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Abstract 

The cell membranes of various bacteria contain proton-linked transport 
systems for D-xylose, 2 L-arabinose, D-galactose, D-glucose, L-rhamnose, L- 
fucose, lactose, and melibiose. The melibiose transporter of E. coli is linked to 
both Na + and H + translocation. The substrate and inhibitor specificities of the 
monosaccharide transporters are described. By locating, cloning, and sequenc- 
ing the genes encoding the sugar/H + transporters in E. coli, the primary 
sequences of the transport proteins have been deduced. Those for xylose/H +, 
arabinose/H +, and galactose/H + transport are homologous to each other. 
Furthermore, they are just as similar to the primary sequences of the following: 
glucose transport proteins found in a Cyanobacterium, yeast, alga, rat, mouse, 
and man; proteins for transport of galactose, lactose, or maltose in species of 
yeast; and to a developmentally regulated protein of Leishmania for which a 
function is not yet established. Some of these proteins catalyze facilitated 
diffusion of the sugar without cation transport. From the alignments of the 
homologous amino acid sequences, predictions of common structural features 
can be made: there are likely to be twelve membrane-spanning e-helices, 
possibly in two groups of six; there is a central hydrophilic region, probably 
comprised largely of e-helix; the highly conserved amino acid residues (40-50 
out of 472-522 total) form discrete patterns or motifs throughout the proteins 
that are presumably critical for substrate recognition and the molecular 
mechanism of transport. Some of these features are found also in other 
transport proteins for citrate, tetracycline, lactose, or melibiose, the primary 
sequences of which are not similar to each other or to the homologous series 
of transporters. The glucose/Na + transporter of rabbit and man is different in 
primary sequence to all the other sugar transporters characterized, but it is 
homologous to the proline/Na ÷ transporter of E. coli, and there is evidence for 
its structural similarity to glucose/H + transporters in Plants. In vivo and in vitro 
mutagenesis of the lactose/H + and melibiose/Na ÷ (H + ) transporters of E. coli 
has identified individual amino acid residues alterations of which affect sugar 
and/or cation recognition and parameters of transport. Most of the bacterial 
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transport proteins have been identified and the lactose/H + transporter has 
been purified. The directions of future investigations are discussed. 

Key Words: Sugar transport; membrane protein structure; homologous proteins; 
chemiosmotic therapy; sugar/proton symport. 

Introduction 

In 1963 Peter  Mitchel l  suggested tha t  the up take  o f  sugars into microb ia l  cells 
might  be energized by a t r ans -membrane  p r o t o n  grad ien t  (Mitchell ,  1963). 
The idea requi red  tha t  an indiv idual  t r anspor t  system cata lyze the simul- 
taneous  t rans loca t ion  o f  p ro tons  with a sugar  molecule,  " s y m p o r t , "  or  the 
exper imenta l ly  indis t inguishable  " a n t i p o r t "  o f  hydroxyl  ions, so tha t  energy 
released by resp i ra t ion  or  A T P  hydrolys is  and  " s t o r e d "  as the e lectrochemi-  
cal g rad ien t  o f  p ro tons  could  dr ive accumula t ion  o f  the nutr ient  (Mitchell ,  
1961, 1963, 1973). The pr inciple  is i l lus t ra ted in Fig.  1, However ,  this br i l l iant  
p red ic t ion  remained  untes ted unti l  1970, when Ian  Wes t  devised exper imenta l  
condi t ions  in which the movemen t  o f  lactose or  subs t ra te  ana logues  into cells 

Fucose Rharnnose Lactose Xylose Arabinose Galectose 

  n n n n n  
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i~ -- H + Citrate 

cycline'x~ 

Fig. 1. An illustration of ion-linked transport systems in Escherichia coli. The large oval 
represents the cytoplasmic membrane of the microorganism. A trans-membrane electrochemical 
gradient of protons is generated by respiration, depicted on the top left. This gradient is used 
for the energization of ATP synthesis (left) and transport as follows. A series of different 
sugar/H + symport proteins (top) catalyze accumulation of their individual substrate at the 
expense of the proton gradient. A similar mechanism operates for citrate uptake (top right) and 
for some other nutrients (not shown). By contrast, a tetracycline/H + antiport protein (bottom 
right) catalyzes efflux of tetracycline at the expense of the proton gradient. Similarly, an 
Na+/H + antiporter catalyzes efltux of Na + ions at the expense of the proton gradient (bottom). 
The resulting trans-membrane electrochemical gradient of sodium ions is used to energize 
melibiose uptake or proline uptake via individual substrate/Na + symport proteins (bottom). 
References are given in the text. 
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of Escherichia  coli containing the lactose transport protein (Lac Y) evoked an 
alkaline pH change showing proton movement in the same direction (West, 
1970; West and Mitchell, 1972, 1973). Since then the expression of the l a c y  
gene has been amplified (Teather et  al., 1978), the protein has been solubilized 
and purified (Newman and Wilson, 1980; Newman et  aI., 1981), its structure 
has been explored by immunological and chemical methods (Carrasco et al., 
1986; Page and Rosenbusch, 1988; Kaback, 1989), and its molecular mech- 
anism has been investigated by mutagenesis (Kaback, 1987, 1989; Roepe 
et aI., 1990; Brooker, 1990). 

The sugar/H + symport mechanism was originally conceived to account 
for the respiration dependence and uncoupler sensitivity of the lactose trans- 
port system of E. coli (Kennedy, 1970). More recently, other proton-linked 
transport systems for L-arabinose, D-xylose, o-galactose, L-fucose, and L- 
rhamnose have been discovered in E. coli and several of the Enterobac- 
teriaceae, for D-glucose in Cyanobacteria, and for lactose in Streptococci. 
Remarkably, some of these proteins are closely related to sugar transport 
proteins occurring in eukaryotes as diverse as yeasts, protozoa, rat, and man 
(Maiden et  al., 1987; Baldwin and Henderson, 1989; Henderson and Maiden, 
1990). 

The relationship between prokaryote and eukaryote sugar transport 
proteins will be the main theme of this article, which will also examine 
selected properties of the bacterial sugar/H + transport proteins--their sub- 
strate specificities, the effects of certain inhibitors, their genes, and the amino 
acid sequences of the proteins. The recurrence of certain motifs in the 
primary sequences is highlighted, together with the presence or absence of 
residues that might be expected to interact with the sugars, the proton, or the 
inhibitors. A similarity in structure is proposed between these proteins and 
others that transport the apparently unrelated substrates, citrate and tetra- 
cycline, and a unifying two-dimensional model is presented for the structure 
of all the homologous proteins in the membrane. 

Additional mechanisms exist for energizing the transport of sugars and 
other nutrients into E. coli, for example the phosphotransferase systems, 
ATP-dependent binding protein systems, and hexosephosphate/P~ antiports. 
These are the subjects of other reviews in this volume (see also Henderson, 
1986; Furlong, 1987; Lengeler et al., 1990; Kornberg, 1990; Quiocho, 1990; 
Higgins et  al., 1990; Maloney, 1990). Studies on the lactose/H + and 
melibiose/Na + transporters are relevant, but they have been well reviewed by 
Wilson et al. (1986), Kaback (1986, 1987, 1989), and Leblanc et al. (1989). 
Accordingly, only selected aspects of their properties will be considered. For 
the reader who wishes to follow the progress of the sugar molecules into the 
metabolic pathways after the initial transport event, two reviews by Cooper 
(1986) and Lin (1987) are highly recommended. 
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The Number of Proton-Linked Sugar Transport Systems in Bacteria 

Experimental Criteria 

Measurement of Sugar/H + Symport. A proton-linked sugar transport 
system can be most readily identified in the following type of experiment, in 
which uphill proton movement is measured in response to an inwardly 
directed substrate gradient. A concentrated suspension of bacteria is depleted 
of endogenous substrate and ATP, and resuspended under anaerobic con- 
ditions to prevent respiration. A relatively high concentration (I-5 raM) of 
sugar is added. If the sugar is a substrate for a sugar/H + symport system 
present in the cells (these have usually been grown in the presence of a 
suitable inducer), it diffuses inward down the concentration gradient. This 
results in an alkaline pH change in the medium, reflecting the movement of 
protons with the sugar. The experimental details are described by West (1970) 
and by Henderson and Macpherson (1986). Quite often the initial alkaline 
pH change, which is rarely greater than 0.1 pH units, is obscured by sub- 
sequent metabolism of the sugar to acidic end-products. Where this is the 
case, the use of appropriate nonmetabolized sugar analogues (below), or of 
mutants impaired in a metabolic enzyme, can facilitate detection of the pH 
change (Henderson and Macpherson, 1986). 

