried out using a constant level 

of gluooaid.e (0.6 inolal) and varying glucose concentrations, 

essentially the same results were obtained as those given in 

section 2 of Table IVb, although in this case the addition of 

glucose affects the osmotic pressure of the external medium and 

this alters the criterion of deplasmolysis. 

(c) Leakage. 

As alphaiinethyl glucoside rapidly enters the cells of E. coil 

by a seemingly passive process, it would be expected to escape with 

equal ease. This was tested experimentally by suspending the cells 
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in a concentrated solution of alpha-methyl glucoside until they 

deplasmolysed; then the suspension was rapidly diluted with a 

solution of a non-penetrating solute, so that there was little 

glucoside present externally, but the osmotic pressure of the 

medium was at a known level, slightly lower than that of the 

glucosi1e-filled cells, tinder these conditions the cells would 

remain unpiasniolysed unless the glucoside escapes from them in 

response to the concentration gradient, in which case re-

plasmolysis would occur when the total internal solute concentration 

fell below that of the external medium. 

Cells of a concentrated suspension of strain 3 were allowed 

just to deplasmolyse in 1.0 molal alpha-metkiyl glucoside (for 

30 mins.) so tnat the internal glucoside concentration was 0.7 mole].; 

tie suspension was then diluted 10 times with buffer and glucose 

was added simultaneously to give a concentration of 0.5 molal, so 

that the external medium was 0.5 molel with respect to glucose and 

Ca. 0.1 molal with respect to alpha-meth]. glucoside. The cells 

were found to re-plasmolyse in 10 minutes after the dilution (at 

which point it was assumed that the internal glucoside concentration 

was 0.3 mole].); thus it appeared that the glucoside did in fact 

leak rapidly from the coils. 

This experiment was repeated using strain ML 30; this time 

the cells were allowed to equilibrate completely in 1.0 molel 

alpha-methyl glucoside (4 hours), and then were diluted 10 times, 

as above, into a buffered medium so that the final concentration 

was 0.6 molel with respect to alpha-metii.yl glucose and 0.3 mole]. 
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with respect to glucose. In this case the internal glucoside 

concentration initially rose to 1.0 molal, and on dilution the 

alpha-methyl g].ucoside leaked out until its internal concentration 

fell, to 0.6 molal, at which point the threshold of plasmolysie of 

the cells was again reached; the time taken for re-plasniolysia to 

occur was 10 minutes. 

Leakage experiments were carried out using glucose to raise 

the osmotic pressure of the external medium; but because of any 

unknown secondary effects which might be caused by its metabolism, 

further experiments were carried out using galactose, which is a 

non-penetrating sugar (Table I) and is not metabolised by these 

glucose-grown cells of B. coil (gee 4E (1)), as the solute in the 

diluting medium. The cells were allowed, fully to equilibrate in 

0.8 molal alpha-methyl glucoside in both sodium and sodium/ potassium 

phosphate buffers; they were then rapidly removed from the medium 

by centrifugation and resuspended in 0.8 molal galactose made up 

in the appropriate buffer; re.'plasniolYSi8 in eacu case was found 

to occur in 15 minutes. A control expariment was carried out to 

demonstrate that the centrifuging had no effect on the subsequent 

rate of re-p1asio1ysis: after centrifuging, the cells were re- 

suspended in their original medium and galactose was then added - 

re-plasxnolysis occurred immediately. By using this centrifugation 

method it was possible to reduce the concentration of the external 

giucosid.e, present on resuspension of the cells, to a minimum; the 

actual concentration of alphamethYl glucoside in the re-plaaziolysis 

medium was calculated from the measured total volume of the cell pad 
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after centrifugation and from the known intetsnace volume of the 

pad of E. coil (Mitchell & Moyle 1956a), giving a value of ! x 10. 

roa the rate of penetration ofalpha-'iaetciyl giucaside into 

taese cells (Tables Via and IVb) it is apparent tnat 10-15 minutes 

were required for the internal concentration of glucoside to rise 

to 0.3 in.olal; thus its leakage from the cells was at a commensurate 

rate (it has already been pointed out toat estimations by tnls 

plasmolysia method are accurate only to witain 5 minutes - see 

3A (1)). 	The conditions under which alpha-metAYi glucoside was 

observed to enter the cells were rather different from those used 

to observe its leakages tnitially the gluooside concentration was 

high in the external medium and low inside the cells, but as it 

permeated, the internal concentration rose quickly while tre 

effective external concentration remained constant (see 3A (i))$ 

however, when coils containing a high concentration of giucoside 

were placed in a new medium of high osmotic pressure but coiataixitng 

little glucoside, it leaked in response to the concentration 

gradient and tue concentration inside the cells was rapidly depleted 

while tiat of tue extornal medium remained low (M (1)). if a. 

carrier of the facilitated diffusion type were involved in tae 

movement of the glucoside, these differences in concentration on 

either aide of the membrane would be expected to affect differently 

the observed rates of inward and outward movement of the glacoside. 

In the first case, as toe internal concentration of sugar neared 

the dissociation constant of the carrier complex the net diffusion 

rate would be expected to diminish rapidly as the carrier became 
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saturated on both sides of the membrane (aitche11 & Moyle 1956b); 

out in tae leakage experiments the carrier would not show this 

saturation effect on the outer side of the membrane as the external 

1ueoside concentration remained low, so the outward rate of 

movement would be expected to be very much faster than the inward 

rate this was not observed. Thus it seems unlikely tnat this 

type of carrier is involved; but these results cannot entirely 

exclude a facilitated diffusion system, for it could be possible 

that the dissociation constant of the carrier complex does not 

exceed U x 10 (the lowest external concentration of alpha-methyl 

glucoalde obtained in the leakage medium), in which case it cannot 

be assumed that the carrier was not saturated on the outer side of 

the membrane. However, this does not seem feasible in view of the 

high concentrations of alpha-methyl glu.coaide that can be obtained 

inside the cells using suitably concentrated external media. 

Thus alpha-methyl glucoside can be shown to move in both 

directions across the plasma-membrane of E. coil, and potassium does 

not appear to be associated with its movement. A connection between 

this movement and metabolism has already been discounted; and of 

the two remaining possible explanations of the uptake, viz. passive 

non-specific movement and facilitated diffusion (1C), the evidence 

favours the first possibility. The movement observed in these 

experiments does not appear to involve the glucose uptake mechanism, 

although it has been demonstrated that alpha-methyl glucoside has 

some affinity for the initial glucose acceptor (kD (3)). The 
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uptake of glucose q  on the other hand, seems to be associated with 

metabolism (see also Mitchell & Moyle 195b), but it was not 

possible to distinguish between a facilitated diffusion system or 

an active transport mechanism in this case, and the study of the 

uptake of alpha-methyl glucoside has been of little help in the 

elucidation of this mechanism. It must be pointed out that 

methylated. sugar analogues have been used by Cohen & Monod. (1957) 

and Rotman (1959) in studies on ttpermeases" implicit in their 

work is the assumption that the analogues reacted in the same way 

as the free sugars, but from the present findings it is clear that 

this is not justified. 

8) Permeation of acids 

The cells of i. coil appear to be permeable to the aiairio acids 

glycine, alanine and valine (Table V)1 These were the only amino 

acids that could be used in these experiments because most of the 

other available amino acids are not sufficiently soluble for the 

preparation of hypertonic solutions. 

As acids are the end-products of metabolism, it was of interest 

to find, out whether they could move passively through the plasma-

membrane. Table V shows that no deplasnolysis was observed in 

sucoinate or lactate, and it is unlikely that they move through the 

plasma-membrane at all rapidly. Acetate and formate, however, did 

cause deplaaJnolyais when free acid was present (see Table V ), 

suggesting that they may be able to pass through the membrane in 
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the un-ionised state. 

The degree of ionisation of a weak electrolyte is determined 

by pa; with a fall in pH, the amount of dissociation decreases 

and this apparently promotes the entry of the acid into the cell, 

as long as the limits of pH are safe for the organism. E. coil 

has been shown to be impermeable to many stron1y dissociated 

molecules (Mitchell & Moyle 1956b); possibly the presence of a 

Charge on a molecule may hinder its passage through the membrane 

(Giese 1957). The penetration power of uridieociated molecules 

in a solution of a week electrolyte has been shown by the experiments 

of Osterhout (1935; see also Hôber 1952). 



CHAPTER 4: I.ETABOLIC ELPERIMENTS 

4 A. MLNOMETRIC METHODS 

The metabolic activity of cells of Escberichia coli was 

measured aerobically and anaerobically using Warburg constant 

volume respirometers, according to the methods recommended by 

Jmbreit, Burris & Stauffer (1957). 

Oxidation experiments were carried out in the presence of 

sodium phosphate buffer, pH 7.0 9  and 0.17 ! saline; the necessity 

for the presence of the salt, and the choice of this concentration, 

is explained below (see 40 (1)). 	The medium consisted of 

0.02 ! 	 and 0.17 U NaCl (66% of this was substituted 

by KC1 in most of the experiments this requirement for potassium 

is discussed below; see 4B (1). The total volume of reaction 

mixture in each flask was 3.0 ml - , and the gas phase was air. 

Oxygen uptake was measured, the carbon dioxide being removed by a 

"KO}i-paper", consisting of a filter paper roll soaked in 0.1 ml. 

2 U KOki, in the centre cup of the flask. 

Fermentation conditions were obtained using a bicarbonate 

buffer and an atmosphere containing 0029  acid production being 

measured by 002  evolution. The medium contained 0.01 ! NaHCO3 

and 0.17 ! NaC1 (66% being substituted by £01 in most of the 

experiments as in the oxidative conditions) in a total volume of 

3.0 nil. Substrates and inhibitors, when added from a side-bulb 
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of tne flask, were buffered with some of the bicarbonate so that 

ttiere was no gas change on mixing with the contents of the main 

compartment. 2he gas phase was 5% (v/v) 002  and 95% N, giving 

a final PH value of 7.1; this was flushed through the flasks using 

a ma nifold arrangement while they were shaking in the bath. 

Substrates and inhibitors were always adjusted to p11 7.0 with 

HC1 or NaOH, with the use of a glass electrode, before being added 

to the flasks. The concentration of sugars used is given throughout 

in the text. Generally substrates and inhibitors were added from 

the side-bulbs of the flasks, but where very high concentrations of 

methylated sugars were used these were placed in the main compartment 

of the flask with the cell suspension (see kD (1)). In most of the 

experiments the equivalent of Ca. 10 ag. dry weight of organism was 

used per flask; however, with frozen material and cell extracts, 

higher concentrations (Ca. 30 mg. dry weight per flask) were 

necessary. Where reaction mixtures differed from the above 

composition, this is indicated in the text. The Warburg flasks 

were incubated at 2500, and shaken at 120 strokes per minute: 

manometers were read at 5 minute intervals in most cases. 
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4 B. EFFECT OF INHIBITORS ON METABOLISM 

1) Metabolism of glucose 

The metabolic rates of strain B of Eacherichia coli are given 

in Table VI; the medium used in each estimation exactly corresponded 

to that used in the plasmolysis experiments. Glucose was utilised 

in both oxidative and fermentative conditions at a maximum rate of 

1.5 2.0 1 moles of glucose/hour/zag ,  dry weight of organism (these 

rates are normal for E. coli; see Miller & Avi-dor 19589 and 

Clifton 1952). When the cells were plasiaolysed the metabolic rate 

fell considerably; by 60% in the oxidative system and by 80% under 

fermentative conditions. Carbon dioxide output during oxidation 

was estimated from the known values for oxygen uptake and from the 

total gas change when the "KOli-papers" were omitted from the Warburg 

flasks, giving a respiratory quotient (Vco/Vo) of 0.97. There 

was little fermentation of residual substrates by these cells, 

which were harvested while in the log-'phase of growth (23 (2)) 

only 	- 4% of the rate of glucose fermentation; the rate of 

residual oxidation was ca. 18% of the glucose oxidation rate. 

Potassium had a stimulatory effect on both the oxidation and 

the fermentation of glucose (Table VI); in the absence of added 

potassium the oxidation rate was depressed by 40% and the 

fermentation rate by 30%. In the presence of potassium, 

deplawnolysis in hypertonic glucose solution occurred (33 (2)), 

and it is possible that under these conditions potassium promoted 

the entry of glucose into the cell (for further discussion see 
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3B (2)). This suggests that in the absence of potassium the 

metabolic systems are not fully saturated, and the actual uptake 

of glucose limits the overall rate of its utilisation. Further 

evidence of the saturation of the metabolic systems of cells of 

B. coil in the presence of potassium is given below see 4 (3a). 

The stimulatory effect of potassium on the penetration of sugars 

into cells has been reported many times. Miller & Avi'dor (1958) 

found that potassium was necessary for the maximum rates of 

oxidation of glucose by E. coil strain B, and suggested that it 

accelerated the penetration of the sugar. Similarly Krebs, Whittam 

& Hems (1957) postulated that the stimulatory effect of potassium on 

oxidation in Alcaligenes faecalia was due to an effect on the 

permeability of the cells. Ions which caused swelling of Gram-

positive bacteria were found to stimulate respiration - Mager, 

Kuczynski, Schatzberg & Avi-dor (1956). Potassium has been found 

to accelerate respiration in many types of cells (Quastel & Webley 

19429 in bacteria]. cells; Farmer & Jones 19429 and Rothstein & Enns 

1946, in yeast; Ashford & Dixon 19359 and Haugaard & Itskovitz 19569 

in mammalian tissues). Abrams & Mackenzie (1959) suggest that 

potassium acts as a co-factor in the transport of molecules into 

the cells; and Danby, Eddy & Hinahelwood (1950) believed that 

potassium acts as an enzyme activator (there are many instances 

where potassium has been shown to have a stimulatory effect on 

enzyme systems associated with phoapb.oryation Boyer, Lardy & 

Phillips 1942; Macfarlane & Spencer 1953; Haugaard & Itskovitz 

1956; Nossa].  1951). 
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Equilibration of the bacteria at 250C for periods up to 10 hours 

did not have any effect on the rate of fermentation of glucose when 

it was subsequently added to the flasks. Thus in the long-term 

plasmolysis experiments it is likely that the cells remained fully 

active throughout (on breakage of the calls there is some metabolic 

damage - see below (4C (2)), also Straka & Stokes (1956)). 

2) Effect of inhibitors 

A range of metabolic inhibitors prevent the fermentation of 

0.5 M glucose (Table VII). These inhibitors were used in 

plaamolysis experiments under the same conditions to find, whether 

glucose could enter the cell when its metabolism was prevented 

(3B (3)). 

Using substrate concentrations of glucose in the presence of 

0.17 ! NaCl (to keep the external osmotic pressure sufficiently 

high so that the maximum rate of metabolism was obtained; see 

4C (1)), the effect of various inhibitors was compared in freshly-

harvested and frozen-thawed cells (Table VIII). Little significant 

difference was found in the inhibition characteristics of 

fermentation between cells which were impermeable, in a passive 

sense, to glucose, and those in which glucose could permeate 

rapidly, i.e. the frozen cells (see 33 (4)). 	The very slight 

differences occurring can be accounted for by the difficulty in 

calculating the degree of inhibition of fermentation in the frozen 

cells since the metabolic rates were very low (see 4C (2)). 
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There are various possible explanations of this: it may be 

that none of these inhibitors has any effect on a possible uptake 

mechanism, and where inhibition is observed it is a direct effect 

on metabolism; or it may be that any one of these inhibitors could 

affect uptake and metabolism to the same extent and so inhibition 

occiira in both the freshly-harvested and the frozen material. The 

view which is consistent with the fact that glucose uptake appears 

to be a specific mechanism (3B (3)) is that metabolism is necessary 

for uptake to occur, and when fermentation is prevented the uptake 

of glucose is also stopped. It is clear that if any of these 

inhibitors do not enter the intact cell and yet still inhibit 

metabolism in conditions where the osmotic barrier to glucose is 

broken, then it is likely that the uptake mechanism is a reaction 

involved in the normal metabolism of this sugar. Thus this attempt 

to separate the uptake and metabolism of glucose as two distinct 

processes by the differential effect of inhibitors gave little 

information about the mechanism of the uptake of glucose. 

The actual rate of fermentation of glucose in the presence of 

2,4-dinitrophenol was the same as that in the presence of this 

inhibitor plus potassium, indicating that this reagent not only 

prevents fermentation to a certain extent but also stops the higher 

rate of fermentation that occurs in the presence of potassium. 

This inhibitor also prevented the rise in internal osmotic pressure 

found in cells suspended in hypertonic glucose solutions in the 

presence of potassium (see 3B (3)). 	This suggests a possible 

connection between the rise of internal, osmotic pressure in the 
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presence of potassium (which may be due to the entry of both glucose 

and potassium; see 33 (2) for discussion), and the higher metabolic 

rate in the pesence of potassium; above (4B (1)) it was suggested 

that in the absence of potassium the uptake of glucose may be 

limiting the overall rate of its metabolism. 

k C. FRMENTA'.QION OF kIEXOSE PliOSPIAJES 

1) Fermentation of hexose ph.oaphates by freshly-harvested cells 

As hexose phosphates are the initial products of the metabolism 

of glucose, it was of interest to verify that they could be utilised 

from the external medium, i. e. that the enzymes associated with their 

further metabolism were available at the cell surface, since Leloir, 

Trucco, Cardini, Paladini & Caputto (1949) reported that glucose 

phosphates were fermented at rates comparable with that of glucose. 

Fig. V and Table IX show the metabolic rates when hexose phosphates 

were added to suspensions of freshly-harvested cells of Escheriehia 

coil strain B. There was no significant fermentation of substrate 

quantities of the hexose phosphates used (less than 5% of the glucose 

fermentation rate), although in most experiments there was some 

slight utilisation of glucoaelphOsPhatO (just over 10% of the 

rate of glucose fermentation). The fermentation rate when hexose 

phosphates were added to the cells in the presence of glucose was 
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the same as that of glucose alone, indicating that there was no 

direct inhibitory effect of the bexose phosphates on the cells, 

and that taey did not interfere with the utilisation of glucose. 

Holmes & Dawes (1957) report that intact cells of Sarcina lutea 

oxidise hezoses but not phosphorylated sugars. The very slight 

utilisation of the hexose phosphates, relative to that of glucose, 

can be explained by a phosph.atase activity; the rate of liberation 

of inorganic phosphate from glue ose6-phosphate by intact cells of 

Be coli (see Appendix) is commensurate with the rate of fermentation 

of the hexose phosphates. 

The experiments were repeated using media containing NaCl 

(Table X). 	Salt is apparently necessary to obtain rapid fermentatiox 

rates; in the absence of salt or in its presence in low concentra-

tions, glucose is not fermented at its maximum rate. This require-

ment for the presence of salt has been reported by Winslow & Falk 

(1923); and Utter, Krampita & Werkmau (194)  found that NaC1 stimu-

lated bacterial metabolism. The concentration of NaC1 chosen for 

the media used in most of the subsequent experiments was 0.17 is 

this is isosmotic with the average glucose concentration giving 

half -plasmolysis (see 3 B  (5)); it is the salt concentration used 

in the growth medium of the organism (see 23 (1)); and it gives a 

high rate of metabolism doubling this concentration gave little 

increase in fermentation rate (Table X). The importance of the 

presence of the salt may be entirely osmotic, for maximum rates of 

metabolism were obtained in the absence of salt by using high 

concentrations of glucose, which is a non-electrolyte (Table VI); 
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possibly turgidity of the cells is necessary to give optimum 

conditions for metabolism. This marked increase in the rate of 

fermentation found in the presence of NaCl when glucose was the 

substrate was not observed when hexose phosphates were used as 

substrates (Table X); their rate of utilisation remained very low. 

Potassium in low concentrations has already been shown to 

stimulate metabolism (Table VI): see 4 B (1). Table XI shows the 

effect of 0.017 M potassium on glucose and bexoae phosphate 

fermentation. While potassium stimulated glucose fermentation, 

no stimulatory effect was found when glucose-6-phosphate and 

fructose d.iphosphate were fermented., and the stimulation of glucose-

1-phosphate utilisation was very slight (the fermentation rates of 

the hexose phosphates in both the presence and the absence of 

potassium were very low). 

2) Fermentation of hexose phosphates ty frozen-thawed cells 

From the above it appeared that hexose phosphates were not 

fermented by intact cells of B. coli; this suggests that the enzymes 

involved in their furtner metabolism are not available at the surface 

of the cell. However, as mentioned above, there have been reports 

of the metabolism of glucose phosphates by living cells of E. coli. 

Leloir, Trucco, Cardini, Paladini & Caputto (1949)  reported that 

cells of E. coli fermented glucose-l-phosphate faster than they did 

glucose or glucose plus inorganic phosphate, and glucose-6-'phosphate 

at approximately half this rate; while the diphoBphates of fructose 
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and glucose were hardly fermented at all. hoberts, Roberts & Cowls 

(1949) believed that the greater uptake of potassium in the presence 

of glucose-i-phosphate was due to the fact that this phosphorylated 

sugar, since it was not limited by the ATP supply, was metabolised 

faster than glucose. These workers suggested tiiat sugars and 

potassium were trapped inside a permeable plasma membrane by the 

formation of non-diffusible di-potassium salts of hexose-diphosphates 

Using radio-active tracer techniques, Roberts & Woiffe (1951) 

claimed that fruotose-6-phosphate was metabolised at a rate 

commensurate with that of glucose plus inorganic phosphate, and 

that the cells of E coil were permeable to fructoee-1 9 6-diphospbate 

and fructose-6 -phosphate (however, the fallacies involved in the 

application of tracer techniques to permeability studies have 

already been discussed - see 1C (3d)). 

Theme reports were examined in an attempt to find any 

differences in the techniques used by these workers and the methods 

used in the present study. It was mentioned by Leloir at al. (1949) 

in a foot-note that some of the cell, material that they used had 

been stored in a deep-freeze until it was required. This treatment 

was tried with cells of E. coil, strain B, and the monometric 

experiments were repeated. Suspensions were prepared in 0.17 ! 

NaCl and stored at -150C overnight, and after being brought slowly 

to 250C  were added to the flasks. Some of the results obtained 

are shown in Table XII and Fig. VI. After preliminary experiments 

the rate of fermentation was found to be much lower in the frozen-

thawed material than in the freshly-harvested cells (Table XII and 
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Table IX); SO it was necessary to use more material (Ca. 30 mg. 

dry weight/mi.) in each Warburg flask to obtain measurable 

fermentation rates (Straka & Stokes 1959 have also shown that 

metabolic injury occurs in cells of E. coli after freezing). 

The results given in Table XII show that this once-frozen 

material was capable of fermenting hexose phosphates at rates 

comparable with the glucose fermentation rate. Glucose-l-phosphate 

was fermented slightly faster than glucose, although the rate of 

glucose fermentation subsequently accelerated (see Fig. VI): this 

may be due to an initial lack of ATP so that only the derivative 

that is already phosphorylated could be utilised immediately (see 

also 6B and Table L). Glucose-6-phosphate was fermented at a rate 

slightly greater than half that of glucose,  while the rate of 

fructose d.iphosphate utilisation was considerably less (this was 

the same order of preference reported by Leloir et al. 1949).  The 

fermentation rate of this frozen-thawed material varied with each 

particular batch of cells; this is shown by the scatter in the 

rates of fermentation obtained in a series of experiments (Table XII) 

Freezing and thawing of cells of B. coli appears to break their 

osmotic barrier (see below, 4C (3); also 3B (4)), after which they 

are able to utilise hexose phosphates: this indicates that the 

enzymes involved in the further metabolism of these cells are inside 

the plasma membrane (all the enzymes involved in the Embden-Meyerhof 

Pathway have been demonstrated within cells of E. coli - Eladen 1952) 

Presumably a permeability barrier prevents the access of the hexose 

phosphates to the metabolic centres (contrary to the reports of 



128. 

Roberts & Wolff e 1951), although it is possible that the charge on 

these phosphorylated sugars may prevent their approach to the 

membrane (see 33 (B))e It can be concluded that the normal 

fermentative pathway involving glucose phosphates may occur in 

E. coli (as has already been fully demonstrated Elad.en 1952)9 

but the enzymes associated with the further fermentation of glucose-

phosphates are not available at the surface of the intact cells. 

It is possible that the observed fermentation of the sugar phosphates 

could be due to the phosphatase activity of the cells liberating 

glucose which is then subsequently utiliseth however, in this case 

the fact that glucose-i-phosphate was fermented slightly faster than 

glucose (Fig. VI) is inexplicable; further, in Chapter 6 even more 

conclusive evidence is given that phosphatase activity is not solely 

involved since glucose-iG-phosphate is shown to be metabolised under 

conditions where phosphatase activity is Inhibited. 

To parallel the experiments on the freshly-harvested cells, 

the effect of Na.01 on the frozen-thawed suspensions was investigated 

(Table XIII). For reasons given above ( 14C (1)) 9  the concentration 

of 1aC1 chosen was 0.17 M; and glucose, glucose-6-'phosphate and 

fructose diphoaphate were the substrates used. As in the freshly-

harvested cells, there was a. stimulation of glucose fermentation in 

the presence of salt; but in these frozen-thawed cells it was more 

marked, the rate being increased by a factor of three. The NaCl 

had no effect on the fermentation of the two hexose phosphates used. 

Previously (4C (1)) it was suggested that the effect of the salt was 

mainly osmotic, since raising the external osmotic pressure with a 
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non-electrolyte had a similar stimulatory effect on metabolism. 

but there is no osmotic barrier in the frozen-thawed cells (3B (k)), 

and yet the presence of NaCl still promoted the fermentation rate. 

The salt may have a direct effect on the enzLic reactions of the 

organism; or possibly the stimulation is an osmotic effect on a 

few cells which remain intact in the suspension. The percentage 

of remaining unbroken cells in the frozen-thawed suspensions, 

however, must be very small (much lower than 10% as far as could 

be estimated by the plasmolysis method); but since very concentrated 

suspensions were used, the actual number of such cells may have been 

considerable (for further discussion of this, see 613 (b)). Although 

this could explain the metabolism of glucose by frozen-thawed cells, 

it cannot account for the fermentation of the hexose phosphates by 

such cells unless it is postulated that the freezing-thawing process 

changes the orientation of certain enzymes (those concerned in the 

further metabolism of the hexose phosphates) in the remaining intact 

cells: this seems unlikely as evidence is to be presented that 

glucose-6-phosphate is fermented by cell extracts in which no whole 

cells exist (see 6B (b)). 

3) BreakgAe of cells on freezi 

ixie fact that hexose phosphates could be utilised by frozen-

tiiawed cells, yet the enzymes associated with their furttier metabolia 

were not available to the external medium in the intact cells, 

suggested that the freezing process damaged the cell surface. It 
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nas been shown that after freezing the cells were freely permeable 

to glucose and sucrose since they were no longer plasmolysed by 

these solutes, although they were unaltered morphologically as far 

as could be determined by lightmicroscopy (33 (4)). This indicated 

that the plasma membrane was ruptured and no longer functioned as 

an osmotic barrier, but the cell wall was intact and so the cellular 

constituents, consisting mainly of polymers of large molecular size, 

could not escape: Mitchell & Moyle (1956a) estimated that, in 

general, solutes of diameters exceeding 2.5 T could not pass through 

the porous cell walls of bacteria. 

To obtain more direct evidence of the effect of freezing on 

cells of E. coli, the leakage of small molecular weigrit solutes 

before and after freezing was eatinated: it was assumed that if 

the plasma membrane were broken internal solutes small enough to 

pass through the cell wall would appear in the medium. Inorganic 

phosphate and nucleotides were chosen as the substrates to be 

assayed as these are in suitable concentrations within the cell 

and are easy to estimate (for method, see 2C (3)). 

A comparison was made between; (1) cells kept on the bench at 

20 0  for 4 hours (2) cells stored at .-15 0C for the same period; 

(3) cells frozen and thawed twice and stored in the deepfreeze for 

3 days. Table XIV shows that cells suspended in 0.17 U NaCl at 

room temperature for 4 hours lost 24% of the total inorganic 

phosphate originally present in the cells (the total amount was 

taken as the sum of the supernatant and cell values); and 25% of 

the total absorption at 260 ¶ was in the supernatant fraction. 



