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I. INTRODUCTION 

While neither the structures of natural membranes nor the molecular 
bases for their varied functions have been established, these subjects 
have been extensively reviewed [1-10]. The reviews cover different 
aspects of transport in both bacterial and animal cells. This chapter is 
therefore restricted to attempts to define the molecular basis under
lying the transport of sugars across bacterial membranes; recent 
studies with a bacterial phosphotransferase system and with bacterial 
membrane vesicles are emphasized. Although the precise molecular 
mechanism of sugar transport is not yet known, substantial insight 
into the process has been gained. 

Early studies on transport in animal cells provided evidence for the 
existence of "carriers," but the nature of these membrane components 
was a mystery. The work of Gale, Mitchell, and their co-workers and 
of other investigators showed that transport processes in bacterial cells 
resembled or were perhaps identical with those in animal cells, which 
had been studied much more extensively. Mitchell and Moyle also 
suggested [11] that the "carriers" might be solute-specific enzymes (or 
at least proteins) located in the plasma membrane. The most important 
single event in the history of research on transport was, in our opinion, 
the application of bacterial genetics to this complex problem. This 
approach was initiated by the discovery and isolation of various 
mutants of yeast and Escherichia coli which were cryptic, i.e., were 
unable to ferment or utilize various sugars although the mutants con
tained the normal array of enzymes that catabolized these substances 
(see review [12]). One of the best characterized mutants of this type 
was isolated by Doudoroff et al. [13]. The mutant could utilize maltose 
but not glucose, despite the fact that fermentation of maltose involved 
its cleavage to glucose, which was metabolized when liberated inside 
the cell. We now know that the defect in the mutant was in the imper
meability of its membrane to glucose. The genetic approach to the 
mechanism of transport was considerably extended by the group at 
the Pasteur Institute and has been described in what must be considered 
a seminal review of the problem [12]. The review focuses on transport, 
the nature of the carriers, and the use of bacterial genetics to solve the 
key questions at that time. Workers at the Pasteur Institute showed 
that the carriers were indeed solute-specific membrane proteins, many 
of which were induced by their respective substrates and by nonmeta-
bolizable analogs of these substrates. In addition, the problem of cryp-
ticity was explained by the finding that a cryptic mutant was unable to 
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synthesize a particular solute-specific membrane protein, although it 
was perfectly capable of synthesizing membrane proteins that served 
as carriers for other solutes. This, then, laid the foundation for modern 
studies on the mechanism of the transport process; by the usual methods 
of bacterial genetics it became possible to isolate mutant cells defective 
in one or more proteins involved in the transport of specific solutes. 
Thus, the isolation of cells defective in single proteins permits the direct 
test of any hypothesis that requires that protein to be involved in the 
transport process. Unfortunately, this technique is not yet applicable 
to animal cells, where a more indirect approach is generally required. 
There seems little doubt that genetic techniques will ultimately provide 
the tools for solving the question of selective membrane permeability. 

Bacterial genetics is insufficient by itself. The defects in the isolated 
mutants must be characterized biochemically, and the physiological 
consequence(s) of the mutation must also be defined. It is the latter 
area that has proved to be the most difficult to evaluate. For example, 
if a cell membrane is freely permeable to glucose, but not at all to 
glucose 6-phosphate,* and, if the cell contains an active glucokinase 
and a sufficient supply of ATP, then transport studies would lead to 
the conclusion that glucose was taken up at a rapid rate by the cell and 
accumulated at a concentration well above the outside level (if the 
intracellular sugar was not characterized). A mutant defective in 
glucokinase, and thus not able to phosphorylate and metabolize it, 
would take up only a limited amount of glucose (to the same con
centration as that outside the cell), and the mutant would therefore 
appear to be defective in transport, although the ability of the mutant 
to transport the sugar is in fact identical with that of the parent strain. 
This simple example indicates the importance of a detailed kinetic 
analysis of mutants (or membrane vesicles) when the attempt is made 
to determine the underlying basis of their physiological defects. Unfor
tunately, the minimal kinetic analyses have not always been conducted. 
For this reason, the next section briefly reviews the characteristics of 
the different transport processes. 

II. MODES OF TRANSPORT 

A. General Comments 

A detailed presentation of transport kinetics is presented in the first 
chapter of this book by Schachter, a treatment that does not depend 
on mechanism. The general equations apply whether the mechanism of 

* All sugars are of the D configuration and glycosides are pyranosides unless otherwise 
indicated. 
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solute translocation involves diffusion of a solute-carrier complex 
across the lipid membrane, conformational change in a solute-carrier 
(i.e., solute-protein complex), or any of a variety of other mechanisms 
that have been proposed [1-10]. It is apparent that even the simple 
process of facilitated diffusion (see below) involves extremely complex 
kinetic equations, comprising eight rate constants. The treatment 
given below considers only the most fundamental and simplest charac
teristics of the various transport processes. More extensive analyses 
have been presented elsewhere [1,4,5]. 

B. Passive Diffusion 

If a cell membrane behaved like a dialysis bag, it would have certain 
predictable characteristics, and these represent a good reference point 
for considering biological membranes. The relevant properties of the 
dialysis bag may be summarized as follows, (a) The pore size of the bag 
would determine the maximum size of a solute that could diffuse through 
it. (b) If the solute was neutral, diffusion would occur down its concen
tration gradient, i.e., net diffusion would occur toward the surface of 
lower concentration, (c) At equilibrium, the concentration of solute 
on each side of the membrane would be equal, (d) The membrane 
would not be stereospecific, i.e., a compound such as D-glucose would 
penetrate the membrane at the same rate as L-glucose. (e) The rate of 
diffusion would behave according to Fick's first law. That is, the 
steady-state rate of diffusion across the membrane would be strictly 
proportional to the concentration difference within reasonable limits 
of concentration, (f) Structural analogs would not compete, but their 
diffusion rates would be independent of each other. Other parameters 
of diffusion across such an inert membrane may be given, but those 
mentioned are the most important and are sufficient for our purposes. 

C. Transport across Cell Membranes 

Transport processes across living cell membranes can be simply 
considered by referring to Fig. 1. Facilitated diffusion exhibits the first 
three properties described above for passive diffusion. However, it 
differs from passive diffusion with respect to the latter three properties. 
Facilitated diffusion is stereospecific. For example, L-glucose enters 
cells at low to insignificant rates compared to D-glucose. The rate of 
penetration of permeants by facilitated diffusion is usually much more 
rapid than passive diffusion across lipid bilayers, sometimes being 104 

times as fast. The rate of penetration is not strictly proportional to 
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Group translocation 

Active transport S 
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Energy 

FIG . 1. Transport systems. The relative concentrations of solute, high and low, are 
indicated by S and s, respectively. 

the concentration difference, but, when the initial rate is plotted as a 
function of the difference, the resultant curve is a hyperbola, i.e., the 
rate tends to reach a limit or, to use the common terminology, the 
system is "saturable." This property resembles that of a simple enzyme 
reaction and is frequently treated by Michaelis-Menten kinetics. 
Facilitated diffusion, like passive diffusion, is driven by an existing 
concentration difference, and metabolic energy is only required to keep 
the membrane intact. In theory, the equilibrium state of a facilitated 
diffusion process should be achieved when the concentrations of solute 
are identical on both sides of the membrane. This assumes that the 
process of facilitated diffusion is symmetrical, and that the various rate 
constants involved in the process on one side of the membrane are 
equal to those on the other. Or, to put it more exactly, that the constants 
in Fig. 1 of Chapter 1, k3 = k-l9 klS1 = k-3S2, etc. In fact, it has 
rarely been shown that a process which resembles facilitated diffusion 
in all respects achieves an equilibrium state where internal and external 
concentrations are precisely the same. Perhaps this is not too surprising. 
The internal milieu certainly differs markedly from the external solu
tion, and conceivably these differences could affect some of the kinetic 
constants. 

The characteristic features of the active transport process are identical 
with those of facilitated diffusion with only one key difference. In the 
case of active transport, solute can be pumped against a concentration 
difference (Fig. 1). Active transport requires energy, and metabolic 
energy must therefore be coupled to this process. One of the major 
areas of research in the field of transport attempts to define exactly 
how metabolic energy is coupled to solute pumps. As will be seen, 
energy coupling may be different in different active transport systems. 

The third type of transport shown in Fig. 1 is designated group 
translocation. The characteristic feature of this process is that the 
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solute is changed or converted into a derivative during the transport 
process. If the cell membrane is impermeable to the derivative (S-X in 
Fig. 1), then high concentrations of the derivative can be accumulated 
on the inside of the membrane. This process resembles active transport 
in the sense that the cell appears to concentrate or accumulate solute, 
but it is a very different phenomenon. The membrane component in 
the case of group translocation is acting as an enzyme(s) with vectorial 
properties. 

Group translocation may not necessarily require metabolic energy 
as depicted in Fig. 1. If the chemical reaction is endergonic then meta
bolic energy is indeed required, but, if the reaction is exergonic, then 
the transport process may provide energy to the cell. One may speculate 
that organisms that oxidize a variety of compounds as the first step in 
their catabolic pathways might be excellent candidates for this type of 
transport process. 

The processes shown in Fig. 1 are the major ones thus far described 
in bacterial systems. In this sense, bacteria appear to differ from animal 
cells, where other mechanisms are also operative. Active transport of 
most solutes in animal tissues is coupled to cation transport [4,5,14], 
a subject considered later in this chapter. 

While the simple mechanisms shown in Fig. 1 would seem to be 
readily distinguishable from each other, this is not always the case. 
The tight coupling of a facilitated diffusion process to an active sugar 
kinase would yield sugar phosphate as the apparent transport product, 
and it would be concluded that the process was really group transloca
tion. In an analogous manner, if a sugar phosphate were a transient 
intermediate during transport via group translocation, and this system 
were coupled to a phosphatase, then the net process would resemble 
active transport. Proper identification of the mode of transport is, of 
course, a necessary prerequisite for the study of mechanism, although 
the characterization presents formidable problems in a tightly coupled 
enzyme system. 

D. Transport of Sugars by Bacterial Cells 

Bacterial cells exhibit so many variations that no generalization 
concerning transport is possible. Any discussion of the process must 
define both the organism and the sugar. Different genera exhibit 
different modes of transport and may or may not transport a particular 
sugar by the same route. Further, a specific cell type may use different 
mechanisms for transporting different sugars or even the same sugar. 
The following examples illustrate some of the kinds of variability: 
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(a) Staphylococcus aureus apparently transports most, if not all, sugars 
by the process of group translocation [15,16]. On the other hand, 
Escherichia coli and Salmonella typhimurium transport sugars by all 
three processes described above: facilitated diffusion, active transport, 
and group translocation. Finally, Pseudomonas aeruginosa, which 
transports only a few carbohydrates [17], may transport these com
pounds by the process of facilitated diffusion, (b) A particular sugar, 
such as lactose, is transported by different mechanisms in different 
genera, (c) Active transport and facilitated diffusion may be linked in 
the sense that wild type cells may actively transport a particular carbo
hydrate, whereas the same cells carry out facilitated diffusion on this 
substrate when they are poisoned by energy inhibitors [18]. Similarly, 
mutants of the parent strain may be unable to actively transport the 
carbohydrate, while they are capable of conducting facilitated diffusion, 
(d) A single sugar in a single cell may be transported by more than one 
permease system. In E. coli, galactose is a particularly good example of 
this phenomenon; four separate galactose permease systems have been 
detected [19], 

In contrast to the various modes of influx, which are briefly consid
ered above, relatively little is known about the process of efflux. Differ
ent investigators have suggested that it occurs by passive diffusion, 
facilitated diffusion, and active transport. Some believe that efflux 
occurs through the same permeases utilized for influx, whereas others 
present evidence that efflux occurs through different systems. Possibly 
many of the apparent discrepancies are related to both the cell types 
and the sugars that have been studied. Further, sugar permeases are 
not always specific for their major substrates, and more than one 
permease for a given carbohydrate can exist in a single cell. 