Measurement of Respiration-Energized Transport in Vesicles. The 
second method requires the manufacture of right-side-out subcellular vesicles 
by the method of Kaback (1972, 1974). The use of vesicles has several 
advantages: the binding-protein and phosphotransferase types of transport 
system are not operative; the metabolic enzymes are virtually absent; and 
vesicles are much more sensitive than intact cells to ionophore and pro- 
tonophore reagents that modify the electrochemical gradient of protons 
across the membrane. Transport of radioisotope-labelled sugars is energized 
by respiration (ascorbate plus tetramethylphenelenediamine is most effective, 
Kaback, 1974). No net pH change occurs during respiration-energized trans- 
port, but the sensitivity to protonophores and ionophores reveals its proton- 
linked nature. Sugar-promoted pH changes can be observed in such vesicles 
under de-energized conditions (Patel et al., 1982; Horne and Henderson, 
1983), but the amounts of vesicles required and their relative "leakiness" to 
protons means that this assay is more conveniently practised on intact cells. 

Other Assays. This type of transport protein will also catalyze facili- 
tated diffusion of radioisotope-labelled sugar across the membrane, either 
into or out of the cells/vesicles (net influx or efflux, respectively; Viitanen 
et al., 1986; Wilson et al., 1986). Various counterflow experiments can be 
devised, in which the protein catalyzes exchange of the same or different 
labelled/unlabelled substrates across the membrane, each at the same or 
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different concentrations (Viitanen et al. 1986; Walmsley, 1988). A particularly 
useful variant of this is the "overshoot" experiment (Wilson et al., 1986; Viitanen 
et al., 1986; Stein, 1986), because it is very sensitive and therefore valuable in 
reconstitution and purification assays, where it is not convenient to energize 
transport and only small amounts of transport protein may be available. 

Value of  Different Assay Methods. The existence of a repertoire of 
assay methods is invaluable, because it constitutes a series of "partial" 
reactions with which to examine the activities of mutants. In the absence of 
a means of determining the three-dimensional structure of the protein, it is 
essential to show that this has not been seriously compromised in a mutant 
by showing that at least one of the assayable activities is unimpaired while 
characterizing those others that have been changed (see, e.g., Kaback, 1987; 
Roepe et al., 1990). 

Unfortunately, these assays are often performed in a semiquantitative 
way, expressing activities as percentages of those measured in wild-type 
controls. Measurements of reproducibility are not always given, and advantage 
is not taken of computerized methods of calculating best-fit values of kinetic 
"constants" and their standard deviations (Cleland, 1979; Henderson, 1985). 
It is always desirable to extrapolate the determination of a K~, and kcat value 
to conditions where all substrates, i.e., the sugar and the cation, are saturating 
(Cleland, 1979; Fromm, 1979). It is essential to measure kcat, and not just 
Vmax, especially in mutants or recombinants, where the level of expression of 
a protein may well have changed by a factor of 2 or more. Furthermore, the 
value of an "apparent" Km for one substrate determined at a less-than- 
saturating concentration of the other is an arbitrary number, which will vary 
in an apparently unsystematic way when, for example comparing mutants 
and wild type, if account is not taken of the steady-state mechanism of the 
overall process, i.e., ordered or random addition and leaving of reactants, 
with steps at thermodynamic equilibrium or not (see, e.g., Severin et al., 
1989). Substrate specificities are best expressed quantitatively as the kc,t/Km 
ratio (Fersht, 1985). 

Different Sugar/H + Transport Systems in Escherichia coli 

Using the first two assay methods described above, six different sugar/H + 
systems were identified in E. coli. Their physiological substrates are lac- 
tose (LacY, West, 1970), galactose (GalP, Henderson et al., 1977), xylose 
(XylE, Lain et al., 1980), arabinose (AraE, Daruwalla et al., 1981), fucose 
(FucP, Bradley et al., 1987), and rhamnose (RhaT, Muiry, 1989). Since the 
melibiose/Na + transporter can transport H + (Wilson et al., 1986; Wilson and 
Wilson, 1987; Leblanc et al., 1989), it may also be included in this class. Some 
of their properties are summarized in Table I. 
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Further evidence indicating that each system requires a different protein 
(or proteins, see below) resulted from the mapping of the genes at different 
locations on the E. coli chromosome (Table I). In addition, each one had a 
different and characteristic specificity for a range of sugars and their struc- 
tural analogues (Table II), as determined by the assays described above and 
discussed below. 

Sugar/H + Transport Systems in Other Bacteria 

The occurrence of proton-linked sugar transport systems in different 
species of bacteria has not been systematically investigated. Consequently, 
their distribution appears to be rather capricious. The following summarizes 
the current state of knowledge, but it is expected that many more examples 
will soon be identified. In view of the occurrence of related proteins in 
organisms as diverse as the Cyanobacteria, yeasts, and mammals (see below), 
these proteins are of considerable general interest, and the acquisition of 
more information on their distribution in bacteria and higher organisms is 
needed in order to expose their evolutionary relationships. 

Enterobacteriaceae. The lactose/H + transporter occurs in E. coli and in 
species of Klebsiella (Buvinger and Riley, 1985; McMorrow et al., 1988), but 
not in Salmonella typhimurium. Its evolution and distribution may be more 
related to the need to detoxify environmental galactosides rather than utilize 
them for growth (Lin, 1987). Rhamnose/H + symport activity was found in 
E. coli, S. typhimurium, Klebsiella species and Erwinia species, and both 
fucose/H + and galactose/H + activity occurred in the first three of these, 
whereas xylose/H + symport was detected only in E. coli (McDonald and 
Henderson, unpublished observations). DNA homologous at high stringency 
to the E. coli araE gene encoding the arabinose/H + symporter was readily 
detected in species of  S. typhimurium, Klebsiella, and Enterobacter, but not 
in Erwinia or Hafnia (Charalambous et al., 1989). These authors describe a 
combination of biochemical and genetical strategies by which sugar/H + 
transport proteins can be detected in any organism. 

Lactic Acid Bacteria. Dairy lactic acid bacteria utilize lactose as a 
carbon source. This is taken up by a phosphotransferase system, or in 
some species, such as Streptococcus thermophilus, Lactobacillus bulgaricus, 
L. helveticus, L. brevis and L. buchneri, by a proton-linked mechanism 
(Hickey et al., 1986). The gene for one of these, from Strep. thermophilus, has 
recently been cloned and sequenced. It resembles the melibiose/Na + trans- 
porter of E. coli with an additional C-terminal region like the enzyme III of 
phosphotransferase systems (Poolman et al., 1989), and so is remarkably 
different from both the E. coli and the yeast lactose transporters. 

Cyanobacteria. While most Cyanobacteria are photosynthetic, a few 
species can grow chemo- or photoheterotrophically on sugars as carbon 
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source (Rippka et al., 1979). Proton-linked glucose transporters were identified 
in several species, e.g., Synechocystis, Nostoc Mac and PIectonema (Raboy 
and Padan, 1978; Beauclerk and Smith, 1978; Flores and Schmetterer, 1986; 
Joset et al., 1988). The gene for one of these, from Synechocystis, was recently 
sequenced to reveal its similarity to the E. coli xylose/H +, arabinose/H +, and 
galactose/H + proteins and the eukaryote sugar transporters described in the 
next section (Zhang et al., 1989). 

Sugar/H + Transport Systems in Eukaryotes 

Glucose/H + symport activity has been reported in species of the alga, 
Chlorella (Komor and Tanner, 1974), and in the protozoan parasite Leishmania 
donovani (Zilberstein and Dwyer, 1985). The gene of the former was recently 
cloned and sequenced and found to be a member of the widely dispersed 
sugar transporter family (Table III). So too was a developmentally regulated 
gene sequenced from Leishmania enriettii that has not yet been shown 
actually to catalyze transport (Cairns et al., 1989a). A sucrose/H + trans- 
porter found in the cotyledons of Ricinus (Hutchings, 1978a, b; Daie, 1989) 
may also be a member of the same family. However, the glucose/H + symport 
activities reported in plant cell membranes of Zea mays (maize) coleoptiles 
(Rausch et al., 1989), and in a cell line cultured from Chenopodium rubrum 
("Fat hen" or "Goosefoot," Gogarten and Bentrup, 1989), are more likely 
to be related to the glucose/Na + transporter of mammalian cells than to the 
homologous family in Table III, since the former cross-reacts with antibodies 
raised to the glucose/Na + protein and the latter is sensitive to phlorhidzin 
(Gogarten and Bentrup, 1989; Rausch et al., 1989). 

A variety of yeast species have transport systems for glucose, galactose, 
mannose, maltose, and lactose, some of which are proton-coupled (Eddy, 
1982; Romano, 1986). Their relationship to the bacterial sugar/H + trans- 
porters will be described below. 