After freezing, however, the cells lost nearly 904 of their inorganic 

phosphate and 74 of their nucleotide- 	.he aucleotide is exj)resaed 

as UV-extinction in these experiments; the molecular extinction  co-

efficient was not known and thus the extinction could not be related 

to molecular concentration. Ageing of the organism in the deep-

freeze, and freezing and thawing twice, did not cause any further 

increase in the 1083 of internal solutes: the values obtained only 

varied 1% from those found after a single freezing process. Thus 

storage of the cells at -15 00 did in fact cause considerable damage 

to the plasma membrane, letting out a large proportion of the free 

small-molecular weight solutes after a single freezing-thawing 

process. 

Freshly-harvested cells suspended in 0.17 ji iIaCl remain more 

intact (that is, less solute escapes from them) than cells saspended 

in distilled water. Estimations made on cells suspended in water 

showed that up to 40% of the total internal inorganic phosphate 

and nucleotide escaped into the supernatant fraction, while the 

loss from cells suspended in NaCl was only 25%. It has already 

been reported that rapidly-growing cells of E. colt tend to be 

osmotically fragile when placed in water (Mitchell & Moyle 1956*). 

The total values given for the amounts of inorganic phosphate and 

nucleotide in the cells may be under-estimated since freshly-harveste 

cells tended to lose a proportion of their small molecular weight 

solutes which must have been discarded with the washings. Thus 

even in freshly-harvested cells there seems to be some membrane 

damage; this may account for the slight fermentation of glucose 
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phosphates by these cells (Tables IX, X and XI) although this is 

more likely to be clue to the phosphatase activity of the cells (Bee 

Appendix). 

After freezing there is free interchange of small molecular 

weight solutes between the interior of the cell and the medium, so 

there must be a great dilution effect on intermediates, co-factors, 

etc.; very low metabolic rates in the frozen-taawect material are 

thus expected (Table III). Also it is likely that there will be 

a lack of ATP, so it is reasonable to suppose that phospitorylated 

derivatives of glucose might be metabolised faster than glucose 

itself, as was suggested above (40 (2)). 

There are numerous other examples iWhere intermediates of 

metabolism are rapidly utilised by extracts, but are not metabolised 

by intact cells of the same organism (Lara. & Stokes 1952; Stone & 

Wilson 1952 ; Tissires 1952; Saz & Krampitz 1955; Cohen & Monod. 

1957; Davis 195; Clarke & Meadow 1959; earlier work summarised 

by Aji 1951; see also 1D). This was one of the main reasons why 

many workers came to the erroneous conclusion that the 'tricarboxylic 

acid cycle did not exist in bacteria (Karisson & Barker 1948; Al 

1951): for a detailed discussion of this see lD. 	iIowever, it has 

also been shown that non-metabolism of an added substrate by intact 

cells, as opposed to its ready dissimilation by the same organism 

after some form of disintegration, cannot always be explained by the 

presence of permeability barriers in the intact cells frozen cells 

of bakers' yeast which are freely permeable to citrate cannot 
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metabolise this substrate until treated with chloroform (Foulkes 

1954; see also ii))). 

4 D. GQMPEITION BETWEEN GLUCOSE AND MTkLLATED GLUCOSE DERIVATIVES 

1) Fermentation of methylated sugars  

The utilisation of various methylated sugars which have been 

used in the present study is shown in Table IV. Eacherichia coli 

ML 30 does not ferment alpha-methyl glucoside (first reported by 

Loser & Saunders 1932) 9  .-methyl glucose, 3-snietiy1 glucose or alpha-

methyl galactoside. Beta-methyl glucoside, however, is utilised 

at ca. kO% of the rate of glucose: possibly the methyl group is 

hydrolysed only slowly and this limits its rate of metabolism (see 

LID (3)). 

In the subsequent experiments it was necessary to use h.iEk 

concentrations of the methylated sugars in order to demonstrate 

the competition between glucose and the methyl derivatives in the 

metabolic system. ilowever, the addition of high concentrations of 

the non.-metabolised methyl-sugars to cell suspensions indicated 

tb.at in two samples, those of alpha-methyl glucoside (synthesized 

by Dr. liockenhull) and 3.-methyl glucose, there was a slight 

contamination by a rapidly.-metabolised substrate. The contaminant 

may have been glucoasi cells of E. colt metabolise this aigar very 
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rapidly (4 (1)). On the assumption that the impurity was glucose, 

it was calculated that the contamination amounted to 2% in the 

former case and less than 1% in the latter. This is haown in 

Fig. VII where the addition of 40 frtmo.es of alpha.iaethyi glucoside 

to the cell suspension gave a measurable gas change; the same 

increment occurring in addition to the normal 002  evolution when 

40 aolea of the glucosid.e plus 5 ) imoles of glucose were present. 

Since very high concentrations of the methylated glucose 

derivatives were used in the following experiments, these small 

contaminations would cause large gas changes which may obscure any 

possible inhibitory effect of the methyl-sugar on metabolism. To 

simplify this situation in order that the effect of various concen-

trations of the methylated sugars could be compared, the metnylated 

derivatives were placed in the main compartments of the flasks along 

with the cell suspension so that the contaminant could be exAa.tsted 

during the equilibration, of the vessels. When the rate of CO  

evolution dropped to the value of the residual rate, the experiment 

was started (usually, however, at least 30 minutes were allowed for 

the equilibration). This makes the results more clear-cut since 

any differences in gas exchange then found must be due to the 

presence of the methylated sugar itself. Fig. VIII shows the 

effect of 40 jumoles of alpha-methyl glucoside on the fermentation 

of 5 tvno1es of glucose after the exhaustion of the contaminant in 

tLxis manner; the same inhibitory effect of the glucoside on glucose 

fermentation is apparent as in Fig. VII, but the total gas change 

was the same as that found in the presence of glucose alone. The 
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sample of alpha-methyl glucosid.e obtained from B.D.A. benaved 

identically with that synthesized by Dr. kLockenb.uil (2i (6)) as 

far as the inhibition of glucose metabolism was concerned, but 

there was no significant contamination by metabolisable components. 

The pre-incubation of the organism with the methylated sugar allowed 

time for its possible attachment to available acceptor sites and 

thus enhanced any effect it might have on metabolism. 

Although these high concentrations of methylated sugars increase 

tne osmotic pressure of the medium, this had little effect on the 

metabolic rates since the highest concentration used gave a final 

molarity of only 0.13 9  and Table VI shows that maximum rates of 

metabolism can be attained at this concentration of sugar. 	Li1i8 

is borne out in cases where the metrlated derivative in kLih 

concentration has had no effect at all on the fermentation rate of 

glucose (Table XIX). All the experiments were carried out in 

0.17 A salt (66 i"); this has been demonstrated to give ttLe 

optimum metabolic conditions for these calls (Tables X and XI; 

see also, 4C (1)). 

In all the following experiments the bacteria were suspended 

in the methylated sugar before the beginning of tAe equilibration 

period, except in the case of beta-=ethyl glucoside which was 

metabolised fairly rapidly and would thus have partly exaausted 

the bicarbonate buffer during the equilibration of the flasks. 

The results given in Tables XVI - XXIV are corrected for residual 

respiration; amounts of glucose and meth.ylated sugars are expressed 

in 1imoles present in the flasks in a total volume of 3.0 ml. In 
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most of the eceriTnents 5 pmoles of glucose were present in each 

flask, giving a final concentration of 0.0017 M; and 400 9  200 9  100 

and 40 j.unoles of the methylated derivative were added where required, 

giving molarities of 0.133, 0.067 9  0.033 and 0.013 respectively. 

2) Effect of methylated sugars on glucose metabolism 

In their study of the uptake of glucose, Cohen & Monod (1957) 

used alpha-methyl glucoside as a model substrate; Since this 

methylated derivative was not metabolised by E. coli, tae system 

was very much simplified. If the same "pernease' proposed by Monod 

for the uptake of alpha-methyl glucoside were involved in the 

movement of glucose across the plasma metabrane, then it is likely 

that there would be some competition between glucose and this 

methylated sugar for the uptake mechanism, and this would have an 

effect on the overall metabolism of glucose. Also it was of 

interest to determine the specificity of the initial reaction 

involving glucose, so that it could be compared with the known 

specificity of hexokinase (Dixon 1959), which is probably the first 

enzyme involved in glucose metabolism. So the effect of various 

methylated glucose derivatives on glucose metabolism was investigated. 

Strain ML 30 of E. coil was used in these experiments as this was 

the wild-type used in the experiments of Monoci (Monod 1956; Cohen 

& Ilonod 1957; see also, 2L (1)). 

When glucose and the methylated derivatives were added in 

equimolar proportions to suspensions of E. coil, there was 110 effect 
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on the rate of fermentation of 1ucose; but higher concentrations 

of methylated sugars did have an effect on both the rate of its 

metabolism and tae initial, lag in its utilisation. In eaki Table 

the molecular proportion of glucose to methylated suar is given 

as a ratio. 

(a) Alpha-methyl, glucosid.e. 

The effect of alpha-methyl glucosid.e on glucose fermentation 

is shown in Fit. VIII; inhibition was considerable in the presence 

of 200 and 100 1imolea of the glucoside. Trie total gas change when 

the fermentation in the presence of the glitooside went to completion 

was the same as that for glucose alone. The rates of glucose 

fermentation in the presence and absence of 40 imoles of alpha-methyl 

g1ucoicie were practically the same, but in the presence of the 

glucoside there was a longer lag before the fermentation reached 

its maximum rate. The actual rat,-,s obtained from the graph are 

given in Table X.1Ii the fermentation rate was inhibited. 40%, 83% 

and 98 by the presence of 100, 200 and 400 1iinoles of alpha-methyl 

glucostde respectively; while inhibition at the initial reading 

(after 5 mine.) was much greater 50% inhibited in the presence 

of 40 tuRo1es of alpha-methyl glucoside, and 85% and 100% in the 

presence of 100 and 200 jumoles of glucoside respectively. 

khe inhibition of glucose fermentation by alpha-zietb.yl glucoside 

was reversible (this is shown in Fig. IX); on increasing the 

concentration of glucose in the presence of 200 .unoles of the 

glucosid.e the inhibition was released. The extent of the inhibition 

of glucose fermentation by alphamethyl glucoside depended on the 
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ratio between the two sugars; Table XVII snows taat by altering 

the glucose concentration so that the ratio was changed from 1:40 

to 1:8, the inhibition of the fermentation rate was considerably 

decreased, the values being commensurate with those shown for the 

corresponding ratios in Table XVI. This reversibility of the 

fermentation in the presence of high concentrations of alpha-methyl 

glucoside indicates that exhaustion of the bicarbonate buffer by 

the contaminant (4D (1)) could not be playing any important part 

in the inhibition manifested in the previous experiment (from the 

known extent of the contamination it can be calculated that the 

gas change due to the methylated sugar alone could not have any 

significant effect in these experiments). Also the reversibility 

of the Inhibition by the addition of glucose suggests that it is 

unlikely that the contaminant itself acts as the inhibitor rather 

than the glucoaid.e. 

The inhibition of the oxidation of glucose by alpha-methyl 

glucoside is shown in Table XVIII; the inhibition characteristics 

were very much like those found in the fermentation system and 

depended on the molecular ratio of glucose to alpha-methyl 

giucoside: the ratios of 1*8, D20 9  1:40 and 1:80 giving 17% 9  40% 9  

83% and 91% inhibition respectively. Competition between glucose 

and alpha-methyl glucoside could not be clearly demonstrated in 

the oxidative system: a high concentration of alpha-methyl glucoside 

was chosen and increasing amounts of glucose added, but there was 

little release of the inhibition (Table XVIII). 
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6-methyl glucose. 

The presence of 6-methyl glucose, even in high concentrations, 

had no effect on glucose fermentation. This is clearly seen in 

Table XIX, which. Shows that the fermentation rates of glucose in 

the presence of various concentrations of 6-methyl glucose are 

identical with that of glucose alone. Fig. X also shows that the 

curves in each case are identical and that there is no inhibition 

of either the initial or subsequent rates of fermentation. 

3-methyl glucose. 

There was considerable delay before the maximum fermentation 

rate was obtained when glucose was added to cells in the presence 

of 3-methyl glucose. Over 80% inhibition occurred at the first 

reading (after 5 mina.) when 400 .uao1es of the methylated sugar 

was used (Table XX); and the lowest concentration initially gave 

30% inhibition. Subsequent fermentation rates, however, were not 

much affected the rate was inhibited by only 28% when the highest 

concentration of 3-methyl glucose was used. The pattern of the 

curves showing this initial inhibition and the subsequent recovery 

is shown in Fig. XI. 

Alpha-methyl galacto side. 

Alpha-methyl galactoside had only a slight inhibitory effect 

on glucose fermentation (Fig. XII). Initially the inhibition was 

not as great as that which occurred in the presence of 3-methyl 

glucose (see immediately above), only just over 50% inhibition 

being found with the highest concentration of alpha-methyl 

galactoside. The maximum Inhibition of the subsequent fermentation 
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rate was only 28% (Table XXI); no inhibition occurred at all with 

the low concentration (40 fzmoles) of alpha-methyl galactosi d.e used. 

The overall acid production was the same in the presence and absence 

of the methylated sugar. 

As alpha-methyl galactoside was not metabolised and was not 

contaminated by inetabolisable substrates, this potential inhibitor 

was, in another series of experiments, added to the flasks from a 

side-arm together with the glucose. 'A1e results were identical 

with those obtained when the methylated sugar was initially present 

in the centre compartment along with the bacterial suspension, as in 

most of the experiments in this section. 

(e) Beta-methyl glucoside. 

Cells of E. coli ML 30 ferment beta-methyl glucoside (Table XV), 

so it was not possible to add this substrate to the cell suspension 

before the equilibration of the flasks: beta-methyl glucoside and 

glucose were therefore added to the flasks from separate side-arms 

at the beginning of the experiment. The results are shown in 

Fig. XIII and Table XXII. Beta-methyl glucoside was fermented at 

40% of the rate of fermentation of glucose. When glucose and beta-

methyl glucosid.e were added together in equiinolar concentrations, 

tao rate of glucose fermentation was attained first, followed by 

that of the glucoside; this suggested that glucose was utilised. 

first. 'lhe graphs showing the fermentation of glucose and beta-

methyl glucoside alone and together are given in Pig. XILI. 

High concentrations of beta-methyl glucoside gave a greater 



141. 

fermentation rate than Low concentrations (Table XXII) a 5, 10  and 

201imolea save the same rate (Table XXIII), so it was likely that 

a possible uptake system was fully saturated from the outside; the 

higher rate when 200 pmoles of the glucoside were used may be due 

to the large passiv6 flow inwards under these conditions (cells of 

E. coll are very permeable to this methylated sugar - see 3 (E)), 

short-circuiting the uptake mechanism which may have been limiting 

trie metabolism at the lower concentration. In the presence of 

glucose (4 pimoles) and 200 p.moles of the glucoside, the maximum 

fermentation rate was not attained. (Table XXII and fig. XIII). 

Thus beta-metbyl glucosid.e did appear to inhibit glucose 

fermentation, but the actual extent of this inhibition was difficult 

to determine because beta-methyl glucoside was itself metabolised 

at a considerable rate, and the overall fermentation rate cannot 

exceed the maximum obtained in the presence of glucose alone (the 

internal metabolic systems appear to be saturated in the presence 

of potassium; see 4B (1)). 	But, taking the rate of fermentation 

of 200 )2moles of beta-methyl glucoside alone as the correction value, 

it appeared that the glucose fermentation rate was inhibited 70% by 

beta-methyl glucoside when the former and the latter are in the 

molecular ratio of 1950. As with other methylated sugars the 

inhibition was very much greater at the initial readings 100% in 

this case. 

It is possible that, after hydrolysis of the methyl group, the 

subsequent metabolism of beta-methyl glucosid.e follows the same 

path as that of glucose; SO it was of interest to find whether 
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alpha-methyl glucoside, which showed a marked inhibitory effect on 

glucose fermentation, also inhibited beta-methyl glucoside fermenta-

tion. Table XXIII shows the effect of various concentrations of 

alpha-methyl glucoside (added together with the cell suspension) 

on the fermentation of 5 imoles of beta-methyl glucoaid.e. Here, 

alpha-methyl glucoside was much more inhibitory; even at equimolar 

concentrations the rate of fermentation was inhibited practically 

50%, while when the alpha-methyl glucosid.e concentration was twice 

that of the beta-methyl glucoside, the inhibition was 82%. Only 

when the amount of beta-methyl glucoside was four times that of the 

alpha-methyl glucoside was the inhibition insignificant. Fig. XIV 

shows the curves obtained: those in the presence of 400 9  200 9  100 

and 40 .moles are omitted as inhibition was 100% in all these cases. 

Thus beta-methyl glucosid.e fermentation was much more sensitive to 

alpha-methyl glucoside than was glucose fermentation; this suggests 

a difference in the affinity of these substrates for some common 

acceptor (for discussion, see below, 40 (3)). 

The reversibility of this inhibition is clearly shown in 

Fig. XV, where increasing the beta-methyl glucoside concentration 

in the presence of 10 uziolee of alpha-methyl glucoside released the 

inhibition. The actual rates obtained are presented in Table XXIV, 

where it is shown that the degree of inhibition depended on the 

molecular ratio between beta-methyl glucoaid.e and alpha-methyl 

glucoside; a fairly good correlation being obtained between the 

values for various ratios in Tables XXIII and MV. 
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3) Consideration of the effect of methylated sugars on glucose 

metabolism 

From the above section it appears that certain methylated sugars 

have a considerable effect on glucose metabolism. It has already 

been shown (3B (6)) that they permeate the plasma-membrane of E. coli 

rapidly by a passive process; so the inhibition of metabolism could 

be effected either from the outer surface of the membrane or from 

the cell interior. Very high concentrations of methylated sugars 

are needed to obtain an inhibition of glucose metabolism, so the 

step involved must have a very high affinity for glucose (or 

possibly a derivative which is concerned in the inhibited step). 

So the question is at what step does the inhibition occur? And 

is it the same one which is involved with each of the methylated 

sugars? 

Where inhibition is manifested it is most marked at the first 

point (after 5 inins.), after which the inhibition is released to an 

extent depending on which methylated sugar i8 used and on its 

concentration. This suggests that an initial reaction is involved; 

possibly there is competition between the methylated sugar and 

glucose, or a close derivative of glucose, for some common enzyme 

or acceptor. 

The inhibition by alpha-methyl glucoside is reversed by the 

addition of glucose to the system, indicating that an initial 

reaction must be involved, i.e. a reaction involving free glucose. 

As the extent of the inhibition depends on the molecular ratio of 
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glucose and alpha-methyl glucoside, it is unlikely that glucose is 

taken up and discharged into the cell as free glucose by a specific 

uptake system and the alpha-methyl glucoside then inhibits the 

first step of its metabolism inside the cell, unless the amount 

concentrated inside the cell by such an uptake system is proportional 

to the external concentration of glucose, (this is not so in the 

alpha-methyl glucoalde uptake mechanism, see 53 (2)). So the 

competition between alpha-methyl glucoside and glucose for some 

common site probably involves the first reaction in which free 

glucose participates. It has already been shown that glucose 

cannot permeate the cell membrane (in a passive sense), so the 

reaction involved in the inhibition must be available at the cell 

surface. Such a reaction could be an uptake step or an initial 

step in metabolism. However , glucose-6-phosphate,  presumably the 

first metabolic product, cannot be utilised from the medium by these 

cells (40 (1)); so if it is the phoapb.or'ylating enzyme of glucose 

that is concerned, this enzyme must be acting as a tranalocase 

(Mitchell 1957; see 10 (30)). 	Unless there is an initial metabolic 

step, as yet unknown, preceding phosphorylation, it must be concluded 

that the actual transport of glucose is inhibited in these experi-

ments; but whether this is effected by a specific uptake mechanism 

or whether an initial phosphorylating enzyme acts as a tranelocase 

is not clear. In the case of other methylated sugars which gave 

an inhibition, an initial reaction also appears to be the one 

affected since the inhibition was most apparent initially; possibly 

there is a common point of attack by these glucose derivatives. 
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It is unlikely that the inhibition of glucose metabolism by 

alpha-methyl glucoside is effected by the inhibitar itself becoming 

phosphorylated and then being unable to participate any further in 

metabolism; for the membrane appears to be impermeable to phos-

phorylated compounds, and, further, this would be inconsistent with 

the reversal of the inhibition by the addition of glucose (also 

the phoaphorylation of alpha-methyl glucoside is shown not to occur 

- 5B (k)). Probably the inhibitory action of the methylated sugars 

is due to the fact that they occupy the site OP sites needed for 

glucose metabolism or uptake, without being ietabo1ised themselves 

because of the presence of the methyl group- 

Beta-methyl glucosid.e was metabolised only slowly; possibly 

the uptake system limits its metabolism. It is obviously not the 

hydrolysis of the methyl group (the hydrolase appears to be specific 

for the beta position because alpha-methyl glucoside was not 

metabolised) that is the limiting factor since in the presence of 

massive concentrations of this glucoside, when it rapidly equili-

brates across the membrane by a passive process (3 ()), the rate 

of metabolism was increased even though the system appeared 

saturated in the lower concentrations used (41) (e))s this suggests 

that when the uptake mechanism is short-circuited by the passive 

process the hydrolysis can proceed at a faster rate. In connection 

with this it appears probable that hydrolysis of the methyl group is 

not linked with the entry of this sugar into the cell. As uptake 

seems to be limiting metabolism in this case, it may be that beta-

methyl glucoside does not have such a great affinity for its uptake 
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system as does glucose. The metabolism of beta-methyl glucoside 

was inhibited by much lower concentrations of alpha-methyl glucoside 

than were needed to inhibit Rluoose metabolism; this is expected if 

the beta-methyl glucoside has a lower affinity for its postulated 

acceptor than glucose. 

As beta-methyl glucoside metabolism is reversibly inhibited by 

Lpha-methyl glucoside, these sugars must compete directly for some 

acceptor, and it is possible that this is the same initial acceptor 

as involved in glucose metabolism since this is also reversibly 

inhibited by alpha-methyl glucoside. however, it is not clear 

whether it is an uptake mechanism or the first step in metabolism 

which is inhibited, as both these glucosides freely permeate the 

membrane of E. coil. But by analogy with the glucose system, it 

is conceivable that it is the uptake of beta-methyl glucoside (which 

seems to limit its rate of metabolism) that is the inhibited step; 

and as this does not appear to coincide with the hydrolysis of the 

methyl group, it must be a specific uptake mechanism or some other 

initial metabolic reaction. 

Thus it appears that the actual transport of glucose across 

the cell membrane is inhibited by these methylated sugars. This 

uptake system has a very high affinity for glucose, a much lower 

affinity for the alpha- and beta-methyl glucoaides, and even less 

for 3-methyl glucose and alpha-methyl galactoside. There was no 

effect of 6-methyl glucose on glucose fermentation; this suggests 

t!lat the hydroxyl group in position 6 of this sugar ring is 

essential for binding at the initial site of reaction. Substitution 
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at C-i allows the most interference with glucose fermentation, 

suggesting that this group is of little importance in the initial 

reaction and that there is no alpha-beta specificity. Alpha-methyl 

galacto side and 3-methyl glucose are only slightly inhibitory (alpha-

methyl galactoside differs from alpha-methyl glucoside only at 

position LI. of the sugar ring), so carbons 3 and 4 are also of some 

importance in the binding of the substrate to the initial, acceptor. 

The specificity of this poBtulated uptake system resembles that 

of brain hexokinase (Sols & Crane 1954) which has a specific 

requirement for groups 1, 3 9  4 and 6 of the substrate, and yeast 

nexokinase (Gottschalk 1950) which requires groups 3 9  4 9  5 and 6 

of the substrate. These groups are thought to form hydrogen bonds 

with hexokinase to produce an enzyme-substrate complex (Gottschalk 

1950). In E. coli there is known to be a specific glucokinase 

(Card.ini 1951) which may have a slightly different substrate 

specificity from that of brain hexokinase. The absolute requirement 

for carbon 6 of the sugar ring by the uptake mechanism suggests 

that this group must be involved in some reaction - the most obvious 

being pb.osphorylation. It thus appears possible that glucokinase 

may effect the uptake of glucose by acting as a translocase 

(hexokinase has been postulated to be involved in membrane transport 

of glucose in various cases - see review by Rosenberg & Wilbra.ndt 

1952). 

The mechanism considered so far concerns the fermentation 

system only. The characteristics of the inhibition of glucose 
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oxidation by alpha-methyl glucoside are similar to those found in 

the fermentation system; but the inhibition is irreversible, 

suggesting that there is no direct competition, and that the primary 

reaction of glucose is separate from the inhibited step. Possibly 

here the glucoside is acting on a metabolic step rather than on the 

uptake mechanism; or a reaction involving glucose may occur at the 

membrane before the transport mechanism. In either case it seems 

that the uptake mechanism in aerobic conditions may be different 

from that occurring in the fermentation system (this has been shown 

in yeast by Rotiiatein, 1954); or it may be that it is the same, 

but a different sequence of events in the oxidative system prevents 

the inhibition from being reversed.. hiese differences may reflect 

the different pathways of metabolism of glucose in aerobic and 

anaerobic conditions. 

4 E. EXTENSION OF STUDY TO OTHER SIMPLE SUGARS 

From the preceding pages it seems that there is a mechanism, 

which may be a specialized uptake mechanism or an initial step in 

metabolism, for the transport of glucose into the cell; and this 

mechanism is inhibited to varying degrees by methylated derivatives 

of glucose. This system may have an absolute specificity for the 

glucose ring or it might have some affinity for other simple sugars; 

so maltose (consisting of two glucose residues joined by a 194 
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glycoaidic linkage), galactose (differing from glucose at position 4 

of the sugar ring), aannose (differing from glucose at carbon 2) 9  

and fructose (the ketose form) were used as other possible substrates. 

The effect of the methylated glucose derivatives on the utilisation 

of these sugars was investigated 80 that a comparison with the 

glucose system could be made; a complete survey, however, was not 

undertaken. 

Experiments were carried out as described in section 4D of this 

chapter. The results in Tables XXV XXXII are corrected for 

residual metabolism; quantities of substrates are expressed in 

.unoles present in a total volume of 3.0 ml.; and the proportions 

of the sugars are given as molecular ratios. 

1) Metabolism of various sugars 

Strain ML 30, grown in a glucose medium, metabolises mannose 

at the same rate as glucose in both aerobic and anaerobic conditions; 

while substrate quantities of galactose and maltose were neither 

oxidised nor fermented. Fructose was fermented at only 30%9 and 

oxidised at Ca. 75%9 of the rate of glucose. These rates are given 

in Table XXV, and the metabolism of these sugars is shown in Figs. 

XVI, XVII and XVIII. 

It appears that when fructose is metabolised in substrate 

quantities its uptake may limit its rate of metabolism, since in 

both oxidative and fermentative conditions there was a considerable 
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lag (Ca. 40 atns.) before the maximum rate was attained. Fig. XVII 

shows that with high concentrations of fructose this lag was 

considerably decreased (to ca. 10 mina.), and a slightly higher 

maximum rate reached (giving a value of 42 ]. 002/kr./ag. dry weight 

Organism in comparison with the value of 30 given in Table XXV). 

This may be interpreted an the limitation of the metabolic rate by 

a slow uptake mechanism, or it may be a possible selection of the 

pyranose or furanose form of this sugar. When 5 .tmoles of glucose 

and 200 p.lmoles of fructose were added simultaneously to the cells 

(Pig. XVII), the former was rapidly fermented first, followed by 

the fructose (again with an initial slight lag); thus fructose did 

not appear to have any inhibitory effect on glucose fermentation. 