E. Approaches to the Mechanism of Carbohydrate Transport 

The early kinetic and genetic data on sugar transport in bacteria 
provided the groundwork for the more recent work in this field, which 
now emphasizes studies on subcellular systems. Experiments have been 
conducted along the following lines, (a) The isolation of solute-binding 
proteins. In the first of this class of experiments, Fox and Kennedy [20] 
devised an elegant technique for differentially labeling a membrane 
protein of E. coli, called Μ protein, the synthesis of which is controlled 
by the y gene of the lactose operon (the y "permease"). The labeled 
protein was then solubilized with detergent and isolated. Work on the 
Μ protein has recently been reviewed [21] and is not further considered 
in the present discussion, (b) Isolation of solute-binding proteins by 
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employing an osmotic shock procedure [22], which liberates proteins 
into the extracellular fluid. A number of these proteins bind amino 
acids and sugars. The osmotic shock technique and the properties of 
the binding proteins are reviewed elsewhere in this volume. To the best 
of our knowledge, the location of the binding proteins appears to be 
primarily in the periplasmic space, between the cell wall and plasma 
membrane, and these proteins, unlike the Μ protein, have not yet been 
shown to be present in the plasma membrane, (c) The characterization 
of a phosphoenolpyruvate-dependent phosphotransferase system and 
attempts to define its physiological functions, (d) Attempts to define 
transport mechanisms by use of membrane vesicles. This subject has 
been reviewed recently [10]. 

The remainder of this discussion describes recent studies with the 
phosphotransferase system and with bacterial membrane vesicles. 

III. THE PHOSPHOTRANSFERASE SYSTEM 

A. General Comments 

In 1964 [23], a phosphotransferase system (PTS) was detected in 
extracts of bacterial cells. The enzyme system phosphorylated several 
sugars and was unique in the sense that several protein fractions were 
required for the reaction, and the phosphoryl donor was phosphoenol-
pyruvate (PEP) rather than nucleotide triphosphate. A general descrip
tion of the PTS, the experimental observations that demonstrate that 
it is involved in sugar transport, and its potential role in cell metabolism 
have been presented [9]. This chapter therefore describes more recent 
studies with emphasis on the enzymological aspects and some additional 
data on the physiological behavior of mutants lacking one or more 
proteins of the PTS. The latter includes a brief description of the 
transport properties of such mutants and also of the relationship 
between the PTS and the phenomena of repression of enzyme syn
thesis. 

B. Proteins of the Phosphotransferase System 

The system catalyzes the reaction shown in Fig. 2, the transfer of 
phosphate from PEP to sugar. Hexose, hexitols, and other sugars 
utilized by the PTS are phosphorylated [23] at the terminal carbon 
atom (e.g., C-6 in the hexoses), with the exception of fructose, which 
is phosphorylated at C-l [24,25]. The phosphorylated disaccharides 
produced by the PTS have not been characterized, with the exception 
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Mg5 ,2+ Sugar - P 0 3
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+ + PTS 
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Phosphoenolpyruvate Pyruvate 
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FIG. 2. Reaction catalyzed by the phosphotransferase system. PTS = phosphoenol-
pyruvate-dependent phosphotransferase system. 

of lactose-P, a product of the S. aureus system, in which the phosphoryl 
group is linked to C-6 of the galactose moiety [26]. 

Most of the biochemical work on the phosphotransferase system has 
been conducted with cell-free preparations of three genera, the gram-
negative organisms E. coli and S. typhimurium, and the gram-positive 
organism S. aureus. The emphasis in this laboratory has been to 
attempt to isolate each of the proteins in highly purified or homogen
eous form and then to define the function of each protein. Figure 3 
shows the generalization that can now be made for the systems thus 
far studied. The phosphorylation of any sugar requires four proteins. 
Two of them are designated general proteins of the PTS because they 
are required far all sugars phosphorylated by the system and therefore 
lack sugar specificity. Two of the proteins are sugar-specific. 

Experiments with purified components of the phosphotransferase 
system from S. aureus gave the results shown in Fig. 4. The phosphoryl 
group is sequentially transferred from PEP to the first general protein, 
Enzyme I, to the next general protein, HPr, to one of the two sugar-
specific proteins (which may or may not be a membrane component), 
and finally to the sugar. The last step requires another sugar-specific 
protein, which is a membrane component. One or both of the two 
sugar-specific proteins may therefore be constituents of the membrane, 
but, in all systems which have been defined, the terminal step, the trans
fer of phosphate from phosphoprotein to sugar always requires a 
sugar-specific membrane protein. 

(PEP + sugar 
PTS 

sugar -Ρ + pyruvate) 

General Sugar - spec if ic 
proteins proteins 

(Not sugar-
specific) 

FIG. 3. Phosphate transfer via the phosphotransferase system. 
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F I G . 4. Phosphate transfer via the phosphotransferase system. The following abbrevia
tions are used: PEP, phosphoenolpyruvate; HPr, the low molecular weight, phosphate-
carrier protein of the phosphotransferase system; III, Factor III (soluble or cytoplasmic 
sugar-specific protein); II-B, membrane-bound sugar-specific protein. 

1. NOMENCLATURE 

As the different proteins of the phosphotransferase system were 
detected, a purely operational, cumbersome nomenclature was devel
oped. These designations have now been incorporated into the litera
ture, and will probably be used until the function of each protein and 
lipid in the phosphotransferase system has been accurately defined. A 
temporary, systematic nomenclature has been suggested [27,28]. 
Enzyme I, the first general protein of the phosphotransferase system, 
is a phosphoenolpyruvate:HPr phosphotransferase. HPr is a low 
molecular weight phosphate-carrier protein where the phosphoryl 
residue is linked to histidine. Enzyme II is the sugar-specific protein 
complex (including lipid and divalent cation) located in the membrane; 
in some cases (see below), the two proteins specific for a given sugar 
are located in the membrane and are designated II-A and II-B, while 
in other cases the membrane contains only one of the proteins of a 
pair required for phosphorylation of specific sugar and is called II-B. 
The soluble or 4 4 cytoplasmic " sugar-specific proteins are called Factors 
(or sometimes Enzymes) III. Factors III (soluble) and Enzymes II-A 
(membrane-bound) may be functionally the same, but, until functions 
are specified, the II-A, Factor III designations will continue to be 
employed. 

As discussed below, most sugar-specific proteins are inducible; 
strain, growth conditions, presence or absence of inducer, and sugar 
specificity of a given protein fraction must all be specified. The follow
ing abbreviations are suggested. Subscripts are to be used to identify 
strain of organism, growth conditions employed, and the presence of 
inducer, the latter by parentheses. Superscripts are to be used to 
designate sugar specificity and/or the proteins with which the 
designated fraction interacts. Thus, H P r £ c K 2 3 5 > b r o t h refers to HPr 
isolated from E. coli strain K235 grown in broth culture. Similarly, 
IIIsa

a

c
 5 6 o i synthetic (gai-6-p) refers to Factor III specific for lactose from S. 
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aureus strain 5601 grown in synthetic medium in the presence of the in
ducer galactose-6-P. II-A|l

c

c, c o n s t i t u t i v e refers to the II-A protein that 
phosphorylates glucose, isolated from E. coli membranes grown in any 
medium. 

2. ENZYME I 

This enzyme has been partially purified from extracts of S. aureus 
and E. coli and purified to apparent homogeneity from S. typhimurium 
[28a]. Only preliminary physical studies have been performed with the 
purified Salmonella Enzyme I. The enzyme is easily inactivated by 
sulfhydryl reagents. Disc gel electrophoresis gives a number of bands 
from the purified protein, but a single band is obtained when the 
protein is first treated with N-ethylmaleimide. The properties of the 
purified protein lead to the tentative conclusion that it is readily dis
sociable either into its monomeric form, or into subunits of unknown 
size, which may or may not be identical. 

Using the purified protein, the following reaction has been demon
strated 

M g 2 + 

PEP + I ^ P-I + pyruvate 

The phosphoryl-Enzyme I has been isolated, and on the basis of its 
hydrolytic behavior it appears that the phosphoryl residue is attached 
to an imidazole ring of a histidinyl residue in the protein (see below). 
The equilibrium constant for the reaction written above has not yet 
been established. 

The apparently complex nature of Enzyme I requires further study, 
particularly to determine whether the enzymatic activity is regulated 
by intermediates or products of the phosphotransferase system, or 
conceivably by other metabolites. As indicated in an earlier review 
[9], the transport process through the phosphotransferase system is 
linked to general metabolism in the cell, and an important potential 
point of control or regulation would be at the first protein in the 
process, Enzyme I. 

3. HPr 

This protein, which should more properly be called phospho-carrier 
protein, was originally designated HPr [23] because it appeared to be 
heat-stable. We now know that heating the purified protein at 100°C 
results in the loss of amide groups with concomitant loss of activity. 
Nevertheless, the HPr designation is properly descriptive since, as 
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discussed below, the functional amino acid of this protein is a histidine 
residue. 

The protein has been isolated in homogeneous form from all three 
organisms, and S. typhimurium HPr has been crystallized [28a]. The 
E. coli and S. typhimurium HPr proteins appear to be identical in all 
respects. However, they differ in amino acid composition from S. aureus 
HPr (Table I). The S. aureus HPr has but one histidine residue compared 
with two such residues in E. coli and S. typhimurium HPr, and S. aureus 
HPr contains tyrosine, which is not present in the HPr from the gram-
negative organisms. The methods used for establishing homogeneity 
of HPr and some of its properties are illustrated in Table II. 

When S. typhimurium or E. coli HPr is heated at 100°, depending on 
the time of heating, one to three (or more) amide residues are lost. 

TABLE ι 

AMINO ACID COMPOSITION OF H P R PROTEINS FROM 
S. aureus AND E. coli 

Amino acid S. aureus0 E. colib 

Histidine 1.02 2.0 
Tyrosine 2.2 0.0 

Lysine 9.4 8.1 
Arginine 1.04 0.96 
Aspartic acid 9.4 3.6 
Threonine 4.6 10.0 
Serine 6.2 6.9 
Glutamic acid 8.3 13.5 
Proline 1.2 2.2 
Glycine 6.0 6.7 
Alanine 5.7 9.4 
Valine 4.2 7.1 
Methionine 3.2 2.1 
Isoleucine 6.8 3.4 
Leucine 5.1 8.5 
Phenylalanine 0.94 4.0 
Cysteine 0.0 0.0 
Tryptophan 0.0 0.0 

Molecular weight (sum) 8630 9537 

a Residues per 6 moles of glycine. 
b Residues per 2 moles of histidine; S. typhimurium gave the same 

results within experimental error; E. coli HPr contains 9.2 amide 
residues. 
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1. Homogeneous 
a. Disc gel electrophoresis; pH 2.3, 4.3, 6.6, 9.5 
b. Ultracentrifuge 

2. Molecular Weight 
9340 ± 230 by ultracentrifugation (Yphantis) 
9639 by £ amino acid residues 

3. Analysis 
a. No carbohydrate or Ρ 
b. Usual amino acids except Cys, Tyr, Trp 
c. 2 His/mole 

Two of the resultant derivatives of HPr, designated HPr-1 and HPr-2, 
have been isolated in homogeneous form [29], and their properties 
have been studied. HPr-1 is about 50% as active as native HPr in the 
sugar phosphorylating assay system, while HPr-2 is about 25% as 
active. The location of these amide residues in native HPr may be 
determinable by amino acid sequence studies (now in progress): the 
first 25 amino acid residues have been identified with an automatic 
sequenator. 