Inhibitors of Proton-Linked Sugar Transport 

Covalent Modifiers, Reversible Inhibitors, and Alternative Substrates 

These types of compound have proved of great value in the characteri- 
zation of transport proteins~ For example, the combination of a covalent 
modifier, the sulfhydryl reagent N-ethylmaleimide, and an alternative sub- 
strate, "thio-di-galactoside" (TDG), which protected the LacY protein much 
more effectively against NEM than the normal substrate lactose, enabled the 
first identification of a transport protein (Fox and Kennedy, 1965; Carter et al., 
1968; Jones and Kennedy, 1969; Kennedy, 1970). Subsequently, Kacszorowski 
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et al. (1980) found that 4-nitrophenyl-e-D-galactoside (NPG) reacted covalently 
with the LacY protein when the two were exposed to UV light, and con- 
ditions were found that achieved reasonable specificity. This convenient 
labelling method was invaluable for assaying the protein during purification 
(Newman et  al., 1981; Viitanen et  al., 1986; Kaback, 1986, 1989). Further- 
more, NPG is a tight binding reversible ligand that can be used to quantitate 
the amount of both the LacY and MelB proteins and to test the integrity of 
their sugar binding sites in mutants (see, e.g, Damiano-Forano et  al., 1986; 
Overath et  al., 1987; Kaback, 1987; Leblanc et  al., 1989; Roepe et  aI., 1990). 

Alternative substrates serve first to characterize the specificity of a 
transport protein, which is especially useful when comparing a homologous 
series of proteins, like those in Table III, or in comparing wild-type and 
mutant proteins (see later). They can also be useful to isolate transport from 
further metabolism; for example, methyl-/~-D-thiogalactoside (TMG) is a 
substrate for LacY and MelB, but not for LacZ and MelA, the enzymes for 
entry of the disaccharides into metabolism (Beckwith and Zipser, 1970; 
Kennedy, 1970). Some, like TMG, are gratuitous inducers of transport that 
are often more effective than the natural substrate (Beckwith and Zipser, 
1970; Kennedy, 1970). Some, like TDG, are relatively poor substrates that 
are nevertheless more effective than the natural one for protecting the protein 
against covalent modification (Fox and Kennedy, 1965; Carter et al., 1968; 
Jones and Kennedy, 1969; Kennedy, 1970; Lombardi, 1981). 

In the rest of this section, I briefly describe compounds that are likely to 
be of similar value in future investigations of the relatively novel series of 
transporters listed in Table III. 

NoEthy lmale imide  

When incubated with a sulfhydryl reagent, such as 1 mM N-ethylmaleimide 
for 15rain at 25°C, the E. coli proteins for arabinose/H +, xylose/H +, and 
galactose/H + transport lose 70-90% of their activity (Macpherson et al., 
1981, 1983; Henderson and Macpherson, 1986; Davies, 1986). The appropri- 
ate sugar substrates protect these proteins against N-ethylmaleimide. In this 
respect they resemble the lactose/H +, melibiose/Na +, and proline/Na + 
symporters (Fox and Kennedy, 1965; Carter et al., 1968; Hanada et aI., 1985; 
Damiano-Forano et al. 1986), although the amino acid sequences of their 
proteins are different (see below). However, the fucose/H + or rhamnose/H + 
transport proteins are insensitive to N-ethylmaleimide under the same con- 
ditions (Henderson, McDonald and Bradley, unpublished data). 

The glucose transporter of human erythrocytes is also inhibited by 
sulfhydryl reagents (Bloch, 1974). However, in this case the presence of a 
transport substrate accelerates  the rate of inactivation by, for example, 
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N-ethylmaleimide (Rampal and Jung, 1987). The implication of all these 
results is that the environment of a sulhydryl group is affected by the binding 
of a sugar to the transport protein. It is not easy to identify the residue(s) 
involved (see below). However, since there are no cysteine residues in the 
N-terminal half of the arabinose/H + transport protein, the region interacting 
with N-ethylmaleimide must be in the C-terminal half of this protein and, by 
implication, in all the homologous proteins. 

Cytochalasin B 

Cytochalasin B is a fungal product that inhibits mammalian glucose 
transport proteins (Jung and Rampal, 1977) and binds covalently to them 
when irradiated with UV light (Carter-Su et al., 1982; Shanahan, 1982; Baly 
and Horuk, 1988). It inhibited the transport of arabinose via AraE or 
galactose via GalP (but not xylose via XylE) into vesicles made from appro- 
priately induced strains of E. coli (McDonald and Henderson, unpublished 
data). Binding of radioactive cytochalasin B to the amplified arabinose 
transport protein (AraE) could be measured directly, revealing a dissociation 
constant of 0.7-1.1/~M (Petro, 1988). The cytochalasin B was displaced 
competitively by substrate, with a dissociation constant for arabinose of 
20-30 mM (Petro, 1988). Thus, cytochalasin B bound much more tightly than 
substrate, reminiscent of the situation for a transition state analogue (Fersht, 
1985). Similar results were obtained with GalP, though binding constants 
could not be estimated so precisely because the expression of GalP protein 
had not been amplified as much as that of AraE (Cairns et al., 1989b; Cairns, 
unpublished data). 

These results reinforce the conclusion that the prokaryote and eukaryote 
sugar transport proteins are structurally similar. The corollary is that all 
transport proteins that interact with cytochalasin B are likely to be related. 
The glucose transport protein of Leishmania donovani (Zilberstein et aI., 
1986; Baly and Horuk, 1988) is therefore one of this family of transport 
proteins (Table III). Since the fucose/H +, rhamnose/H +, and lactose/H + 
transporters are not susceptible to cytochalasin B, it might be concluded that 
they are not structurally related to this family. However, this suggestion must 
be treated with caution, because attempts to inhibit or photolabel the XylE 
transporter with cytochalasin B have failed, despite its homology to the 
proteins in Table III. 

When vesicles from appropriately induced strains of E. coli or S. typhi- 
murium are irradiated with UV light in the presence of [3H]-cytochalasin B, 
the label becomes covalently attached to the AraE or GalP proteins (Petro, 
1988; Cairns et al., 1989b; Charalambous et al., 1989; Smith, unpublished 
data). Substrates and inhibitors protect the proteins against labelling with 
cytochalasin B. 
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Table III. Homologous Sugar Transport Proteins in Different Organisms 

Sugar Organism Reference 

D-Glucose Synechocystis PCC6803 Zhang et al. (1989) 

D-Xylose Escherichia coli Maiden et al. (1987) 

L-Arabinose Escherichia coli Maiden et al. (1987) 

D-Galactose Escherichia coli Roberts, unpublished data 

D-Galactose Saccharomyces cerevisiae Szkutnicka et al. (1989) 

D-Glucose Saccharomyces cerevisiae Celenza et al. (1988) 

Maltose Saccharomyces carlsbergensis Yao et al. (1989) 
Saccharomyces cerevisiae Szkutnicka et al. (1989) 

Lactose Kluyveromyces lactis Chang and Dickson (1988) 

D-Glucose Chlorella kessleri Sauer and Tanner (1989), in press 

D-Glucose Leishmania donovanii Zilberstein et al. (1986) 
Leishmania enriettii Cairns et al. (1989a) 

D-Glucose Human hepatoma/erythrocyte Mueckler et al. (1985) 
(isoform E) Rat brain Birnbaum et al. (1986) 

D-Glucose Rat liver Thorens et al. (1988) 
(isoform L) Human liver Fukumoto et al. (1988) 

D-Glucose Rat adipocyte/heart/muscle James et al. (1989) 
(isoform M, Birnbaum (1989) 
insulin-sensitive) Mouse adipocyte/heart/muscle Kaestner et al. (1989) 

Rat muscle and fat endothelia Vilaro et al. (1989) 

Cytochalasin B will be an invaluable tool for explaining the differences 
in specificity between these sugar transport proteins, for labelling and assay- 
ing the proteins in purification experiments, and for the determination of 
their structures and molecular mechanisms. 

6 - D e o x y - D - g l u c o s e  

This sugar analogue (=  5-methyl-D-xylose) was not a substrate for XylE 
in the sugar/H ÷ symport assay, although it did inhibit the transport of xylose, 
the natural substrate (Davis, 1986; McKeown, unpublished data). 6-Deoxy- 
D-glucose was also more effective at protecting XylE against reaction with 
N-ethylmaleimide than xylose (Davis and Henderson, unpublished data). 
Although it was not a substrate for AraE in the sugar/H + symport assay, 
6-deoxy-o-glucose did protect AraE against cytochalasin B. In contrast, 
6-deoxy-D-glucose was a good substrate for GalP (Table II). 

These preliminary observations imply that 6-deoxy-D-glucose either 
binds to the normal (external?) sugar binding site of XylE and AraE, but fails 
to trigger the evens leading to sugar/H + symport, or that it binds to a second 
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(internal?) site that may also interact with cytochalasin B (Walmsley, 1988). 
More investigations are required to confirm and expand these initial obser- 
vations. However, the availability of dead-end inhibitors, of which 6-deoxy- 
o-glucose and cytochalasin B appear to be two, will be important for exploiting 
kinetic measurements of the bacterial transporter activities to the level that 
has already been valuable in mechanistic studies of the mammalian glucose 
transporter (Deves and Krupka, 1978; Lowe and Walmsley, 1986; Walmsley, 
1988). 