The fermentation of fructose and of mannose was extremely 

sensitive to the presence of alpha-methyl glucoside (Table XXVI); 

only when the substrate concentration was 50 times that of the 

gluooside was the inhibition significantly released. If it is 

assumed that alpha-methyl glucoside blocks only the uptake mechanism 

of glucose, then it is possible that mannose and fructose use the 

same uptake mechanism but have a much lower affinity for it (cf. 

beta-methyl glucoside 4D (3)). 	However *  although this is not 

consistent with the lack of competition between glucose and fructose, 

the affinity of fructose for the initial acceptor may be so low that 

any inhibition of glucose fermentation was not apparent at the 

concentrations used. In connection with this is the fact that 

uptake of fructose appears to be very slow and appears to limit 

its rate of metabolism. &IMnnosS is utilised at the same rate as 
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glucose; so if its affinity for the initial acceptor is so much 

lower than that of glucose, it must be the overall metabolic rate 

(which seems to be saturated under these conditions, see 4B (1)) 

that determines its rate of uptake, since glucose does not appear 

inside the cell during metabolism (5C (2)). In manrosa fermentation 

like that of glucose, 6-methyl glucose had no inhibitory effect at 

all (Table XXVII). 

Althouh these results are consistent witri the thesis that 

fructose and mannose do have some alight affinity for the  glucose 

uptake system, the evidence is by no means direct. It is possible 

that the inhibitory effect of the methylated sugars may be on a 

metabolic reaction which in the case of glucose acts also as a 

tranalocating mechanism. Alternatively it could be that alpha' 

methyl glucosid.e has an effect on some other metabolic step in 

addition to its postulated effect on the initial reaction involving 

glucose, although this is unlikely since under certain conditions 

it has little inhibitory effect on metabolism (see below, 4E (3a)). 

If kinases are acting as translocases (as suggested in the case of 

glucose see kD (3)), it is likely that these sugars, which are 

also initially phosphorylated, may have some affinity for the 

glucose translocase. Jlowever, mannose (which is pbospkiorylated in 

the 6-position) and fructose (which is phosphorylated in the 

1-position) have separate kinases (Car&ini 1951) which may or may 

not act as tranalocasea; and it is likely that methylated glucose 

derivatives would also have some affinity for these. 
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2) Maltose and galactose as possible inhibitors of glucose metabolism 

As substrate quantities of galactose and maltose were not 

metabolised by this strain of B. coli (Table XXV), it seemed possible 

to use them as potential inhibitors of glucose metabolism to 

ascertain whether they could compete for the suggested initial 

glucose acceptor. Bat the addition of large quantities of both 

these sugars to the cells gave a considerable gas change. 

The difference in Oas evolution obtained on the addition of 

5 imoles and 200 ,urnoles of maltose to cells under fermentation 

conditions is shown in Fig. XVIII. 	The higier maltose concentration 

gave a rate of CO 2  liberation comparable with the glucose ferments-' 

tion rate, but it stopped abruptly after 20 minutes and the residual 

rate was re-established. This suggested that the maltose sample 

was contaminated by a metabolisable component, and if this was 

glucose it amounted to as much as 3%. The very slight difference 

in CO2 evolution between the curves for the residual fermentation 

and the fermentation of 5 roles of maltose (Fig. XVIII) could also 

be accounted for by a 3% contamination by glucose. As the maltose 

was of researca reagent grade, such a large contamination by glucose 

seemed unlikely; but in view of the characteristics of the 

fermentation of this disaccharide, it was obvious that maltose 

itself was not being utilised since the total acid production was 

insufficient, and furttier the 002 production was too rapid to suggest 

a slow utilisation of the maltose. To check this, a chromatogram 

of the maltose sample was run in ethyl acetate:pyridine*water, and 

developed in aniline oxalate (Block, Durrum & Zweig 1955) 1  the 
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suspected contamination by glucose was confirmed, and was found to 

correspond to approximately 3% of the maltose sample. 

To allow maltose to be used as & possible inhibitor of glucose 

metabolism under controlled conditions, it was placed in the centre 

compartment of the flasks along with the cell suspension 80 that the 

contaminant could be exhausted during the equilibration period 

(exactly in the manner used in the experiments involving high 

concentrations of methylated sugars - ki) (1)). 	vVAeu t4e resicbial 

metabolic rate was re-established, the effect of tue remaining 

maltose on the metabolism of glucose subsequently added to the cells 

could then be determined directly. It was possible, however, that 

the cells might adapt to maltose utilisation during the equilibration 

process; but in periods up to 2 hours, no adaptation to maltose was 

found under these conditions (in the absence of a nitrogen source). 

Galactose similarly gave a large gas exchange when added in 

high concentrations to the cells as described for maltose; and it 

was also concluded that the substrate was contaminated rather than 

that the galactose itself was being utilised.. Because of purifica-

tion difficulties, samples of this sugar do generally contain a 

large amount of glucose. The glucose contaminant was estimated to 

be greater than 5%: this was considered too large to allow galactose 

to be used in high concentrations as a potential inhibitor in these 

experiments because of the excessive exhaustion of the bicarbonate 

buffer by the contaminant under fermentation conditions, and because 

of the long period involved in re-establishing the residual oxygen 

uptake due to assimilation under oxidative conditions. 
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Maltose. 

Fig. XVIII shows that maltose, in equimolar concentration, had 

no effect on the fermentation of glucose when these sugars were 

added to the flasks simultaneously. High concentrations of maltose 

(used as described immediately above) also had no inhibitory effect 

on the fermentation or oxidation of glucose (Table XXV111). As 

there was no competition between glucose and maltose, it appears 

tiat maltose is not accepted by the glucose uptake system: possibly 

the size of the molecule prevents it from attaching to the initial 

glucose acceptor, or if it does react with this acceptor it has 

very little affinity for it. 

Galactose. 

Because of the gross contamination of the galactose, it was 

not possible to use this substrate in large quantities in 

competition with glucose (of. immediately above). The rate of 

fermentation of the contaminated galactose was not commensurate 

with that of glucose alone, suggesting that galactose did in fact 

interfere with the fermentation of glucose. Furthermore in 

preliminary oxidation experiments, the addition of glucose after 

the equilibration period in the presence of galactose did not give 

any great increase in the rate of oxygen uptake (the o2 
 for glucose 

was not attained). However, the extent of this inhibition could 

not be estimated since the experimental conditions were not fully 

controlled. 
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3) Metabolism by maltose and gaiactu se-adapted cells 

E. coil ML 30 was adapted to maltose and galactose metabolism 

by growth in the presence of these sugars. The media used were as 

given in Chapter 2 (23 (1)), but maltose or galactose was substituted 

for glucose in the same concentration. The characteristics of 

growth were the same as found for glucose-grown. cells (23 (2)), and 

tae organism was harvested at the same point and treated as already 

described. After adaptation to either of these sugars, the ability 

to metabolise glucose was not lost. 

(a) Maltose-adapted cells. 

The metabolism of maltose and glucose is shown in Pig. XIX 

(in oxidative conditions) and in Fig. XX (fermentation conditions); 

the rates obtained are given in Table XXIX. Maltose is both 

oxidised and fermented at the same rate as glucose; but while In 

anaerobic conditions each umole of maltose liberated twice as much. 

CO2  as did glucose, in the aerobic system the amount of 02 taken 

up in the presence of one 1imole of maltose only slightly exceeded 

that taken up in the presence of one imoie of glucose. This 

indicates that both residues of the maltose molecule are utilised 

in anaerobic conditions, but little more than half the molecule is 

oxidised aerobically (possibly the other half is assimilated directly 

by a system such as amylomaltase (Doudoroff 1949)9 which produces 

one glucose residue from each maltose molecule, the rest being 

directly incorporated into a polysacoharide). 

The simultaneous addition of glucose and maltose to the cells 
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gave te same metabolic raze as found for tiLe ividual 

(ki. XIX and XX). In the unadapted cells it appeared that 

maltose did not interfere with tie glucose uptake meobani8m, so it 

must be concluded that it has a separate entry mechanism; hence 

tue actual entry of the sugars into the cell cannot be limiting 

their rate of metabolism* However, the metabolic rates of tnese 

sugars were not additive, and so it appears that tla metabolic 

system was fully saturated, and the overall rate could not be 

exceeded under these conditions (of. 4B (1)). 

The total gas exchange found on the simultaneous addition of 

glucose and maltose was the sum of the values found with those 

sugars individually. When glucose or maltose was in excess of 

the other sugar, there was no significant effect on the oxidative 

or fermentative rates (Table XXIX). 

The effect of various methylated sugars on maltose metabolism 

is shown in Table XXX; the methylated derivatives were present at 

80 times the concentration of the substrate. The inhibition 

characteristics were different from those found in the glucose 

system ('ID (2)). 	Under anaerobic conditions, alpha-methyl 

glucoside was inhibitory, although not to such a great extent as 

in the glucose system; 3-methyl glucose had a comparable effect 

to that found with glucose; while, in contrast with its effect in 

the glucose system, -methyl glucose was slightly inhibitory. The 

oxidative system of maltose differed in inhibition characteristics 

from the fermentative system: alpha-methyl glucoside gave very 

little inhibition; 3-methyl glucose at this concentration gave 50% 
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inhibition; and alpha-zaetny.L galactose and E-etnyi glucose were 

both only slightly inhibitory. This suggests that tasre may be 

different uptake mechanisms for maltose operating under aerobic 

and anaerobic conditions, as was suggested in the case of glucose 

(kD (3)). 	It is expected that these glucose derivatives would 

have some effect on the initial reaction of maltose since this 

disaccharide consists of glucose residues; but the observation of 

differences in the effect of these inhibitors in the maltose and 

glucose systems again indicates that maltose does not use the same 

initial acceptor as is used by ].ucose. 

The lack of inhibition of maltose oxidation by alpha-methyl 

glucosid.e is evidence that the glucosicle does not inhibit an 

essential step in intermediary metabolism. Taus in previous 

experiments (4D (2a) and 4E (1)) it is likely that it was acting 

on the uptake system only, or on an initial reaction, such as the 

liexokinase reaction, which may not be involved in maltose oxidation. 

(b) Galactose-adapted cells. 

The fermentation of galactose and glucose is shown in Fig. XXI 

and Table XXXI. These cells ferment glucose at 1.5 times the rate 

found with glucose-grown cells (Table XXV), and galactose at a 

lesser rate (that originally found for glucose - Table XXV). The 

total gas exchange in the presence of either glucose or galactose 

was the same - 2.5 imo1es O0 2/jmOle substrate. When glucose and 

galactose were added to the cells simultaneously, the glucose 

fermentation rate was attained first, followed by that of galactose; 

this suggested that glucose enters the fermentation system more 
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easily. When galactose was added to the cells after 4 ~Lzolea of 

glucose had been completely fermented, its normal rate of fermenta-

tion and total gas evolution was observed (Fig. IM), indicating  

that the adaptation was stable and that no ra p id do-adaptation 

occurred under these conditions. 

£kie effect of methylated sugars on galactose frm.ntatiou by 

galactose-adapted cells is shown in Table mIX. A1a-methyl 

Lucoside was rather more inhibitory here than in the blucose 

fermentation system of glucose-grown cells; but the inhibition 

characteristics were similar. Unfortunately, the methylated 

galactose derivatives were metabolised by these coils, alpha-methyl 

galactosid.e at ca. 20% of the rate of galactose, and 6-methyl 

galactose at the some rate as galactose. On the addition of equi-

molar concentrations of galactose and alpha-methyl galactoside to 

the calls, galactose was used preferentially (Table XX XII), but 

the theoretical amount of CO 2  from the two suara was evolved. 

When 200 imo1es of alpha-methyl galactoside were present alone, 

its rate of metabolism was twice that found at lower concentrations; 

possibly the galactoside was hydrolysed only slowly, or a passive 

inflow of the galactoside at this concentration may short-circuit 

the uptake mechanism (of. beta-methyl glucoside - 4D (2e)). When 

galactose was added simultaneously with 200 imo1oa of the galactoside 

(Table XXXII) the maximum fermentation rate was not attained, 

suggesting that the galactoside considerably inhibited the 

fermentation of galactose. 

Thus galactose, which does seem to have some affinity for the 
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initial glucose acceptor, also has superficially similar inAibitiOn 

oaaracteristics as found in the glucose system- 	2ie preferential 

use of glucose bygalactose-adapted cells may mean that glucose has 

a greater affinity for the postulated acceptor; and if the game 

acceptor here used by both glucose and galactose, the lower fermenta-

tion rate of galactose would be explained by its lesser affinity for 

the acceptor the rate of uptake possibly being the limiting factor 

under these conditions., dowever o  if kinasea were acting as trans-

locases, then it is unlikely that galactose, which is initially 

phospliorylated at carbon - 1 would react with the initial glucose 

acceptor. But if it does use the glucose acceptor, and yet the 

adaptation involves the synthesis of galactokinase (although this 

is not necessarily so - Kurahashi 1957), then it must be assumed 

that the entry mechanism is separate from the kinase, and in the 

unadapted cells galactose uptake cannot occur (3B (1)) because 

metabolism is prevented. Probably there are two separate uptake 

mechanisms for glucose and galactose, both of which are inhibited 

by the methylated sugars, and galactose has affinity for each of 

them. 

It would have been interesting to find the extent of the 

inhibition of galactose fermentation by alpha-methyl galactoside 

and 6-methyl galactose; for if kinasea were acting as translocases 

for these sugars (as was suggested for glucose 41) (3)), then, by 

analogy with the glucose system, it would be expected that the 

latter would be inhibitory while the former would have no effect 

on galactose metabolism at all. Since galactose is initially 
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phosphorylated in the 1-position, the initial acceptor woull thve 

absolute specificity for this group and hence substitution at this 

position might prevent the attachment of the derivative to the 

acceptor site so that inhibition of fermentation 'would not occur. 

However, the one result obtained indicated that this was not the 

case. 

The adaptation to galactose obviously causes other simultaneous 

adaptations; for alpha-methyl galactoside and 6-methyl galactose, 

which were not fermented by glucose-grown cells, were fermented 

after growth on galactose. Galactose is known to induce beta-

galactosid.aae in E. coli (Monod, Cohen-Mzire & Cohn 1951) but here 

it also appears to induce an alpha-ga].actosidase. Pardee (1957) 

showed that both melibiose, an alpha-galactoside, and alpha-methyl 

galactoside induce beta-'galactosidase in strain ML 30; and Porter, 

1{o].znes & Crocker (1953) found that lactose is an inducer of alpha-

galactosid.ase* Lester & Bonner (1957) discuss inducer specificity 

in E. coli. Thus it is likely that more than one system is 

involved in this adaptation, and the situation is not fully 

understood (ef. 1D). 



CIAPPR 5: ACCUMULATION OF SUGARS 

5 A. ACCUMULATION METHODS 

The accumulation of sugars by Eseaericaia coli was tested by 

the quantitative estimation of total carbohydrate (see 20 (1)) 

disappearing from the medium surrounding the cells, and its 

appearance within the cells. 

The medium used to investigate the extent of sugar accumulation 

had the same composition as that used in aerobic manometry (see kA). 

The reaction mixtures were made up in Warburg flasks, omitting the 

LOW-paper, in a total volume of 3.0 ml., and the gas phase was air. 

Most of the experiments were buffered with sodium phosphate 

(Na2HPO4/Nail2PO4) at pH 7.0 9  but some were unbuffered to parallel 

the accumulation experiments of Rickenberg, Cohen, 3uttin & Monod 

(1956): the results obtained were essentially the some in both the 

presence and the absence of buffer. The anaerobic experiments 

were carried out similarly, using a bicarbonate buffer (0.01 

NakiCO3 ) and an atmosphere of 5% 002 and 95% N; the contents of 

the side-bulbs also being buffered as in the manometric experiments. 

Usually Ca. 20 mg. dry weight of bacteria, and 2.5 ?lmolea of 

substrate were present in each flask. 

The flasks were equilibrated in a Warburg bath at 25 CC, and 

the substrates and inhibitors were tipped in from aide-bulbs at 

known times. Unless otherwise indicated, 2 minutes was allowed 
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for accumulation to occur, and the reaction was stopped by one of 

the following methods: 

The entire contents of tue flask were removed rapidly to 

a centrifuge tube by the use of a bulb-pipette, and centrifuged at 

3500 g for 8 minutes at 250C using a awing-out j2eade Only the 

top half of the supernatant was collected and assayed since this 

had been in contact with the cells for the minimum length of time: 

the lower fraction of the supernatant was discarded. The sides of 

the tube were then wiped dry, and the pad was extracted directly to 

obtain any accumulated substrate. Thus the interspace medium was 

included in the estimation, but allowance was made for tais in the 

calculation of the results; this dispensed with the necessity of 

washing the cells and the resulting possible loss of any accumulated 

sugar. Two procedures of eell extraction were used; one followed 

the method of Rickenberg et al. (1956)9 the pad being resuspended 

to a known volume with water and heated on a boiling water-bath for 

10 uLinuteB, cooled and centrifuged as above. In the second method, 

the pad was resuspended in 2% percriloric acid, mixed well, and after 

standing for 15 minutes the precipitate was collected. The super-

natants in both cases were assayed for total carbohydrate. 

Perchioric acid was tipped into the flask, or the contents 

of the flask were rapidly pipetted into a tube containing perctloric 

acid, so that the fins], concentration was 2%. After being mixed 

well and allowed to stand for 15 minutes, the supernatant was 

collected as above. This method was used for experiments with 

glucose, and gives a measure of the amount of sugar remaining in the 
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medium plus the amount accumulated inside the cellej the portion 

having disappeared was thus metabolised or converted to a compound 

which does not react with anthrone (for furtaer discussion of this, 

see below 5C (2)). 

So that the cells could be removed from the medium more rapidly, 

a membrane filter was used in some of the experiments. The housing 

of the membrane filter was made in collaboration with Dr. P. Mitchell 

the filter was held between two perapex discs, the lower one of which 

was grooved with concentric rings of 20.50 ,u depth on its inner 

surface, clamped together by four screws at the edges. The 

suspension, after the accumulation period, was rapidly pipetted 

from the flask into a cup attached to the surface of the upper disc, 

and was forced by compressed air through a small hole (1 mm. in 

diameter) at its base in the centre of the upper disc. The 

BuspeIlSiOfl spread evenly over the surface of the filter, and the 

medium passed rapidly through. The supernatant was collected 

through a similar aperture in the lower disc; and as it flowed from 

the Jet at a rate of 1 ml./30 sec., a sample large enough for 

analysis could be collected in less than half a minute after the 

end of the accumulation period. This method, used as an alternative 

to the centrifugation method, allowed a more accurate determination 

of the amount of substrate disappearing from the medium at any 

specific moment. 

For each experiment a blank estimation was made in the presence 

of the organism but omitting the substrate; also a standard sugar 

solution, containing all the reagents except the cells, was made up 

for every estimation. 
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5 B. ACCUMULATION OF ALPHA-METHYL GLUCOSID 

As alpha-methyl glucoside Was not metabolised by Esekierichia 

coil ML 30 (Table XV) and yet it had some affinity for the glucose 

uptake mechanism (4]) (3)),  it seemed possible to use it as a 

substrate In an attempt to separate the uptake mechanism from 

metabolic reactions so that the former could be studied directly. 

Alpha-methyl glucoside Was chosen in preference to the other 

methylated derivatives used in this study since it appeared to have 

a greater affinity for the initial glucose acceptor (41) (3)); 

moreover Cohen & Monod (1957) demonstrated its accumulation in 

cells of strain ML 30 of this organism. 

1) Estimation of alpha-methyl glucoside accumulation 

The accumulation of alpha-methyl gliacoside by cells of E. coil 

AL 30 reported by Cohen & Monod (1957) was confirmed (Tables YXXIII 

and. XXXIV); but the extent of the accumulation was found to be 

different from that reported by these authors - values were mainly 

between 25 and 30 imoles/g. dry weight in comparison with their 

figure of 100 imoles/g. dry weight. The values found for the 

accumulation showed some variation between different cultures, 

ranging from 22 to 33 ajnoles/g. dry weight. 

In the initial experiments (Tables XXXIII and XXXIV) both 

supernatant and cell fractions, obtained by rapid centrifugation 

after the accumulation period, were analysed for the presence of 
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1ucoside, giving two values for the level of accumulation: (1) from 

the disappearance of glucoside from the aupernata.nt, and (2) from the 

appearance of glucoside within the cells. The former criterion 

appears to be the more satisfactory; since no metabolism OCOUDB 

under these conditions the glucoside disappearing from the medium 

must be accumulated. However, to establish that accumulation of 

the substrate did occur, its presence had to be demonstrated in the 

cells. In the estimations from both these fractions the assumption 

was made that no adsorption of the glucoside on to the cell surface 

occurred: this appears to be justified in view of the lack of 

accumulation under certain conditions (see Tables XXXIV, XXXVIII, 

XXXIX and XL) where any adsorption, if it did occur, would also have 

been manifested. There are two other sources of error in these 

experiments. One arises from the fact that the cells, obtained 

after the rapid removal of the supernatant by centrifugation, were 

extracted immediately without further washing to prevent any possible 

loss of accumulated material; thus the interspace medium which 

contained some substrate was also included in the accumulation value. 

And secondly, the actual volume occupied by the cells is disregarded 

in the calculations. 

Assuming that the volume of a single cell of E. coli is 

1.1 x 10 2  ml. and that its dry weight is 0.36 x 10 2  S. (values 

given by Mitchell 1959b), the errors involved, in these estimations 

could be calculated; 

(i) Error in the values based on supernatant assays because 

the volume occupied by the cells was disregarded. In each 
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experiment Ca. 20 mg. dry weight of organism was used in a total 

volume of 3.0 in]..; thus 0.061 mi. of the total volume was occupied 

by cells, and the actual volume occupied by the glucoside was, in 

fact, only 2.939 in].. So each of the supernatant values was under-' 

eStimated. by . However, this is within the limits of accuracy 

of the method (Bee immediately below), and any correction allowing 

for cell volume would make no significant difference to the values 

obtained. Since alpha-methyl glucosid.e equilibrates rapidly across 

the membrane of this organism (3B ()), it can be assumed that the 

effective volume of the supernatant was 3.0 in].., and that any values 

obtained from analysis of the supernatant fraction refer to an 

actual accumulation above the equilibration level. 

(ii) Error in the values obtained from the analysis of the 

cell fraction because of the interspace volume occupied by the 

medium. The interspace volume of the pad of E. coli was estimated 

to be 2 (Mitchell & Moyle 1956a), and the volume occupied by the 

cells was 0.061 ml., so the total volume of the pad must have been 

0.077 ml. (the volume estimated by eye in a graduated centrifuge 

tube was < 0.1 ml.). Hence the volume of the interspace medium 

was 0.028 al. If no accumulation of alpha-methyl glucosid.e 

occurred, 0.0238 imoles of glucosid.e would remain in the pad, and 

this would give an apparent accumulation of 1.2 unolea/g. dry weight. 

However, accumulation depletes the concentration of the external 

medium (an acou.mulation of 25 imo1es/g. dry weight would deplete 

the external medium by 20%), so the error due to the interspace 

volume was in fact lower than this. The method used was not 
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sensitive enough to :etect such small apparent accumulation values; 

unless a value of> 5 jintoles/g* dry weight was obtained it was not 

considered. significant. Most of the values were only considered 

accurate to +2pinoles/g. dry weight (based on the accuracy of the 

carbohydrate estimation see 2C (1)); so the error due to the 

presence of the interspace medium was disregarded. 

Thus it seemed justifiable to ignore considerations (i) and 

(ii) above in the calculation of the accumulation values. 

If only passive equilibration had been concerned in these 

experiments, no loss at all would have appeared from the supernatant 

assays since the total volume of the cells plus medium was used as 

the basis of the calculation. Allowing for the 	error, 2.45 i.uao1ei 

would have been present in the supernatant fraction giving an 

accumulation of 2.5 inioles/g. dry weight. The amount of glucosid.e 

estimating in the cell fraction if passive equilibration occurred 

would have been 0.064 jimoles, giving an apparent accumulation of 

3.2 j.imoles/g. dry weight; but allowing for the interspace volume 

a value of 2.5 imoles/g. dry weight would be obtained. 

Thus it is clear from Tables TTflII and XXXIV that a real and 

measurable accumulation of alpha-methyl glucoside occurred in 

addition to its passive equilibration reported in Chapter 3 (33 (6)), 

giving an average value of 25 1mo1es/. dry weight this was 

reproducible in a series of experiments. A fairly @Dod correlation 

between the disappearance of the glucoside from the medium and its 

actual recovery from the cells was obtained. For reasons given 
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above, the supernatant assay was considered to be the more accurate 

of the two methods of accumulation measurement; and as this method 

involved fewer manipulations it was simpler in subsequent experiments 

to analyse only the supernatant fractions and assume that the alpha-

methyl glucosicie disappearing from the medium does appear inside the 

cells - as is demonstrated in Tables XXXIII and XXXIV. Table XXXIII 

shows that both the methods of cell extraction used, heating at 100°C 

for 10 mine, and extraction in 	perchloric acid, were effective in 

releasing the internal Slucoside s  and save similar results. 

2) Conditions and extent of accumulation 

The necessity for the presence of potassium in the medium is 

shown in Table XXXIV. All experiments were carried out in 0.17 ! 

salt, and usually 66% of this was substituted by ZC1s when it 

consisted entirely of MaCi, only 5-7 pmoles of alpha-methyl 

glucoside was accumulated per S. dry weight of organism. 

The limited extent of the accumulation of alpha-methyl 

glucoside is demonstrated in Table XXXV. It is apparent that 

accumulation was initially very rapid (it appeared to be complete 

in 1 mini) after which there was no increase in the level over a 

period of 20 minutes. These values were obtained by assay of the 

supernatant fractions after centrifugation at room temperature; 

thus after the accumulation period was stopped there was a 

considerable loss of time before the cells were removed from the 

medium (even thouh only the top half of the supernatant was used 
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so that this error was reduced to a minimum). A more accurate 

time-course of alpha-methyl glucoside accumulation was obtained 

with the use of a membrane filter which allowed the cells to be 

removed from the medium as rapidly as possible (see 5A). Sufficient 

medium for analysis was obtained in lees than 30 sec. after the end 

of the accumulation period. The time-course of alpha-methyl 

glucoside accumulation obtained in this manner is shown in Pig. Xliii 

the accumulation was practically complete in 2 minutes, after which 

the rate fell off. Pae maximum value was found by a simultaneous 

estimation using the centrifugation method. 

The accumulation of alpha-methyl glucoside was independent of 

its external concentration (Table XXXVI); from a range of glucoside 

concentrations from 1.67 mg to 0.21 a, the same total quantity of 

glucoside disappeared from the medium in the presence of a constant 

number of cells. On the doubling of the cell concentration, twice 

the amount of glucoaid.e disappeared from the medium (Table XXXVII), 

giving the same level of glucoside per g. cell dry weight in each 

case. 

It is clear that alpha-methyl glucoside is accumulated in the 

cells of S. coli against a concentration gradients the concentration 

of alpha-methyl glucoside initially present in the medium was 0.85 all 

and after an accumulation of 25 1mo1es/. dry weight the concentratioi 

of glucoside in a single cell reached 8.2 a! - representing a ten-

fold increase over the original external concentration. In 

Chapter 3 (3B (7)) it was shown that cells of S. coli are permeable 

to alpha-methyl glucoside, but this was a passive non-specific 
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equilibration and the internal concentration did not exceed that 

of the external medium. The accumulation of alpha-methyl glucoside 

is different from its passive equilibration, for it represents only 

a limited rise in the internal, concentration of the cells (far too 

small to be detectable in the plasmolysis experiments 3A (I)); 

its extent does not depend on the external concentration of the 

glucoside but the amount of glucosid.e disappearing from the medium 

is proportional to the concentration of cells present. 

3) Relationship with metabolism 

The effect of various metabolic inhibitors on the accumulation 

of alpha-methyl glucoside by E. coli is shown in Table XXXVIII 

Phenyl mercuric acetate (M x lO), mercuric chloride (!x lo) 

and sodium iod.oaeetate (M x lO) prevent any significant acewaula- 

tion of the glucoside: these inhibitors also prevent the metabolism 

of glucose in L coil ML 30 under the same conditions as used in the 

accumulation experiments (Table XLII); while 2 9 4-dinitrophen.ol 

(M x 10), phenyl mercuric acetate Q1 x 10) and mercuric chloride 

(ht x lO), which do not inhibit accumulation (Table XXXVIII), also 

do not interfere with metabolism (Table XLII). Cohen & Monad (1957) 

similarly reported that 2 9 4-DRP did not atop the accumulation of 

alpha-methyl glucoside that they found in this organism. Sodium 

fluoride (!x 2 x 10112),  when preincubated with tae cells, prevented 

both the metabolism of glucose and the accumulation of alpha-methyl 

glucosidoz in the rest of the experiments the inhibitors were added 
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simultaneously with the sugar. Anaerobioaia (in bicarbonate buffer 

and an atmosphere of 5% CO 2  and 95% N) also appeared to prevent the 

accumulation of alpha-methyl glucosicie (able LXXflII). 