As noted above and in Table I, the HPr proteins from S. aureus and 
E. coli (or S. typhimurium) are not identical, This is also true with 
respect to their utilization by the other proteins of the phosphotrans
ferase system. Enzyme I from one organism can phosphorylate HPr 
from the other at a very low rate compared to the rate of phosphoryl
ation of homologous HPr, while P-HPr is only utilized at a negligible 
rate by the heterologous sugar-specific proteins. 

The phospho-HPr proteins have been isolated. In all three cases 
only one phosphoryl group can be introduced into the HPr protein, 
and in each case it is linked to a histidine residue. Hydrolysis studies of 
E. coli phospho-HPr as a function of pH [23,27,29] indicated that the 
phosphoryl group was attached to an imidazole ring of a histidine 
residue and the phospho-histidine was isolated after alkaline hydrolysis 
[23,27]. Recent results [29] have shown the phosphoryl group to be 
attached at the N-l position of the imidazole ring (Table III), and, in 
this respect, the phospho-HPr differs from several other characterized 
phospho-histidinyl proteins, in which the phosphoryl group is attached 
at the N-3 position [30-34]. Phospho-HPr is hydrolyzed at significant 
rates between pH 7 and 8, and very rapidly at pH values below 7. 

An important point concerning phospho-HPr is the free energy of 

T A B L E I I 

SOME PROPERTIES OF E. coli H P R 
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T A B L E III 

LINKAGE OF THE PHOSPHORYL GROUP IN 
PHOSPHO-HPR (E. coli) 

PEP + HPr 
Mg 2 

phospho-HPr + pyruvate 

- N H — C H — C O 
i 

C H 2 

1 mole Ρ incorporated/mole HPr 

Ρ linked to Ν-1 of His imidazole ring 

NH—CH—COv 
I 

CH 2 

N ^ N - P O s

2 -

1 - P - H i s t i d i n e 

"',ΟΡ-Ν Ν 

3 - P - H i s t i d i n e 

formation of the phosphoryl protein. As indicated above, direct trans
fer of phosphate from PEP to Enzyme I has been demonstrated, and, 
likewise, the direct transfer of phosphate from phospho-I to HPr has 
also been demonstrated [28a]. Interestingly, the latter reaction does 
not appear to require Mg 2 + , in contrast to the first step. Preliminary 
studies have been conducted to determine the equilibrium constant of 
the overall reaction 

PEP + HPr 
I, M g 2 

P-HPr + pyruvate 

The marked lability of P-HPr has thus far prohibited exact determina
tion of the equilibrium constant, but the apparent K e q is approximately 
10. This result shows that the linkage between the phosphoryl group and 
HPr is truly of the " high energy " type, somewhat less than that of PEP, 
and almost twice that in the pyrophosphate bonds of ATP. 

4. SUGAR SPECIFIC PROTEINS 

The sugar-specific proteins of the phosphotransferase system have 
not been as well characterized as the general proteins, Enzyme I and 
HPr, and the number of sugar-specific proteins that can be synthesized 
by a given cell type has not yet been established. 

Only a few of these proteins are found in a given cell type independ
ent of the carbon source used for growth; they are classified as consti
tutive. Most of the sugar-specific proteins are synthesized by the cell 
under inducing or derepressing conditions, and are therefore designated 
inducible. Further, in the constitutive Enzyme II complexes of E. coli, 
both proteins of a given pair are found in the membrane, while the 



3. CARBOHYDRATE TRANSPORT IN BACTERIAL CELLS 55 

inducible systems studied so far (Factor III, Enzyme II-B) have only 
one of the two proteins located in the membrane. 

This discussion is restricted to a description of those sugar-specific 
proteins of the phosphotransferase system where at least one of a 
given pair of proteins has been isolated in homogeneous form. These 
proteins are listed in Table IV. 

TABLE IV 

SOME SUGAR-SPECIFIC PROTEINS OF THE PTS 

III or 1I-A 
(P - HPr + sugar • Sugar-P + HPr) 

+ ΙΙ-Β 

Proteins 

System Sugar Membrane Soluble 

II-A, II-B 
E. coli, constitutive Glucose II-A g l c , II-B 

Fructose II-A f r u , II-B 
Mannose H . A m a n J [_β 

III, II-B 
1. E. coli, constitutive Glucose I I -B g , c 

l n g i c 

2. S. aureus, inducible Lactose I l -B , a c 
m i a c 

a. Constitutive Enzyme II Complex of E. coli. The first group of 
proteins to be considered are the constitutive enzymes of E. coli (and 
S. typhimurium). When E. coli is grown in a salts medium on glucose 
as the sole source of carbon, the membrane fraction isolated from such 
cells transfers phosphate from P-HPr to three sugars, glucose, mannose, 
and fructose (or to their analogs). Extraction of the membranes with a 
suitable combination of urea and w-butanol gives a protein fraction 
(II-A) and a pellet [28]. Both fractions are required for phosphorylation 
of the three sugars. Further purification of the soluble protein fraction 
leads to the isolation in homogeneous form of three II-A proteins, 
each specific for one of the sugars, i.e., ΙΙ-Α|£, II-A™n, and II-Af

£™. 
The proteins contain no detectable lipid. Fractionation of the pellet in 
the presence of detergent (deoxycholate) gives a protein designated 
II-B. The marked tendency of this protein to aggregate in the absence 
of detergent has thus far prohibited extensive physicochemical charac
terization. However, the isolated protein was free of lipid, and exhibited 
a single band when subjected to electrophoresis in polyacrylamide gel 
containing sodium dodecyl sulfate and urea; the rate of migration of 
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the single polypeptide band observed corresponded to a molecular 
weight of 36,000. A critical point remains to be resolved and hinges on 
the purity of the isolated II-B protein(s). If this fraction is indeed 
homogeneous, then the three specific II-A proteins utilize the same 
II-B protein, and II-B represents 10% of the total membrane protein. 

The isolation of lipid-free proteins from the membrane permitted a 
study of lipid requirements. A minor E. coli membrane lipid, phos
phatidylglycerol, was found to be the active component. This lipid 
was not itself phosphorylated during the overall transfer of phosphate 
to sugar, and a few other anionic lipids including detergents could 
partially substitute for phosphatidylglycerol. Phosphatidylglycerol 
formed an active complex with II-B and divalent cation (Ca 2 + or 
Mg 2 + ) when mixed in the proper sequence, and the complex was 
sedimentable. The complex interacts with the soluble II-A proteins, 
and permits transfer of phosphate from phospho-HPr to one of the 
three sugars, depending upon which II-A is employed. The divalent 
cation requirement has not been studied extensively, but it is interesting 
to note that, while calcium appears to be very active in forming stable, 
active Enzyme II complexes, calcium does not substitute for magnesium 
in the transfer of phosphate from PEP to sugar in the complete system 
and is, in fact, a potent inhibitor. Thus, it seems likely that calcium is 
involved in stabilizing and forming the Enzyme II complex, i.e., in a 
structural role, whereas it cannot act as a cofactor for the enzyme 
system. The structure of the constitutive Enzymes II of E. coli is schem
atically presented in Fig. 5. 

b. Constitutive Factor III of E. coli. In addition to the constitutive 
glucose II-A, II-B E. coli sugar-specific protein pair described above, 
recent work [34a] has demonstrated the existence of another consti
tutive glucose system. Again, two sugar-specific proteins are involved, 

FIG. 5. Schematic structure of the E. coli constitutive Enzyme II complex. 
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but, in this case, one is found in the soluble supernatant of crude 
extracts, while the other is found in the membrane fraction. The super
natant protein has been isolated in homogeneous form and is desig
nated Factor III!1,?. The membrane protein has not yet been purified 
to homogeneity, but fractionation experiments as well as studies with 
sulfhydryl reagents indicate that this membrane protein is different 
from the II-B described above; the new system is relatively specific, as 
indicated below, and, on this basis, the membrane protein is tentatively 
designated II-B!1,0. (Perhaps the more appropriate nomenclature for 
the II-B proteins derived from the membrane would be to designate 
them according to the proteins with which they interact. Thus, the II-B 
proteins thus far described might best be designated II-B""C

A and 
ii-Brc.) 

The isolated Factor IllfJ? exhibits a molecular weight of about 
20,000 [34a] by chromatography on Sephadex, and appears to dis
sociate into subunits, which are smaller in size than the HPr protein. 
One interesting facet of the purification of III!1® was that it was tightly 
associated with a phosphatase that was inhibited by fluoride; the phos
phatase showed greatest activity with glucose-6-P and the 6-phosphate 
ester of methyl α-glucoside. The separation of the phosphatase and 
III!1® proved to be extremely difficult, but has been accomplished. 
The physiological function of the phosphatase remains to be established, 
but conceivably it plays an important role in a coupled transport 
system, where a sugar-P would be a transient intermediate and the 
free sugar the final product. 

The Factor III, II-B"1/1' system transfers phosphate from P-HPr 
to glucose as does the II-A!1®, II-B system. However, the Km for glucose 
is an order of magnitude lower in the case of the Factor III, II-B 
system. In addition, the latter actively phosphorylates the galactoside 
analog methyl /?-thiogalactopyranoside (TMG), which is phosphoryl-
ated by the II-A, II-B system at a negligible rate. 

A variety of mutants have been isolated that cannot utilize a single 
sugar, and these mutants are defective in one of the sugar-specific 
proteins of the phosphotransferase system. No such mutants have been 
isolated for glucose. The existence of the two glucose systems described 
above may explain this result, as well as some recent detailed kinetic 
studies relating the phosphotransferase system to glucose transport 
[35]. 

Finally, before turning to the S. aureus proteins, it is important to 
place special emphasis on the III!1®, II-B"!81" system. Preliminary 
evidence has been obtained [36] that this system may be involved in 
the regulation of transport of several sugars that are not phosphoryl-
ated by the phosphotransferase system (see below). 
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c. Lactose-Specific Phosphotransferase Proteins from S. aureus. 
Lactose metabolism in S. aureus has been extensively studied by Morse 
and his co-workers [15,16,26]. As in E. coli, the genes required for 
lactose metabolism exist in an operon, one of these codes for the 
permease, while another codes for a jS-galactosidase. The operon also 
contains genes for Factor Illjfa and for Enzyme llsf l

c [36a]. Staphylo
coccus aureus differs from E. coli, however, in several respects, the major 
differences being that the galactosidase is a phospho-/?-galactosidase, 
which cleaves lactose-P and does not function with free lactose, and the 
inducer for the lactose operon is galactose-6-P. It was originally shown 
[15] that in S. aureus all sugars appeared to be transported by group 
translocation, and the derivatives formed during this process were later 
found to be the sugar phosphates. Thus, unlike E. coli, where lactose 
is actively transported per se [21], this disaccharide is phosphorylated 
during the transport process in S. aureus [16,26]. 