Other Alternative Substrates 

These are listed in Table II in the order of their affinities for each 
transport protein as reported in the literature. The following observations 
can be made. 

Of the homologous transporters, XylE is most selective for its substrate, 
followed by AraE and then GalP and the mammalian sugar transporters. 
One may speculate that, if evolution started with the glucose transporter, 
then the changes in primary sequence may first have effected discrimination 
against the 6 OH position (not the 6HOCH2) to achieve a pentose trans- 
porter (AraE) and then enhanced recognition of the precise 4 OH configu- 
ration to achieve a xylose transporter (XylE). Analysis of the recognition of 
each hydroxyl group in the hexose molecule has led to models of the sugar 
recognition site in the glucose transporters of mammals (Barnett et al., 1973; 
Rees and Holman, 1981; Walmsley, 1988). These may be equally relevant to 
the binding of sugars by the bacterial protein, GalP. 

Future mutagenesis experiments may succeed in associating changes in 
just a few amino acid residues in each protein with the changes in sugar 
recognition. This is an important goal in the elucidation of the relationship 
of structure to function of these transport proteins. 

Individual sugar analogues have proved to be of particular value. 2- 
Deoxy-o-galactose, D-talose, and D-fucose are all substrates for GalP but not 
for the first metabolic enzyme, galactokinase, to any significant extent. Thus, 
their radioisotope-labelled forms are useful for isolating transport from 
metabolism in transport assays, and the unlabelled sugars give maximal 
alkaline pH changes in the direct sugar/H + symport assays without the 
complication of acid production due to metabolism (Henderson and Mac- 
pherson, 1986). Furthermore, D-fucose is a gratuitous inducer of all the gal 
operons, useful for maintaining high levels of expression in cultures of 
E. coli, and probably other Enterobacteriaceae. D-Fucose is also a valu- 
able nonmetabolizable substrate of the AraE transporter (Henderson and 
Macpherson, 1986). 

L-Rhamnose is 6-deoxy-L-mannose and L-fucose is 6-deoxy-L-galactose, 
and they can be regarded as either 6-deoxy-hexoses or 5-methyl-pentoses. 
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The L-rhamnose/H + or L-fucose/H + transporters of E. coli accept the corre- 
sponding hexoses or pentoses (Table II), albeit with reduced affinity, so loss 
of the normal substrate's methyl group or substitution of an OH group in it 
does not prevent binding (Bradley et al., 1987; Muiry, 1989). However, each 
transport protein recognizes the correct orientation of the OH at the C-2, 
C-3, or C-4 position in the pyranose ring, and so a sugar differing in only 
one of these configurations is not a substrate (Muiry, 1989). Thus, the 
L-rhamnose transporter accepts L-rhamnose, L-mannose, and L-lyxose, but 
not L-fucose, L-galactose, and D-arabinose, which are substrates of the 
L-fucose transporter (Muiry, 1989). Each of the substrate analogues is 
metabolized relatively slowly, and has consequently proved very useful in 
optimization of sugar/H + symport assays. None of them appear to be 
gratuitous inducers of the E. coli operons. Since the predicted primary 
sequences of the RhaT and FucP transport proteins are not homologous to 
each other or to any of the other sugar/H + symporters (see below), compara- 
tive studies are unlikely to yield insights into the nature of the substrate 
recognition process by the two L-deoxy-sugar transporters. 

The Locations of Genes Encoding Sugar/H + Transport Proteins on the 
Chromosome of Escherichia coli 

An important step in cloning and sequencing a transport protein ofE. coli 
is to establish the location of the corresponding gene on the chromosome. 
This can be achieved by first isolating a mutant impaired in the relevant 
transport activity. Random mutagenesis of E. coli is conveniently accom- 
plished by insertion of specially constructed transposons or phages into the 
genome (Jones-Mortimer and Henderson, 1986). These usually contain anti- 
biotic resistance or other markers to facilitate selection of cells into which 
they have become incorporated. It is then necessary to devise selection and 
screening procedures, which show that a particular transport system has been 
mutated. Amongst these are the appearance of sugar-resistance phenotypes 
infda,fdp, or ppc strains, the acquisition of resistance to toxic sugar analogues, 
and the disappearance of sugar/H + symport activity (Henderson and 
Kornberg, 1975; Jones-Mortimer and Henderson, 1986). 

One mutant was isolated that contained Mu d(Ap r) phage inserted into 
the xylE gene, which encodes the xylose/H + symport protein; this facilitated 
the location of the gene, because it was much easier to score the ampicillin- 
resistance phenotype on solid media than the presence or absence of the 
transport activity (Davis et al., 1984). Classical genetical techniques of inter- 
rupted conjugation and phage Pl-mediated transduction were then used to 
locate the ampicillin-resistance determinant, and consequently the xylE gene, 
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Fig. 2. Locations of some genes encoding enzymes of sugar transport and metabolism on the 
gene linkage map of Escherichia coll. The circle represents the chromosome of E. coli, which is 
calibrated arbitrarily 0-100 min from the index mark on the inside at the top. Details are given 
by Bachmann (1987), and the nomenclature is as follows; ara contains genes for regulation of 
transcription and for the enzymes of metabolism of arabinose; lac contains genes for regulation 
of transcription, lactose/H + transport, and metabolism of lactose; gal contains genes for 
metabolism of galactose; araF contains three genes encoding proteins for ATP-energized binding 
protein-mediated transport of arabinose; mgl contains genes (probably three) for ATP-energized 
binding protein-mediated transport of galactose;./uc contains genes for regulation of transcrip- 
tion, fucose/H + transport, and metabolism of fucose; araE encodes the arabinose/H + symport 
protein; galR produces a repressor protein for regulation of transcription ofgal, rngl, and galP; 
galP encodes the galactose/H + symport protein; xyl contains the genes for internal metabolism 
of xylose and for regulation of transcription; xylF contains genes (probably three) for ATP- 
energized binding protein-mediated transport of xylose; rbs contains genes for regulation of 
transcription, ATP-energized binding protein-mediated transport (three genes), and metabolism 
of ribose; rha contains genes for regulation of transcription, rhamnose/H ÷ transport (probably 
one gene), and metabolism of rhamnose; xylE encodes the xylose/H + symport protein; malB 
contains five genes involved in ATP-energized binding protein-mediated transport of maltose; 
and reel contains a gene for melibiose/Na + transport and one for melibiose metabolism. 
References are in the text. 

at 91 .4min  on the E. coli chromosome.  Ano the r  useful mutagenic  phage is 
l ambda  p lac M u  (Bremer et al., 1984; Silhavy et al., 1984), which was 
exploited to clone the xylE, araE, and galP genes located at 91.4, 61.2, and 

63.7min,  respectively (Davis and  Henderson,  1987; Maiden  et al., 1988; 
Roberts ,  Moore,  and Henderson ,  unpubl ished data). 

The posi t ions of a n u m b e r  of relevant sugar t ranspor t  genes on the 
E. coli chromosome are summarized in Fig. 2. The t ranspor t  genes can be 

located more  precisely by compar i son  of the posi t ions of restriction sites in 
their genes and in f lanking D N A  with a restriction map of the entire E. coli 
genome (Kohara  et aI., 1987). 

Some t ranspor t  genes occur in operons where they are adjacent to the 

genes encoding the enzymes for metabol ism of the sugar and  to the genetic 
elements regulat ing gene expression. The best know n  case of this type is the 
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contiguous lac operon (Beckwith and Zipser, 1970). Similarly, the gene 
encoding the fucose/H ÷ transporter is part of a contiguous fucose operon at 
60rain (Fig. 2; Lu and Lin, 1989), and the gene encoding the rhamnose/H + 
transporter is probably part of a contiguous rhamnose operon at 88 min 
(Fig. 2; Badia et al., 1989; Muiry and Tate, unpublished data). Both of these 
operons also contain the genes for the metabolic enzymes and regulatory 
proteins (Tobin and Schleif, 1987; Lu and Lin, 1989; Badia et al., 1989; Muiry 
and Tate, unpublished data). 

In other cases the transport gene is entirely separate. For example, the 
araE gene encoding the arabinose/H + transporter is at 61 min, distant from 
the genes for the enzymes of arabinose metabolism at 0min, from the 
associated regulatory region, also at 0min, and from the genes for the 
binding protein transport system at 45 min (Fig. 2; Bachmann, 1987). Simi- 
larly, the x y l E  gene for the xylose/H + transporter is at 91 min (Davis 
et al., 1984), separate from the other genes encoding the enzymes of xylose 
metabolism, the regulatory region, and the binding protein xylose transport 
system. These are clustered together at about 80min (Bachmann, 1987; 
Sumiya, 1989). The galP gene for galactose/H ÷ transport is located at about 
64min (Riordan and Kornberg, 1977; Roberts, Moore, and Henderson, 
unpublished data), and is again separate from the genes encoding the 
metabolic enzymes at 17min, the galR regulatory region at 61 min, and the 
genes for the galactose binding protein transport system at 45 min (Fig. 2; 
Bachmann, 1987). 