As alpha-methyl glucoside was not accumulated under conditions 

in which metabolism was inhibited, it was of interest to find whether 

tae accumulation depended on the presence of the internal substrates 

of the cells (Cohen & Monod (1957) linked the accumulation of methyl-

tbiogalactosides in E. coli (see 1D) to residual metabolism). 	So 

accumulation experiments were carried out before and after a 6 hr. 

equilibration period in the Warburg tank at 25 0C. During this time 

the residual metabolism dropped to practically zero, and the 

accumulation found when alpha-methyl glucosicle was subsequently 

added to the cells was insignificant (Table )UXIX). When 0.5 pamolea 

of glucose were added to the exhausted cells 20 minutes before the 

addition of the &uooside, the accumulation value was not increased; 

possibly this amount of glucose was not sufficient to build up the 

necessary internal reserves required for an accumulation of the 

glucoside to occur. In connection with this there is the fact 

that in anaerobic conditions, when there was little residual 

metabolism (4 (1)), no accumalat ion of alpha-methyl glucoside was 

found (Table XXXVIII). 

Thus the accumulation of alpha-methyl glucoside is dependent 

on metabolism and it requires the presence of potassium (which is 

also known to have a stimulatory effect on glucose metabolism; 

possibly this is due to an acceleration of the uptake meC9n(sa - 

see kB (1)). The rate of accumulation, assuming that 25 1imoles/g. 
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dry weight are accumulated in 2 minutes at a linear rate (this is 

roughly so see Pig. 	I), was 750 1waoles/g. dry wt./hr.: this 

is probably an under-estimation as the rate of accumulation was 

obviously falling off after 2 mine. The rate of oxidation of 

glucose by B. coli ML 30 was approximately 50 pal 0 2/hr.1ntg. dry 

weight (kB (1)) and this corresponds to a rate of utilisation of 

glucose of 890  piinoles/g. dry wt./hr. These values, although only 

approximations, are of the same order; and if the alpha-methyl 

glucoside accumulating mechanism did represent the uptake system 

of some metabolisable substrate, then it is unlikely that the uptake 

would limit the rate of metabolism of the substrate under the 

conditions used. 

'-) Phosphate levels on alpha-iaethyl glucoside accumulation 

It is questionable whether the accumulation of alpha-methyl 

glucoside represents a specific uptake system; and if it does 

whether glucose could also be a substrate. As the level of alpha -

methyl glucosid.e remained constant over a period of time, either it 

is forming a non-diffusible labile compound in the cell (limited by 

the quantity of "acceptor" or "exchanger"), or an active pumping 

mecb.anism is maintaining the inflow of gtucoside into the cell at 

a rate equal to that of its passive leakage. 

It has been suggested that ftexokinase is involved in the uptake 

mechanism of glucose (Rosenberg & Wilbrandt 1952 - review), and as 

alpha-methyl gluoosid.e interferes with glucose metabolism at some 
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early stage (4D (3)), it was possible that the glucoside might be 

phosphorylated inside the cell and then was unable to pass back 

into the medium, the accumulation level being limited by the amount 

of phosphate donor (a phosphorylated derivative of alpha-methyl 

glucoside would also react with the anthrone reagent). If this 

were so, then there would be a considerable change in the levels of 

the phosphate fractions of the cells when alpha-methyl glucoside 

was accumulated in the absence of a metabolisable substrate: the 

labile organic phosphates (e.g. ATP) would decrease in quantity 

while the stable organic phosphates would increase. However, 

Table XL shows that this did not occur. 

The reaction mixtures were made up as already described for 

the accumulation experiments; the reaction was stopped by the 

addition of 5% (final concentration) trichioroacetate after 2 minutes 

accumulation time, and the acid-soluble and -insoluble fractions 

were analysed for phosphates as given in Chapter 2 (2C (2)). No 

difference was found in the distribution of the phosphates in either 

the soluble-phosphate (low molecular weight organic phosphates, 

nucleotides and inorganic phosphate) or the RNA fractions. 

This indicates that alpha-methyl glucoside cvrnot be 

accumulated in the form of phosphate: however, this does not 

exclude a transitory formation of phosphate being involved in the 

uptake jnechl4xLlam and keeping pace with the generation of phosphate 

donor by tne residual metabolism. It suggests that alpha-methyl 

glucoside, unless in the form of some unknown labile compound, is 

free within the cell; if It were polymerized the total amount of 
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alpha-methyl 1ucosid.e inside the cells muld not be fully estimated 

by the antb.rone method (and it could not exist as free glucose). 

Hence it is likely that the active system involved in its uptake 

is much faster than its passive diffusion rate; and the apparent 

rate of the accumulation of alpha-methyl glucoside is only the rate 

at which a steady state is reached.. 

5) Accumulation of other methylated sugar 

Other methylated sugars which were not metabolised by E. coil 

ML 30 (Table XV) were added to cells in experiments similar to those 

described above. Supernatant fractions were analysed, and it was 

found that, other than alpha-methyl glucoside, the only methylated 

sugar which was accumulated at all was 3methyl glucose, but the 

value for this was very low (Table XLI). In Chapter 4 (41) (2)) it 

was shown that, of these inetbylated sugars, alpha-methyl glucoside 

was the most inhibitory in glucose metabolism, 3-'methyl glucose was 

less effective, and 6-methyl glucose and alpha-methyl galactoside 

gave little inhibition. Thus the methylated sugars which appear 

to compete for the initial reaction of glucose are also accumulated 

by these celia. The active accumulation of these methylated sugars 

may represent the sane mechanism as is involved in the uptake of 

glucose, but the evidence is not direct. There are certain 

conditions which prevent a significant accuimilation of alpha-methyl 

glucoside (absence of potassium, anaerobiosia, and the exhaustion 

of the residual respiration), but under which glucose is still 
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metabolised; however, the rate of uptake may be merely retarded 

under these conditions in the absence of potassium, the uptake 

of glucose appears to limit its rate of metabolism (kB). 

It is possible that the alpha-methyl glucoside accumulation 

mechanism and the glucose uptake mechanism may represent the same 

system, but the identity of the two was not established in these 

experiments. The possibility that the uptake of glucose may be 

different under aerobic and anaerobic conditions has already been 

discussed (kD (3)), and as such, the above accumulation mechanism 

must be considered to be equivalent to that operating under aerobic 

conditions. Cohen & Monod. (1957) state that the alpha-'methyl 

glucoside accumulating system in E. coli is closely related to the 

transport system of glucose, but they give no direct evidence for 

this; and, further,, it must be pointed out that in connection with 

the bet a.galaotoside uptake mechanism Rotman (1959) has shown that 

the thionietn.yl galaotosid.e accumulating system is not identical 

with the galactosiae permease. At present there is no conclusive 

evidence that the mechanism of uptake of sugar ana1ou.s is the same 

as that of the free sugars, although this assumption is implicit 

in some of the evidence given in favour of the existence of 

"permeases" (Cohen & Monod. 1957; see iD) 



176. 

5 C. ACCUMULATION OF GLUCOSE 

It is possible that the alpha-methyl glucoside accumulation 

system demonstrated in Escheriohia coli ML 30 might be identical 

with the aerobic glucose uptake mechanism (this was considered 

immediately above), and if so, then glucose similarly might be 

accumulated initially during its metabolism since the alpha-methyl 

glucoside pumping mechanism appeared to be very fast. It has 

already been shown that in the presence of potassium the metabolic 

systems appeared to be saturated, so probably the uptake of glucose 

under these conditions was not limiting its overall metabolic rate 

(see kB); thus it is possible that in the presence of potassium 

glucose might pass into the cell faster than it is metabolised. 

In the presence of glucose and potassium the plasmolysis threshold 

of cells of E. coli strain 3 rose (3B (2)), which may have been, 

in part, due to the penetration of glucose. Therefore it seemed 

possible that glucose might be accumulated inside the cells during 

its metabolism in the presence of pOta8SiUIIU and if this could be 

demonstrated the characteristics of the system could be compared 

with those of the alpha-methyl glucoside accumulating system in an 

attempt to determine whether the latter was a fair model for the 

glucose uptake system. 

1) Estimation of glucose accumulation using metabolic methods 

Experiments designed to estimate the accumulation of glucose 
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present a difficulty in that this sugar is metabolised extremely 

rapidly by cells of E. coli. However, a very simple method of 

estimation of the quantity of succinate accumulated by cells of 

Micrococcus lysodeikticua was devised by Joyle (1957) using a 

manometric technique, which had the advantage that it did not 

require a centrifugation period during which external substrate 

might be metabolised or internally accumulated material lost from 

the cells. This method depended on the fact that certain 

inhibitors prevented the uptake of suecinate but not its metabolism 

inside the cell: on the simultaneous addition of substrate and 

inhibitor there was no detectable oxidation; but when the inhibitor 

was added to cells which were metabolising succinate, the substrate 

could no longer enter the cell and the oxygen uptake continued 

until the "internal" accumulated substrate was exhausted, and thus 

its amount could be estimated. If suitable inhibitors could be 

found, this technique would provide a simple and sensitive means 

of determining any "internal" glucose or glucose derivative in cells 

of B. coli without the difficulty of imposing a time lag while the 

cells are being separated from the medium. Also the "internal" 

substrate could be estimated directly without reference to the 

external glucose concentration or the amount of substrate 

metabolised during the accumulation period (for further discussion, 

see below 5C (2)), and the possibility of adsorption of the substrate 

on to the cells is not a serious disadvantage as it is in the 

methods where chemical estimations are used (see 53 (1)). The 

method would be reasonably sensitive if sufficiently concentrated 

cell suspensions were used; Ca. 25 mg. dry weight per flask was 
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calculated to be sufficient for the detection of an accumulation 

of the order found for alpha-methyl glucoside. The main difficulty 

in using this method with cells of B. coli, unlike the succinate 

system in M. lysodeikticus used by Moyle (1957) 9  is that since 

glucose is metabolised rapidly as soon as it is added to the cells 

a large correction would have to be applied to the values obtained 

(even though periods as short as 2 minutes were used) and this 

might be a considerable source of error. 

To attempt this technique it was necessary to find an inhibitor 

which prevented, the transport of glucose but not its metabolism (as 

was demonstrated for the succinate system quoted above). If the 

alpha-methyl glucosido accumulating system and the glucose uptake 

system do represent the same system, then inhibitors which prevented 

the former (Table XXXVIII) would also be expected to inhibit the 

glucose accumulating mechanism. As already pointed out (5B (3)), 

such inhibitors also completely prevented metabolism in strain ML 30 

(Table XLII); this is expected since if they inhibited the uptake 

mechanism they would also appear to inhibit metabolism in intact 

cells. In strain B of B. coli it was shown that a range of 

inhibitors prevented the fermentation of glucose to the same extent 

in both frozen and fresh cells (Table VIII), indicating that they 

all affected the internal metabolism of this sugar since the frozen 

cells were permeable to glucose (see 3B (4)). It is likely that 

they would have the same effect in strain ML 30z however, if any 

of these inhibitors did not penetrate the cells and thus could not 

inhibit the interns], metabolism, then in intact cells it would be 
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possible for the uptake mechanism to be inhibited but not the 

internal metabolic systems. It must be pointed out that it is 

unlikely that the uptake mechanism would be so unspecific that it 

would be inhibited to the same extent as metabolism by a range of 

inhibitors, and in Chapter k (4B (2)) this was used as evidence 

that a specific uptake system distinct from the known enzymic 

reactions of classical biochemistry probably did not exist. 

On the basis of the criteria given above, three inhibitors 

were chosen as suitable for use in this manner, phenyl mercuric 

acetate, iod.oacetate, and fluoride. Pig. XXIII shows that phenyl 

mercuric acetate (M x lO) when added simultaneously with glucose 

immediately prevented oxidation, and the oxygen uptake was identical 

with that obtained in the presence of phenyl mercuric acetate alone. 

When this inhibitor was added 2 minutes after glucose oxidation had 

started (this time interval was sufficient to obtain an accumulation 

of alpha-methyl glucoside, and Moyle (1957) found that succinate was 

fully accumulated in this time) the increment between the two curves 

corresponded to the oxygen uptake expected during 2 minutes 

oxidation (Pig. XXIII). Thus phenyl mercuric acetate inhibited 

metabolism immediately it was added to the cells, indicating either 

that no glucose was accumulated or that this inhibitor also 

prevented the metabolism of any internal substrate that had piled up. 

lodoacetate at a concentration of ! x 10 2 9 although it 

inhibited metabolism by 100%9 took 10 minutes to react completely 

(Fig. XXIV shows its effect in the fermentation system: it reacted 

similarly in oxidative conditions). 	When glucose and this 
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inhibitor were added to the cells simultaneously, the oxygen 

evolution initially was greater than that occurring in the presence 

of iodoaoetate alone. When the inhibitor was added 2 minutes 

after the glucose, the increment in 002 evolution could be 

completely accounted for by fermentation in this time (Pig. XXIV). 

Thus again it had to be concluded that there was no accumulation 

or that the fermentation was inhibited as well as the uptake 

mechanism. 

Other inhibitors used were also unsuccessful; NaP (M x 2 x 

inhibited metabolism completely only when added to the cells for a 

period before the addition of the glucose, and 2 9 4-dinitrophenol 

(M x lO") took 20 minutes before it inhibited oxidation completely 

(Table XLII). Therefore it was impossible to apply this technique 

to the estimation of accumulated glucose in E. coli as it requires 

inhibitors which prevent uptake, and hence metabolism, immediately 

on addition to the cells. As pointed out above the results 

obtained from these experiments were inconclusive as it was not clear 

whether the method was satisfactory; an inhibition of the metabolism 

of an internally accumulated substrate could not be excluded (in fact 

the inhibitory effect may be entirely on the metabolic system and the 

uptake mechanism may not be directly effected by any of these 

reagents, or possibly uptake and metabolism cannot be separated as 

two distinct processes). Although an accumulation of glucose did 

not appear to occur, these results do not exclude the possibility 

that glucose, or a glucose derivative, or a metabolic intermediate, 

might accumulate within the cells during glucose metabolism; 
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tiaerefore it was necessary to attempt to estimate any accumulated 

glucose using a method of chemical analysis. 

2) Estimation of glucose accumulation by chemica]. analysis 

As already pointed out, experiments designed to estimate the 

accumulation of glucose are difficult because this sugar is 

metabolised extremely rapidly; this is particularly important when 

using chemical methods of analysis, since the conditions of the 

experiment require a high cell density and a very low glucose 

concentration so that an estimable change can be obtained. Thus 

a. device to prevent the metabolism of the substrate by the cells 

during the manipulation period was necessary, and initially 

inhibitors were used for this although it was clear that the 

conditions they imposed were artificial. Phenyl mercuric acetate 

at a concentration of ! x lO was chosen as it immediately prevented 

metabolism on addition to the cells (Fig. XXIII); and when glucose 

and this inhibitor were added simultaneously to a suspension of 

cells there was no decrease in the amount of glucose in the medium 

during the experimental period (Table XLIII). The inhibitor was 

added after the incubation period, Just before centrifugation, to 

prevent any further oxidation, and the supernatant fraction was 

assayed for glucose. The value obtained was compared with that 

obtained from analysis of the supernatant from the acid-extraction 

of the total suspension after the accumulation period (for method, 

see 5A) s the first value giving the amount of glucose in the 
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supernatant after the experimental period, and the second the amount 

of glucose in the supernatant plus the amount inside the cells that 

was extractable by 	ECA thus allowing for the portion of glucose 

metabolised. The difference between these values gives the amount 

of glucose (as determined by total carbohydrate estimation) that 

was accumulated for experimental details see 5k. 

The values obtained from three experiments using this method 

are given in Table XLIII. On the simultaneous addition of glucose 

and inhibitor, no glucose disappeared from the medium; but when the 

inhibitor was added 2 minutes after the glucose more than 1.0 Dnoles 

of glucose disappeared and was not recoverable by acid extraction 

from the cells. The same result was obtained under both aerobic 

and anaerobic conditions (Table XLIII). From the maximum rate of 

metabolism during this period estimated from a metabolic experiment 

carried out simultaneously on the same batch of cells it was 

calculated that not more than 0.5 1moles of glucose could have been 

metabolised. Thus there was a discrepancy in the values which 

could not be reasonably accounted for by the oxidation of the 

substrate during the experimental period. It is possible that the 

method of extraction was not suitable; however when another method 

was used, viz, heating at 100 0C for 10 minutes, essentially the same 

results were obtained. So it must be concluded from these 

experiments that glucose was not accumulated as the free sugar or 

one of its phosphorylated. derivatives (which would also give the 

enthrone reaction), but it might possibly be converted to a compound 

or compounds which did not react with enthrone or were not extracted 
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from the Cells by the methods used.. It is likely that if glucose 

were partly assimilated directly into polysaccharide which might be 

subsequently metabolised, then the accumulated polymer might not 

pass into the acid-soluble fraction on treatment with PCA, and so 

it would not be estimated. Also it is doubtful whether any poly-

saccharide which did appear in the sold-soluble fraction would be 

fully estimated by the method of carbohydrate analysis used; 

although the method employs concentrated. H2SO4 the conditions may 

not ensure complete depolymerisation of a large polysaccharide 

molecule, and the calibration used was for monosaccharides. 

Alternatively it may be argued that values for glucose utilisation 

obtained from the gas exchange could not exactly agree with those 

obtained from the chemical analysis of the medium surrounding the 

cells because a time lag is involved; but even so, the discrepancy 

in these experiments was too large to be accounted for by this. 

Therefore it must be concluded that glucose disappeared from the 

medium faster than it was metabolised and this difference cannot 

be accounted for by an accumulation of glucose or of one of its 

derivatives, but might be due to the production of a polysaocharide. 

These accumulation experiments were carried out while the cells 

were metabolising the added glucose; but it utilisation of the 

glucose kept pace with its uptake then accumulation might only 

occur in the absence of metabolism, and in this case it would be 

easier to demonstrate. Table XLIV shows that in the presence of 

either iod.oacetate (M x 10 2) or NaP (M x 2 x 1012)  added together 

with the cells no accumulation or metabolism of glucose occurred. 
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when it was subsequently added to the cells. These inhibitors 

also prevent the accumulation of alpha-methyl glucoside (Table 

XXXVIII). liowever, it is unlikely that this is * specific 

inhibition of an uptake mechanism; as in the case  of aJpkia'aethyl 

glucosid.e accumulation it is unlikely that if an uptake mechanism 

were involved in the inhibition it would be so unspecific that it 

would react with a range of inhibitors which are known to have 

different effects. It is more probable that the effect of the 

inhibitors is on a metabolic process or processes on which uptake 

either directly or indirectly depends (see 4B (2)). 

There are certain objections to the experiments described above 

using inhibitors to stop both uptake and metabolism. The effect of 

the inhibitor on the system is not fully knowns in order to 

estimate glucose in the supernatant fraction a centrifugation 

period was necessary and this was long in comparison with the 

accumulation period of 2 minutes, so during this time changes might 

occur because of the artificial conditions imposed by the inhibitor. 

The change from aerobic to relatively anaerobic conditions on 

centrifugation might have caused an erroneous result Mitchell & 

Aoyle (1959a) have shown that in Micrococous lysodeikticus sudden 

anaerobiosis on centrifugation causes loss of accumulated suocinate. 

The two methods of estimating the accumulated glucose, analysis of 

the supernatant fraction after centrifugation and analysis of the 

total extract, are thus not equivalent. To obtain a more 

satisfactory estimation it was necessary to use a method that did 

not require the 1wesence of an inhibitor, and this was achieved by 
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removing the cells from the medium very rapidly so that the exact 

time the cells had been in contact with the medium under normal 

conditions was known and hence the exact quantity of substrata 

metabolised can be calculated: the membrane filter described above 

was designed for this purpose (51.). 

The assay of the supernatant obtained using the membrane filter 

to remove the cells from the test suspension is given in Table [LV. 

The value for the disappearance of glucose from the medium was 

rather larger than expected if glucose were oxidised at its maximum 

rate during the first 2 minutes: from the oxidation curve Ca. 0.3 

.uaoles would have been expected to be metabolised during this 

period, thus ) 2.2 imo1es would have been expected to remain in the 

supernatant fraction if the disappearance were due only to metabolism 

during the experimental period. Similarly the value obtained from 

the assay of the total extract ( 	CA added to the suspension at 

the end of the experimental period, corresponding to the moment at 

which the cells were removed from the medium using the membrane 

filter) was inexplicably low although slightly larger than the 

former value. As there was no significant difference between 

these values it must be concluded that no real accumulation of 

glucose occurred during its metabolism, but the small amount of 

glucose which disappeared and could not be accounted for as 

oxidised or accumulated might have appeared inside the cell as 

polysaccharide, as was discussed immediately above. Alternatively 

the method of estimating the amount of glucose which had actually 

been metabolised alter a given time under the conditions used was 
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not sufficiently sensitive enough. 

The only conclusions that can be drawn from these experiments 

(which involved many technical difficulties) is that there appeared 

to be no significant accumulation of glucose or a derivative of 

glucose during aerobic metabolism; and if the discrepancy found 

in the values is real, i.e. the estimated quantity of glucose 

actually metabolised is correct, then the accumulated substrate 

may be in the form of polysaceharide or some compound that does 

not react with the anthrone reagent, although the level of such 

a postulated compound would be very low (less than 10 imoles/g. 

dry weight when estimated as glucose). Since uptake of glucose 

in the presence of external potassium does not appear to limit its 

metabolism (4E (1)), this again suggests that the uptake and the 

metabolism of glucose are very closely associated (see 3B (3)). 



CHAPTER : ENZYME STUDI ES  

6 A. ESTIMATION OF GLUCO 6-Pli0SPHAPASE AND (iL1EOKINASE 

Glucokinase and g1ucose.phosphatase were measured in crude 

extracts of Esoherichia coli ML 30 by phosphate analysis. Glucose- 

-phosphatase activity was followed by the liberation of inorganic 

phosphate from gucose - .phosphate; and glucokinase was measured 

by the increase of organic phosphate in the presence of glucose and 

APP when glucose-.6.phosphatase was inhibited by sodium fluoride. 

The medium used for the glucose6-'phosphatase estimation was: 

0.0167 M tria buffer p11 8.0 (tris(hydroxymethyl)amino methane 

titrated with HO1 to the required pH); 0.0033 X  MgCl; 0.0083 ! 

glucose-6-phosphate; and 1.0 in].. of the crude extract (for 

preparation see 23 (5)) corresponding to Ca. 25 mg. dry weight of 

cells; in a total volume of 3.0 ml. 	Sodium fluoride, at a 

concentration of 0.01 M,waa used as an inhibitor of this reaction. 

The medium for the glucokinase measurement consisted of: 0.0167 ! 

tris buffer pH 8.0; 0.0033 M M12 ; 0.005 M glucose; 0.005 ! APP 

(sodium salt); 0.01 U NaF; and 1.0 ml • of crude extract corres-

ponding to ca. 25 mg. dry weight of cells; in a total volume of 

3.0 ml. When the time-course of glucokinase activity was measured, 

the volume of the reaction medium was doubled, and 2.0 ml. of the 

cell extract was used. Where alpha-methyl glucoside was added to 

this medium it was used at a concentration of 0.2 U. 
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In both estimations the reaction mixtures were incubated at 

2500 in a water-bath. The reaction was started by the addition 

of the cell extract after the reactants had been brought to 25 °C9 

and samples were taken immediately and then at the stated intervals. 

The reaction was stopped with 5% (w/v) trichioroacetic acid; 

samples, 0.5 ml. in the case of glucose"6-phoaphatase and 1.0 ml. 

for glucokinase, were delivered into tubes containing the trichioro-

acetate to give a total volume of 5.0 a].. After being mixed well 

and allowed to stand for 10 mine., the samples were centrifuged at 

3500 g for 8 mine, at room temperature to remove the precipitate, 

and the acid-soluble fractions were assayed for phosphate (2C (2)). 

A sample of the supernatant (3.0  ml.) was removed and neutralised 

with 1.0 ml. N NaQil: in the case of glucokinase, 1.0 ml. of this 

was used for inorganic phosphate, 0.5 ml. for acid-labile organic 

phosphate, and 0.1 ml. for total phosphate estimations; for 

glucose- 06'phosphatase the total 4.0 nil, was used for inorganic 

phosphate estimation. Long (1952)  has discussed the optimum 

conditions for measuring hexokinase activity in crude extracts. 

Blank experiments were carried out; in the ease of glucokinase, 

in the absence of substrate and also in the absence of ATP. The 

zero-time reading in each experiment was used as the reagent blank, 

and was subtracted from the values obtained for organic and 

inorganic phosphate given  in Tables LIII-LV. 

Manometric experiments were carried out as already described 

(see LeA); but because of the low metabolic activity of the frozen 

cells and cell extracts, larger samples of cell material were used, 
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corresponding to Ca. 35 mg. dry weight/flask. 

6 B. EFFECT OF ALPilAMETffYL GLUCOSIDE 011 METABOLISM BY 

FROZEN CIthLS AND CELL EXTRACTS 

From the data given in Chapter 4 it appeared likely that alpha-

methyl glucoside inhibited the transport of glucose into cells of 

E. coli (41) (3)). 	It has been postulated from indirect evidence 

that the transport and the metabolism of glucose were very closely 

linked (see 3B (3); 4B (2); 5C (2)), and it was possible that the 

uptake system might be a reaction involved in metabolism. More 

direct evidence was obtained therefore by Using alpha-methyl glucosith 

as a possible inhibitor of glucose metabolism under conditions where 

glucose could permeate the cells freely or in cell extracts where 

there were no cells present in this case the transport mechanism 

would be short-circuited and so any inhibitory effect of the 

glucoside on metabolism, rather than on transport alone, could be 

determined. 

(a) Frozen cells. 

The effect of a range ofalpha-methyl glucoside concentrations 

on the fermentation of glucose by frozen-thawed cells (which are 

freely permeable to glucose, see 3B (4)) is shown in Table XLVI. 

The same extent of inhibition was found as in freshly-harvested 
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cells (Table XVI), and, as in the intact cells, the inhibition was 

more marked initially and later there was some recovery* liowever, 

alpha-methyl glucosicie had little effect on the fermentation of 

glucose-6-phosphate by the once-frozen cells (Table XLVII). 

(b) Cell extracts. 

It was possible that in the concentrated frozen-cell 

suspensions there were sufficient intact cells to contribute most 

of the metabolic activity observed, and so the glucoside might have 

been selectively acting on such cells and inhibiting a transport 

system rather than a metabolic step. However, although it has 

already been pointed out that the metabolism by intact cells present 

in the suspension cannot entirely account for the metabolic activity 

of the once-frozen material (kO (2)), it was necessary to confirm 

this. The experiments were therefore repeated using crude extracts 

obtained by sonic disintegration of the cells (2B (5)): the extent 

of breakage of the cells by this method was 80-90% as measured by 

the drop in the light-scattering, so a sample corresponding to 35 ag. 

dry weight of organism (the amount necessary to obtain a measurable 

rate of gas exchange in a single flask) would contain approximately 

4.0 mg. dry weight of intact cells which still would be sufficient 

to account for the low metabolic activity observed. 

dowever, the inhibitory effect of alpha-methyl glucoside on 

glucose fermentation was demonstrated in the total absence of cells 

(Table XLVIII). After sonic disintegration of the cells, the froth 

was dispersed by centrifugation, and 10 ml. of the re-dispersed 

extract was rapidly centrifuged and then divided into two portions: 
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the upper 5 ml. of the supernatant, and the pad plus the rest of 

the supernatant (this latter fraction must have contained all the 

whole cells present in the extract). In both these fractions, 

alpb.a'methyl glucoside at 80 times the concentration of glucose 

had the same inhibitory effect on the fermentation of glucose; 

the activity of the supernatant fraction was very much lower than 

taat of the particulate and cell fraction (Table XiVIII). The 

suspension ori ginally contained 250 mg. dry weight of cells (in a 

volume of 10 ml.), and 1.0 ml. samples of the fractions obtained 

after centrifuging were used in the manometric experiments; since 

the results obtained could not be directly equated to dry weight 

they have been expressed in 1l. CO2/hr./flaak. 