Staphylococcus aureus contains a PEP-dependent phosphotransferase 
system [37], and mutants defective in Enzyme I or HPr are incapable 
of utilizing a large number of sugars. The most extensive studies on 
the Factor III, II-B systems are those conducted with the lactose-
specific proteins from S. aureus [38,39]. 

As shown in Table V, lactose-specific Factor III (111 °̂) and the 
membrane protein II-B^ are inducible in S. aureus, under conditions 
that do not affect the levels of Enzyme I and HPr. Ill J . " has been 
isolated in homogeneous form and has been characterized by a variety 
of physical techniques. The protein exhibits a molecular weight of 
about 34,000 by several methods and is dissociable to three subunits 

TABLE ν 

INDUCTION OF ENZYME I I L A C AND FACTOR I I I 
(S. aureus PTS) 

Component 

Specific activity in extracts" 

Noninduced Induced 

I 52 58 
HPr 6.8 6.7 

II 0.1 38 
III 0.1 2.5 

"Specific activity = /xmoles TMG-P formed ( x l 0 2 ) / m g 
protein in crude extracts; 30 minutes at 37°. Cells grown in 
bactopeptone ± galactose or gal-6-P. 
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of molecular weight 11,300 [39]. All available data suggest that the 
three subunits are identical; for example, amino acid sequence studies 
of a mixture of these subunits reveals a single amino acid at each posi
tion as far as the sequence was established (about 25 residues). 

IIIsa

fl

c is a phosphate carrier, and in this respect is similar to HPr. 
Extensive studies have shown [38] that the phosphoryl residue is 
transferred from P-HPr to IIIs f l

c and that the process does not require 
any additional protein fractions. Hydrolysis studies on the isolated 
P-III suggest it is similar to P-HPr, and it therefore appears that the 
phosphoryl residue is linked to histidine in this protein as it is in HPr. 
The more interesting observation is that III^ 0 accepts three phosphoryl 
residues according to the equation 

3 P-HPr + IIIi a

a

c , P 3-IIIi a

f l

c + 3 HPr 

In view of the fact that 111̂ ° possesses subunits of approximately 
the same molecular weight as the HPr protein, two additional possibili
ties were tested [38]. The phosphoryl group could be transferred from 
one protein to the other, or a subunit interchange could occur, with 
P-HPr replacing one of the subunits of IIIs f l

c. The experiments clearly 
showed that there was a direct transfer of the phosphoryl residue and 
not of the protein units. 

Despite extensive efforts, the 5. aureus II-B l a c protein has not yet 
been solubilized. The membrane preparation exhibits II-B l a c activity 
after successive treatments with a variety of agents including detergents 
and alkali. These reagents were useful, however, in that they succeeded 
in partially purifying the activity by removing 90 % of the protein and 
essentially all of the lipid and cell wall polymers. II-Bsa

fl

c is required for 
the transfer of phosphate from P-IIIsa

fl

c to lactose or its analogs, such 
as TMG. The kinetics of this phosphorylation reaction suggested that 
both IIIsa

a

c and the sugar substrate bind to II-Bsa

a

c. Binding experiments 
showed that both exhaustively washed membrane preparations and 
partially purified II-B^a

a

c formed complexes with lactose and its analogs 
(Table VI). Whereas membranes from wild type cells grown under 
noninducing conditions do not bind lactose to a significant extent, 
those from induced cells do. Binding was also observed with membranes 
from a mutant that constitutively synthesized the proteins of the 
lactose operon. Finally, mutants defective in II-B^0 showed little or 
no binding. The II-B^ protein remains to be isolated in homogeneous 
form, but this is an example of a binding protein from a bacterial 
system the function of which is known both physiologically (see below) 
and biochemically. 
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TABLE VI 

LACTOSE BINDING BY S. aureus l l l a c 

1 4C-Lactose + I I l a c , ( I I , a c · 1 4C-lactose) f l 

1 4C-Lactose bound 
Strain" Genotype (/xjLtmoles/mgm protein) 

C22 i~ lac + + 500 
F8, F16, 
F18, F20 i~ lac~ — 10-17 
F6, F l l , F15 i" lac~ — 158-236 
5601 i + l ac + — 28 
5601 (induced) + 520 

a [Lactose] = 5 χ 1 0 _ 7 Λ / at 0.5 saturation; 25°. 
b Strain 5601 is the wild type (inducible); strain C22 is a constitutive 

mutant of 5601. All other strains were derived from C22. 
c By enzymatic (phosphorylation) assay. 

d. Functional Relationships of Sugar-Specific Phosphotransferase 
Proteins. As discussed above, the lactose-specific proteins of S. aureus 
have been studied in detail and the results lead to the conclusion shown 
in Fig. 4. Phosphate is transferred from PEP to sugar by a sequential 
transfer to Enzyme I, HPr, I l ls" and finally to the sugar in the presence 
of II-Bse. This sequence is established up to the point of the HPr 
protein in all systems studied thus far, but it is not known whether the 
E. coli, S. typhimurium, and other S. aureus sugar-specific proteins are 
phosphorylated. In other words, it is not known whether the II-A and 
III g l c constitutive proteins of E. coli and S. typhimurium perform the 
same function as does the III l a c protein of S. aureus. If the II-A proteins 
are phosphorylated as intermediates in the overall reaction, then these 
proteins simply represent membrane components that act in the same 
manner as the soluble cytoplasmic III l a c of S. aureus. 

C. Role of the Phosphotransferase System in Sugar Transport 

The phosphotransferase system has thus far been described in purely 
biochemical terms as illustrated in Fig. 4. This scheme does not take 
into account the fact that the II-B proteins are located in the plasma 
membranes. If this additional parameter is incorporated into the scheme 
of Fig. 4, then the schematic representation shown in Fig. 6 results. 
The important point here is that not only is a sugar phosphorylated by 
the phosphotransferase system but also that the sugar is simultaneously 
translocated across the cell membrane. This schematic representation 
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P E P ^*Y»-Enzyme I >γ ^Ρ ~ HPr -γ -  ΙΠ 

P y r u v a t e ^ * - Ρ ~ I HPr 

Membrane Out 

Sugar 

FIG. 6. Phosphate transfer and sugar translocation via the phosphotransferase system. 
Abbreviations are those used in Fig. 4. 

depicts our current thinking on the role of the phosphotransferase 
system in the process of group translocation. 

A considerable body of evidence has accumulated that supports this 
conclusion [9]. Some recent data on the physiological behavior of 
mutant cells are presented here since they emphasize the earlier state
ments, i.e., the use of genetics is a powerful tool in unraveling the 
mechanism of transport. The basic approach is simple and based on 
the ideas illustrated in Figs. 7 and 8. In these schema, II represents the 
combination of two sugar-specific proteins, III + II-B or II-A + II-B. 
If the mechanism for group translocation is that shown in Fig. 7, then 
the sugar-specific proteins translocate only their respective substrates, 
while the general proteins Enzyme I and HPr are required for all sugars 
transported by the phosphotransferase system. On this basis, simple 
predictions can be made concerning the behavior of mutants defective 

Active 
transport 

HPr + PEP 

FIG. 7. Sugar transport via the phosphotransferase system. S ! , S 2 , S„, and S* signify 
different sugars. The corresponding sugar-specific protein pairs of the phosphotransferase 
system (Factor III + II-B, or II-A + II-B) are shown as Uu I I 2 , etc. 
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Enzyme II 

Single sugars 

Out 

Si - . " i s 

In 

Enzyme I or HPr 

1. All sugars (Sj · •s«) 
2 . Facilitated diffusion may occur Si 

II 2 - + - ( S 2 i 

FIG. 8. Predicted transport defects in phosphotransferase protein mutants. See text for 
explanation. 

in one of these proteins. These predictions are shown in Fig. 8. Mutants 
lacking or defective in a sugar-specific protein (11^ will be unable to 
transport that particular sugar but should be able to transport all 
other sugars normally. Similarly, mutants defective in Enzyme I or 
HPr should be unable to transport all sugars utilized by this system. 
In the latter case, the membranes contain functional Enzymes II. 
Facilitated diffusion is therefore possible and may or may not occur 
depending on the precise molecular mechanism for the group translo
cation process. These predictions correspond precisely to the behavior 
of a variety of mutants from different organisms isolated in several 
laboratories [2,9]. Only one example of the behavior of such mutants 
will be given. 

Staphylococcus aureus is capable of fermenting a large number of 
sugars [15] including lactose, galactose (which in this organism is 
transported via the lactose permease), fructose, mannose, glucose, etc. 
The same behavior is observed in a strain of S. aureus that has been 
made constitutive for the lactose operon. This constitutive strain was 
employed as the parent strain for selected mutants to avoid the problem 
of catabolite repression. The mutants isolated from the constitutive 
lactose strain were shown to be defective in the following proteins and 
unable to ferment the indicated sugars: phospho-/?-galactosidase, 
lactose; II-B^0, lactose and galactose; IIIs a

a

c, lactose and galactose; and 
Enzyme I, all sugars (glucose at high concentrations was slowly fer
mented). The mutants were also characterized with respect to all the 
other proteins enumerated above. For example, the II-B l a c mutants 
contained normal levels of β-galactosidase, Enzyme I, HPr, and IIIsa

fl

c. 
Furthermore, several mutants of each class were independently isolated 
and showed the same properties. 
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The transport properties of the Enzyme I, II-B l a c, and III l a c mutants 
are compared with the wild type as shown in Figs. 9 and 10. Methyl 
α-glucoside is used as an example of sugars not transported via the 
lactose permease, and, as can be seen, the transport of this sugar by 
the II-B l a c and III l a c mutants compared favorably with the parent 
strain. On the other hand, there was essentially no uptake by the 
Enzyme I mutant. Similar experiments conducted with the lactose 
analog TMG are shown in Fig. 10. All three mutants were incapable 
of transporting TMG at a significant rate compared to the parent strain 
and, in fact, were unable to equilibrate the sugar with the medium even 
after prolonged periods of exposure. Thus, the mutants were incapable 
of conducting facilitated diffusion at a significant rate; this explains why 
mutants defective in the sugar-specific proteins exhibit the cryptic 
behavior described earlier. These types of experiments, therefore, meet 
the predictions made earlier and support the conclusion that the phos
photransferase and permease systems are identical. 

ο 
X 
Ε 
Ρ- 6\-

Time (seconds) 

FIG. 9. Methyl α-glucoside transport in S. aureus. The mutants employed were I I l a c ~ 
(defective in the 1I-B protein specific for lactose phosphorylation), I I I , a c ~ (defective in the 
cytoplasmic Factor III specific for lactose phosphorylation), Enzyme I" (defective in 
Enzyme I of the phosphotransferase system). 
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FIG. 10. Thiomethyl β-galactoside transport in S. aureus. The cells employed for these 
experiments were aliquots of suspensions used in Fig. 9. The level corresponding to equili
bration but no accumulation of solute by the cells is shown as dark triangles on the 
ordinates. 

D. Occurrence of the Phosphotransferase System 

The phosphotransferase system is responsible for the group trans
location of a variety of sugars across bacterial membranes [9]. How
ever, many questions have not yet been answered. Why is the system 
so complex i.e., why is group translocation not catalyzed by a simple 
membrane-bound kinase which can utilize ATP or PEP ? Is this system 
responsible for the active transport and facilitated diffusion of carbohy
drates in bacteria? Does it occur in all bacterial cells and in other 
organisms? Is it responsible for the transport of solutes other than 
sugars ? 