However discontinuous the operon, the expression of all genes involved 
in the transport and metabolism of a particular sugar is highly coordinated. 
The presence of the sugar in the environment derepresses expression of all the 
genes by factors of 10 to several hundred (Buttin, 1968), though this may be 
attenuated by catabolite repression (Saier, 1985; Postma and Lengeler, 1985; 
Lengeler et al., 1990). To date, only the expression of the ara operons has 
been studied in any detail (Kolodrubetz and Schleif, 1981; Kosiba and 
Schleif, 1982; Stoner and Schleif, 1983), and it is still unclear precisely how 
the transcription of the araE gene for transport is coordinated with the 
expression of the other ara operons. The physiological and/or evolutionary 
significance of this complex organization of the genetic elements involved in 
sugar transport, metabolism, and the regulation of gene expression is, as yet, 
unclear. 

The gene for each of the transport proteins in Table I has been cloned 
and sequenced. In the case of the E. coli lactose/H + transporter, it has been 
shown unequivocally that only a single gene product is necessary for activity 
(Kaback, 1989). For the other sugar/H + symporters, no evidence for the 
involvement of more than one protein has been found, though the possibility 
has not been eliminated. 
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The Primary Sequences of Sugar]H + Transport Proteins 

The Arabinose/H + and Xylose/H + Transport Proteins of  Escherichia coli 

The sequences of the amino acids in the arabinose/H + and xylose/H + 
transport proteins of E. eoli were established from the DNA sequences of 
their genes (Davis and Henderson, 1987; Maiden et al., 1987, 1988). The 
AraE and XylE proteins are homologous, with 141 identical residues out of 
472 and 491, respectively, in the aligned sequences (Fig. 3; Maiden et al., 
1987). There are additional conservative substitutions throughout the proteins, 
so that nearly'40% of the residues can be regarded as homologous (Maiden 
et al., 1987; Baldwin and Henderson, 1989). In contrast, there is little homology 
in the DNA sequences of the genes (Maiden, 1987). 

The Galactose(glucose)/H + Transport Protein of Escherichia coli 

Only 270 residues of the E. coli galactose/H + transporter (GalP) have 
been sequenced so far, but 176 are identical to those in the aligned arabinose/ 
H + (AraE) transporter (Roberts, Moore, and Henderson, unpublished data). 
Since GalP and AraE are therefore more closely related to each other than 
they are to XylE, which is reflected also in the similarity of the DNA 
sequences of the galP and araE genes, they perhaps resulted from a more 
recent gene duplication and subsequent divergence (Doolittle, 1981; von 
Heijne, 1987). 

The substrate specificity of GalP is more similar to that of the mammalian 
glucose transporter than to those of AraE or XylE (Table II). Therefore, if 
the high degree of identity persists throughout their sequences, AraE and 
GalP will be two proteins of relatively similar amino acid sequence with 
different substrate specificities, and GalP and the glucose transporter will be 
of relatively different sequence and similar specificities. It seems likely that, 
when the sequence of GalP is completed, comparisons will identify regions of 
all the proteins, and even individual amino acids, that must contribute to 
molecular recognition of the substrate. 

The Glucose/H + Transport Protein of Synechocystis 

Zhang et al. (1989) selected a clone containing the glucose transport 
protein of Synechocystis PCC6803 by complementation of a fructose-resistant 
mutant (cf. Flores and Schmetterer, 1986). Of the two reading frames in the 
sequenced DNA in this clone, one encoded a protein predicted to contain 468 
amino acids. This could be readily aligned with the other proteins listed in 
Table III, showing 25-39% identity and 46-60% homology (Zhang et al., 
1989). It was most similar to the E. coli xylose/H + symporter (XylE). 
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Fig. 3. The aligned amino acid sequences of homologous sugar transport proteins from 
bacteria and eukaryotes. The single letter code for amino acids is employed for the fol lowing 
transport proteins: Xy]> ×ylose/H + symporter of 77. co//; Ara, arabinose/H + symporter of  E. co//; 
Gal, galaotose/H + symporter of E. co/i; G1 l, glucose/H + symporter of Synechocystis PCC6803 
(a cyanobacterium); G12, glucose transporter of Saccharomyces cerevisiae (a yeast); G13, 
glucose transporter of a human hepatoma cell line; G14, glucose transporter of rat liver. The 
alignments have been modified slightly from the individual published ones (references in Table I 
and the text). The dotted rectangles enclose hydrophobic regions. 

The Primary Sequences of Related Sugar Transport Proteins in Eukaryotes 

Yeast Transport Proteins for Glucose, Galactose, Lactose, and Maltose 

The existence of proton-linked and facilitated diffusion transport systems 
for sugars in various species of yeast is well established (Eddy, 1982; Kotyk, 
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Fig .  3.  C o n t i n u e d .  

1983; van Dijken and Scheffers, 1986). The primary sequence of a glucose 
facilitated diffusion transport protein from Saccharomyces cerevisiae was 
recently deduced from the DNA sequence of the SNF3 gene (Celenza et al., 
1988). Out of 884 residues in the amino acid sequence, those from 86 to 581 
were 28-31% identical with the bacterial transporters AraE and XvlE and 
with the mammalian D-glucose transporters discussed below; the C-terminal 
87 residues were not necessary for transport function (Celenza et al., 1988). 

The primary sequence of a lactose transport protein, probably proton- 
linked, from Kluyveromyces lactis was predicted from the DNA sequence of 
the LAC12 gene (Chang and Dickson, 1988). Out of 587 residues, those from 
117 to 530 revealed homology with residues 60 to 480 of the sequence of 
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AraE, XylE, and the mammalian glucose transporters, even though the 
number of identities between the monosaccharide transporters was greater 
than between any one of them and the yeast disaccharide transporter. The 
yeast lactose transporter was not similar to the LacY protein of E. coli 
(Chang and Dickson, 1988). Thus, two proteins of very different primary 
sequence have evolved to transport the same sugar. It remains to be deter- 
mined whether the two proteins have similar three-dimensional structures. 

The primary sequence of a putative galactose transport protein from 
Saccharomyces cerevisiae was recently predicted from the DNA sequence of 
the GAL2 gene (Szkutnicka et al., 1989). Out of 574 amino acids, those from 
about 70 to about 530 revealed clear homologies with the family in Table III. 
In the same publication a homologous maltose transport protein is described, 
quoting unpublished work of Michels and Cheng. The sequence of a maltose 
transport protein deduced from the DNA sequence of the M A L 6 T  locus of 
Saccharomyces carlsbergensis is extremely similar to this, although the author's 
assignment of hydrophobic regions is different (Yao et al., 1989). 

The presence of much longer N-terminal and C-terminal segments in the 
yeast proteins is perhaps related to the need to target proteins to different 
membranous organelles in these organisms (Szkutnicka et al., 1989). 

Mammalian Glucose Transport Proteins 

Mueckler et al. (1985) cloned and sequenced cDNA encoding a facilitated 
diffusion glucose transport protein from the human hepatoma HepG2 cell 
line. Of its 492 residues, 28-31% were identical to those in the aligned AraE 
and XylE pentose/H + transporters from E. coli (Maiden et al., 1987; Fig. 3), 
and, taking into account conservative substitutions, each bacterial protein 
was as similar to the human protein as they were to each other. Immunologi- 
cal and peptide sequence data indicated that the hepatoma protein was very 
similar, if not identical, to the intensively studied glucose transporter of 
human erythrocytes (Wheeler and Hinkle, 1985; Baly and Horuk, 1988; 
Baldwin and Henderson, 1989). The glucose transporter of rat brain was 
virtually identical to the human hepatoma/erythrocyte ones, with only seven 
different residues out of 492 (Birnbaum et al., 1986). There is probably 
another related glucose transporter in human brain (Kayano et al., 1988). 

A rat liver glucose transport protein, cloned, sequenced, and expressed 
in E. coli, was substantially homologous to the hepatoma/brain/erythrocyte 
transporter (the E isoform), with about 55% identical residues in the aligned 
sequences (Fukumoto et al., 1989; Thorens et al., 1988). These structural 
differences must account for the different kinetic properties of the liver 
protein (Ciaraldi et al., 1986; Baly and Horuk, 1988), which are presumably 
allied to the special physiological role of glucose transport in liver tissue 
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(Nordlie, 1985; Baly and Horuk, 1988). Messenger RNA hybridization experi- 
ments showed that the same protein (the L isoform) also occurred in intestine, 
kidney, and/~-pancreatic islet cells (Thorens et al., 1988). 