In subsequent experiments the extract was centrifuged for 

5 ama. after the froth had been dispersed, so that any whole cells 

were removed rapidly while the particulate fraction remained mostly 

dispersed. The inhibition of glucose fermentation by a range of 

alpha-methyl glucoside concentrations when this extract was used 

is shown in Table XLIX: the same extent of inhibition was found 

as in freshly-harvested cells (Table XVI) and in frozen cells 

(Table XLVI). As in the frozen-thawed material, alpha-methyl 

glucoside (at 80 times the concentration of the substrate) was found 

to have no inhibitory effect on the fermentation of glucose-6-

phosphate by the cell-free extract (Table Is). The effect of alpha-

methyl glucoside on the fermentation of glucose-6-phosphate by a 

cell-free extract is shown graphically in Figs XXV; initially the 

rates of glucose-6-phosphate fermentation in the presence and in the 
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absence of alpha-methyl glucoside were identical, but after 140 mine. 

they diverged at the same point where the fermentation rate 

decreased (possibly because inorganic phosphate was limiting) in 

each case. The activeglucose-6-phosphataee present in tue 

extract (see below, 6C (1)) may have eventually liberated some 

glucose from glucose-6-'phophate, and this would initially be 

fermented rather more slowly in extracts of cells than glucose 

phosphates (40 (2)); alpha-metbyl glucoside may then effectively 

inhibit the fermentation of the resulting glucose. It is clear 

tiaat glucose-6-phosphatase participates very little, if at all, in 

the utilisation of glucose-6-phosphate by the extracts since its 

fermentation was not significantly inhibited by the presence of 

alpha-methyl glucoside which inhibits the fermentation of glucose; 

further, glucose--phosphatase activity in i. coli has been shown 

to be inhibited by alpha-methyl glucoside (see Appendix). 

The effect of alpha-methyl glucoside on the oxidation of 

glucose and glucose-6-phosphate by cell-free extracts in the 

presence of 0.02 M sodium phosphate buffer is given in Table LI. 

As in the fermentation system, alpha-methyl glucoside considerably 

inhibited the utilisation of glucose but did not affect the 

metabolism of glucose-6-phosphate. The initial oxidation rates, 

the first 40 mins. only, are shown in Table LI; the subsequent 

rates of oxygen uptake accelerated rapidly and this may have been 

de to the increase in the oxidation of endogenous reserves since 

the residual oxidation also accelerated. Initially the glucose 

phosphate was mnetabolised faster than glucose; this could, perhaps, 
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be accounted for by a lack of ATE. The rate of oxidation of 

glicose-6-pb.oaphate in the presence of alpha-methyl glucoside was 

greater than that of glucose-6-phosphate alone; this appeared 

inexplicable since the glucoside alone did not have a measurable 

These results were confirmed in duplicate experiments. 
2 

The inhibitory action of alpha-methyl glucoside on the 

fermentation of glucose by a crude extract in the presence of APP 

is shown in Pablo LII; the values given having been corrected for 

residual respiration in the presence of APP. In this experiment 

Mg01 2  (0.003 M) was added to the medium; 	the APP was tipped into 

the flasks first, when there was an immediate out-put of gas (in 

spite of the adjustment of the pH of the APP to that of the 

bicarbonate buffer, so that there was no gas change when the two 

were mixed in the absence of the cell extract), and the glucose was 

added 5 mins. later. There was no significant inhibitory effect 

of alpha-methyl glucosid.e on the fermentation of glucose (present 

in the molecular ratio of 1s40) when APP was also present in an 

euimo1ar concentration with the glucose. 

It has been demonstrated that, under conditions where no intact 

cells could possibly be present, alpha-methyl glueoeid.e inhibits 

the metabolism of glucose. Since under these conditions there is 

no osmotic barrier to glucose and therefore the operation of a 

specific uptake system is redundant, it must be concluded that one 

or more steps in metabolism are inhibited by alpha-methyl glucoside. 

The metabolism of glucose-6-phosphate was not significantly inhibited 
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by the presence of the glueoside q  therefore the inhibited step must 

be on the route from glucose to lucoee6iphOBphate. As the 

inhibition of glucose fermentation by the glucoside was reversed 

on the addition of APP, it appears there may also be am alternative 

metabolic route for glucose metabolism, in the presence of sufficient 

APP, which is not inhibited by alpha-methyl &Lucoeide (for further 

discussion, see 7 (6b)). 

6 0, 	Y'ECT (Th ALP -'METHYL (LLJ0OSIDE ON GLUGOKINASE ACTIVITY 

Alpha-methyl glucoside inhibits a metabolic step which is likely 

to be the phoaphorylation of glucose since a metabolic reaction 

prior to this is unknown (see immediately ove). The glucose 

transport mechanism appears to be inhibited by alpha-methyl gluco side 

(41) (3)), and the specificity of this system resembles that of yeast 

and brain hexokinase (4D (3)). Therefore the effect of alpha-methyl 

glucosicle on the glucokinase activity of extracts of cells of B. coli 

was investigated, in an attempt to demonstrate that glucokinase (the 

kinaae being specific for glucose in B. colt Cardini 1951) was 

involved, in glucose transport. 

1) Measurement of 1;1ucoae6-'phospkiataSe activity 

Before the phosphorylation of glucose could be measured, it 
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was necessary to estimate the glucose-6-phosphatase activity of the 

cell extracts and to demonstrate its inhibition by sodium fluoride 

(Torriani 1959), 80 that the experimental conditions could be 

controlled.. Table LIII shows that there was an active phosphatase 

in the extract: 2.5 pmoles of inorganic phosphate were liberated 

from lucose--phosphate in 1 hour, but in the presence of 0.01 ! 

NaF the inorganic phosphate already present in the extract was 

rapidly esterified. However, after dialysis of the extract over-

night at 2°C against 0.17 ! NaCl to remove ions and co-factors, 

etc., there was no longer any significant assimilation of inorganic 

phosphate into organic compounds to interfere with the estimation 

(Table LIII). Under these conditions the phosphatase activity of 

the extract appeared to be even more active, and was considerably 

inhibited by 0.01 M NO - by approximately 901/i- at 30 mine. 

These conditions seemed suitable for the estimation of 

glucokinase; the formation of organic phosphate could be measured 

in the presence of 0.01 M NaP to prevent the immediate dephoaphoryla-

tion of the product of the reaction - there is evidence that fluoride 

has no inhibitory effect on the hexokinase reaction in mammalian 

tissues (Long 1952). The use of the dialysed extract eliminates 

the tendency for inorganic phosphate to be eaterified (in spite of 

the presence of fluoride) and give falsely high values for the 

organic phosphate estimations. To ensure that the presence of the 

NO did not have an effect on the estimation of phosphate, a 

standard sodium phosphate solution containing 0.01 ! NaF was made up, 

and samples were taken for inorganic phosphate analysis. It was 
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I ounJ tiat ix aiple. coitaIa1x ea. iO '  ihospb.orus, which was 

approximately the size of the sample used in these experiments, 

the presence of NaP had no effect at all on the values obtained. 

The active glucose-6-phosphataae of these extracts might 

suggest that most of the glucose-6-'phosphate (5 /uao1es) added to 

the cells in previous manometric experiments (4(3; 63) would have 

been rapidly depb.osphorylated and that what was observed was the 

metabolism of the resulting glucose. However, it was shown above 

(63 (b)) that the phosphatase activity, although commensurate with 

the rate of utilisation of glucose-6 -phosphate by cell extracts, 

cannot entirely account for the metabolism of glucose- 6-Phosphate- 

2 ) Phosphorylation of glucose and alpha-methyl glucoside 

The change in the phosphate fractions on the phospkiorylation 

of glucose by a dialysed cell-free extract is shown in Table LIV. 

In the presence of glucose and ATP, 11.5 fuaoles of acid-stable 

organic phosphate (presumably glucose6-phosphate) were produced 

in 1 hour (in a total volume of 6.0 ml.); the blank experiments 

with either glucose or ATP showed no increase in organic phosphate. 

The ATP-ase activity was considerable, and slightly more inorganic 

phosphate was liberated in the absence of the substrate than in its 

presence. This was probably due to the exhaustion of the phosphate 

donor in the presence of glucose; therefore in subsequent 

experiments a 30 mm. period, only, was used in order to eliminate 

this to some extent while still producing changes in the phosphate 
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fractions large enough for accurate analysis. There was, of course, 

no liberation of inorganic phosphate in the absence of APP. The 

decrease in the acid-labile phosphate fraction (which includes APP) 

was accounted for entirely by the production of organic phosphate 

and inorganic phosphate (the total phosphate estimations remained 

constant throughout the experimental period). A description of 

the method of fractionation of the phosphates, and of the classes 

of phosphates found in each fraction, is given in Chapter 2 (20 (2)). 

Since glucokin.aee activity was measurable in the crude 

extracts, it was possible to determine the effect of alpha-methyl 

glucoside on the phosphorylation of glucose. The glucoside was 

added at kO times the concentration of the glucose (0.005! glucose 

and 0.2! alpha-methyl gluco side) to dialysed extracts after both 

had been brought to 25°C and incubated for 8 nina.; the reaction 

was started by the addition of glucose. Table LV shows that the 

increase in organic phosphate (glucose-6-phosphate) in the presence 

of glucose plus alpha-methyl glucoside and ATP was the same as that 

in the presence of glucose and APP; nearly 5 fmoles of organic 

phosphate being produced in 30 nina. The inorganic phosphate was 

also identical in the two cases. The total volume used in these 

experiments was 3.0 ml.; thus the enzyme activity was greater than 

that of the previous experiment (Table LIT) where a total volume of 

6.0 ml. was used. The necessary blank estimations were made in 

each cases no increase in organic phosphate was found with ATP 

alone (absence of substrate); but in the presence of 600 JLmoles 

of alpha-methyl glucosile there was a detectable phosphorylation - 
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more than 20% of that in the presence of glucose. There could 

have been a alight phosphorylation of the &ucosile, which is 

present in very high concentrations; but alpha-methyl Slacoside 

in substrate concentrations is not pb.osphorylated by these cells 

(53 (4)), and it would have to be postulated that there was an 

extremely high Km  value for this substrate. Further, if this were 

the case, it would be expected tiat the presence of glucose plus 

alpha-methyl glucoside would give a higher organic phosphate value 

than that of glucose alone, since ATP probably was not limiting 

under these conditions: this was not observed. The data can be 

more reasonably accounted for by the presence of a glucose (or some 

other sugar) contaminant in the glucoside sample: although the 

sample used here (from LD.ki.), unlike the k{ockenhull sample, did 

not appear to have a glucose contaminant from the manometric 

estimations (4]) (1); 23 (5)); it is possible tat a contaminant 

too small to be observed, in the manometry, e.g. ( 0.5%, would be 

considerable here since very high substrate concentrations were used. 

Such a contaminant would give the observed values. In fact, these 

values are lower than might have been expected since the amount of 

glucose actually present could have amounted to as much as 20% 

(3 /x'hles) of the amount of glucose added in these experiments; 

this could be explained by the fact that the glucoside and the APP 

were incubated together with the extract for a short period before 

the experiment was begun, and thus the value was probably under-

estimated. In one of the estimations it was found that the 

formation of organic phosphate in the presence of alpha-methyl 

glucosid.e was complete in 15 mina. - a slow phosphorylation of the 
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analogue would have been expected to proceed at a constant rate. 

It appears taerefore that alpha-methyl glucoside is not itself 

phoaphorylated by the crude extract, and that it does not interfere 

with the glucokinase reaction as measured by production of stable 

organic phosphate in the presence of glucose and ATP. The 

significance of these results will be discussed in the next tJhapter. 



C iAPTER 7: GENRkL BI SO IJSSION 

A knowledge of the biochemistry of the membranes of micro-

organisms is of fundamental importance to the understanding of the 

functioning of the cells as units distinct from their environment. 

The plasma membrane is the structural feature of the cell which 

controls the internal environment by effecting the uptake of certain 

substances and ejecting others, while at the same time it possesses 

the features of a permeability barrier with respect to certain 

solutes both of the internal medium and of the external environment 

of the cell. By thus controlling the environmental, conditions 

within the cell, the plasma membrane maintains the necessary 

internal environmental conditions for metabolism and therefore for 

the functioning of the cell. It is clear from present knowledge 

that this control is not effected only by the semipermeability 

characteristics of the membrane or by "molecular sieve" activity, 

selective solubility, or adsorption, and that known biochemical 

reactions occur at the membrane surface. How far such reactions 

may be involved in the movement of glucose across the plasma membrane 

of cells of Eacherichia coli is considered in this discussion. 

1) Permeability of cells of E. coli to glucose 

The movement of glucose into cells of E. coli is not by free 

(uncatalysed) diffusion, since this sugar does not accumulate 

sufficiently inside the cells to cause a significant rise in their 
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internal osmotic pressure when they are suspended in hypertonic 

glucose solutions. Glucose is metabolised very rapidly by these 

cells, but as glucose does not permeate the cells (and cause 

d.eplaamolyais) when in the presence of a range of different 

metabolic poisons, its non-accumulation cannot be explained by the 

metabolic rate being commensurate with its rate of free diffusion 

through the membrane. Although it is possible that the inhibitors 

have a specific effect on an uptake mechanism, this is unlikely 

since they have widely different characteristics; and, further, 

all these reagents inhibit metabolism of glucose to the seine extent 

both in intact cells and in cells in which the glucose uptake 

mechanism is short-circuited by the breaking of the osmotic barrier 

to glucose by the slow freezing and thawing of the cells. Thus it 

must be concluded that metabolism is necessary for uptake of glucose 

to occur; and since glucose does not diffuse freely into the cells, 

it must be considered to be specifically transported by components 

of the plasma membrane. 

At present very little is known of the uptake of glucose and 

the spatial consideration of its metabolism in relation to the 

structure of the cell. Because of the two classical approaches 

to the study of living cells, the biochemical and the physiological, 

it has been implicit in many studies of transport mechanisms that 

the uptake and metabolism of a substrate can be separated as two 

distinct processes. From the present study, however, it is clear 

that the metabolism of glucose is closely linked to its uptake, and 

must be studied in conjunction with the transport mechanism. 
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2) Aerobic study of glucose transport 

The presence of external potassium appears to stimulate the 

uptake of glucose aerobicallys in the presence of potassium there 

is a limited, rise in the osmotic pressure of cells of E. coli 

suspended in glucose, and this is associated with metabolism since 

it is prevented by the presence of metabolic inhibitors. Potassium 

stimulates the metabolism of glucose; possibly in the absence of 

potassium the actual uptake of glucose limits its overall rate of 

metabolism. It has been suggested that potassium acts as a co-

factor in the transport of molecules into cells (Abrams & Mackenzie 

1959), or as an enzyme activator (Danby, Eddy & Hinaheiwood. 1950). 

However, potassium is required in phosphorylatiou reactions in 

general (Boyer, Lardy & Phillips 192; Macfarlane & Spencer 1953; 

Haugaard. & Itskovltz 195; Nossal  1951)9 and as such, its effect 

may be non-specific. Dixon & Webb (1958)  list the enzyme  reactions 

in which potassium is required, but none of the enzymes which have 

been thought by various workers to be associated with the transport 

of glucose (Rosenberg & Wilbrandt 1952; Danielli 1953)9 nor those 

which participate in the initial metabolism of glucose, are directly 

stimulated by the presence of potassium. Thus although potassium 

may stimulate the uptake of glucose aerobically, either by being 

involved in the movement of a carrier or by stimulating an ensyinic 

reaction, there is no evidence that it has a direct effect on the 

transport mechanism. 

The aerobic accumulation of alpha"zaethyl glucoside, and of other 

non-metabolised glucose  analogues which also interfere with glucose 



2030 

metabolism, requires the presence of potassium. Alpha-methyl 

gluooside accumulates to a limited extent (25 uaoles/g. dry weight) 

as the free analogue within the cells of . colt, in addition to 

its non-epecifiC dIIZUSiOZL across the plasma membrane. This 

accumulation appears to depend on the residual metabolism of the 

cells, but does not seem to involve a ph aphorylating mechanism. 

It is possible that a transitory phosphorylatiofl-daphOsPhOrYlatiOfl 

may be involved, or that a phosphorylatiflg enzyme could transport 

the glucoside without changing it chemically' This system may be 

the same as that which operates for the uptake of glucose by these 

cells, but its identity with the glucose uptake mechanism could not 

be demonstrated since free glucose could not be detected inside the 

cells. The accumulation of this Unnatural analogue, alpha-methyl 

glucoside, may however be a completely independent system, unrelated 

to glucose utilization, which is caused by an exchange reaction 

dependent on the residual metabolism of the cells. 

Thus aerobically the glucose uptake mechanism may be 

stimulated by potassium and may depend on the residual metabolism 

of the cells. However g  anaerobically potassium does not promote 

a rise in the osmotic threshold of the cells, although it does 

stimulate the metabolic rate, and alpha-methyl glucoside is not 

accumulated anaerobically. Other evidence that the uptake of 

glucose in anaerobic and aerobic conditions may occur by different 

mechanisms is shown by the difference in characteristics of the 

initial inhibition between glucose fermentation and oxidation in 

the presence of sugar analogues (see below). Since it was not 
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clear whether potassium was having a direct effect on the aerobic 

uptake mec}vn1am, and since the aerobic accumulating system for 

alpha-methyl glucoside could not be equated with the glucose uptake 

system, it seemed easier to attempt an analysis of the transport 

mechanism under anaerobic conditions only. The rest of the 

discussion will therefore be confined to the uptake of glucose 

under fermentative conditions, since metabolism is more restricted 

anaerobically; the experimental conditions can thus be more closely 

controlled and the system is simpler to study. Under fermentation 

conditions glucose is degraded mainly through tae Eabden-Meyerhof 

pathway, while aerobically oxidative systems (which may not 

necessarily involve phosphorylation) as well as the glycolytic 

systems may operate (Cohen 1951; i'arrod 1 Wood 1956). 	Because 

of the association of glucose uptake with metabolism the different 

routes of glucose metabolism in oxidative and fermentative conditions 

may determine the different modes of glucose uptake under these 

conditions. 

3) Anaerobic study of glucose transport 

The formation of g1ucose-6.phosphate initiates most of the 

major metabolic pathways of glucose (Krebs & Kornberg 1957). Since 

intact cells of E. coli do not ferment hezose phosphates when they 

are added to the external medium, and yet the enzyme systems 

responsible for their further metabolism are available on the 

breaking of the osmotic barrier of the cells by freezing and thawing 
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or by sonic disintegration, it appears that the systems involved 

in the utilization of hexose phosphates are not available at the 

surface of the cells (presumably their active centres are within 

or beyond a barrier). It must therefore be concluded that glucose 

initially reacts with its uptake system as the free sugar and not 

as a phospb.orylated derivative. This eliminates the possibility 

that glucose is metabolised by a series of steps at the cell surface 

and that only the final metabolic products enter the cell proper. 

It is possible, although unlikely since bacterial cells lack inter-

cytoplasmic membranes, that there may be a compartment aliaed surface 

(Cf. yeast; see Rothstein 1956)  which encloses the metabolic systems 

associated with the utilization of hexose phosphates; but in this 

case it must still be assumed that glucose is specifically trans-

ported into such a compartment. 

Glucose cannot be detected inside the cells either in 

plasmolysis experiments or by chemical estimation, so it cannot be 

considered to be transported against a concentration gradient. On 

the basis of the definition of active transport givea by Rosenberg 

(1954)9 it cannot be concluded that glucose is "actively" transported 

into cells of L coil since it is not transported uphill. however, 

this does not indicate that glucose is not actively transported into 

these cells, nor does the lack of detectable quantities of glucose 

inside the cells indicate that a facilitated diffusion system could 

not occur. Therefore, catalysed transport will be discussed in 

general terms before an attempt is made to interpret this experimental 

data. 
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4) General considerations of catalysed transport 

Glucose enters the cells of E. coli by some substrate-specific 

mechanism, closely coupled to metabolin, with which it reacts 

initially as the free sugar. This is consistent with present 

knowledge of membrane structure (Daveon & Danielli 1943;  Höber  1952; 

Mitchell & Moyle 1956a); a hydrated molecule such as glucose would 

not be expected to penetrate a lipid membrane by free diffusion. 

By analogy with the present theories of catalysed transport, a 

protein catalyst component of the membrane is likely to be involved 

with its transport (see Danielli 1954a; Bowyer  1957; Cohen & Monod 

1957). Such a protein catalyst could provide a hydrogen bonding 

system, and also the necessary specificity; the glucose uptake 

mechanism has a very high affinity for glucose and reacts only 

slightly with mannose and galactose, and not at all with maltose. 

However, there is no direct evidence that the protein components 

of the membrane do, in fact, effect the transport of glucose into 

bacterial cells. 

"Catalysed transport" can be used to describe, in general, the 

movements of solutes across biological membranes which cannot be 

explained solely by free diffusion. Free diffusion occurs by 

thermal agitation of molecules along a concentration gradient; the 

difference between chemical potentials in different spatial regions 

can be regarded as the "driving force'. Catalysed transport can 

be accomplished by two processess carrier diffusion and active 

transport. 
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In carrier diffusion mechanisms, the molecular apes under 

consideration crosses the membrane in combination with another 

substance under the influence of the chemical potential of the 

bound form. Thus the catalysed transport of the substrate is only 

the observed effect resulting from the diffusion of the substrate-

carrier complex. Such a mechanism does not cause the transport 

of a substance against a concentration gradient, but only 

accelerates the rate at which equilibrium is reached. When the 

carrier is saturated on one side of the membrane, this system will 

allow net transport in proportion to the degree of uneaturation of 

the carrier on the other side; when it is saturated on both sides 

of the membrane, net transport does not occur but there is 

continuous exchange of molecules on either side of the membrane. 

A non-mobile carrier system, such as that suggested by Danielli 

(1954a), may also be included in this type of mechanism: the carrier 

is postulated to allow the entry of molecules by providing a specific 

hydrogen-bonding proton-conducting channel through which they can 

Pass. These mechanisms are now generally termed facilitated 

diffusion (Dan.telli 1954a), and are now known to participate in the 

transfer of glucose into erythrocytes (Bowyer 1957) although the 

actual mechanism at a molecular level has not yet been elucidated. 

Metabolic reactions may be closely associated with carrier diffusion 

mechanismss the concentration of the substrate on the inner surface 

of the membrane may be lowered by its metabolism, so that equilibrium 

is never reached since the carrier is always unsaturated on the 

inner surface, and therefore net transport into the cell occurs. 

Further, metabolism may be involved in the maintenance of a specific 
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membrane structure which is necessary for the functioning of the 

carrier. 

When net transport of a chemical species apparently takes place 

from a region of low to a region of high chemical potential, and 

thus cannot be explained solely in terms of free or facilitated 

diffusion, the process is termed active transport. Active transport 

requires the performance of work and is connected with exergonic 

chemical reactions of the cell. As yet the mechanism of active 

transport has not been definitely elucidated for any particular 

solute, but the theoretical nature of the process must be discussed 

in terms of known physical concepts. A chemical reaction can, in 

fact, be coupled to diffusion, so that transport can apparently 

occur against a concentration gradient, by creating a gradient in 

a desired direction and thus allowing diffusion to occur 

spontaneously. The difference between active transport and free, 

or carrier, diffusion is not in the nature of the diffusion process, 

but in the operation in active transport of a system of chemical 

reactions which create a favourable potential gradient. Such a 

system can create and maintain a concentration difference against 

the concentration gradient, and it is not necessary to invoke 

mysterious forces "other than or in addition to" diffusion under 

the influence of thermal agitation to explain apparently uphill 

transport. Thus all aspects of membrane transport can be 

considered to be d.iffusional processes, expressible in known 

thermodynamic terms. 

Active transport can therefore be considered as the chemical 
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transformation of the solute under consideration into a derivative 

which then diffuses along the concentration gradient of this 

derivative through the membrane, and the solute is liberated either 

spontaneously or by a second enzymic reaction on the inner surface 

of the membrane. If the second reaction does not occur then no 

true osmotic work is done. A precise formulation of an enzymic 

mechanism of transport has been given by iIite1iel1 (1957) 9  who 

proposed that enzymes could cause transport by their normal 

functioning in the metabolism of the substrate under consideration. 

Enzymes involved in group-transfer reactions, in which there is a 

movement of a chemical group in space from a donor to an acceptor 

molecule, could, if suitably orientated in a membrane, cause the 

transport of a chemical group derived from a substrate across this 

membrane, and thus function as "group-tDans1oCa8e8'. This concept 

differs from previous formulations of active transport in that 

chemical groups, rather than molecules or molecular derivatives, 

are transported, and are in equilibrium with metabolic intermediates 

within the cell. Thus transport and metabolism could both be 

consequences of the same enzymic process. Such a mech anism also 

involves a diffusional process in the transfer Of the chemical group 

from the donor to the acceptor molecule; but no true osmotic work 

is done unless the substrate molecule is liberated from its trans-

location product. 

If translocases were analogous to bydrolases they could 

conceivably form hydrolysable intermediates with their substrates 

in situations where they do not have any significant hydrolytic 



210. 

activity, and thus cause the equilibration of the substrate across 

the membrane; in this case they would act as catalysts of 

facilitated diffusion (Mitchell 1959a). Enzymes may therefore act 

as such catalysts, either by their own thermal movemts or by 

causing the movement of the substrate or a substrate derivative; 

so the processes of active transport and facilitated diffusion may 

be similar at the molecular level in both the translation can 

only be by the thermal movement of the solute in response to a 

potential gradient. 

A great advantage of the group-translocation formulation of 

active transport is that a large number of specific proteins which 

lack chemical activity used not be postulated to act as transport 

catalysts (although it has been pointed out that enzymes may act 

as polyfunctiona]. centres Danielli 1954a). Further, it accounts 

for the coupling of transport to metabolism, and for the nature of 

the postulated transitory transport complex. Although it is 

essentially a carrier mechanism, it does not have the disadvantage 

inherent in the previously proposed theories that the carrier, to 

react with a hydrophobic molecule such as glucose, must be hydro-

phobic for the reaction to occur, in which case it is difficult to 

explain how the back-diffusion of the free carrier through the 

membrane occurs. The group.translocation system is highly 

efficient in that chemical groups can be transported without the 

interruption by water and the resulting lose of bond hydrolysis 

energy (Mitchell & Moyle 1958b), and also in that it is an integral 

part of the metabolism of the substrate which is being transported. 
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5) Relationship of enzymes involved in transport mechanisms to 

their location in the cell 

Most of the evidence obtained so far concerning the transport 

of metabolites into bacterial cells indicates that enzymes are 

directly involved (Rowlands, Gale, Folkes & Marrian 1957; 

Dowloroff 1951; Mitchell  1959b; Mitchell & Moyle 19590). The 

association of enzymes with the transport of substrates into 

bacterial cells was strengthened by the in vitro demonstration of 

the existence of enzymes In the plasma membrane material from 

various organisms (Weibull 1953b; Storek & Waohaman 1957; Cota' 

Rabies, Darr & Nilson 1958; Mitchell 1959b; H.igaard 1959). On 

the fractionation of bacterial cells certain enzymes were found to 

be associated with the particulate material, identifiable with the 

plasma membrane, while other activities were mainly in the cyto-

plasmic fraction or "soluble" fraction. The current theories 

suggested that the former might participate in membrane transport, 

while the latter were only associated with internal metabolism. 

More recent evidence, however, has shown that this distinction in 

function between "soluble" and "particulate" enzymes cannot be made 

without certain qualifications. 

The demonstration of an enzyme in the membrane material does 

not necessarily imply that it participates in a transport mechanisms 

the membrane material of Staphylococcus aureus contains most of the 

succinic dehydrogenase of the cells (Mitchell & Moyle 1956e); yet 

malonate, a specific inhibitor of this enzyme which does not 

penetrate the cells, does not prevent succinate oxidation in the 
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intact organism but only after the destruction of the osmotic 

barrier (Kann & Mills 1955; The, Pan & Gezon 1958). The transport 

reaction of succinate therefore must be separate from, and prior to, 

the succinic debydrogenase reactions although the enzyme probably 

exists in the membrane, its active centre is not available to the 

outer surface. 