Only a few answers can be given to these questions. The phospho
transferase system was detected in vertebrate intestine [40], but no 
further reports on this subject have appeared. Experiments with ex
tracts of fungi and yeast have thus far given negative results [41]. In 
addition, the system does not occur in all bacteria. It appears to be 
absent from P. aeruginosa, but this organism may transport sugars 
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only by the process of facilitated diffusion [17]. In a more extensive 
survey (which has been criticized [42]), it has been reported to be 
present in facultative but not in obligate aerobes [43], and is generally 
present in anaerobic organisms. The latter makes teleological sense 
from the point of view of energetics, a topic that has been considered 
earlier [9]. 

As has been repeatedly emphasized in this discussion, E. coli and 
S. typhimurium differ from S. aureus, which may transport all carbo
hydrates via the phosphotransferase system. The gram-negative organ
isms appear to take up the following monosaccharides by the process 
of group translocation through the phosphotransferase system: glucose, 
mannose, fructose, galactose (?), 7V-acetylglucosamine [44], glucosamine, 
N-acetylmannosamine, mannosamine, β-glucosides, and the hexitols, 
sorbitol and mannitol. 

In gram-negative organisms the following sugars are not phosphoryl
ated by the phosphotransferase system and are not taken up by group 
translocation: disaccharides (lactose, melibiose, maltose), pentoses, 
hexose 6-phosphates, and glycerol. With the exception of glycerol, 
which is taken up by facilitated diffusion [2], the other sugars in this 
group are actively transported. In earlier work, Enzyme I and HPr 
mutants were found to be incapable of utilizing or transporting these 
carbohydrates, and the results were interpreted to mean that the intact 
phosphotransferase system was required for normal transport of these 
sugars as well as for those which are group translocated. Recent studies 
(see below) have, however, shown that Enzyme I and HPr mutants are 
particularly sensitive to repression of enzyme synthesis and are unable 
to normally synthesize inducible levels of the permeases and catabolic 
enzymes required for utilization of this class of sugars. Thus, while the 
mutants were indeed transport-defective, it was an indirect consequence 
of the Enzyme I or HPr mutation that caused this phenomenon. How, 
then, are these sugars transported? 

One possibility, which stems from the work on the phosphotrans
ferase system, is that organic solutes (sugars, amino acids, etc.) are 
converted to transient derivatives during the transport process across 
the membrane, and these derivatives are then reconverted to the original 
solute by an enzyme on the inner face of the membrane. For example, 
in the case of sugars, the transient derivatives could be the sugar 
phosphate esters, and the enzymes on the inner face of the membrane 
could be specific phosphatases of the type referred to earlier. Membrane-
bound, sugar-specific phosphatases have been reported [45]. Another 
possibility is that the membrane-bound protein "carriers" are phos
phorylated. Many models proposed to explain active transport have 
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been derived from kinetic data. Generally, these models explain the 
coupling of metabolic energy to the active transport system by assuming 
that the carrier-solute complex is phosphorylated. The latter then 
dissociates to solute plus carrier-phosphate. One such simple model is 
shown in Fig. 11. After the dissociation step, the phospho-carrier 
protein is hydrolyzed and the carrier protein regenerated in an active 
form so that it can combine with another molecule of solute on the 
outer face of the membrane. In view of the experimental demonstra
tion that sugar-specific proteins of the phosphotransferase system are 
indeed phosphorylated, it is easy to fit these observations into the 
simple model shown in Fig. 11. The process would not involve a direct 
transfer of phosphate to sugar, but only to the sugar-specific proteins. 
This interpretation assumes that energy coupling occurs through the 
general proteins of the phosphotransferase system Enzyme I and HPr. 
Thus, in mutants defective in one of these proteins there should be a 
marked depression of the active transport of sugars not phosphoryl
ated by the phosphotransferase system. This result is, however, not 
observed. Although studies in this laboratory suggest that the initial 
rate and final accumulation levels in the mutants are lower than in 

Out In 

T - P T - P 
S 

Active 
transport Τ S - T - P 

S-T S-T 

Τ Τ 

Facilitated 
diffusion 

S-T S-T 

FIG . 11. Models for active transport and facilitated diffusion. S = the solute, Τ = the 
permease or "carrier," T - P = the phosphorylated form of the carrier. 
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wild type cells, the effect is not nearly so pronounced as observed with 
sugars that are phosphorylated. 

Thus far, the emphasis has been that phosphorylation always pro
ceeds from PEP through Enzyme I and HPr to the sugar-specific 
proteins. However, if the latter can be phosphorylated by some other 
mechanism involving other pathways (for example, ATP), then the 
results obtained with the Enzyme I and HPr mutants would be more 
readily explicable. This idea would also at least partially explain the 
surprising complexity of the phosphotransferase system. In other 
words, the system has evolved into a high order of complexity which 
by its very nature and molecular mechanism permits considerable 
variation. 

E. Cation-Dependent Sugar Transport 

Until very recently, bacterial transport systems appeared to differ 
substantially from those of animal tissues with respect to active transport 
of solutes. Active transport in bacterial cells apparently functioned by 
way of so-called "primary" active transport system [4]; in this type 
of system, the solute is transported against a gradient as illustrated in 
Fig. 1, independently of the transport of other solutes. In sharp con
trast, active transport in animal cells generally occurs by coupling of 
the organic solute transport system to cation transport [4]. The vast 
majority of such transport systems in animal cells is mediated by cotrans-
port with N a + [14]. The model for transport systems of this type is 
illustrated in Fig. 12. The solute-specific membrane protein transports 
the solute with Na + into the cell, the N a + being transported down its 
electrochemical gradient, thereby providing energy for transporting 
the solute (S) up its concentration gradient. The Na + concentration 
gradient across the plasma membrane is maintained by the Na + pump 
(Fig. 12), which is thus the ultimate source of energy for driving the 
solute (S) into the cell against the gradient. 

Earlier reports showed that halophilic bacteria required N a + for 
growth, while growth of some other bacteria was markedly stimulated 
by this ion [46]. In addition, several laboratories reported that cations 
including N a + affected the transport of certain solutes [47-50]. The 
most extensively studied system was amino acid transport in a marine 
pseudomonad [51], which was dependent on Na + , but the effect was 
interpreted to be independent of cotransport. 

In a recent report [52] from this laboratory, the transport of melibiose 
by S. typhimurium was examined. This disaccharide is actively trans
ported by a permease system in E. coli and S. typhimurium designated 
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N a + C o t r a n s p o r t 

S ^ ^ 

N a + 

^ N a 

N a + / 

E n e r g y 

K + C o u n t e r t r a n s p o r t 

E n e r g y 

FIG. 12. Models for co- and counter-transport. In the case shown, sodium ion is co-
transported with the solute, S. The external concentration of sodium ion is high relative to 
the internal concentration, whereas the reverse is true for the solute. The sodium gradient 
is maintained by a sodium pump which utilizes metabolic energy. In the model shown for 
countertransport, using potassium ion as an example, the solute S is pumped into the cell 
where it is present at higher concentration at the expense of potassium ion, which simul
taneously moves out of the cell. The potassium concentration difference is maintained by 
a potassium pump, PK. 

TMG permease II [19,53]. As in the case of the analogous disaccharide 
lactose, the structural genes for melibiose exist within an operon and 
consist of at least a permease gene and one for the enzyme a-galactosi-
dase. It was found that the melibiose permease system showed all of 
the properties of a Na+-dependent sugar cotransport system and 
exhibited kinetics completely analogous to those observed with intest
inal preparations [14]. At subsaturating levels of sugar, the rate of 
uptake was markedly influenced by Na + (Figs. 13 and 14). The F m a x 

of the system was not affected by Na + , but the Km was lowered by an 
order of magnitude. In addition to Na+-dependent sugar uptake, the 
cells showed a reciprocal relationship, i.e., N a + was taken up in the 
presence of sugar by induced cells, but not by uninduced cells. Further, 
the Na + accumulated during sugar transport was rapidly pumped out 
of the cell (Fig. 15). 

The lactose system may be much more complex. It has been suggested 
that protons are involved in lactose transport [54,55] and also that 
K + may be involved [21]. The precise relationships between these ions 
and lactose transport have not yet been established. 

The finding of a Na + sugar cotransport system leads to the possibility 
that bacterial cells may utilize ion gradients to transport solutes that 
are not phosphorylated by the phosphotransferase system. Whether or 
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FIG. 13 . Effect of N a + on the melibiose permease. The analog used for these experi
ments was 1 4C-labeled TMG. The upper line presents uptake in the presence of 50 m M 
NaCl; the lower shows uptake in its absence. The symbols ( Δ , A) and ( O , · ) represent 
different buffers. 

0 1 2 3 4 5 

NaCL (mM) 

FIG. 14. Effect of N a + concentration on T M G uptake. 
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Induced 

ΞΓ 0. 

30 40 

Time (seconds) 

FIG. 15 . Effect of TMG on N a + uptake. The upper portion of the figure shows the 
results obtained with cells induced for the melibiose permease; the lower portion shows 
identical experiments with uninduced cells. Sodium uptake is shown by closed and open 
circles; TMG uptake is shown by triangles. 

not this is a general phenomenon remains to be established, as well as 
the question of the relationship between such transport systems and the 
phosphotransferase system. The next section presents a brief account 
of recent work on the regulatory role of the phosphotransferase system 
in enzyme synthesis. The results indicate that there is a relationship 
between the phosphotransferase system and certain other permease 
systems. 

F. Regulation of Induced Enzyme Synthesis by the Phosphotransferase 
System* 

In the late nineteenth century, it was observed that the addition of 
glucose to cells growing on certain other carbon sources prevented 

* The unpublished experiments reported here were performed in collaboration with 
Dr. Milton Saier. 
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utilization of the latter. Subsequent studies showed that glucose exerted 
this effect by repressing the synthesis of inducible, catabolic enzymes 
required for the utilization of carbon sources such as lactose. The 
phenomenon was termed "the glucose effect" and the biphasic growth 
behavior that resulted was called " diauxic growth." 

Repression of the synthesis of inducible catabolic enzymes has been 
extensively studied and reviewed [56-58], and several different types of 
repression have been recognized. Catabolite repression refers to the 
inability of a cell to utilize a given carbon source as long as a repressing 
substance such as glucose is present in the growth medium. Many 
metabolizable compounds other than glucose exert this effect, including 
glucose-6-P and gluconate. Transient repression is similar to catabolite 
repression, except that the effect is observed for only a brief period 
following addition of the repressing substance to the growth medium. 
In contrast to catabolite repression, metabolism of the repressing sugar 
is not necessary for transient repression to occur. Inducer exclusion 
results when the inducing sugar is excluded from the cell by a second 
sugar, such as glucose. Under these conditions, induced enzyme 
synthesis cannot occur. The molecular mechanisms by which these 
distinct physiological phenomena occur are not understood. 

Repression of enzyme synthesis is related to the general problem of 
carbohydrate transport in bacterial cells. For example, many Enzyme I 
and HPr mutants are unable to grow on and transport a large number 
of carbohydrates [9,59]. This finding was originally interpreted to mean 
that the phosphotransferase system was required for the transport of 
all of these sugars. Later experiments [60-63] showed that Enzyme I 
and HPr mutants of E. coli did not utilize sugars such as lactose because 
they could not synthesize the requisite inducible catabolic enzymes and 
permeases. However, synthesis did occur when high concentrations 
of the inducer were employed, or when the cells were mutated, so that 
synthesis did not depend on the presence of an inducer molecule. 