James et al. (1989) and Birnbaum (1989) sequenced cDNA of the 
insulin-regulatable glucose transporter from rat adipose tissue. Its predicted 
amino acid sequence was 65% identical to that of the HepG2/brain trans- 
porter. The differences between the three types of glucose transporters (Table 
III) appeared to be most significant in the third predicted membrane-span- 
ning segment (James et al., 1989, see below), presumably reflecting different 
properties necessary for the special physiological role of glucose transport 
in each tissue (Baly and Horuk, 1988). DNA/RNA hybridization and 
immunological experiments indicated that the insulin-regulatable glucose 
transporter (the M isoform) was present in brown and white adipose tissue, 
heart and red and white skeletal muscle, but not in brain, liver, or HepG2 
cells (James et al., 1989; Vilaro et al., 1989). Significantly, the highest level of 
its expression occurred in the epithelial cells of insulin-responsive tissues 
(Vilaro et al., 1989). 

It seems, therefore, that mammals have at least three different facilitated 
diffusion glucose transport proteins expressed to different levels in each 
tissue, each with a particular role in the body's mechanisms for capturing, 
distributing, or utilizing glucose (Nordlie, 1985; Kayano et al., 1988; Baly 
and Horuk, 1988; Vilaro et al., 1989). These proteins are homologous to each 
other (55-65% identity) and to the sugar transport proteins found in single- 
celled bacteria, yeasts, algae, and protozoa (25-33% identity, Table III). It 
seems likely that they also occur in the great diversity of intervening multi- 
cellular life forms. 

Features of the Aligned Primary Sequences of the Homologous Sugar 
Transport Proteins 

There Are Probably Twelve Membrane-Spanning a-Helices 

When the hydropathic profile of each of the homologous sugar transport 
proteins is analyzed independently, there appear to be twelve hydrophobic 
regions, predicted to be membrane-spanning a-helices (references in Table III). 
In some cases uncertainty over the predicted position of these regions is 
overcome when the sequences are aligned according to the amino acid 
identities. One example of this is loop 11 of the AraE protein (Baldwin and 
Henderson, 1989; Fig. 4). Some faint evidence of duplication in the two 
halves of each protein (see below) suggests that the membrane-spanning 
regions should be regarded as two groups of six (Maiden et al., 1987). 
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Fig. 4. Proposed orientations of the arabinose/H + symporter, the citrate/H + symporter, and 
the tetracyline/H + antiporter in the cytoplasmic membrane of bacterial cells. The models are 
based on predictions of membrane-spanning regions and ~-helix content and on the alignment 
with the glucose transporter (Eisenberg et al., 1984; Mueekler et al., 1985; yon Heijne, 1987). The 
12 putative membrane-spanning segments, usually of 21 residues, are depicted as rectangles with 
their end residues numbered from the N-terminus. The rectangles outside the membrane repre- 
sent predicted ~-helices. The single residues indicated are usually conserved in all the aligned 
sugar transporters (Fig. 3), and some recur at equivalent positions in the two halves of the 
molecule as discussed in the text. 
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The predicted occurrence of twelve membrane-spanning e-helices 
is not restricted to the homologous sugar transport proteins listed in 
Table III. It is also the case for the lactose/H + (Foster et al. 1983), glucose-6- 
phosphate/P~ (Friedrich and Kadner, 1987), glycerol-3-phosphate/P i (Eiglmeier 
et al., 1987), proline/Na + (Nakao et al., 1987), and possibly the melibiose/Na + 
(Leblanc et al., 1989) transporters of E. coli, the plasmid- or transposon- 
encoded citrate and tetracycline transporters (see below) of bacteria, and the 
uracil transporter of yeast (Jund et al., 1988). Perhaps this is a general 
property of many other transport proteins (cf. Kartner and Ling, 1989; 
Riordan et al., 1989; Higgins, 1989). However, there are exceptions, for 
example the rhamnose/H + transporter of S. typhimurium (Muiry, 1989, see 
below). 

There Is a Central Hydrophilic Region 

In all the homologous sugar transport proteins there is a central hydrophilic 
region of 55-70 residues strongly predicted to comprise a high proportion of 
e-helix. It contains several conserved regions (Fig. 3), and so presumably 
plays an essential role in the maintenance of structure and function. In 
the erythrocyte glucose transporter it may be identified with a protease- 
sensitive region that is cleaved by trypsin only when it is applied to the 
cytoplasmic face of the membrane (Baldwin et al., 1980; Fig. 2 in Baldwin 
and Henderson, 1989). This may imply that the region is cytoplasmic in all 
the transporters. 

Significance of  the Conserved Amino Acid Residues 

When six different sugar transporters for arabinose (E. eoli) or xylose 
(E. coli) or glucose (S. cerevisiae, human hepatoma, human liver, rat 
adipocyte) are aligned, there are 45 absolutely conserved residues and about 
150 conservative substitutions. These residues may be important features of 
the common structure and mechanism of these proteins. An analysis 
(Maiden, 1987) of the four transporters for arabinose, xylose, glucose, and 
citrate showed that the most commonly conserved residues were glycine, 
proline, arginine, and glutamate. The significance of the first two probably 
reflects the unique spatial properties of their side chains (von Heijne, 1987). 
The second two are probably involved in structurally important charge 
interactions. The conserved glutamate residues are also of interest because of 
their potential interaction with protons in the sugar/H + symporters. However, 
so far there is no obvious relationship between the presence or absence of a 
particular glutamate (or aspartate) and the capacity for cation symport. This 
highlights the need to be certain whether a particular protein transports 
cations or not (see below). 
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The bacterial transporters, unlike the mammalian transporters, are 
energized by the cotransport of a proton with the sugar; hence, the proton- 
translocating residues might be conserved only in the bacterial proteins. 
Likely candidates for such residues are histidine, glutamate, and aspartate. 
However, despite the proposed involvement of histidine in proton trans- 
location by the functionally similar lactose/H + transporter of E. coli (Kaback, 
1989, 1990; but see also King and Wilson, 1989), no histidine residues are 
conserved in the bacterial monosaccharide transport proteins (Fig. 3; Baldwin 
and Henderson, 1989). Furthermore, directed mutagenesis of all seven 
histidine residues in the melibiose/Na + transport protein failed to associate 
any of them with proton translocation (Leblanc, personal communication), 
even though alterations in His 94, but not any of the other histidine residues, 
did profoundly affect transport competence. 

Aspartate, asparagine, glutamate, and glutamine residues are involved 
in the H-bonded interaction of soluble proteins with sugar molecules in their 
binding sites (Quiocho, 1986, 1990). It is therefore of interest that these 
residues are highly conserved in some locations predicted to be within 
membrane-spanning helices (loops, 1, 6, 7, 8, 10; see Figs. 3, 4). These are 
therefore candidates for site directed mutagenesis experiments to evaluate 
their possible roles in sugar binding. 

In view of their inhibition by sulfhydryl reagents (above), it is interesting 
that no cysteine residues are conserved in the aligned transporters (Maiden 
et al., 1987). Such inhibition may stem from steric hindrance of substrate 
binding or translocation, rather than from an essential mechanistic role of 
SH groups. It happens that there are no cysteine residues in the N-terminal 
half of the AraE protein, so the substrate-protected residue(s) must be in the 
C-terminal part of AraE and, by extension, of the other proteins. Walmsley 
(1988) has suggested that a reagent-sensitive cysteine residue in the glucose 
transporter may be at position 347, or possibly 417, in the C-terminal half of 
the protein. Directed mutagenesis could confirm the location of such residues, 
as it has in the case of the lactose/H + transporter--both peptide labelling/ 
mapping and site-directed mutagenesis experiments identified Cys148 as the 
residue susceptible to N-ethylmaleimide in LacY (Beyreuther et al., 1981; 
Menick et al., 1987). However, this is predicted to occur in the N-terminal 
half of the protein (Kaback, 1986, 1989). 

The R X G R R  M o t i f  

Between the putative membrane-spanning helices 2 and 3 and 8 and 9 is 
a sequence motif RXGRR (Fig. 5). The first and last R may be replaced by 
K, X is usually an amino acid with a large hydrophobic side chain, and the 
motif is often preceded by D or N. It is predicted to form a/~-turn, linking 
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Fig. 5. Conserved sequence motifs between putative helices 2/3 and 7/8 (see, e.g., Fig. 4) of 
transport proteins. 

the adjacent helices. The positively charged side chains may interact with the 
head groups of lipids. The finding of this motif and the occurrence of twelve 
hydrophobic regions in a novel sequence are initial clues that a protein 
belongs to this homologous group (see below). A quite similar motif is found 
in the corresponding regions of the Lac Y and MelB proteins (Maiden et al., 
1987), despite their otherwise differences in primary sequence. 

The P E S P R  and P E T K  Motifs 

These occur after the ends of the putative membrane-spanning helices 
numbers 6 and 12, respectively, in most of the monosaccharide transporters 
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Fig. 6. Conserved sequence motifs at the ends of putative helices 6 and 12 (see, e.g., Fig. 4) of 
transport proteins. 