Kailin & King (1958) have shown tiat tae sue ciriic oxid.ase 

system, an enzyme associated with the insoluble fraction of 

mammalian cells, can be reconstituted from soluble sucinic 

detyd.roenaae and a particulate cytochroiue preparation; this was 

the first demonstration of the conversion of a soluble enzyme into 

an insoluble fixed enzyme. Sietevitz (1959) has discussed the 

orientation of soluble enzymes on to particulate surfaces, and tne 

possibility that tiie binding on membranes may "activate" the enzyme 

involved. Enzymes in the soluble matrix of the cell therefore do 

not necessarily effect their activity there; and it is possible 

that tne movement of enzymes on to and off membranes may be a 

mechanism for regulating the course of substrate metabolism 

(Siekevitz 1959). This idea was first suggested by Sacks (1944)9 

who postulated that there were two systems for the phosphorylation 

of glucose in muscle cells, one external and one internal; it was 

proposed triat the external system phosphorylated glucose, and then 

the glucose moiety of the product penetrated the cell and the 

phosphate was subsequently hydrolysed off and remained in the 

extracellular phase, while a second system re-'pb.oaphorylated glucose 

inside the cell. That a sirg1e enzyme can exist as to systems, 
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one external and one internal, has been discussed in the case of 

mitochondria by Lehninger (1954). 

Thus it is clear that the "soluble" enzymes of the matrix of 

tae cell could function as transport catalysts and it is not 

necessary to postulate that they must normally exist as part of 

the membrane; it is likely that enzymes move on to and off the 

membrane surface as a normal consequence of their thermal 

oscillations and can exist both as free and "fixed" forms. Now, 

the first external soluble enzyme system has been demonstrated 

(see Appendix): glucose.'phoaP 11ataSe is confined entirely in the 

space between the plasma membrane and the call wall in E. coil. 

This work has brought a new concept to the relationship between 

the enzymes participating in membrane transport and the structure 

Of the cell. In connection wit.6 the transport of glucose it is 

clear that the enzymes involved in its initial metaboliam,which 

belong to the "soluble" category, could participate in transport 

of the substrate or its derivative into bacterial cells although 

they do not constitute part of the membrane material when it is 

analysed in vitro (de Duve & Berthet 1954 ; Mitchell & Moyle 19569; 

Weibull, Beckman & Sergstr6a 1959; Schneider 1959). 

6) The cata.Lysed transport Of glucose into cells Of Be coil. 

The transport of glucose into cells of Be coil must be 

considered in terms of the above concepts of catalysed transport. 

As has already been pointed out, only the uptake of glucose under 
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anaerobic conditions will be discussed, since the metabolic routes 

are more restricted under these conditions and therefore the data 

are easisr to interpret. 

The two possible processes which could effect the specific 

transport of glucose ares 

Facilitated diffusion. If glucose were constantly removed 

from the inside of the plasma membrane by metabolism, then it would 

be possible that a facilitated diffusion mechanism might operate 

for glucose transport into the cells. It must be assumed that the 

dissociation constant of the carrier-glucose complex is very low, 

since a measurable level of glucose could not be detected inside 

the cells; however, the coupling to metabolism would ensure that 

the carrier was always unsaturated on its inner surface s  and so net 

transport would occur in the presence of metabolism but not in its 

absence 

ic.tive transport. 	The entry or Llucose into the cells may 

involve an enzymic step in its metabolism; such a step must be 

prior to the utilisation of glucose-'-phosphate (since the enzymes 

involved in the metabolism of glucose-6-phosphate are not available 

at the o.&ter surface of the membrane), and must therefore be the 

phosphoryletion of glucose. 

The glucose transport mechanism of E. eoli was studied with 

the use of the unnatural glucose analogue, alpha-methyl glucoside. 

This analogue in high concentrations reversibly inhibits the 

fermentation of glucose, and appears to affect some initial reaction 
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since the inhibition is most marked at the beginning and is 

subsequently followed by some recovery. Alpha-methyl glucoaide 

is not itself phospliorylated by these cells and therefore it appears 

likely that it interferes With some initial reaction of glucose; 

this must be the phosphorylation of glucose or some reaction prior 

to phosphorylation, since glucose (which cannot permeate the cells) 

and alphamethyl glucoside compete for some common site. The 

possibility that the glucoside inhibits a step subsequent to the 

glucokinase reaction (for example liexosephosphate isomerase or 

phosphofructakin.aae) must be eliminated, since alpha-methyl Glucoside 

is not phosphorylated, and, further, it would have to be postulated 

that the initial phosphorylating reaction was not rate-limiting - 

this is not consistent with the available data, which show that the 

hexokinase reaction is a pacemaker in anaerobic glycolysis (LePage 

1950; Krebs & Kornberg 1957). This evidence is substantiated by 

the demonstration that alpha-methyl glucoside does not have an 

inhibitory effect on the metabolism of glucose-6-phosphate by cell 

extracts. 

Alpha-methyl glucoside evidently inhibits the initial reaction 

of glucose; but since the glucoside permeates the cells non-

specifically, it is possible that it affects an initial metabolic 

step inside the cell. kLowever, if alpha-methyl glucosid.e inhibited 

an initial, metabolic reaction that was subsequent to a facilitated 

diffusion step, it would have to be assumed that the amount of 

glucose concentrated inside the cell by this uptake system was 

proportional to the external concentration of glucose. From the 
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nature of the facilitated diffusion system discussed above, such a 

condition seems unlikely. Thus it is apparent that alpha-methyl 

glucnsiie inhibits the anaerobic utilisation of externally added 

glucose by interfering with the initial reaction of glucose, wnicli, 

since glucose cannot passively enter the cells, must be at tn.e cell 

surface and constitute the transport reaction. This could be the 

initial reaction of metabolism which effects translocation, or a 

facilitated diffusion system. 

61) Glucose uptake bj racilita;i diffusion 

If some catalytic reaction distinct from a metabolic reaction 

caused the entry of glucose into the cells, then on the breaking of 

the osmotic barrier of the cells, so that the glucose transport 

mechanism was short-circuited, the inhibitory effect of alpha-'m.thyl 

glucoside on glucose fermentation should disappear since this 

inhibitor interferes with the actual transport of glucose. However, 

this does not occurs after the breaking of the glucose osmotic 

barrier of cells of E. coli by slow freezing and thawing or by 

sonic disintegration, alpha-.methyl glucosid.e inhibits glucose 

fermentation to the same extent as it intact cells. The specific 

"permease" proposed by Monod, (1956) for each sugar metabolised by 

cells o. E. ccli does not therefore appear to operate for glucose 

uptake in this organism, since by definition the permease should 

catalyse an initial non-metabolic step, and from the above evidence 

it is clear that alpha.'metyl glucosid.e Inh i bits the initial 

reaction but that this reaction is involved in metabolism. In 
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view of these data it is superfluous to postulate the participation 

of a "permease" in glucose transport. 

612) 1uco3e uptake by active transport 

(a) Participation of glucokinase 

The evidence indicates that the initial reaction of glucose, 

the uptake irehaiiia, is a metabolic step; and since alpha-methyl 

gluGO3ide doe3 not inhibit the fermertation of glucose-6-phosphate 

in cell extracts, it zaizat be the initial phoaphory1aing reaction 

of glucose wiich participates in the transport oi its subatrte. 

The transport of glucose across the plasma membrane is 

Inhibited by various methylated sugars: the system has a very high  

affinity for glucose, less for alpha- and eta-methyl glucoside, 

while 3-methyl glucose and alpha-methyl galactoside have little 

affinity. The presence of 6-methyl glucose has littie effect at 

all on the fermentation of glucose; this suggests that the hydroxyl 

group at the 6-position of the sugar ring is essential in the 

binding of tie substrate at the initial site of reaction and may 

participate in a chemical reaction. Substitution at carbon 1 of 

the sugar ring allows most interference in the fermentation of 

glucose, indicating that this group is of less importance in the 

initial, reaction, and there appears to be no alpha-beta specificity. 

The specificity of the uptake reaction see" to reside in the sugar 

ring, the hydroxyl groups at carbons 3, 4 and 6 of the sugar ring 

being required for the initial reaction of the substrate. There 

is a resemblance to the specificity of brain hexokinase (Sois & Crane 
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1954) which requires free hydroxyls at carbons 1 9  3 9  4 and 6 of 

its substrate which are postulated to form hydrogen bonds with the 

enzyme (Gottschalk 1950).  The evidence considered so far is 

consistent with the postulate that the phoaphorylation of glucose 

by a hexokinase reaction, which in E. coli is specific for glucose 

(Cardini 1951),  participates in the mechanism of its entry into the 

cell. kiexokinaae has long been associated with the glucose 

transport mechanism in a variety of tissues (see review by 

Rosenberg & Wilbrandt 1952); and the uptake of glucose by yeast 

cells seems to be an integral part of its metabolism (Rothstein 1954) 

(b) Participation of glucose--phosphatase 

According to the above argument, if glucokinase were taking 

part in the transport of glucose into cells of E. coli then its 

activity would be reversibly inhibited by alpha-methyl glucoside. 

But alpha-methyl glucoside, in concentrations which completely 

inhibit glucose fermentation, has no effect on the glucokinase 

activity estimated in crude cell extracts. This enzyme was 

measured by the formation of stable phosphate in the presence of 

glucose and APP; it was assumed that it was, in fact, glucokinase 

although neither the product nor the enzyme was identified. There 

is some evidence that the in vitro affinity of enzymes may not be 

identical with their in vivo affinity (Rickenberg 1960); but since 

there is no direct evidence of this in the present case it will not 

be considered any further. 

There are two possible explanations of the above observations 

there may be an enzyme system other than glucokinase (or the 
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ph.oaphorylating activity measured in cell extracts in the presence 

of glucose and APP) which initially pb.ospborylates glucose; or it 

is possible that there is some step in metabolism which precedes 

phoephorylation. The latter possibility is very unlikely, since 

it would mean that there is a metabolic reaction with no chemical 

significance; such a reaction is as yet unknown - the evidence at 

present indicates that the phosphorylation of glucose is the initial 

step in its anaerobic metabolism (Krebs & Kornberg 1957). Therttore 

the first suggestion will be considered: under norma]. fermentative 

conditions there appears to be an enzyme system, other than gluco-

kinase, which phosphorylates glucose during its anaerobic metabolism, 

and which is presumably inhibited by alpha-methyl glucoside. In 

the presence of a high concentration of APP, the glucokinase reaction 

occurs in cell extracts and this is not inhibited by alpha-methyl 

glucoside. These postulations are supported by the evidence that 

on the addition of high concentrations of APP to cell extracts in 

the presence of glucose and alpha-methyl glucoside, the inhibitory 

effect of the glucoside on fermentation is released: it is 

reasonable to suppose that when the ATP supply is sufficient the 

glucokinase reaction occurs preferentially, and this is not 

inhibited, by alpha-methyl glucoaid.e. Thus normally in fermentation 

when there is an initial lack of ATP, glucose appears to be 

phosphorylated by an alternative mechanism: the possible 

explanation of this most consistent with present knowledge is that 

the glucose--ph.osphatase reaction working "in reverse" effects 

both the entry of glucose into the cell and the initiation of its 

metabolism. 
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Glucose-.fphosphatase has already been postulated to be 

involved in glucose transport in other tissues (see Davaon & 

Danielli 1943), but so far the evidence has been insubstantial* 

Meyerhof & Green (1950) have demonstrated that, under certain 

conditions, phosphatasea can function as phoephorylating enzymes 

using either inorganic phosphate or phosphoryl compounds as 

phosphoryl donors. Since the same enzyme appears both to effect 

the entry of glucose into the eell and to initiate its metabolism, 

and since there is an osmotic barrier to glucose phosphates, which 

are not metabolised by intact cells, it can be postulated that 

glucose--phosphatase acts as a translocase. This is consistent 

with the fact that glucose-6..p}iosphatase is a group-transferring 

enzyme (Morton 1955; Hasa & Byrne 1958). The specificity of 

known gl.tcose--phosphatases (eaufay & cle Duve 1954;  Crane  1955a; 

Maley & Lardy 1959  is in accord with the metabolic observations 

made on the specificity of the transport mechanism of glucose. 

At present little is known of the rate of the back-reaction of 

glucose--phospb.atase nor of the conditions under which it could 

function in the cells of E. coli, and it is not yet clear whether 

it could account for the rates of fermentation observed in these 

cells. According to present views, its activity in the cell, 

where it is possibly "activated' at a membrane surface (Siekevitz 

1959), may not be the same as that in vitro. 

The postulate that glucose-&-phoephatase effects the uptake of 

glucose in anaerobic conditions but not aerobically is consistent 

with the facts found in this thesis. Sodium fluoride, which is an 
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effective inhibitor of glucose'6.ph.osphataee, prevents the 

fermentation of glucose but not its oxidation. There is already 

much evidence that glucose uptake occurs by different mechanisms 

under aerobic and anaerobic conditions. Aerobically there are 

alternative pathways for the oxidation of glucose in bacteria which 

do not involve the formation of glucose-6-phosphate (Narrod & Wood 

1956; King & Oheldelin 1957)8 because of these alternative routes 

in the oxidative system the situation is very complex, and the 

differences in the mechanisms of uptake in aerobic and anaerobic 

conditions may be reflections of the different routes of metabolism 

under these two conditions. Normally in anaerobic conditions there 

is very little residual metabolism, so possibly the APP concentration 

is limiting; however, on the addition of glucose to the cells under 

these conditions there is hardly any lag in its utilisations 

possibly the phoaphatase effects the initial phosphorylation of 

glucose without an immediate expenditure of APP. 

Al]. the features of the system responsible for glucose uptake 

under anaerobic conditions appear to be in accord with the hypothesis 

that glucose-'phosphatase catalyses the transfer of glucose in 

cells of E. coli by functioning as a group-trans1ocase that is 

orientated either in or on the membrane material; and which causes 

the movement in space of a glucose-6 group from the donor molecule, 

glucose which is present in the external, medium, across the plasma 

membrane, and the production of glucose-6 -phosphate either at the 

inner surface of the membrane or within the membrane. The transfer 
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of glucose would thus be identical with the initial step in its 

metabolism, both being consequences of the same reaction. There 

may be other possible explanations, but it would seem to be 

legitimate to attempt, first of all, to test or disprove the above 

hypothesis as it seems the simplest. 

7) 	Knowledge of the mechanism of glucose transport in other cells 

viewed in the light of the information obtained from E. coli 

There is no evidence that there is a universal mechanism of 

glucose transport in all cells; the mechanism of glucose transport 

in bacterial cells may not be the same as that in cells of other 

tissues, since their structure is different in that they lack inter-  

cytoplasmic inentbrj:,anes, and, further, there is no evidence that the 

phenomenon of pinocytosts occurs. Therefore this rather distinct 

group of microorganisms may have an individual mechanism of glucose 

transport; it must be pointed out that the specificity of glucose 

transfer in bacteria is different from that in intestine (VUson & 

Crane 1958). However, it is of interest at this point to relate 

tie work on bacterial cells reported in this thesis to the present 

knowledge of glucose transport in tissue cells. 

Glucose-..phosphataae has long been associated with the glucose 

transport mechanism, since phosphorylation appears to be involved in 

glucose transport and there is a preponderance of phosphatase 

activity in areas of tissues which actively secrete glucose (Verztr, 

Sailer & Richterich 1952). Danielli (1953) has proposed a mechanism 
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whereby pb.osphataae could effect sugar transport, and has suggested 

that phosphatases, acting as general carriers, may be involved in 

the transport of many substrates. I(owever, as yet there is no 

direct evidence that phosphatase is involved in glucose transport 

in these tissues. 

Although phosphorylation has been connected with glucose 

movements in many tissues, there is convincing evidence that 

hexokinase does not participate in the transport mechanism (Sols 

195a). In ascitee tumour cells and in yeast the non-penetrating 

inhibitor of kiexokinaee, N'acetyl glucosamine, does not inhibit 

glucose utilisation in intact cells; from this it was assumed that 

the transport reaction was prior to the bexokinase reaction (Crane 

1955b; Sols 195b) however, this could be interpreted as meaning 

that normally there is an alternative mechanism to the hexokinase 

reaction for the phosphorylation of glucose. Certain sugar 

8ni1ogues which inhibit glucose metabolism in yeast cells have no 

effect on the hexokiriase activity of extracts (Solo 1956b): this 

could be interpreted similarly rather than by postulating txe 

existence of a prior step to the hexokinase reaction. There is 

evidence from ascites tumour cells that 3-methyl glucose inhibits 

a reaction involved in the actual metabolism of glucose since it 

has an inhibitory effect on glucose fermentation in both intact 

cells and eel], extracts (Crane 1955b). In intestine, kidney and 

muscle cells It appears that glucose is transported without any 

intermediate cleavage or chemical change of the molecule; but 

because of the close association of phosphatases with glucose- 
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secreting areas of tissues, and since the classical inhibitor of 

glucose transport, phiorizin, may interfere with pb.osphatase 

activity, it is possible that phosphatase may be involved as a 

carrier of glucose in a facilitated diffusion system. In red 

blood cells, which however may be rather different since they are 

atypical cells, a facilitated diffusion mechanism  aa been 

demonstrated to occur for the transport of glucose (see Bowyer 1957). 

In yeast cells, much of the evidence is in favour of the transport 

mechanism being an integral part of metabolism, although not all 

the data apparently support this (Solo 1956b; see also immediately 

above). 

In many of the mammalian tissues which actively secrete glucose, 

an outward rather than an inward movement of the sugar is involved 

although the sugar translation is always unidirectional • This does 

not necessarily imply that the mechanism is different, since it 

probably depends on the location of enzymes or carriers. Siekevitz 

(1959) has suggested that glucose i6phosphata8e is involved in the 

outward movement of glucose in mammalian cells; this enzyme is 

located in the endoplasmic reticulum, and glucose cannot get into 

or out of the cytoplasmic matrix without contacting a transferring 

enzyme. Siekevitz proposes that glucose-6-phoaphatase is involved 

in the outward secretion of glucose, and it may also regulate the 

pathway of glucose metabolism in cells by removing glucose from 

contact with cytoplasmic glycolytic systems- 

Thus in spite of the evidence to the contrary, it is possible 

that glucose6-phosphataae may be universally associated with the 
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transport of glucose. This enzyme may act as a general catalyst 

in the transport of glucose both into aM out of cells, in some 

eases not displaying its enzymic activity, and thus functioning 

as a catalyst of facilitated diffusion, while in others it may 

directly participate in the initial metabolism of its substrate. 

At the present moment the mechanism of glucose transport is not 

understood in any tissue, but the evidence obtained from the study 

of E. coli strongly suggests that phosphatase activity may 

participate in glucose transport in this organism, aM this 

warrants a further investigation of the phoephatase activity in 

tissue cells in relation to the movement of glucose. 

8) Significance of the present stu dy  

Evidence of transport mechanisms, such as that obtained in the 

present work, is essentially indirect; this is inevitable since 

these systems are very difficult to approach experimentally. The 

main importance of this study is in that it has shown that the 

transport system of glucose is an initial metabolic reaction 

therefore it is possible to test this system experimentally. This 

opens up an immediate field of research which may lead, in the very 

near future, to the unequivocal identification, for the first time, 

of a transport system in a living cell. 

Since the present evidence suggests that hexokinase is not 

involved in glucose transport in E. coli, it has been postulated 

that there is an alternative phosphorylating system under anaerobic 
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conditions, which both transports glucose into the cell and 

initiates its metabolism. The data obtained so far are consistent 

with the functioning of glucose-'6phosphataae in this capacity, and 

this hypothesis has been considerably strengthened by the experiments 

reported in the Appendix to this thesis it has been shown that 

glucose-6phosphatase is suitably located in E. coil for a 

translational function, and further, that it is inhibited by alpha 

methyl glucoside. The first project will therefore be either to 

prove or disprove this hypothesis; if it is disproved the field of 

study will at least be narrowed down to some other enzyme which 

could initiate glucose fermentation. 

At present, methods are being developed in this laboratory for 

the study of enzymic transport mechanisms. it is possible, with 

the use of specific non.pentrating markers for proteins (such as 

coloured or fluorescent derivatives), to mark the position of 

enzymes at the surface of the living cell. After fractionation 

of the cells, the quantity of enzyme fixed in the membrane material, 

or which was available at the cell surface at any given moment, can 

be estimated; and the enzyme with which the label is associated 

can be identified. In this manner enzymes can be located both 

functionally and structurally. According to the present concept 

of catalysed transport, which has already been discussed, the 

transport system should, under suitable conditions, be reversible 

this can be studied in vitro and then in in vivo systems, and will 

give more positive evidence of the participation of a particular 

enzyme in the transport of its substrate. However, final proof 
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will only be obtained by the reconstruction of the system in vitro 

with the use of a synthetic membrane incorporating the enzyme so 

that its function as a translocase can be demonstrated by direct 

analysis. 
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ierLeai1it ol 	oi 	cnerictAi.a coli btr.n B to v.riou 

as measured by recovery from plaaniolyais in hypertonic solution. 

Dilute bacterial solutions made up in 1.0 molal substrate buffered 

with 0.02 M sodium phosphate at pH 7.0; course of deplasmolysis 

followed over periods of up to 6 hours. 

(1) FRESHLY-HARVESTED CELLS* 

Substrate 	 Recover' from 
plasmoiysis 

-z1uDcrnse 	 - - 	- - - - 

D-fructose 

D-galactose 

D-mannoae 

L-arabinoee 

L-'rhamnoae 

D-xylose 

D-ribose 	 + 

glycerol 
	

+ 

sucrose 

lactose 

Time taken for 
dep1asii21ysis to occur 

12 wins. 

3 mine. 

. 

(2) STORED CELLS: 

Substrate 	Cells stored overnight 

at -15°C 

D-glucose 	no plasmolysis 

sucrose 	 no plasiaolyeis 

Cells stored overnight 

at 2 °C 

plaemolysed (no recovery) 

plasmolysed (no recovery) 



TABLE II 

.ffect of potassium on the plaemolysia, in glucose solution, of cells 

of Eacherlchia coil strain 3. Dilute suspensions were made up in a 

range of glucose concentrations buffered with 0.02 M sodium phosphate 
or sodium/potassium phosphate at pH 700 

Glucose conceLtration 

0.4 mola]. 

.6 mola]. 

0.8 molal 

1.0 mola]. 

10 mine. 

25 mine. 

>240 mine. 

> 240 mine. 

> 240 Wi118. 

7 240 mine. 

.' 240 mine. 

' 240 mine. 

Time taken for delasnilysjs to occur 

Na2HPO4/K112204 	Na211204/Na112204  



•i ie 	olysia of calls of Jschei'ichia cell 

train B in hypertonic glucose solution. Dilute suspensions made up 

in 0.5 molal glucose buffered at pH 7.0; inhibitors were added (at 

i 7.0) before the beginning of the experiment. 	Cells observed for 

erioda of up to 10 hours. 

Inhibitor 

no inhibitor 
N 

iodoacetat e 
I, 

mercuric chloride 
N 

a emicarbazide 

methylene blue 
N 

sodium azide 
'I 

2 9 4—dinitropheriol 
N 

sodium fluoride 
'S 

sodium arsenite 

Inhibitor concn. Salt Recover 	from p1asrol sie 
(x molar) present' aerobic 

conditions 
axiaeroio 
conditions 

- + - 

0.001 Na - 

'S  - 

0.0001 Na - - 

- 

0.1 Na - - 
'I + 

0.00005 Na - - 
I' x+ + 

0.02 Na - - 

S 

0.001  

0.02 Na - - 
N  K' - 

0.1 Na+ - 

In the aerobic experiments the salt was in the form of phosphate 
buffer (0.02 U), either Na2HPO4/NaH2PO4  or Na2HPO4/K112PO4 . In 
the anaerobic experiments, which were carried out in bicarbonate 
buffer, the salt was added as chloride at a concentration of 20 U. 

SYMBOLS USiD I1 THIS TABLE: + = recovery from plasmolysis 
- - no deplaamolyais in 10 hrs. 
- no experimental result obtained 



TABLE IVa 

Rates of penetration of various methylated sugar derivatives into 

cells of Esoberichia coli strain N o  expressed as half-equilibration 

times. 	DeplaBzoly8ia followed in dilute bacterial suspensions made 

up in 0.6 molal sugar solution. 

Substrate 	 Half-equilibration time 

alpha-methyl glucoaide 	 15 mine. 

beta-methyl glucoside 
	

60 mine. 

alpha-methyl galactoside 	 56 mine. 

3-methyl glucose 	 40 mine. 

6-methyl glucose 	 56 mine. 

6-methyl galactose 
	

56 mine. 



TABLE IVb - SECTION 1 

Effect of inhibitors on the penetration of alpha-methyl gluooaide 

into cello or Escherichia colt strain D. 	Dilute bacterial suspensions 

made up in 0.02 M sodium phosphate buffer p11 7.0; inhibitors added 

at neutral pH. Time-course of depiasmolysis followed - the 

deplasmolysis time being equivalent to the half-equilibration time 

since the osmolality of the external medium was twice that of the 

internal solute concentration of the cells (see 3B (6)). 

cMe glucoside Inhibitor 
concentration Inhibitor concn. 

(x liiolar) 
Deplaanipiyeis time 

0.6 mola3. - 
- 10 mine. 

0.6 molal sodium azide 0.04 10 mine. 

0.6 molal 2,4-dinitropheno]. 0.001 10 mine. 

0.6 molal sodium arasnite 0.01 10 mine. 

See over for SECTION 2 / 



TABLE IVb - SECTION 2 

ffect of glucose on the penetration of alpha-methyl glucoside into 

cells of Lacherichia coil ML 30. Depiaemolyais followed in dilute 

bacterial suspensions made up in 0.02 M sodium phosphate buffer 

pM 700 (as in section 1 or this Table, the deplasmolysis time i8 

equivalent to the half-equilibration time in these experiments; 

see 3B (6) ). 

c. L Lucoside Glucose Total molality 
conceitration concentriTion of mediuiii Deplasmolysis time 

0.6 molal - 0.6 10 mine. 

0.5 molal 0.1 molal 0.6 10 mins. 

0.4 molal 0.2 molal 0.6 10 nina. 

0.3 nolal 093 molal 0.6 ca. 	2 bra. 

0.2 molal 0.4 mo].a1 0.6 > 	3 

0.1 mola]. 0.5 mola]. 0.6 3 bra. 



o. vriu 	iu 	celia of Aucherichia coli strain B 

measured by the recovery from plawaolysia in hypertonic solutions. 

Dilute bacteria], suspensions were made up in 0.5 molal solution of 

the aoids,and the course of deplasmolysis followed over periods of 

up to 5 hours. Where a pH value is indicated, the sodium salt was 

titrated with the free acid to the required acidity with the use of 

a glass—electrode. 

Solute 

sodium euccinate 

sodium acetate 

SI 	 II 

sodium lactate 
'S 	 SI 

sodium formate 

U 	 N 

	

21 	Half-equilibration time 

	

6.5 	 - 

	

7.8 	 - 

	

6.5 	 120 mine. 

	

7.5 	 - 

	

6.0 	 - 

	

8.5 	 - 

	

6.5 	 100 mine. 

AMINO ACIDS: 

glycine 	 150 mina. 

L—alanine 	 60 mine. 

L—valine 	 60 mine. 



TABLE VI 

The rate of metabolism of glucose by fresnlyarvested suspensions 

of Escherichia colt strain B at 25°C using 4.0 a. dry weight of 

organism. 

Glucose 	 Presence of 	 Metabolic rate in 
concentration 	 K4(20 ) - 	 gas/hr./mg- dry wt. 

OXIDATION 

1.0! 	 - 	 38 

lao! 	 + 	 66 

0.1! 	 - 	 98 

0.lg 	 + 	 104 

- 	
- 	 5 

FERMENTATION 

1.0! 18 

0.1! - 70 

0.1! - 6? 