Enzyme I and HPr mutants are hypersensitive to repression by glu
cose, and even by methyl α-glucoside [64]. A new dimension was added 
to the general problem of enzyme induction by the discovery [65] that 
cyclic-AMP is required for the synthesis of inducible enzymes. Detailed 
discussions on the functions of inducer molecules and of cyclic-AMP 
in the regulation of enzyme synthesis can be found in several excellent 
reviews [65,66] and will not be covered here. The basic concepts are as 
follows, (a) A minimal or threshold rate of synthesis of the inducible, 
catabolic enzymes (and permeases) is required for cells to grow on the 
carbohydrates that are substrates for these enzymes, (b) The rate of 
enzyme synthesis is controlled by the rate of transcription of the 
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structural genes that code for these proteins, (c) An operator and a 
promoter gene regulate the rate of transcription of the structural genes 
within an operon. (d) Regulation of the operator gene is controlled 
by the level of inducer in the cell, the latter being a small molecule, 
such as a carbohydrate. Regulation of the promoter gene is controlled 
by the level of cyclic-AMP, which acts on this gene in combination 
with the binding protein specific for this cyclic nucleotide. For purposes 
of this discussion, the critical features of this model are the intracellular 
levels of the inducer and of cyclic-AMP. 

Pastan and Perlman [64] studied the effects of cyclic-AMP on 
mutants of the phosphotransferase system and suggested that repres
sion of enzyme synthesis in these cells resulted from the process de
picted schematically in Fig. 16 (designated "catabolite" repression). 
Sugars phosphorylated by the phosphotransferase system in wild type 

Induction 

Out 

Inducer -

Membrane In 

P e r m e a s e -

"Catabolite" 
repress ion 

Inducer 
exclusion 

-Inducer. 

CAM  Ρ ^ 

cAMP 
(low) 

cAMP 

Inducer 

S p T S 

P e r m e a s e 

PTS Inducer 
(low) 

* Enzyme 
synthesis 

No 
synthesis 

No 
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FIG. 16. Models to explain repression of enzyme synthesis by PTS-sugars. Normal 
induction occurs when the inducer is brought into the cell through its permease (which is 
present at low, constitutive levels in uninduced cells). Both intracellular inducer and cyclic-
AMP participate in the induction process, as discussed in the text, and both are present 
at moderate to high concentrations. In "catabolite repression'' a PTS-sugar, S P T S , prevents 
enzyme synthesis by causing an efflux of cyclic-AMP from the cell; this efflux may involve 
the phosphotransferase system, but the mechanism is not known. Inducer exclusion results 
from interaction of the PTS-sugar with the cell membrane Enzyme II, which in turn 
prevents uptake of the non-PTS inducer sugar through its permease and thereby prevents 
enzyme synthesis. 
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cells (PTS-sugars)* induce an efflux of cyclic-AMP from the cell, and 
the phosphotransferase system is involved in this efflux process. The 
basic observations leading to this conclusion are as follows, (a) Earlier 
studies showed that glucose causes a rapid efflux of cyclic-AMP from 
the cell [67]. (b) Adenyl cyclase mutants, which cannot synthesize 
cyclic AMP, cannot be induced for β-galactosidase synthesis, but 
addition of high concentrations of cyclic-AMP to the growth medium 
permits induction of the lactose operon. (c) Mutants defective in 
Enzyme I or HPr behave similarly and are hypersensitive to repression 
of β-galactosidase synthesis by sugars such as methyl a-glucoside. 
(d) A mutant defective for glucose-specific Enzyme II was less severely 
repressed by this sugar. 

Results in this laboratory* confirm and extend the experimental 
findings summarized above but do not lead to the conclusion that the 
primary event in repression of enzyme synthesis of PTS-sugars results 
from lowering of the internal levels of cyclic-AMP. Instead, the con
clusion is that the hypersensitivity of Enzyme I and HPr mutants to 
PTS-sugars results primarily from Inducer exclusion (Fig. 16). 

This conclusion is in part based on direct measurement of intra
cellular levels of cyclic-AMP in different cells under a variety of condi
tions [36]. There was no correlation between sensitivity to repression 
and the cyclic-AMP levels in the different cell types. For example, 
mutants defective in cyclic-AMP phosphodiesterase as well as in 
Enzyme I exhibited the hypersensitivity to repression by methyl a-gluco
side despite the fact that the intracellular levels of cyclic-AMP were 
much higher than normal. Efflux of cyclic-AMP from cells exposed to 
PTS-sugars was observed with some cell types, but not with others, 
and the extent or proportion of cyclic-AMP lost from the cell depended 
on the conditions. In any case, the final levels of cyclic-AMP in the 
cells after addition of the PTS-sugars did not explain the hypersensitiv
ity of the Enzyme I and HPr mutants to the PTS-sugars or the resistance 
of the wild type or of the Enzyme I" err double mutants. To explain 

* In E. coli and S. typhimurium the following sugars are phosphorylated by the phospho
transferase system and are designated PTS-sugars: glucose (2-deoxy-glucose, 3-0-methyl-
glucose, methyl α-glucoside), mannose, fructose, glucosamine, N-acetylglucosamine, 
N-acetylmannosamine, mannitol, sorbitol, /3-glucosides, /-erythritol, ribitol, arabitol, 
xylitol. Glycerol, L-arabitol, lactose, melibiose, and maltose are not phosphorylated (non-
PTS-sugars). Some pentoses of the D-configuration, galactose, methyl β-galactoside, and 
methyl β-thiogalactoside are phosphorylated; whether these sugars are phosphorylated 
by specific Enzymes II, or by Enzymes II that normally utilize other sugars as their primary 
substrates, is not known. 



74 SAUL ROSEMAN 

the fact that high external levels of cyclic-AMP overcome repression 
in Enzyme I" mutants, we suggest that under normal conditions where 
the intracellular levels of inducer and cyclic-AMP are suboptimal, an 
increased concentration of the latter can compensate for a deficiency 
of the former. 

Repression studies in this laboratory were conducted with the lactose 
system in E. coli and with the melibiose, maltose, and glycerol systems 
in S. typhimurium. Only one experiment will be shown. 

The disaccharide melibiose can be utilized by S. typhimurium when 
the latter synthesizes the melibiose permease and the hydrolase a-galac-
tosidase. An excellent inducer for this catabolic system is melibiitol, 
α-galactosyl-glucitol, which is not metabolized in uninduced cells. 
The synthesis of the permease and the α-galactosidase are repressed by 
PTS-sugars (glucose, methyl α-glucoside, mannose, fructose, glucosa
mine, mannitol, etc.) and Enzyme I and HPr mutants are hypersensitive 
to this phenomenon. 

The concentrations of methyl α-glucoside which prevent synthesis 
of a-galactosidase (Fig. 17A) correspond to those which reduce the 
levels of melibiitol (Fig. 17B) in the three cell types studied, the parent 
strain, an Enzyme I mutant, and a mutant derived from the latter, 
designated err. The err mutants derived from Enzyme I mutants were 
selected on the basis of their resistance to repression. They did not 
regain Enzyme I activity. Transduction data indicate that the err gene 
is linked to the genes that code for Enzyme I and HPr; the err gene 
appears to code for, or regulate the production of, the Factor I IP l c 

protein described above. 
The concentrations of methyl α-glucoside required to depress the 

melibiitol level in wild type cells were several orders of magnitude 
higher than those required in the Enzyme I mutant, reflecting the 
sensitivity of the latter to repression. Further, the double mutant 
(Enzyme I and err, designated ptsl err) was completely resistant to the 
glucoside, with respect to both repression of α-galactosidase synthesis 
and its effect on melibiitol accumulation. It is important to emphasize 
that the uptake of methyl α-glucoside was negligible both by the ptsl 
and the ptsl err mutants, whether the cells were preloaded with meli
biitol (or TMG) or not. 

Repression of α-galactosidase synthesis and exclusion of melibiitol 
observed with methyl α-glucoside were also obtained with all PTS-
sugars tested, but not with non-PTS-sugars (glycerol, maltose, etc.). 
These observations therefore suggest that the repressive effects of the 
PTS-sugars were exerted by controlling the levels of inducer (non-
PTS-sugars) in the cells. Experiments on the efflux and influx of TMG 
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FIG. 17. Effect of methyl a-glucoside on induction of a-galactosidase ( A ) and of melibiitol 
uptake ( B ) in 5 . typhimurium. For the induction studies, the cells were grown in inducing 
medium (with melibiose as the inducer) in the presence of the indicated concentrations of 
the glucoside, harvested, and assayed for α-galactosidase. The transport experiments were 
conducted in the same medium with labeled melibiitol in the presence of the indicated 
concentrations of the glucoside. Values represent relative steady-state internal concentra
tions of melibiitol. The mutant strains used were defective in Enzyme I ; err is defined in 
the text. 

in induced cells show that the PTS-sugars exert their effect on uptake 
rather than on efflux. Furthermore, the effect was dependent upon a 
functional Enzyme II for the PTS-sugar; for example, a mutant defect
ive in Enzyme II for mannitol (and also for Enzyme I) was not repressed 
by mannitol but was sensitive to repression by the other PTS-sugars. 

One important possible explanation for these results was that inducer 
molecules (non-PTS-sugars) are transported via the phosphotransferase 
system in uninduced cells and that the specific permeases transport 
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these sugars only in partially or in fully induced cells. However, the 
uptake system for melibiitol in the uninduced cells showed the properties 
of the melibiose permease; for example, melibiitol uptake was greatly 
stimulated by Na + , as in Figs. 13 and 14. In addition, the uptake of 
substrates of the melibiose permease was inhibited by PTS-sugars in 
fully induced (Enzyme I") cells. 

Another possible explanation for the inducer exclusion phenomenon 
is that the PTS-sugars compete with the non-PTS-sugars for energy. 
However, as already indicated, the methyl α-glucoside effect is exerted 
under conditions of slight or negligible uptake of the glucoside. Thus, 
it is difficult to conclude that the PTS-sugars affect non-PTS-sugar 
uptake by competing for metabolic energy. 

The simplest conclusion to be drawn from the evidence is that there 
is indeed a link between the transport of PTS- and non-PTS-sugars. 
This link does not involve competition for metabolic energy, but 
requires the interaction of a PTS sugar with the corresponding mem
brane-bound Enzyme II. It is difficult to conceive of a simple mechanism 
that permits a variety of PTS-sugars to inhibit the uptake of a number 
of non-PTS-sugars through such interactions. Perhaps a clue to a 
common factor linking the transport of the two classes of sugars is the 
fact that repression by all PTS-sugars of all non-PTS-sugars is relieved 
by a mutation in the err gene, a gene that apparently regulates (or 
codes for) the synthesis of the constitutive Factor III g , c described 
earlier. Whether or not this protein is involved in the transport of non-
PTS-sugars remains to be determined. 

IV. TRANSPORT STUDIES WITH MEMBRANE VESICLES 

A. Properties of Bacterial Membrane Vesicles 

When animal cells, which have no rigid cell walls, are subjected to 
appropriate osmotic conditions, the cells swell, the plasma membranes 
become porous or rupture, and the cells lose most of their cytoplasmic 
constituents. Under certain conditions, the membranes rapidly reseal, 
and osmotically active vesicles or "ghosts" are formed. Many such 
preparations retain the transport properties of the intact cells. 

Erythrocyte ghosts have been extensively studied (for review, see 
Stein [4]), and Vidaver [68], for example, has used them to determine 
the coupling between Na + and amino acid transport. The technique 
was applied to bacterial cells by Kaback and Stadtman [69], and 
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subsequent studies by Kaback and co-workers have led to important 
results on amino acid and sugar transport. 