(Fig. 6). They are also found in the lactose transporter ofK.  Iactis (Chang and 
Dickson, 1988), but not in the citrate or tetracycline transporters (see below). 
In the AraE and GalP proteins the E in the first motif  is changed to N or D, 
and in some of the glucose transporters the P in the second motif  is not 
conserved. Again, site-directed mutagenesis experiments need to be under- 
taken to evaluate the possible significance of these differences in relation to 
substrate specificity, cation recognition, and other parameters of  the molecu- 
lar mechanism. 

A Diffused Motif  Through Helices 4 and 5 

The following pattern is conserved in the region including putative 
helices 4 and 5 of the aligned monosaccharide transporters (Figs. 3, 4): 

R - - - G - - - G  . . . . . .  P - Y - - E  RG Q . . . . .  G 
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No gaps are inserted to achieve this matching. This motif presumably 
has structural and/or functional significance, and it is conserved, albeit 
imperfectly, in the transport proteins for lactose (Chang and Dickson, 1988), 
citrate, and tetracycline (Henderson and Maiden, 1990; Figs. 3, 4; see below). 

Residues That May be Implicated in Sugar Binding from Comparisons with 
the Lactose Transporter 

Many of the homologous sugar transport proteins have a conserved 
motif P A L L in the predicted membrane-spanning region six (Fig. 3). Since 
mutation of the residue, alanine 177, in the equivalent region of the lactose/H + 
transporter has been associated with changes in sugar specificity (Brooker 
and Wilson, 1985; see below) it may be speculated that the PA L L motif is 
also associated with sugar binding. By a similar, and admittedly tentative, 
argument the following conserved residues in the homologous proteins might 
be involved in sugar binding: a tyrosine residue at the end of helix 7; a 
threonine residue in helix 8; and an isoleucine residue in helix 9. These are all 
altered in mutants of the LacY protein with altered binding of sugars 
(Markgraf et al., 1985; Brooker and Wilson, 1985; Brooker, 1990). 

A Diffused Motif Through Helix 7 

Most of the aligned sugar transport proteins of Table I contain the 
following motif in putative helix 7: 

L - - - Q Q - - G I N - - F Y Y  

Elements of this can also be recognized in the corresponding regions of 
the transport proteins for lactose, melibiose, citrate, and tetracycline (see 
below). The presence of the glutamine and asparagine residues generates the 
suspicion that the region may contribute to recognition of the sugar, but 
it may equally be involved in the translocation mechanism. Perhaps the 
presence of the I N  pair here is a repetition of its presence at the end of 
putative helix in both the aligned glucose transporters (Fig. 3) and the 
LacY protein Kaback, 1989). 

A Diffused Motif Through Helices 10 and 11 

In this region there is a pattern of conserved residues as follows 

F . . . .  G - - - W  . . . .  E R N W - - N F  

The position and spacing of the glutamate and arginine reflect their occurrence 
in the corresponding region between helices 4 and 5 in the N-terminal half of 
the protein. Photolabelling of a sugar transporter with cytochalasin B prob- 
ably results from photoactivation of an aromatic amino acid residue in the 
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protein rather than from activation of the inhibitor (Deziel et al., 1984; see 
above). Peptide mapping experiments indicated that the covalently bound 
cytochalasin B was located between Phe389 and Trp4~2 in the mammalian 
D-glucose transporter (Cairns et  al., 1984; Karim et al., 1987; Holman and 
Rees, 1987). The only aromatic residue conserved in this region of the 
bacterial transporters is the second tryptophan in helix 11 of the above motif. 
Experiments are in progress to determine whether this is the actual site of 
labelling, and to discover why the XylE protein does not bind cytochalasin 
B. It may be relevant that this region of the MelB protein is suggested to be 
part of a sugar recognition site (Botfield and Wilson, 1988; Botfield et  al., 
1990). 

Similarities Between the Sugar, Citrate, and Tctracycline Transport Proteins 

The C i t r a t e / H  + Transporter  

A plasmid-encoded citrate transport activity is thought to be proton- 
linked (Reynolds and Silver, 1983). The transport protein was sequenced, via 
its gene, by two groups independently (Sasatsu et al., 1985; Ishiguro and 
Sato, 1985). At the primary sequence level it appeared to have only a slight 
similarity to the sugar transporters (Maiden et al., 1987), but, when analyzed 
by the algorithm of Eisenberg et al. (1984), the citrate transporter, like 
the sugar transporters, was predicted to have two groups of six membrane- 
spanning c~-helices separated by a central hydrophilic domain (Maiden, 
1987). Furthermore, between the predicted helices 2/3 and 8/9 were the 
DRXGRR motifs, and through the predicted helices 4 and 5 was the diffused 
motif described above (Fig. 4). There were other similarities between the 
citrate transporter and individual sugar transport proteins (Fig. 4), but only 
a few more identities that occurred in every protein (Fig. 4). The most 
noticeable differences were the relative shortness of the central (24 residues) 
and the C-terminal (14 residues) hydrophilic regions in the citrate trans- 
porter. These largely account for its shorter length (431 residues) compared 
to the sugar transporters (472-522 residues). 

The T e t rac y c l i ne / H  + ( K + ) Transporter  

One class of tetracycline genes encodes proteins that effect the active 
efflux of the antibiotic from the cell (McMurry et al., 1980; Levy, 1984, 1988). 
The mechanism may be an obligatory coupling to the movement of protons 
(presumably antiport) or potassium ions (Dosch et al., 1984). The sequences 
of several such tetracycline transporters have been determined (Peden, 1983; 
Waters et al., 1983; Hillen and SchoUmeier, 1983). They are extensively 
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homologous to each other (Hillen and Schollmeier, 1983), but not obviously 
so to the sugar transporters. Nevertheless, each one is predicted, by the same 
algorithm used to analyze the sugar transporters, to have twelve membrane- 
spanning e-helices (Maiden, 1987; Eckert and Beck, 1989; Fig. 4). Between 
the putative helices 2/3 there is a perfect DRXGRR motif, and between the 
putative helices 8/9 is RXGEK, similar to RXGRR (Fig. 4). Through the 
putative helices 4/5 is most of the diffused motif (Fig. 4). There are other 
similarities in primary sequence between the tetracycline, citrate, and indi- 
vidual sugar transporters (Fig. 4), but few of them are conserved in all of the 
transporters. Superficially, the structures of tetracycline and cytochalasin B 
appear similar (Henderson and Maiden, 1990), or at least they resemble each 
other more than they resemble a monosaccharide (but see Griffin et al., 1982). 
Perhaps the cytochalasin binding site on a sugar transport protein resembles 
a tetracycline binding site? 

These similarities permit the speculation that the tetracycline trans- 
porters, which are probably representatives of a wider class of antibiotic 
resistance factors, have three-dimensional structures in the membrane 
that are fundamentally similar to those of the series of homologous sugar 
transporters. 

Structural Models of  the Transport Proteins 

Many membrane proteins are believed to be folded so that hydrophobic 
e-helices inserted through the membrane are joined by hydrophilic regions 
located in the head groups of the lipid and/or the aqueous environment (Kyte 
and Doolittle, 1982; von Heijne, 1988; Lodish, 1988). There are very few 
proteins where this model is supported by detailed structural information 
determined by electron diffraction or X-ray crystallographic measurements, 
the exceptions being bacteriorhodopsin from Halobacter ium halobium and 
components of the photosynthetic reaction center of Rhodopseudomonas  viridis 
(Henderson and Unwin, 1975; Henderson and Schertler, 1990; Diesenhofer 
et al., 1985). Nevertheless, the burgeoning mass of primary sequence infor- 
mation shows that numerous other membrane proteins, including those 
involved in transport, also contain a series of hydrophobic regions, each 
sufficiently long to span the membrane as an e-helix, separated by hydrophilic 
regions (Kyte and Doolittle, 1982; von Heijne, 1988). Computerized algo- 
rithms have been derived to predict the occurrence of secondary structural 
features from primary sequence information (Garnier et al., 1978; Eisenberg 
et al., 1984; Eisenberg, 1985), and incorporated into models of the lactose 
(Foster et al., 1983) and glucose (Mueckler et aI., 1985) transporters. Models 
of membrane protein structure based on such sequence data alone should be 
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viewed with caution for several reasons (Lodish, 1988). However, they do 
generate testable hypotheses of structural features--for example that the 
N-terminus and the C-terminus are on the same side of the membrane--and 
they set criteria for comparisons between different proteins, as illustrated 
above. When evidence is obtained that, for example, the C-terminal end of 
the mammalian glucose transporter is inside the cytoplasmic membrane 
(Davies et al., 1987; Haspel et al., 1988), or that the central hydrophilic region 
is also inside the membrane (Cairns et al., 1987), the model is confirmed and 
the extrapolation to the related transporters becomes more tenable (see also 
Baldwin and Henderson, 1989). 