0.lg + 94 

- 0 

Total metabolism of 4.0 pmolee glucose 

U (a) OXIDATION 	- 2.4 xmo1ea 02 utilised4zmole glucose 

(b) PRMRITATIOK - 2.0 Fmoles 002 evolved/mole 1ucose 

Xx This is normal for Be colt; see Clifton (1952),  and Stan.ier, 
Doucloroff & Adelberg (1953). 

R( after 10 nra. equilibration) 



ixect oi inaibiuors on ieruaentation of 0.5 M glucose by 

frestily-harvested suspensions of Escherieia coli strain B. 

Inhibitor 	 Perceutage 
Inhibitor 	 concue 	 izLhIbiLiozx of 

(x molar) 	fermentation rate 

sodium iodoacetate 0.001 100 

2 9 4-di.riitrophenol 0.001 53 
is 	 +7 mM JçF 0.001 62 

mercuric chloride 0.0001 100 

0.00001 0 

potassium cyanide 0.001 0 

sodium fluoride 0.02 100 

semicarbaide 0.1 75 

sodium arsenite 0.1 95 

sodium azid.e 0.04 100 

methylene blue 0.0001 70 



TABLE VIII 

Effect of inhibitors on fermentation of 4.0 moles glucose in 

0.17 A NaCl by 	irichia coil strain L Comparison of freshly- 

aerveated eel].a aid frozen-taawed cells. 

Inhibitor Percentage inhibition 
Izikkibitor concli. of fermentation rate 

(x zioIat) Fresh cells Frozen cells 

sodium arsenite 0.001 30 25 

0.01 60 78 

sodium iodoacetate 0.001 100 100 

2,4-dinitropeo1 0.0001 33 57 
' 	+ 17 m! E 0.0001  24 40 

2,4-djnitropkenol 0.001 70 88 

+17mK 0.001 66 90 

sodium azicIe 0.01 — 91 

" 0.04 91 94 

sodium fluoride 0.005 0 12 

is  0.02 99 93 

mercuric chloride 0.00002 99 
" 0.0001 100 100 



..L4 

erwentation oi glucose ar4 kLexoae phosphates by fraaI1y"h&rvested1 

suspensions of Escherichia coli strain D. using 4 ag. dry weight 

of organism and 4 pinoles of substrate. 

Substrate 	 Fermentation 	rates in 
/.1]. c027uir. 1mg. dry WE 

Glucose 	 64 

glucose-1-phosphate 	 8 

glucose-6-phosphate 	 2 

fructose &tphosphate 	 2 

gtuco eel-phosphate 
+ glucose 	 64 

31uCOSe -phosphate 
+ glucose 	 62 

These results were repeated, and confirmed *  using strain ML 30 
of E. coil. 



- 	4 

;ffect of aCi on fermentation of glucose and bexose pkospb.ates 

by freshly-harvested suspensions of Escheriehia coli strain 3, 

using .5 mg. dry weight of organism and 3 p=oles substrate. 

Substrate NaC1 1ezentation rate in 
cóc n. pi. G 02/hr .1mg. d.ry wt. 

gluco8e 0.17 M 100 

glucose 034 M 108 

glucose 0.008 M 64 

glucose-l-pkospb.ate 0.17 M 6 

gluoose-1.pkospb.ate 0.008 M 6 

g1ucose.6pkospkate 0.17 
! 

0 

fruCtose diphoepkate 0.17 M 0 



- T - 

Effect of 0. 017 M A on fermentation of glucose and liozose 

phosphates by freshly- narvested suspensions of Escheric.aia coli 

strain B in 0.17 M 11, using 6 a. dry weight of organism and 

3 pimoles substrate. 

Substrate 	 Fermentation 	rate in 
PI 

glucose 	 96 

glucose + 0.017 M K 	 116 

1ucoae-1-phosphate 	 2 

glucose-1-phosphate 
+0.O17! e 	 6 

gluco se-'phosphate 
+O.O17MK 	 0 

fructose diphospIate 
+O.O17! 	 0 



spensions of Escherichia coli strain i,Z using 4 o1es substrate 

o (resuits from 3experiments 

Substrate 

glucose  

&.ucose1'u'phoapkate 

glucose-6-phosphate 

fructose diphospbate 

.ermentation rate in 
,ii[ GO 2Ihr./ra. dry wt. 

(1) 	(2) 	(3) 

507 	302 	5.0 

5.9 	3.5 	5.1 

2.4 	2.9 

- 	1.7 	1.0 

These results were repeated, and confirmed, using strain ILL 30 
Of E .  coil. 



. 	L 

, frozen-thawel suspensions of Esokerickia coli strain 29 using 

moles of substrate. 

J)3trate 

glucose 

glucose 

glucose-6-phosphate 

glucose-6-phosphate 

fructose dipltosphate 

fructose diposph.ate 

aL(j 

conc. 	j1 CO2/.r./mg. d.ry wt. 

- 	 5.0 

0.17 M 	 17.1 

- 	 2.9 

0.17 M 	 3.0 

- 	 1.0 

0.17 9 	 1.2 



&b5 of inoranic paospnate and nucleotides from cells of 

cierickiia coli strain B before and after freezing. Acid soluble 

extracts of supernatant and cell fractions were assayed for presence 

of inorganic phosphate and nucleotide (see 20 (3)). Comparison 

between suspensions allowed to stand on bench at 20 °C for 4 hrs. and 

those deep-frozen for the same period. Each suspension analysed 

contained 95.3 mg. dry weight. 

(I) 

Cells stored at 
20°C 

supern. 	cells 

INORGANIC PHOSPHATE 

(2) 	 (3) 

Cells stored. at Cells frozen 
'120C 	and. thawed 

(frozen-thawed) 	twice 
super n. 	cells supern. 	cells 

pig. phosphorus 
present in each 	29.25 	92.4 	109 
fraction 

% of total 
phosphorus in 	24 	76 	89 
fraction 

13.5 105.5 	14.4 

11 	88 	12 

NUCLEOTIDES 

log 
of extract 	 1.55 	4.60 

% of total 
nucleotide in 	25 	75 
fraction 

4.37 1.55 

74 	26 

4.38 

76 

1.41 

24 



eriaentation oi. Lilacose and various methylated glucose derivatives 

by Esctiericb.ia coil ML 30, using Ca. 10 &g. dry weight organism 

and 4 j.zmolea of substrate. Rates corrected for residual 

fermentation. 

Substrate Fermentation rate in 
ftl CO2fkw./mg. dry wt. 

glucose 	 106 

alpha-methyl glue oside 	 0 

beta-methyl glucoside 	 38 

6-methyl glucose 	 0 

3-methyl glucose 	 0 

alpha-methyl galactoside 	 0 



TABLE XVI 

A,Ueot of various concentrations of alpha-methyl &luco8ide on the fermentation of 

glucose by Eacherichia coli ML 309 using Ca. 10 mg. dry weight of organism and 

5 .uao1es of glucose. Competition between glucose and the glucoside. 

Glucose A1Dha-methyl Ratio of Fermentation rate in % inhibition % inhibition at 
) Fg~= _________ glucoside-

(io1eaJ  gi.: cMe gi. 1 CO2/hr./m6. dry wt. of rate first reading 
(after 5 mine.) 

5 - - 102 - - 

5 40 l:$ 98 4 60 

5 100 1:20 61 40 85 

5 200 1:40 17 83 100 

5 400 1:80 2 98 100 



--- 

.ect ox vriaion in tue 6lucose concentration on the inhibition 

of glucose fermentation by alpha-methyl gluooside in 1scherichia coli 

ML 30, using Ca. 10 mg. dry weight of organism and 200 pmoles a1pa-

metkil glucoside. Reversibility of the inhibition by the glucoside. 

Glucose Al4a-met}yl Ratio of  Fermentation rate in % inhibition 
(t.uuoIes) 	 l.s.ccMe gl. iI CJ,/hr. /mg . dry wt. 	of rate 

25 	 - 113 	 - 

10 	 - 113 	 - 

5 	 - 113 

25 	200 	 1:8 88 	 22 

10 	200 	 1:20 52 	 54 

5 	200 	 1:40 13 	 88 



A4iI 

Effect of a1pka-methyl glucoside on the oxidation of glucose by 

Iscberichia coli ML 30, using Ca. 10 *. dry weight of organism. 

Glucose Alpha-methyl Ratio of 	Oxidation rate in % inhibition 
(xio1es) 	(fmo1eB) 	g.l: cx.Me g,. il O2fhr.fg. dry wt. 	of rate 

I1ilil I I0N BY ALPHA—METHYL GWC OSIDE: 

5 - 
46 - 

5 40 1:8 38 17 

5 100 1:20 27 40 

5 200 1:40 8 83 

5 400 1:80 4 91 

REVERSAL Ok INliLITI0N: 

S 	 - 	
- 46 - 

5 	200 	 1:40 10 78 

10 	200 	 1:20 12 74 

25 	200 	 1:8 16 65 



i.1Zect of various concentrations of6-methyl glucose on tAe 

fermentation of glucose by Eschericia coil ML 30, using 12 mg. 

dry weight of organism and 5 io1ee of glucose. 

Glucose Ratio of Fermentation rate in % inhibition 
(mo1é) iueose 

(!lmoles) 
iJ. CO2(hr./m. dry wto of rate 

5 - - 100 - 

5 40 1:8 100 0 

5 100 1;20 100 0 

5 200 1:40 100 0 

5 400 1:80 100 0 



TABLE XX 

Effect of various concentrations of 3-methyl glucose on the fermentation of glucose 

by Eacherichia coli ML 309 using 12 mg. dry weight of organism and 5 uno1es of glucose. 

Glucose 3-methyl Ratio of Fermentation rate in % inhibition % inhibition at 

(o1e) i'l . glucose   
(o1ea) 

 c02/hr./mg. dry it. , al of rate first reading 
(after 5 	s.) 

5 - - 120 - - 

5 40 1:8 104 13 30 

5 100 1:20 90 25 50 

5 200 140 87 28 65 

5 400 1280 87 28 83 



TABLE XXI 

Effect of various concentrations of a1pha-methyj galacto8ide on the fermentation of 

].ucose by Escherichia coil JIL 30, using 10 mg. dry weight of organism and 5 punoies 

of glucose. 

ai.eose AlDha-xnethyl  tio of 	Fermentation rate in 	inhibition inhibition at 
a1actoide 	Ita  first reading (imo1es) 	poles) 	g1.dEie gal. 1I CO2/hr./mg. dry wt. 	of rate 	(ter 5 nuns.) 

5 	 - - 108 - - 

5 	 40 1:8 108 0 0 

5 	100 1:20 98 9 30 

5 	200 1:40 81 25 42 

5 	400 1180 78 28 62 



	

. u—. 	 LLa.e 	 CI. 	ce L) 

	

..icherichit cold.. 	 1 r. dry wiJit o.t 

LI 

(.uao1e) 
H- 

gl.a 	Me gi. 
H 

i'I) dry wt. P7, 00  2/hr./. 

4 - - 100 

- 4 - 40 

4 4 111 98 iai* 
40 	b 

- 200 - 58 

4 200 1:50 71 

initial rate. 

rate after 15 mine. 	Bee Pig. XIII. 



- 	 --._- y 	cherichia colt 	 30 9  

using ca. 10 age dry weight of organism. Competition between 

Liie-Lhy1 of 4___ __ Leriezititioi 	rate in % ixibi lucoside ucoaide 
(iio1ea g1zMe gi. a1 Co2/hr./g. try wt. or-r--at 

5 - - 34 - 

10 - 
- 34 - 

20 - 
- 34 - 

5 400 1:80 0 100 

5 200 1:40 0 100 

5 100 1:20 0 100 

5 40 1:8 0 100 

5 10 1:2 6 82 

5 5 1:1 18 47 

5 1.25 4:1 32 6 

5 0.50 10:1 32 6 



TABLE XXIV 

Effect of variation in the beta-methyl glucoside concentration on 

the inhibition of beta-methyl glucoside fermentation by alpha-methyl 

glucoside in Eacherichia call. ML 30, using 10 mg. dry weight organism 

and 10 zmolea alpha-methyl glucoside. Reversibility of the 

inhibition by alpha-methyl glucoside. 

Betz--thyl ilh-iiethy1 Ratio of Perientation rate in % inhi 
'lucoside r .uio1e8) 

ucobide 
tALolc3) 3Me gi.; c Me gl. CO 2/hr./mg. dry wto , .al o 	rat 

10 - - 38 - 

5 10 1s2 7 82 

10 10 1:1 22 42 

40 10 4s1 31 18 



..n ca. 10 mg. dry weight of organism 

5 Imo1e5 of aubt'ate. 

Oa-i.ok -te 
p11 2'"' dry wt. MT C 02/hr .7mg. dry wt. 

glucose 108 

mannoae 108 

fructose 30 

galactose 	 0 

maltose 	 o 

58 

58 

43 

0 

0 



TABLE XXVI 

Effect of alpha-methyl glucoside on the fermentation of lna-nnoae and 

fructose by Encherichia coli ML 30, using ca. 10 mge dry weight of 

organism and 5 T.unolea of each of the substrates. Fermentation rate 

given in al CO2  evo1ved/hr./m. dry weight. 

Al pha—methy1  Ratio pZ 	Perientation rate % inhib. of rate . uoside 	aubatr.gLMe gl, mannoae fructose mr'noae fructose (juioles) 

- 
- 106 30 - - 

200 1:40 0 0 100 100 

100 120 0 0 100 100 

10 1*2 0 0 100 100 

5 1*1 0 0 100 100 

0.5 10*1 4 0 96 100 

0.1 50:1 96 23 9 23 

0.05 100:1 106 25 0 17 



iiic. 	 by cherichia 

• 	10 i. 	dry wc1ht of organisr. 

______ 
ermeiitation rate in 	inhib. 

o1e) Lairn.bMe gi. ta]. CO2/hr.. try wt. 	of rate 

5 - - 110 - 

5 50 1:10 110 0 

5 200 1:40 110 0 

5 400 1:80 110 0 

- 200 - 0 - 



L: 30, u!n e. 1. r. dry weight of organism. 

Glucose 	Maltose 	Ratio of 	Metabolic rate in 
(moles) 	(iino1es) gl.; malt. 	t1 gas/hr./m. dry t. 

I. FERMENTATION 

5 - 	 - 10]. 

- 5 	 - 0 

5 5 	1:1 98 

5 100 	1:20 97 

5 200 	1:40 98 

II. OXIDATION 

5 - - 56 

5 5 1*1 56 

5 100 1:20 58 

5 200 1:40 58 

5 400 1:80 58 



r 

(. .: 	 1 	..CQ1 J. 

Glucose Maltose Ratio of Metabolic rats in 
(}uriole2) io1ep) a..: ralt. 7.11 gasj'hr.Jrng, dry wt. 

I. 	k1 ?ATI01 

2.5 - - 101 

- 2.5 - 101 

2.5 2.5 1:1 101 

200 2.5 80:1 103 

2.5 200 1:80 104 

II. OXIDATION 

2.5 - - 56 

- 2.5 - 56 

2.5 2.5 1*1 56 

2.5 200 1:80 58 

TOTAL METABOLISM of 2.5 amo1es of substrate; 

Substrate 	Ox dation 	 Fermentation 
aro1es (0)í'junole substr. pamoles 002/7.LL.ole substr. 

glucose 	 4.0 	 2.0 

maltose 	 5.6 	 4.0 



Effect of methyia L.i sugars on the metabolism of maltose by ia1toae-

uddted cells of L, O1i 1 30, using Ca. 12 m. dry weight of 

organism and 200 "oleo methylaugar. 

ra1toae 	iethy1ated 	Metabolic rate in 	% inhibition
(oles) 	uuar 	i asJhr./mg, dry wt. 	or rate 

.iERL1E1TATI0 

2.5 	 - 105 	 - 

2.5 	&. Me gl. 19 	 82 

2.5 	6Megl. 88 	 16 

2.5 	3Me91. 82 	 22 

OXIDATION 

2.5 - 53 - 

2.5 Me gi. 44 17 

2.5 5 Me g].. 31 42 

2.5 6Megl. 48 9 

2.5 L:e gal. 43 19 



TABLE XXiI 

Fermentation or 61UCOSO and 6alactose bygalactose-adapted calls 

of E. coil ML 30 1  using Ca. 10 mg. dry weight of organism. 

Glucose Galactose Fermentation rate in 	Total fermentation 
(pamoiea) (imo1eu) 	]. CO2/hr./mg. dry wt. uno1es CO 2/uaolesugar 

- 	 5 	 109 	 2.5 

4 	 - 	 151 	 2.5 

4 	5 	 159 (a)" 
110 (b) 	 - 

4 	 5 	 151 (C) ""  
100 (d) 	 - 

" simultaneous addition of substrates giving an iia1 rate (a), 
and a subsequent rate (b). 

"" glucose added to the flask first, giving rate (c), and when 
fermentation oompieted, galactose added giving rate (d). 



Estimation of the accumulation of alpha-methyl glucoside in cells 

of Eecherichia ccli ML 30g (1) by analysis of the disappearance of 

the glucoside from the medium, and (ii) by estimation of the 

appearance of glucoside in the cells. 2.5 p.amolea of alpha-methyl 

glucoside were used per flask (3.0 ml.), and 10 mine, was allowed 

for accumulation to occur. 

Drx  wt. COflcfl. 	Accumulation of altha-methyl glucoside of cells in 
m. /flask 	in 4unioles/g. dry weight organism 

	

(i) 	 (ii) 
Supernatant 	Cells 

EXTRACTION BY BEATING 

	

pt. 1 	23.9 
	

25 	 31 

	

Ezpt. 2 	20.1 
	

24 	 28 

EXTRACTION BY ACID 

	

20.5 	 24 	 22 



TABLE XXXIV 

Effect of 1C' on the accumulation of alpha-.methyl giucoaide by calls 

of Eacherichia coil ML 30. Analysis of (1) disappearance of the 

glucoeide from the medium, and (ii) appearance of glucoside in the 

celia. 2.5 moleu of glucoside and 19.8  mg. dry weight of cells in 

	

each flask (3.0 ml.). 	Cell fractions extracted with 2% PCL. 

Salt present Total giucoside present Accumulation of c4Me &.ucoslde 
(0017 M) 	 in imoleo 	 in 11n1o].es/. dry weight 

	

(I) 	 (ii) 	 (1) 	 (ii) 

$uperntn. 	Celia 	Superntn, 	Celia 

100% NaCl 	206 	 0.1 	 7 	 5 

66% KU ) 	2.05 	 0.49 	23 	 25 
33% NaCl ) 



TABLE XXXY 

Time-course of alpha-methyl glucoside accumulation by cefle of 

Eacheriohia coli ML 30. Supernatant fraction analysed using the 

centrifugation method (see 5A). 2.5 "oleo of alpha-methyl glucoside 

and 21 mg. dry weight of organism present in each flask (3.0  rn].). 

Time allowed upoles oLMe gi_ 	Azmoles oLMe g].. 
for 	 preBent 	 present in 	.couiitu1ation in 

accuthIation 	initially 	aupernatant after 	01 e3/&. dry wt. 
accumulation period 

1 mm. 2.5 2.04 22 

2 	" 2.5 1.98 2 

4 	" 2.5 1.97 25 

10 	" 2.5 2.03 22 

20 2.5 2.02 23 

I4 

- 

! i 

FUl 



TABLE XXXVI 

Effect of varying the external alpha—methyl glucooide concentration 

on the accumulation of alpha—methyl glucoaide by cello of £echeriQhia 

coli ML 30. Supernatant traction analysed using the centrifugation 

method (see 5k). 2 mine, allowed for accumulation to occur; 21.9 m. 

dry weiEht used per flask (3.0  ml.). 

c'LMe 	l. present Amo1es c,Ltie gi. present 1amo1e 	tMe 	L. Accumulation 
initial1y in supernata.nt after 	di8appered i21ole8 

.aole acellraulation period 	rroa a7pernin. Pex 

0.625 0.03 0.595 27 

1.250 0.70 0.550 25 

2.500 1.87 0.630 28 

5.000 4.46 0.540 25 

-I 



01. the organism on the accumulation of 

of Eacheriohia coli ML 30. Super- 

.,a centrifugation method (see 5k). 

2.5 p.unoles of alpha- 

Ide  i3eflt 

supernatan t after 	I. accumulation 
- 	 umu1ation perió 	mQesJj. dry wt. 

1.87 	 28 



£ 1L1..ora on the accumulation of alpha-methyl 

cells of Esoherichia ccli ML 30. Supernatant fraction 

.ng the centrifugation method (see 5A), 	2.5 ,umoles of 

tacogide and 20-25 mg. dry weight organism were present in each 

.kiib.tor Accumulation of 	'10 U C 01r] C13  
(x1r) in 	io1e. ãr: 	weight 

,4-Unitropheno1 0.001 29 

.dium areenite 0.01 27 

y1 mercuric acetate 0.001 0 

.0001 30 

.00l 0 

0.0001 33 

sodium iodoacetate 0.01 4 

0.001 4 

sodium fluoride 0.02 6 

anaerobic conditions 
(bicarbonate buffer) 

- 9 



ç 	 glucoiide by Fscherichia coli MI 30 

and after the exhaustion of residual substrates for 6 hre. 

O. 	Supernatant fraction analysed by the centrifugation method 

ee 5A). Experiments were carried out in 0.02 JK Mai2PO4/1a2IfPO4  

ii 7.0); 23 mg . dry weight of organiam, and 2.5 MinGles gluooeide 

re present in each flank (3.0  ml.); 2 mine, allowed for 

I 	
fl hAt 	 Lt.L iLl 

after 	p4mole3J'. dry wit. 
.O 0fl 

'fore equilibration 	2.5 	 1.87 	 27 

ceumulution 
rter equilibration 	2.5 	 2.34 	 7 

cumulation after 
equilibration - 0.5 
imoles glucose added 
20 mine, previously 	2.5 	 2.32 	 8 
(see text - 5B (3)) 



the cells on the accumulation of 

.pha-aethyl glucoside by Eacherichia coli ILL 30. 	Fractions analysed 

1r inorganic phosphate (P1), labile organic phosphate hydrolysed in 

'P), and stable organic phosphate (OP). 	Samples 

.tion, and after 2 mine, in the presence of the 

ucoaide. 	Results are expressed as punolee P/g. dry weight organism. 

101F 

	

	 Op 
pt. 2 

36 	82 

:fter 2 mine. 
96 	98 	39 

-- 

o'P 	 OP 

before accumulation 	 274 	 540 

after 2 mine. 
accumulation 	 274 	 540 



L.ated sugars by cello of Eackeichia coil 

30. 	Supernatant fraction analysed uein the centr..fuation uetboê 

ee 5A). 	2.5 pamolea of substrate and 20.5 mg. thy weight organism 

ved for 

1. 

- ethyl glucose 	 2.50 

-methyl glucose 	 2.31 

)L -th1 • i 	 2.5C 
	

r 



metabolism by Escherichi aL oo].i ML 30. 

,)n en ljuaiwi6iou 	,L etoJ..c rdte 
- 	

-•' \reuced as an age 

;xidation Perzientation 

100 50 

100 100 

- 0 

uric chloride 0.001 100 

0.0001 12 - 

um iodoacetate 0.01 100 100 
of 0.001 62 100 

.Lum fluoride (a) m  0.02 0 76 

0.02 100 90 

" (a) Bay tipped simultaneously with the glucose. 

(b) Na]? pre-incubated with the cells before the glucose was added. 



--- 

e 	uiu.Lion of glucose by cells of Eacherichia 

.c~li ML 30 by analysis of (i) the supernatant after centrifugation 

d (ii) the supernatant plus the cell extract obtained by treatment 

2% PCA, after stopping the reaction in each case with 0.001 
! 

- mercuric acetate. 2.5 fAmolee of glucose and Ca. 20 mgo dry 

ight organism used in each flask: 2 wins, reaction time allowed 

fore the addition of the inhibitor. The results of three experiments 

' 	 iv on. 

J , trite aidi:hibitor Glucose present in total fraction (moles) 

)erna tan t 	Total extract 

I 	 'lliu Ui 

tucose and inhibitor 	 2.50 	 2.50 

ucose added first - 

.uihibitor after 2 mine. 	 1.37 	 1.29 
l.29 	 1.29 
1.42 	 1.52 

Values obtained under anaerobic conditions using bicarbonate buffer 
and an atmosphere of 5% CO2  and 95% )I. 



u.i. L luuose b4r cells of ischerichia coli ML 30 in the 

or inhibitors. Analysis of (i) the supernatant after 

llugation and (ii) the supernatant plus the cell extract 

Lied  by treatment with 2% PCA, after stopping the reaction in 

aee with 0.001 ! phenyl mercuric acetate. 2.5 amoleB of 

ucose and Ca. 20 age dry weight of organism used in each flasks 

mine, reaction time allowed before the addition of the phenyl 

c''1 	.cete 

-rcuric acetate 

- 

j , --- 	----'- 	-'--i 

Supernatant 	Total extract 

OF 0.01 M I0D0ACTATE 
ixaultaneous addition of 
ucoae and phenyl Hg Ac. 	 2.50 	 2.50 

Lucoee added first - 
henyl Hg Ac. after 2 mine. 	 2.50 	 2.50 

PRESENCE 01? 0.02 M SODIUM FLUORIDE 
simultaneous addition of 
glucose and phenyl Hg Ac. 	 2.5Q 	 2.50 

glucose added first - 
phenyl Hg Ace after 2 mine. 	 2.39 	 2.42 



i 	u.iion of glucose by cells of Bacherichia 

Ai ML 30 by analysis of (i) the supernatant after removal of the 

lla using a membrane filter, and (ii) the supernatant plus the 

.ned by treatment with 2% PCA. 	2.5 .imoles of 

dry weight of organism used in each flasks 2 mine. 

- uct!ori time allowed. 

Qti £ction (oie) 

spenu ion immediately 
xAoved to membrane filter 	 2.01 	 - 

i.ucoae present for 2 mine.- 
epen8ion imzediate1y 

t::tracted with PCA 	 2.12 



ffect of alpha-methyl glucoside on fermentation of glucose by frozen-thawed cells of 

EBcherichia coil ML 30, using 38 mg. dry weight of organism and 5 fAmoles of glucose. 

G.Luco8e 
(ole) 

£Me J. Aatio of Fermentation rate in inhibition inhibition at 
(moles) l.:jtIe gl. 

_d__ p.t]. CO2/hr./xag. 	y wto of rate Xirt reading 
5 DhiflB.) 

5 - - 26 - - 

5 40 1:8 20 23 47 
5. 100 1:20 15 42 67 
5 200 1:40 10 62 73 
5 400 1:80 4 85 100 



i 	t 1 	i—iitthyi61ucujide on fermentation of &uooee-6-phosphate 

- 	 of Eacherichia coli ML 30 9  using 3997 ago dry 

4.6 

100 	 4.6 

5 	 200 	 3.5 



TABLE XLVIII 

Inhibition of glucose fermentation by alpha-methyl glucoside in crude 

extracts of Eacherichia ccli ML 30, in the presence and absence of 

any whole cells. After the froth had been dispersed, 10 ml. of the 

crude extract (corresponding to Ca. 250 w. dry weight of cells) was 

centrifuged for 5 mine, at 3000 g , and divided into two fractions: 

(1) the top 5 ml. of the supernatant; (2) the rest of the supernatant 

plus the pad, which was re-dispersed (this fraction contained any 

whole celia present). 	1.0 ml. samples of the fractions were used 

in each flask, 

Fraction (2) 	 Fraction (1) 

Glucose oL4e Li1' 	Perm. rate 	% inhib. 	Perm. ra1j 	% inhib. 
(mole) cpLioI) pal CO 2/hr./flaak of rate pal CO2/hr./tlask of rate 

5 	- 	 254 	 - 	 94 	 - 

5 	400 	 33 	 87 	 14 	 85 



çi 	etii. 	tud• on the fermentation of glucose by 

crude extract of Eaoherichia opli ML 30 after rapid centrifugation 

remove any regaining whole cello (supernatant and particulate 

-.) 

u.Lueoue 
(o1es) 

_______ 
(pI.Loles) 

01 

gl.g 	Mel. 
erAM4A4LjoA, 	'1e 	1L 

a3. CO 2/r./ 	dry wt. 
e 

of rate 

5 - - 18 - 

5 40 1s8 15 17 

5 100 1:20 9 50 

5 200 1:40 6 70 

5 400 1:80 3 83 



-- 	 . 	 • 	 .. 	 . A 	 -. 

ucose-.6-phospIate by a crude extract of Jacheric1iia coli ML 30 

.ter rapid centrifugation to remove any rezaaining whole cello 

(zii) 	[o1e) 	ii 002/hr./Ziaak 	of rate 

- 	 - 	 21 	 - 

5 	 - 	400 	 5 	 76 

- 	 5 	 - 	 26 	 - 

- 	 5 	400 	 26 	 0 



.Iect 01 	j11a-ietiLJl iucoiie on ;ae oxiiatiou 01 61iwozie and 

iucose--phosphate by a crude extract of Esckierichia coil ML 30 

after rapid centrifugation to remove any remaining wiole cells 

(supernatant and particulate fraction used). 