The most extensively studied organism has been E. coli. Penicillin 
or lysozyme is used to prepare spheroplasts, which are then lysed [10, 
69]. Electron microscopy shows the membrane preparation to consist 
of vesicles that are morphologically heterogeneous and that vary in 
diameter from 0.1 to 1.5 μ [69,70]. On a dry weight basis, the membranes 
contain 50-70% protein, 30-50% lipid, and less than 10% lipopoly-
saccharide [69,71]. The vesicles contain the following proportions of 
components (as percentages) of the intact cells from which they were 
derived; protein, 15-20%; lipid, 70%; nucleic acids, less than 3%; the 
cell wall constituent, diaminopimelic acid, less than 10%; and less than 
1 % of the cytoplasmic enzymes, glutamine synthetase, fatty acid 
synthetase, and leucine-activating enzyme. Vesicles behave as osmom
eters [70] in potassium phosphate buffer or in sucrose and are there
fore not grossly permeable to either. No information has been published 
concerning the geometry of the vesicles, i.e., whether they are all 
oriented in the same direction as the plasma membrane, or whether a 
significant fraction are oriented "inside-out." As will be described 
below, the vesicles retain their ability to transport solutes, and the 
preparations retain this function after sonication [70]. 

The vesicle preparations have been used to study glycine and proline 
transport [69,72], glucose transport [73], and recently the transport of 
a variety of solutes, particularly of amino acids and lactose. Some of 
the new and exciting results of these studies are reviewed below. 

B. Advantages and Limitations 

Vesicles offer many desirable properties for transport studies, among 
which are the following. 

1. They are simpler in composition than intact cells, having lost 
about 85% of the cell protein. Thus metabolic reactions that interfere 
with attempts to define transport processes are greatly reduced. 

2. The vesicles retain the basic parameter of transport, i.e., a vectorial 
translocation of solute. 

3. The preparations show the same specificities with regard to sugar 
and amino acid transport as do the intact cells from which they are 
derived. For example, membranes from mutant organisms defective 
in the transport of a particular solute also are defective with respect to 
that solute. 

4. They can be supplemented with energy sources that drive the 
transport processes. 
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The last point is of great importance since this fact may well yield 
information necessary for an understanding of the coupling between 
metabolic energy and solute transport. 

Although vesicles offer many advantages in studying solute transport 
processes, the following observations (in addition to heterogeneity) 
should be taken into account when interpreting data obtained with 
these preparations. 

1. Vesicles are capable of at least limited metabolism. For example, 
glycine taken up by vesicles from E. coli W was largely converted 
(94%) to phosphatidylserine and phosphatidylethanolamine, the 
energy for these conversions being derived from endogenous sources 
[72]. Significant metabolism of glutamate, aspartate, methionine, and 
asparagine occurred in vesicles from E. coli ML308 [74]. Experiments 
on methyl α-glucoside and fructose uptake [73] indicated that the prepar
ations generated both PEP and ATP from endogenous energy sources, 
and the rate of PEP synthesis must have been substantial (compare 
methyl α-glucoside uptake in the presence and absence of 0.1 Μ PEP). 
The preparation also contained enolase. 

2. The rate-limiting component of the transport system may be 
different in vesicles from that in intact cells. For example, vesicles con
tained low levels of Enzyme I and HPr relative to the intact cells from 
which they were derived [73]. This fact may explain the discrepancy 
between the Km and Vmax values reported for the two systems. In the 
enzyme system, the Km for PEP and methyl α-glucoside were 6 and 
7 χ  10" 4 M, respectively. In the vesicles, saturation with PEP was not 
achieved at 0.1 M, whereas the reported value for the Km for methyl 
α-glucoside was 4 χ  10" 6 Μ. 

3. The rates of transport by vesicle preparations may be substanti
ally less than those of the intact cells from which they were derived. 
In the case of methyl α-glucoside, the Vmax for entry is only 0.1 % as 
rapid as the rate in whole cells [73]. The rate of lactose transport by 
vesicles supplemented with D-lactate appears to be much higher, 
although there has been no direct comparison of the vesicles with the 
whole cells from which they were derived; judging from the published 
reports [3,75], lactose transport in the vesicles is between 5 and 10% 
as rapid as that in whole cells.* 

4. Vesicles leak solutes. Extensive studies [10,73] showed that this 
property is temperature-dependent and that vesicles derived from 

* Recent experiments show that vesicle preparations can be obtained that transport 
lactose at five times the rate of the whole cells from which they were derived, based on 
rates per milligram of protein [75a], 
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different cells or from the same strain grown under different conditions 
show considerable variation. Further, leakiness is apparently dependent 
on the nature of the solute; bacterial vesicles resemble synthetic lipid 
vesicles that show markedly different transport rates for cations, 
anions, and neutral molecules, and also can show differences within 
any one of these classes [76]. Whereas sugars such as methyl a-glucoside 
penetrate bacterial membrane vesicles at a significant rate by passive 
diffusion, the vesicles must be relatively impermeable to anions such 
as PEP [73]; the latter did not saturate the phosphotransferase system 
in the vesicles at 0.1 Μ concentration. Neither the permeability of the 
vesicles to other anions, such as ATP and DPN, nor to cations has 
been reported. 

In this connection, one may speculate that the rate of nonspecific 
permeation of a given solute into or out of vesicles may depend on 
which side of the membrane is exposed to that solute, particularly if 
the latter is charged. This idea is based on the notion that charged 
groups on the surface of the membrane may play a determining role 
in passive diffusion [76], and that the charge density on membrane 
surfaces, inside versus outside, may not be identical. 

C. Group Translocation of Sugars by Membrane Vesicles 

Although this section discusses sugar translocation, other solutes 
may be transported by the general group translocation mechanism, but 
do not involve the phosphotransferase system. An interesting example 
is adenine, which is reported to be converted to AMP (by condensation 
with 5-phosphoribosylpyrophosphate, PRPP) during the transport 
process [77]. 

The uptake of methyl α-glucoside (and glucose) by membrane 
vesicles has been extensively studied [73]. The results may be summar
ized as follows. 

(a) Methyl α-glucoside penetrated the vesicles by passive diffusion. 
At low concentrations of the sugar, however, the passive diffusion rate 
was only a small fraction of the rate of group translocation, and most 
of the methyl α-glucoside accumulated was in the form of its phosphate 
ester. 

(b) The group translocation process was dependent on PEP. About 
25 potential energy donors were tested, and none of these, including 
nucleotide triphosphates, substituted for PEP. The only exception was 
2-P-glycerate, and this compound was ineffective in the presence of 
fluoride. 

(c) The vesicles contained low but detectable quantities of Enzyme 
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I and HPr. Vesicles obtained from a mutant deficient in Enzyme I 
were unable to take up significant quantities of methyl a-glucoside. 

(d) The results of a double isotope experiment clearly indicated that 
phosphorylation and translocation occurred simultaneously. 

(e) Membranes prepared from glucose-grown cells showed the 
stimulatory effect of PEP and were capable of taking up and phosphoryl-
ating the following sugars: glucose, methyl α-glucoside, methyl ^-gluco
side, 2-deoxy-glucose, 3-O-methylglucose, galactose, and fructose. 
Ribose, arabinose, mannitol, and sorbitol were not taken up or phos-
phorylated at significant rates. (The latter two compounds are active 
substrates for two inducible, specific Enzymes II of the phosphotrans
ferase system, and the lack of activity shown by the vesicles toward 
these hexitols may be attributed to the fact that the cells were grown 
under noninducing conditions.) 

(f) The membrane vesicles were capable of phosphorylating glucose 
derivatives in the external medium when supplemented with Enzyme I 
and HPr. One interpretation of this result is that the Enzyme II is 
" symmetrical" in the sense that it can phosphorylate sugars on either 
side of the membrane and in this way can serve as a sugar carrier [73]. 
Another important possibility is that a significant fraction of the 
vesicles are turned inside out. 

D. Active Transport by Membrane Vesicles 

In the first studies with bacterial membrane vesicles, it was shown 
that proline was concentrated about 50-fold by the vesicle preparation 
[69]. The energy source was glucose, and, in the absence of this sugar 
or of air, uptake was depressed about 50%. It was also shown that a 
variety of metabolic inhibitors, including those that act on electron 
transport, inhibited uptake to varying extents. Some of these (dinitro-
phenol, carbonyl cyanide p-trifluoromethoxyphenylhydrazone, and 
Amytal) were powerful inhibitors, depressing uptake to the level of 
4-5 % of the untreated preparation. By contrast, potassium cyanide at 
0.01 Μ showed essentially no effect, nor did some other electron 
transport inhibitors. Escherichia coli W6 was the strain used for these 
studies; the results are somewhat different from those obtained more 
recently with other strains. 

The second system to be studied with the E. coli W vesicles was 
glycine uptake [72]; it was concluded that the amino acid was trans
ported by facilitated diffusion and that essentially all of the compound 
taken up was converted to phospholipids. 

Kaback and co-workers have recently extended these findings to a 
large group of amino acids and sugars [74,75], using primarily E. coli 
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ML strains. The results may be summarized as follows. The transport 
of a number of amino acids was markedly stimulated by compounds 
that were oxidized by the vesicle preparations. The effective energy 
sources were D-lactate, succinate, L-lactate, DL-a-hydroxybutyrate, 
and DPNH, the most effective being D-lactate. A large number of other 
potential energy sources, including ATP, PEP, DPN, and glucose, 
either had no effect or appeared to inhibit endogenous uptake. The 
amino acids could be placed in three groups with respect to stimulation 
of transport. The first group comprised those that were markedly 
stimulated: proline, glutamic acid, aspartic acid, asparagine, trypto
phan, lysine, serine, alanine, and glycine. A lesser effect was observed 
with histidine, phenylalanine, tyrosine, leucine, isoleucine, and valine. 
The effect was minimal with arginine, methionine, cystine, and cysteine. 
Only four of the amino acids (glutamate, aspartate, asparagine, and 
methionine) were significantly metabolized by the vesicle preparations. 

Similar results were obtained with lactose and its analogs [75]. The 
stimulation of initial rate of uptake by D-lactate was about 20-fold, and 
the steady-state level of the sugar was increased about 10-fold; the 
sugar was accumulated about 25-fold over the extramembranal con
centration. Control membrane preparations were those obtained from 
the same cells not induced for the y gene, or those lacking the y gene, 
and showed little uptake and no stimulation by lactate. Vesicles from 
a mutant defective (but leaky) in Enzyme I of the phosphotransferase 
system rapidly took up TMG in the presence of lactate. 

In more recent studies, β-galactoside (lactose) transport by vesicles 
has been examined in greater detail [78-80]. The results are stated to 
be applicable to the amino acids described above and also to the 
following substances: galactose, glucuronic acid, arabinose, glucose-6-P, 
manganese, and potassium. The experiments on β-galactoside uptake 
involve measurements on the relative rates of oxidation of various 
substrates by the membrane vesicles, the relative ability of these com
pounds to stimulate lactose transport, the effects of a variety of inhibi
tors (particularly those affecting electron transport, oxidative phos
phorylation, etc.), and temperature effects on influx and efflux. 

The authors propose that the transport of the amino acids and 
sugars listed above is directly linked to the electron transport chain. 
Their interpretation is that the membrane proteins, which act as solute 
carriers, are, in fact, part of the electron transport chain, and the model 
for this interpretation is shown in Fig. 18 [78,79]. To quote the authors: 

In the mechanism presented, the "carr iers" (in this specific case, the Μ protein) are 
depicted as electron transfer intermediates which undergo reversible oxidation-reduction. 
As shown, in the oxidized state, the "carr ier" has a high affinity site for ligand which it 
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binds on the exterior surface of the membrane. Electrons coming ultimately from 
D-lactate through one or possibly more flavoproteins reduce a critical disulfide in the 
"carr ier" molecule resulting in a conformational change. With this conformation change, 
the affinity of the "carr ier" for its ligand is markedly decreased and ligand is released on 
the interior surface of the membrane. The reduced "sulfhydryl" form of the "carr ier" 
is oxidized by cytochrome bt and electrons then flow through the remainder of the cyto
chrome chain to reduce molecular oxygen to water. The reduced form of the "carr ier" 
can also "vibra te" and catalyze a low affinity, " carrier "-mediated, non-energy dependent 
transport of ligand across the membrane. 

Although no direct evidence has been presented which demonstrates unequivocally that 
the "carr iers" are electron transfer intermediates or that they are the only sulfhydryl-
containing components of the respiratory chain between D-lactic dehydrogenase and cyto
chrome 6 1 , this formulation is consistent with all the experimental observations presented 
and is the simplest conception possible. 

This model suggests that transport of several solutes, including 
lactose, occurs by a mechanism in which the specific carriers or mem
brane-bound permeases oscillate between the oxidized (—S—S—) 
high affinity form that combines with the solute on the outer face of 
the membrane and the reduced (—S—H) low affinity form of the 
carrier that loses the solute on the inner face of the membrane. Thus, 

D- Lactic 
dehydrogenase 

NADH 
dehydrogenase W p - ^ F e -Q — I Cyt bx I—Fe-Q h »02 

Succinic 
dehydrogenase 

FIG. 18. (A) Electron transport in E. coli. (B) Model for the coupling between electron 
and solute transport in vesicles. See text for explanation. 
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the rate of transport would be determined by the rate of electron flow 
through the carrier molecules, which are thought to be located between 
the dehydrogenases (D-lactate, succinate, DPNH, etc.) and cytochrome 
bx. The evidence for the model is primarily the lack of correlation be
tween rates of oxidation of electron transport donors and the rates of 
transport of solutes such as lactose and also the results of experiments 
on the effects of anaerobiosis and electron transfer inhibitors on 
efflux and influx. 

Before attempting to evaluate this novel and interesting idea, a few 
comments on the experimental results are in order, (a) If the rate of 
oxidation of a substrate such as lactate to pyruvate were equal to that 
of the rate of transport of solute, then the conclusion drawn by the 
authors would be considerably strengthened and a number of other 
possible explanations for the results would be ruled out. However, the 
rates of lactate oxidation were 10-300 times greater than the rates of 
solute transport, depending on the solute [74,75,79]. In addition, 
D-lactate was not quantitatively converted to pyruvate; about 25% of 
the substrate was not accounted for after 15 minutes of incubation in 
the published balance experiment [74]. (b) The inefficiency of DPNH 
in stimulating solute transport in E. coli vesicles, and the negative 
results with ATP and PEP, led to the conclusion that these substances 
were not the natural energy donors in solute transport. However, as 
discussed earlier, the permeability of the vesicles to these substances is 
not known. Furthermore, DPNH is the most effective natural energy 
donor in stimulating proline uptake by electron transport particles 
from Mycobacterium phlei [81]. (c) The site of oxidation of substrates, 
i.e., inside versus outside of the vesicles, is not known. Possibly the 
effectiveness of a substrate depends on where it is oxidized, (d) Water 
and ion fluxes may play major roles in solute transport in vesicles as 
they do in mitochondria, and these may change considerably when the 
preparations oxidize substrates such as lactate. These phenomena have 
not been studied and may be at least quantitatively significant with 
respect to concentration ratios (inside/outside). 

E. Relationship between Electron and Solute Transport 

In this section, three questions are considered. Are the solute-specific 
permease proteins part of the electron transport chain? If not, is oxida
tive phosphorylation the energy source for solute transport ? Is electron 
transport in E. coli vesicles obligatory for solute accumulation ? 

Are the solute-specific permease proteins part of the electron trans
port chain? This reviewer is not convinced that the answer to this 
question is yes. The major problem is that so little is known about 
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electron transport in bacterial membranes. Nevertheless, recent studies 
from two laboratories [81,82] have shown that artificial electron donors, 
such as ascorbate coupled to the redox dyes PMS or TPD,* were 
extremely effective in stimulating transport of amino acids in vesicles. 
In an extension [80] of this study [82], it was found that ascorbate 
plus PMS was twice as effective as D-lactate in supporting the transport 
of lactose by E. coli vesicles. If these electron transport donors feed 
into the electron transport chain between cytochrome bY and oxygen, 
as is the case in mitochondria, it would not be consistent with the 
model shown in Fig. 18. 

If the solute-specific permease proteins are not part of the electron 
transport chain, is oxidative phosphorylation the energy source for 
solute transport ? Probably not. This conclusion is based on an inability 
to detect oxidative phosphorylation in the oxidizing E. coli membrane 
vesicles and on the lack of inhibition of transport by arsenate [74], 
although one may ask whether this ion penetrates the vesicles. Con
vincing evidence against the involvement of oxidative phosphorylation 
has recently been provided with electron transport particles from 
M. phlei [81], the best-characterized electron transport system in bac
teria. The particles accumulate proline when supplemented with 
DPNH or with the artificial electron donor system ascorbate-TPD. 
When the particles are depleted of coupling factor, they are unable to 
catalyze oxidative phosphorylation at detectable levels, although they 
continue to take up oxygen at a substantial rate; proline transport 
under these conditions is stimulated about 4-fold. On the basis of these 
results, it is thought that oxidative phosphorylation is not involved in 
solute transport. One curious discrepancy, however, is that uncouplers 
are far the most potent inhibitors of active transport by membrane 
vesicles. Substances such as CCP, valinomycin, DNP, and CCT* were 
90-100% inhibitory at concentrations ranging from 10" 2 to 10" 6 Μ 
[69,74,75], while cyanide and other electron transport inhibitors 
achieved comparable effects only at very high concentrations. 

Is electron transport in E. coli vesicles obligatory for solute accumu
lation? Any model that incorporates solute-specific permease proteins 
in the electron transport chain (Fig. 18), or that couples solute and 
electron transport by some other obligatory mechanism, requires a 
continuous transfer of electrons through part or all of the electron 

* The following abbreviations are used: DPN or NAD, diphosphopyridine nucleotide; 
PMS, phenazine methosulfate; TPD, A^N,A^N'-tetramethyl-/?-phenylenediamine dihy-
drochloride; CCP, carbonyl cyanide m-chlorophenylhydrazone; DNP, 2,4-dinitrophenol; 
CCT, carbonyl cyanide /Mrifluoromethoxyphenylhydrazone. 
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transport chain. The best test of any such model is one in which electron 
transport is completely shut off. No such experiments have been re
ported, but results have been obtained with membrane vesicles and 
whole cells in which electron transport through the usual chain may be 
negligible. For example, the original report on proline uptake [69] 
showed that incubation of the vesicles under anaerobic conditions 
gave about 50% inhibition (the vesicles were incubated with glucose), 
which was far less than observed with either DNP or CCT (95-97%). 
In the same series of experiments KCN at 0.01 Μ showed almost no 
inhibition of uptake of proline. 

Similar results were obtained in an important study [54] on the 
effect of anaerobiosis on lactose uptake by whole cells. Escherichia coli 
W1895 accumulated TMG against a gradient, and a variety of mi-
couplers of oxidative phosphorylation completely inhibited this process 
under anaerobic conditions. The authors state [54] that the same results 
were obtained with amino acids. Further, the cells contained normal 
levels of ATP when treated with the uncouplers and were capable of 
protein synthesis in the presence of the uncouplers if they were first 
allowed to accumulate labeled amino acid. The authors concluded that 
the uncouplers facilitate passage of protons across the membrane and 
that it was the proton gradient that was essential for active transport 
of galactosides and other substrates. This conclusion is supported by 
recent evidence [55] indicating that a flow of protons accompanies 
lactose when this sugar is transported across the membrane by E. coli. 
The latter results were obtained with E. coli ML strains. 

This reviewer is of the opinion that all of the results cited above, 
together with those on the sodium-dependent melibiose transport 
system in S. typhimurium (Fig. 13-15), can best be interpreted as 
follows. Electron transport does indeed stimulate solute transport in 
bacterial vesicles, but the marked stimulation that is observed is an 
indirect consequence of electron transport and not the result of a direct 
coupling of the two systems. The bacterial vesicles are analogous to 
mitochondrial preparations in which electron transport drives solute 
transport, but again by an indirect coupling. The energy required for 
the transport of organic solutes by mitochondria is derived from ion 
or electrochemical gradients, which are, in turn, maintained by electron 
transport. The ion gradients (K + or N a + and/or H + ) can also be 
attained in whole cells by metabolism of substrates under anaerobic 
conditions (viz., erythrocytes) and, in turn, provide the energy for 
solute accumulation. 

The test of such a hypothesis is to determine which, if any, ions are 
involved in the co- or countertransport of solutes such as lactose. It 
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has already been suggested [54,55] that protons are cotransported 
with lactose and its analogs. This leads back to the analogy with 
mitochondria. The primary event that occurs as a result of electron 
transport in mitochondria is not known, although many suggestions 
have been offered [83,84], including the synthesis of a high energy 
intermediate (X~J>), alterations or conformational changes in mem
brane structure, the pumping of protons that then drives other pumps 
including ion pumps (chemiosmotic hypothesis), and the creation of a 
membrane potential. Whatever the primary event may be, it is clear 
that the energy derived from electron transport in mitochondria can 
be utilized to synthesize ATP, to generate conformational changes in 
membranes, to drive ion pumps, etc. It seems reasonable to assume 
that similar events occur in bacteria and that the ion gradients can be 
utilized as they are in animal cells [4,14] for solute active transport 
processes, as has been suggested in the melibiose system. This interpre
tation would not preclude active transport under anaerobic or other 
conditions where there may be no electron flow. 

V. CONCLUDING REMARKS 

The mechanisms underlying transport of solutes in bacterial cells 
are diverse. A variety of carbohydrates are transported by group trans
location, this process normally being the first step in their metabolism. 
In the case of carbohydrates, group translocation is accomplished by 
phosphoryl transfer through the phosphotransferase system. In some 
organisms, such as Staphylococcus aureus, most if not all sugars are 
apparently transported by this mechanism. In the case of Escherichia 
coli and Salmonella typhimurium, some sugars are transported by this 
mechanism, while others are actively transported. 

The active transport of the second group of sugars and of amino 
acids by E. coli is markedly stimulated in vesicles from this and other 
organisms when the preparations are provided with certain electron 
donors, but whether the energy coupling between electron and solute 
transport is direct or indirect remains to be demonstrated. Studies with 
melibiose in intact cells suggest that its active transport requires cation 
gradients and may operate at the expense of such gradients. Whether 
or not the phosphotransferase system is involved in the active transport 
of such solutes (possibly involving protein phosphorylation but not 
necessarily involving Enzyme I or HPr) is not known. Genetics provided 
the groundwork for current studies on the biochemistry and mechanism 
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of sugar transport, and will most likely provide the tools to answer the 
questions raised in this review, and those which are bound to come as 
insight is gained into the molecular mechanisms of solute transport. 
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