Glucose oLMe gi* oxidation rate in % inb.ibition 
(jimoles) (iinoles)  k o 	rate  

5 - 
- 92 - 

5 - 
100 78 15 

5 - 400 30 67 

- 5 - 172 - 

- 5 400 206 0 



Effect of alpha-methyl glucoside on the fermentation of glucose in 

the presence of APP using a crude extract of Eeckerichia coil MI. 30. 

Values corrected for corresponding blank estimations in the presence 

of ATP. 

Glucose 	cLe. 	Ratio of 	AP 	Fermentation rate in 
çuuoles) 	imoies) 

 
.36 Me 	(ji3Te8) /11 COjar./sno dry itt. 

15 	- 	 - 	 15 	 18 

15 	600 	1:40 	15 	 16 



ZtiatiOn 01 	c €--piiosphatase activity in crude extracts of 

sclierichia coli Mt 30. Liberation of inorganic phosphate from 

1ucose6-.phoaphate at 25°C followed: (1) in freshly-prepared 

ct, free of whole cells; and (2) in extract dialysed overnight 

- 	 - 	 - 

In reaction mixture 

15 mins. 	 0.22 

30 mins. 	 0.57 

45 mis. 	 1.20 

60 mins. 	 2.50 

io1es inorganic 1iospate 
a-earing in reaction mixure 

in presence of 0.01 M Na 

0.26 

- 0.99 

- 1.60 

- 1.86 

(2) DIALYSED EXTRACT 

imoles inorganic 
Time 	phosphate ap;earing 

in reaction mixture 

Pamoles inorganic ?hosphate 
ap4arin in reaction mixture 

in presence of 0. )1 M Nai? 

15 mine. 	 0.67 
	

0.05 

30 minis. 	 1.35 
	

0.16 

45 nins. 	 2.26 
	

0.34 

60 minis. 	 3.12 
	

0.65 



ation o. 6jucokinase activity in a dialysed extract of 

cherichia ooli ML 30. Production of organic phosphate from glucose 

nd ATP, and the disappearance of acid-labile phosphate (APP), 

)1lowed over a period of 1 hour at 250C. Results expressed as 

moles of phosphorus present in the total reaction mixture. Zero 

reading, obtained immediately on the addition of the extract to the 

, is used as the blank value and is subtracted 

i 	tion. 

Samples taken at: 

15 mm. 	30 mm. 	45 mm. 	60 min. 

0±tGAi'IC PH06PUIE  

glucose + APP 	 3.2 	7.0 	 9.6 	11.5 

APP 	 0 	 0 	 0 	 0 

glucose 	 0 	 0 	 0 	 0 

INOEGLNIC Pli0SI'KAE 

glucose + APP 	 4.65 	6.14 	6097 	5.37 

APP 	 5.83 	8.51 	10.44 	11.71 

glucose 	 0.20 	0.40 	0.45 	0.37 



:ieC1 U1, 	 .Luside on the estimation of glucokinase 

vity in a dialysed extract of Eacherichia coli ML 30. 

duction of organic and inorganic phosphate, and the disappearance 

acid-labile phosphate (ATP), estimated after 30 minutes at 25 00. 

gulta expressed as uao1ea of phosphorus present in the total 

action mixture (3.0 ml.). Molecular ratio of glucose to alpha-

.thyl 6lucoside was 1s40. The results from two experiments are 

(1) 

glucose + o.Me gi. 	 4.45 

glucose 	 4.70 

Me gi. 	 1110 

no substrate 	 0 

P 
(p1o1eb) 

(2) 	 (1) 	(2) 

4.80 	 2.95 	3.20 

4.79 	 2.85 	3.30 

1.30 	 3000 	3.72 

- 	 5.25 	- 



(kJ 	- 

ruwth cves or Escheriokia coli strains B and iiL 30 grown ero 

bicafly at 25 00 in an inorganic medium. Inset, growth curves 

plotted semi-logarithmically. Cultures were harvested at the end 

of the logarithmic phase of growth at the cell suspension density 

indicated by the arrows. Zero time was the time of inoculation. 
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estiin.t10 

 

Of 1oe uii the aiithrolne ractio. 

method (Seifter et a]. 1950). 	Values corrected for the reagent 

blank. 
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1IGURE III 

istiniatiofl of alpha-rnetbyl glucoelde using the anthrone reaction 

method (etfter et a].. 1950): A in the present of a eell extract 

of Escheriahiacoli flIL 30; B in the absence of the cell extract; 

C gives the values for A and B corrected for the corresponding 

blank estimations (a and b). The intercepts (a) and (b) refer 

to the extract blank and the water blank values respectively. 

The extract was obtained by beating the cells at 10000  for 10 

minutes, and was used in the same concentration as in all the 

experimental procedures.. 



1i(UIE III 

Estimation of alpha—methyl rlucoside using the antrirone reaction 

method (Seifter at al. 1950)s A in the present of a cell extract 

of Xacherichia coil di4 30; B in the absence of the cell, extract; 

C gives the values for A and B corrected for the corresponding 

blank estimations (a and b). The intercepts (a) and (b) refer 

to the extract blank and the water blank values respectively. 

The extract was obtained by heating the cells at 100 00 for 10 

minutes, and was used in the same concentration as in all the 

experimental procedures. 
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Determination of the internal osmotic preure oi Ce.LLb ol 

Eacherichia cpu. strain B. The cells were suspended in 

of glucose concentrations and the numbers of plaaiuolyeed cell-  

were counted in random fields and expressed as a percentage o. 

the total. The arrow indicates the concentration at which 50 

of the cells were plaamolysed, and the osmotic pressure of the 

mødium at this point corresponds to the mean internal osmotic 

pressure of the cells. 
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Bate of fermentation of 4 jamoles glucose (GL) and 40 Amoieu ai.1 

methyl glucoside ( 0L ME GL) by cells of .iacheri.chia coil :.: 

(10 mg *  dry wei.ht). 	B = residual ferme114 

brackets refer to 1umoles substrate in f1as. 
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residual fermentation. 
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Effect of varying the glucose (GL) concentration on the rate of 

fermentation by cells of Jf.acherichia cp].i ML 30 (10 me dry weight) 

in the presence of 200 amo1ea alpha-methyl glucoside (oME GL). 

Reversal of the inhibition of glucose Zerientatioi by alpha-methyl 

glucosids. R - residual fermentation; figures in brackets refer 

to amo1es substrate present in flask. 
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giuooøide (o.M) on the rate of fermentation of 5 

glucoside (/3 MG) by cells of kchOrIghia ROIL ML 30 (10 mg e  dr, 
weight). 	Picures in backet3 refer to .imo1e subtrte ilreet 
in flask. 
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on the inhibition of its rate of fermentation , 
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dry weight). Reversal of the inhibition of beta-methyl 6luooside 
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GLUCE-6-OSPki.TASE ACTIVITY OF E ULIiiL. CJL.L 

1) Introduction 

It has been shown that in E. coli (strain ML 30) the 

fermentation of glucose, but not that of glucose-6-'phosphate, is 

competitively inhibited, by alpha-methyl glucosid.e (41) (2a); 63) 9  

and that the inhibition is released by ATP (63 (b)). These 

observations are consistent with the independently established fact 

that the glucokinase reaction is unaffected by alpha-methyl 

gJ.ucosid.e. As the inhibition of glucose fermentation by alpha-

methyl gluoosid.e is as effective in cells of which the plasma 

membrane has been ruptured as it is in intact cells, one must 

conclude that alpha-methyl glucoside interferes with a chemical 

reaction on the route from glucose to glucose-6-phosphate, and 

that this cannot be the glucokinase reaction cata.Lysed by the 

usual ruptured-cell material. The possible explanation of these 

observations most consistent with present bionical knowledge is 

that glucose-6-'phosphate can be formed froa glucose and inorganic 

phosphate (or some other phosphoryl donor) tflrough the mediation 

of a glucose-6-'phoapb.atase working "in reverse. Avoiding 

additional unnecessary assumptions, this explanation would be 

equivalent to the hypothesis that the glucose-6-phoaphatase is 

responsible both for the initial phosph.orylatiou of glucose and 
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for the entry of "glucose" throu tae 	 bra.ue uf the 

intact cell. If the glucose phosphataao is indeed the initial 

rC:' 	i • 	li 	 2 h 4 L.. .L i. cull, it must, 

c., L ia11 relevant to 

the studies described in this thesis. First, it must be inhibited 

h:T a1p11 -1a-et,yl glucosid.e; and second, it must be available at the 

outer suri'ae oi' the plasma membrane. The results of a brief, but 

conclusive, investigation of these requirements are described below. 

2) Eaerimental 

S . ooU (strain ML) was harvested at a population density 

corresponding to Ca. 1 mg. dry weight/in].., washed once in saline 

(usually 0.17 11 NaC1 alone or 0.17 M NaCl, 0.017 Id A(CI and  o.o05 At 

Mg012  the latter being called "standard saline" throughout), and 

suspended in the same saline at a concentration corresponding to 

Ca. 100 mg./ml. The details of growth and harvesting conditions 

of the bacteria, and of the determination of the dry weight of 

suspensions, are given in Chapter 2 (2 (1 - 3)). 

The phosphatase activity was measured on samples containing 

the equivalent of 10 to 100 mg. dry weight organism in an incubation 

time of 30 minutes at 250  C. All activities are expressed in 

jii moles P liberated per minute per g. cLry weight organism. The 

experimental method is discussed in Chapter 6 (6A); and the 

estimation of phosphate is as given in Oiiapter 2 (20 (2)), but 
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stannous chloride was used as the reducer (see Milton & Waters 1 ). 

Preliminary observations showed that tne glucose6.prioaphatase 

of disintegrated cells could nor, be measured satisfactorily oy 

determining trie difference between tae amounts of inorganic pnospbate 

liberated from glucose-6-phosphate in the presence and the absence 

or 10 g RaP in a given incubation period. .?or although 10 
.02 

 it 

NaF was found to inhibit the glucose6-'pnosphatase activity by some 

90% it allowed a very vigorous assimilation of the inorganic 

phosphate which was present in the disintegrated cell preparations. 

This difficulty was overcome by dialysing the enzyme-containing 

material against the standard saline overnight at 2 °C. After 

dialysis neither the whole disintegrated cells, nor the separate 

fractions of this material, assimilated significant amounts of 

phosphate, and the phosphatase activity could be obtained from the 

difference between the amounts of inorganic phosphate liberated 

with and without substrate. 

3) Results 

Table A shows a typical set of results obtained with a cell 

suspension, ruptured by sonic disintegration (see 2 (5)) but not 

dialysed. These results illustrate the large phosphate 

assimilation, unaffected by alpha-methyl glucoside, and indicate 

that tae alpha-methyl glucoside inhibits the phosphatase activity. 

1. MILTON, R.F. & WATERS, W.A. (1949). 	METhODS UI? UANTIPATIVE 
aCRoA1ALsI S. London; Arnold. 
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Table B describ the results o a typical experiment in wnioh the 

cell suspension was ruptured by sonic disintegration, separated 

into "particulate" and "soluble" fractions by ceitriA tug at 

15,000 g for 30 mins. and assayed after dialysis. The alpha-methyl 

glueoaid.e causes about an 80% inhibition of the tote.l g1ucose-C-

phosphatase activity at the concentration (400 aM) which suppresses 

glucose fermentation (see 40 (2a)). 	The observations of Table B 

8180 show that some 60% of the glucose-'phosphatase activity is 

"soluble". This estimate was expected to be low, however, because 

precautions were not taken to discard partially disintegrated or 

intact cells after the sonic disintegration treatment, and no 

correction was made for contamination of the "particulate" fraction 

by the "soluble" fraction occluded in the centrifuged pad. 

A more exact estimate of the distribution of te lucose6-

phoaphatase activity was obtained by using the procedure shown in 

Table C. The glucose-6..phoaphatase activity of the fractions, 

corrected for the occlusion of some of the corresponding "soluble" 

in the pads of the "particulate" fractions, is shown in Table D. 

In view of the occurrence of 17% of the total activity in the 

fraction (P2) which contained many intact or partially disintegrated 

cells, the value of 71% for the total "soluble" g1ucose6posphatase 

is, again, probably an underestimate. Further, it was possible 

that the 9% of the total activity that occurred in the "envelope" 

fraction could be due to retention of glucose -phosph*tase within 

the cell envelopes by a non-specific re-closure of the envelopes 

after rupture and escape of most of the contents. We tiereZore 

carried out the fractionation procedure described in Table 3, 
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reieasing any enzyme caught in tLle envelope lraction by re-submitting 

this fraction to sonic disintegration. 	ne results of the glucose 

6.phoaphatase measurements on the dialysed fractions are shown in 

Table P. In the first fractionation, correcting for unbroken 

cells, some 85% of the glucose.6phospziatase is "soluble", and 

this rises to nearly 90 6pi  after re-submitting the cell envelope 

fraction to the disruption procedure. The re-disruption and 

fractionation procedures result in the loss ox only 15% of the 

total activity initially measurable in the cell envelope fraction; 

nearly 50% of the activity of this fraction continues to be 

sewei.itable a' 2,000 g after re-disruption. It is evident that 

tne ±est permissible estimate for true "particulate" glucose-6-

pliosphatase activity is only some 10% of the total, and that by 

the usual criteria employed for distinguishing "particulate" from 

"soluble" enzyme systems, we must regard the g1ucosei6tphosphtase 

of E,  coli as a soluble and therefore, according to the usual 

assumption, strictly intracellular enzyme. The relationship 

between glucoseuiiE.iiphosphate, glucose and glucose..E-phoephataae in 

E. COli seems to be quite analogous to the relationship between 

lactose, galactose and beta-galactoside the beta-galactoside 

being, like the glucose-E-phosphataae, a soluble enzyme, enclosed 

• (or encrypted) within the protoplast. According to the orthodox 

view, one would therefore have to conclude that the enzyme is not 

(and cannot be) concerned with the transport of its substrate 

through the plasma membrane. 

One must of course recognise that, in the type of gross 
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disruption and fractionation procedure used in these experiments, 

an enzyme which was attached to, or part oi, the plasma membrane 

in vivo mignt be e.Luted by the great dilution of the c,ytojlaam 

ansi by tae drastic changeB or ionic composition which accompany 

tue disruption of the cells in the usual!physiological" saline 

media. In view of the fact that the internal potassium ion 

concentraion of B. cell is relatively high, the same fractionation 

procedure as that described in able C was done in a saline 

containing 0.17 M kCl, 0.017 j t41 and 0.00 	M121  to see if 

there was any effect on the distribution of the glucosei&.phosphatase 

activity. The results given in Table G show that changing the 

potassium concentration did not significantly effect the 

distribution of the g1ucoee.4.phosphatase. However, a control 

consisting of intact cells which had been washed and suspended in 

the medium of high potassium content gave 9% of the phosphatase 

activity of the combined fractions. This indicated either that 

the plasma membrane was damaged by the high potassium concentration, 

80 that the glucose-6-phosphate could reach the glucose--ph0Bphatase 

in the cytoplasm of the cell, or that the glucose.4-phosphatase was 

somehow accessible to its substrate in the intact cell. 

It has been shown in this thesis that the plasma membrane of 

B. coli is not non-specifically permeable to glucose or glucose-6- 

phosphate when the cells have been harvested and washed. in 0.17 

aCl in the usual way (3 (1); 40 (1)), but that the membrane 

becomes permeable to these small molecular weight solutes after 

freezing and thawing (3 (4); 40 (2)). 	It was also shown by 
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Lederberg taat shaking suspensions o . coii iiata % benzene 

for lu mina. made the cells permeable to 	a.;osidea and presumably 

also to otner iydrophilio solutes. 	gable M siows tae 4ucoso-6" 

popb.ai,ase activity of E. coi.i (strain ML riO) measured under tae 

usual conditions, but the incubation med..twa was adjusted to 0,34 

osmolar with NaC1 80 as to stabilise tue cells ootically. It 

will be seen tast tne lucose..6phoaphatase activity of normal 

intact cells, wasned and suspended in 0417 g Nal, corresponded 

closely to tae total activity recovered from tae fractions described 

in the previous experiments. After tue rupturing of the plasma 

membrane by freezing and thawing or by benzene -treatment , the 

glucose--phoaphataae activity underwent little or no increase. 

There can be no doubt, therefore, that .ucoae-.phosphate is 

accessible to the glucose.-.-phosph.atase in the intact cell. It 

is significant that the rate of fermentation of glucose-phospbate 

in intact cells (usually 2-4 il CO 2/hr./mg. dry weight, which is 

approximately equivalent to 1.2 .uno1es/min./g. dry weight) 

corresponds fairly closely to the glucoee$'phoap}iatase activity. 

As glucose-6-phosphate is utilised so much more slowly ttian 

glucose by intact ceils, it was thought to be uniike..y thar. tnere 

could be a specific facilitated diffusion syalem (distinct from 

gluoose-6-phoBphataae) through which glucose-6-phosphate could gain 

access to aglucose-6-phospkiataae situated within the endoplasm of 

the protoplast. This unlikely poibiliuy could, however, be 

tested, for if it were the case the glucose-phosphatase would 

1. LEDRBERG, J. (1950). 	J. Bact., 60 9  381. 
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liberate inorganic phosphate in the protoplast and not in the 

suspension medium. The liberation of inorganic phosphate in the 

suspension medium, under the conditions of Table K, was measured 

by rapidly separating the cells from the medium on the centrifuge 

at the end of the incubation period, before adding trichioroacetic 

acid to it, instead of adding trich.loroacetic acid, to the whole 

suspension in the usual way. The typical result recorded in Table 

shows that the glucose.phosphata8e of the intact cell suspension 

liberates the whole of the inorganic phosphate in the suspension 

medium, and we can therefore conclude that the glucose-4-'phosphatase 

cannot be inside the protoplast and osmotically separated from the 

outer medium by the plasma membrane. The possibility that the 

glucose -pho8phaa8e might be mainly present in tJie suspension 

medium was ruled out by the demonstration (in Table ii) that only a 

small proportion of the luco8e6-pho8phatae activity remains 

after the cells have been centrifuged down. Further, the glucose-

6-phosphatase does xiot appear to be a normal extra-celiu.lar enzyme 

under the gDowth conditions used in the stwiies, for the activity 

of the culture medium from which these cells uad been uatvest.ea 

was very s'ncJl (able u). 

These observations lead to the conclusion tnat the glucose-

6i.phosphatase behaves as a typical "soluble enzyme' in sonically 

disintegrated preparations of E. coli. ievertfieleas tiiis enzyme 

behaves as thou it is situated a (e suiface (.AX the protopi.ast 

of intact cells ,  it wollei bo quite consistent -ith present-day 
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knowledge of bacterial anatomy to suggest tit tb.e 1ueo8e-6-

phospaataae may be prevented from dfruaizg away from tae surface 

of the plasma membrane by txe cell wail, wiAiiL is believed to act 

as a molecular sieve with a pore diameter of about 1 i (Aiitciie1l 1 ). 

I. MITCiELL, P. (1959). 	Ann. Rev. NLicrobiol., 	407. 
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TABLE A 

Glucoae-6-phosphataee activity and phosphate aBBiJIL-Liation in sonically disintegrated 

L coli: Inhibition by alpha-methyl glucoside. 

Phosphate liberation '!Approximate hophatase 
Inhibitor  

	

 activity 	% Inhibition 
moles yJg. min e ) 	moles pJg. mm .) 

None 	 3.44 

10 an NaP 	
5.21 	 - 

400 mM cMe glucoside 	 -0030 

400 aN oCMe gi. + 10 aM NaP 	-1.73 	
1.43 	 71 

All activities measured with 5 aM gluoo8e-6-phosphate in 17 mM trio/trio chloride buffer, 

containing 3.3 ml MgC1 at pH 8.0. The initial inorganic phosphate concentration was 

1.25 aL 

The approxi mate pho8pbatase activities were obtained by assuming that the assimilation 
of phosphate was independent of the presence of fluoride while the phosphatase was 
completely inhibited by it. 
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tBLE B 

Glucose-6-phosphatase activity of "soluble" and "particulate" fractions of E. coli: 

Inhibition by fluoride and alpha-methyl glucoside. 

Cell fraction Inhibitor hojhtase activity ____ Inhibition p moles P7g. min. 

"Particulate" + "soluble" - 2.81 - 
lOnzMNay 0.29 88 

400 m11 c Me gi. 0- 56  80 

Particulate" - 1.01 - 
W  10 4 Nay 0.13 87 

400 4 Me g]. 0.22 78 

"Soluble" - 1.70 - 
10 4 Nay 0.09 95 

400 M c'IS gi. 0.30 82 

All activities measured under conditions of Table A, with and without 5 4 glucose-

6-phosphate. 

H 
The phosphatase activities are given by the differences between inorganic ortho-
phosphate liberation with and without substrate. 



(I 

Single fractionation of E. coil. 

Equivalent of 435 mg. dry weight organism disintegrated in 16 ml. ästandard  saline. Washed 
into centrifuge tube with Ca. 10 ml. standard saline at 20 C, and centrifuged at 2,000 g for 
15 mina. 

Supernatant 
centrifuged at 35,000 g 

for 1 hr. 
Pad in 2 layers: Top, P1 (0.5 ml.); 

Bottom, P2 (0.3 ml.) 

Supernatant, 81 
(23 ml.) 	Pad in 1 layer, P3 

(0.5 ml.) 
Dieperssd in 10 ml. 
standard saline. 
Morphology: aggregates 
of very small particles. 

easily dispersed, made up to 5 ml. 
in standard saline. 
Morphology: numerous empty envelopes 
and fragments of wall or membrane, 
very slightly contaminated with intact 
or partially broken cells. 

dispersed with difficulty, made up 
to 5 ml. in standard saline. 
Morphology: intact and partially 
disintegrated cells heavily contaminated 
with empty cell envelopes. 

The morphology of the fractions was examined by anoptral contrast microscopy of very thin 

films of -the untreated aqueous auapimione sealed between slide and ooverslip with a ring 

of vaseline. 
$J. 

Standard saline is as described in section 2 of the Appendix (Experimental). 



xiii. 

TABLE 

Glucose-6-php uphatas e 
iraction 	 aivity 	 % Total 

activIy (moT—es Pig. min.) 

Soluble", 81 	 2.05 	 71 

Very ea11 particles, P3 	 0.09 	 3 

Cell envelopes, F]. 	 0.25 	 9 

Partially broken cells + 
eel]. envelopes, P2 	 0950 	 17 

Distribution of glucose-6-phoephatase activity between fractions 

of E. coil obtained as shown in Table C; fractions dialysed 

overnight at 20C against standard saline. 

r~T 	 .- 
	 ! 



TA1B1L: 	.L 

Double fractionation of B. coli. 

Equivalent of 930 mg. dry weight organism disintegrated in standard saline. 	Washed into 
centrifuge tubes with ca. 30 ml. standard saline at 2 0 C and centrifuged at 2,000 £ for 30mins. 

Supernatant 
centrifuged at 35,000 

for 1 hr. 

Supernatant, Si 	Pad in 1 layer, P3 
(48 ml.) 	 (2 zal.) 

Dispersed in 10 ml. 
standard saline. 
Morphology: aggreatea 
of very sna11 particles. 

Pad in 2 layers: Top, P1 (5  ml.); 
Bottom, P2 (1 ml.) 

Pl, easily dispersed, made up to 10 ml. 
in standard saline. 
Morphology: ernpty envelopes, intact and 
fragmented. 

P2, dispersed with difficulty, made up to 
10 ml. in standard saline. Extinction 
at 700 mp equivalent to total of 93 mg. d.w. 
intact cells. 
Morphology: mainly intact cells. 

8 ml. of fraction P1 returned to sonic 
disintegrator for 15 ziaina. 	Washed into 
centrifuge tubes with saline (total vol. 
14 ml.). 	Centrifuged at 2 9000 g for 
60 mine. 

uer1natant, 82 	Pad, P4 '(2 ml.) 
(12 ml.) 	Made up to 8 ml. in 

standard saline. 
Morphology: as P1 9  
but more fragmented. 



xv. 

TABLE 

Glucose-6-j2hoopbataoe 
Fraction 	 c

~Pg. 
	

activity  (iio1e 	mill *) 

FROM WHOLE CELLS: 

"Soluble", 51 	 1.800 	 84.7 

Very small particles, P 3 	 0.064 	 5.0 

Cell envelopes, P1 	 0.263 	 12.3 

FROM -DIIiTEGRiTRD CLL JNVELOPi2, Pit 

"Soluble", 52 	 0.098 	 4.6 

Cell envelopes, P4 	 0.128 	 6.0 

Distribution of glucose-6-phosphatass activity between fractions 

of E. coli, obtained as shown in Table E; fractions dialyses 

overnight at 2 00 against the standard saline. The results are 

calculated for fractionations equivalent to a total of 837 (930 
- 93) 

mg. cell dry weight, since the fraction P2, consiotin6 mainly of 

intact cello, was estimated to represent 93  ago dry weight cells. 



xvi. 

TAiiJE G 

Glucose-6-phoephtase 	Total Fractioxi 	 actLvitv 
uO1e8 p in) 	activity 

"Soluble, 81 	 1.76 	 80.0 

Very small  particles, P3 	 0.04 	 1.8 

Cell envelopes, P1 	 0.23 	 10.5 

Partially broken cells + 
cell envelopes, P2 	 0.17 	 7.7 

Intact untreated calls 	 2.11 	 96.0 

Distribution of glucose-6-phoaphataae activity between fractions 

of E. cpu, obtained as in Table C, but using a saline throughout 

in which the usual concentrations of Na+  and £' were reversed, 

All the fractions were dialysed overnight against the high 

potassium-content saline. The bottom line of the Table refers to 

a sample of the intact untreated cells used for fractionation: 

they had been washed and suspended in the saline of high potassium 

content, 



xvii. 

TABJE IA 

Glucose-6-pbosphatase activity of normal and treated E. cpu 

suspensions, and of growth and suspension media. 

Glucpse-thobphatase 	Activity 
Material 	 activity f normal 

mos P!g. mm.) 	coils 

Normal intact cells 	 2.39 	 100 

Phosphate liberated in 
suspension medium 	 2.91 	 122 

Frozen and thawed cells 	 2.19 	 92 

Benzene-treated cells 	 2.77 	 116 

Suspension medium 	 0.11 	 4.6 

Growth medium 	 0.07 	 2.9 

The 1ucoae-6-phosphatase activities were assayed by the difference 

between the inorganic phosphate liberated with and without 5 m 

glucose-6-phosphate in incubation media at 250C containing 3.3 m 

MgC12 , buffered at pH 8 with 17 MIJ tris/tria chloride buffer and 

adjusted to 0.34 osxnolar with NaCi, 	"Normal" cells washed and 

suspended in 0.17 11 NaCl, 	"Frozen and thawed" suspensions placed 

in the deep-freeze (-20 0C) overnight and thawed in a water-bath at 

250C. 	"Benzene-treated" suspensions shaken with 5% (v/v) Ana].ar 

grade benzene for 10 nun, in a water-bath at 25 00. The "suspension 

medium" is the oentrifugate of the normal cell suspension separated 

at the time of the normal intact cell assay, and the activity is 

expressed per volume originally containing 1 g. dry weight organism. 

The "growth medium" was dialysed free of inorganic phosphate before 

assay, and the activity is expressed as for the suspension medium. 