Three examples of such models are given in Fig. 4, the arabinose/H + 
transporter of E. coli, the citrate/H + transporter, and the tetracycline/H + (K +) 
transporter, the last two of which are encoded on plasmids (see also Eckert 
and Beck, 1989; Henderson and Maiden, 1990). Importantly, they include the 
positions of residues conserved in all the monosaccharide transporters and 
some sequence motifs (above) aparently repeated in similar positions in both 
halves of the citrate and tetracycline transporters. For the latter, experiments 
using labelling reagents and proteolytic cleavage indicated that the N-terminus 
and C-terminus are located inside the cytoplasmic membrane (Eckert and 
Beck, 1989), which is consistent with the results obtained with the glucose 
transporter and with the predictions in the models. 

Sugar/H + Transport Proteins with Dissimilar Primary Sequences 

The Lactose/H + Transport Protein of Escherichia coli 

Primary Sequence of the Lac Y Protein. There is no obvious homology 
between the primary sequence of the lactose/H + transport protein of E. coli 
(Buchel et al., 1980) and the sequences of any of the other sugar/cation 
transporters except the equivalent protein in Klebsiella pneumoniae (Buvinger 
and Riley, 1985; McMorrow et al., 1988). Some possible similarities have 
been mentioned already, such as the predicted occurrence of twelve membrane- 
spanning segments (Foster et al., 1983; Kaback, 1989), and the equivalent 
location of sequences similar to the R X  G R R motif (Maiden et al., 1987). 
Nevertheless, it is possible that the three-dimensional shape of the Lac Y 
protein will turn out to be similar to that of other sugar transport proteins, 
since there are several precedents for similarity of tertiary structure between 
proteins that are not homologous at the primary sequence level (Fersht, 1985; 
Quiocho, 1986, 1990). Since studies of the lactose/H + transport protein do lead 
the field, but have been extensively reviewed elsewhere (Kaback, 1986, 1987, 
1989), it is appropriate here only to highlight a few selected areas, which may 
be relevant to future experimentation on the other sugar transport systems. 
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Specific Amino Acids within Putative Membrane-Spanning Helices 9 and 
10 Are Essential for Sugar/H + Symport. Directed mutagenesis experiments 
imply that Arg 302, His 322, and Glu 325 in the Lac Y protein are intimately 
involved in coupling lactose and proton transport (Kaback, 1987, 1989). 
Until recently this was interpreted as their involvement only in H + move- 
ment. However, since mutants with His 322 changed to Tyr or Phe retain 
the ability to cotransport H + with sugar (King and Wilson, 1989a, b; Brooker, 
1990), and since His 322 and Arg 302 mutants exhibit drastically lowered 
binding affinities for at least one sugar analogue, nitrophenyl-~-D-galactoside 
(Roepe et al., 1990), it seems that an altered binding of the sugar molecule 
may equally explain the altered transport phenotype (Roepe et al., 1990; 
Brooker, 1990). Neither Arg, His, nor Glu residues appear to be located in 
the equivalent regions of the homologous sugar transporters (Table III; Fig. 3). 
The possible contribution of other individual amino acid residues to the 
binding and translocation of H + ions by the Lac Y protein are discussed by 
Roepe et aI. (1990) and Brooker (1990). 

Glycine 24 and Proline 28 Are Necessary for Translocation, but Not Sugar 
Binding. Overath et al. (1987) obtained mutants of E. coli in which Gly 24 
was changed to Glu or Arg and Pro 28 was changed to Set. These were 
severely impaired in the ability to transport galactosides, but were able to 
bind them with wild-type, or greater, affinities. The conclusions from these 
experiments were well supported by measurements of the amount of trans- 
port protein in the membrane and the appropriate kinetic constants. Again 
this leads to the speculation that one or both of the highly conserved glycine 
residues in the first putative membrane-spanning loop of the aligned mono- 
saccharide transporters (Fig. 3, 4) may also be involved in translocation, but 
not sugar binding. 

Specific Amino Acids Are Associated with Sugar Binding. By some 
elegant in vivo mutagenesis experiments, individual amino acid residues have 
been associated with alternations in the specificity of sugar binding to Lac Y. 
Brooker (1990) has summarized these data and listed the residues as follows: 
Ala 177 (VI), Tyr 236 (immediately after VII), Thr 266 (VII), Ile 303 (IX), 
Ser 306 (IX), Lys 319 (X), His 322 (X), and Ala 389 (XII). the roman 
numerals in brackets refer to the predicted membrane-spanning a-helix 
proposed by Kaback and co-workers (Foster et al., 1983; Kaback, 1986, 
1987, 1989; Roepe and Kaback, 1989). It is possible that highly conserved 
residues, of identical nature and similar predicted location in the aligned 
sequences (Fig. 3), and proposed models (Fig. 4) of the homologous sugar 
transporters (Table III) are also involved in sugar binding. 

Availability of the Purified Active Protein. Amplified expression of the 
lacY gene (Teather et al., 1978) enabled subsequent purification of the 
apparently homogeneous Lac Y protein with high specific activity (Newman 
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et al., 1981; Kaback, 1989; cf. Wright et al., 1983; Page et al., 1988). Further 
amplification in an improved vector system led to the remarkable observation 
that the protein could be produced in a soluble form that retained sugar 
binding activity and could be reconstituted into lipid membranes with retention 
of transport activity (Roepe and Kaback, 1989). Purification of active protein 
is particularly important because biophysical techniques can then be exploited 
for the determination of the three-dimensional structure of the transport 
protein (Kaback, 1989). 

The Melibiose/Cation Transport Protein of  Escherichia eoli 

Primary Sequence of  the MeIB Protein. Since the sequence of the 
melibiose/cation transport protein of E. coli (Yazyu et al., 1984) has similari- 
ties to the lactose transport protein of Strep. thermophilus (Poolman et al., 
1989), it is likely to be the first representative of a dispersed family of sugar 
transport proteins. There is no obvious homology to any other sequenced 
transport protein. However, recent reviews favor a structural model that also 
predicts twelve membrane-spanning helices (Leblanc et al., 1989; Botfield 
et al., 1990; but see Yazyu et al., 1984, who suggest 10-11 helices), and between 
helices 2/3 and 8/9 are sequences similar to the R X G R R motif found in the 
transporters of Table III (discussed above). All these proteins are of similar 
size and display similar, anomalous, behaviour in SDS/polyacrylamide gels 
(below). Despite the differences in primary sequence, one can speculate that 
the melibiose transporter may therefore have a similar three-dimensional 
structure to many other transport proteins that are not thought to be related 
at the moment. 

Interdependence of  Sugar and Cation Specificity. The nature of the 
sugar determines which cation is the preferred cosubstrate of the MelB 
protein (Wilson and Wilson, 1987). For melibiose transport Na + or H + is 
utilized, whereas Na + or Li + is utilized for/~-galactoside transport and Na +, 
H +, or Li + for c~-galactoside transport. Also, the kinetic constants for the 
transport of melibiose depend upon the chemical identity of the coupling 
cation (Bassilana et al., 1985; Pourcher et al., 1990). Leblanc et al. (1989) 
concluded that, when the protein catalyzes melibiose/H + cotransport, the 
trans-membrane proton-motive force essentially affects the transport con- 
stant Kt, whereas when the same carrier catalyzes melibiose/Na + cotransport 
the trans-membrane sodium motive force selectively modifies the transport 
Vm,x. These observations are interpreted in terms of a structural interaction 
between the sugar and cation binding sites in the protein (Leblanc et al., 1989; 
Botfield et al., 1990), but it is important also to take kinetic considerations 
into account (see below). 

Mutations That Alter Sugar and/or Cation Speeificity. Yazyu et al. 
(1985) isolated a Li + -resistant mutant of E. coli in which a point mutation 



Sugar Transport Systems in Bacteria 557 

altered Pro 122 to a serine residue. The carrier lost the ability to cotransport 
H ÷ with melibiose and showed an absolute requirement for Na + or Li +. 
Botfield and Wilson (1988) isolated 23 independent TMG-resistant mutants 
altered in their sugar specificity. Most also displayed altered recognition for 
cations. The sites of mutation were clustered in four regions of the protein 
(Botfield and Wilson, 1988), Asp 15 through Ile 18 (I), Tyr 116 through 
Pro 122 (IV), Val 342 through Ile 348 (X), and Ala 364 through Gly 374 
(hydrophilic region before XI). The roman numerals in brackets indicate the 
putative helix in a 12-helix model (Botfield et al., 1990). The last two regions 
are of particular interest because their positions correspond to regions of 
Lac Y and the homologous sugar transporters that mutagenesis or sequence 
alignments implicate in the mechanism of sugar binding and/or transport (see 
above). 

The c-Fucose/H + Transport Protein of Escherichia coli 

Lu and Lin (1989) briefly reported the DNA sequence of the fucose 
operon ofE. coli. By comparison with the complementation map of the genes 
they identified one of the open reading frames in the translated sequence (439 
amino acids) as that of the fucose transport protein. This has not yet been 
confirmed by expression of this DNA, and it may not actually encode the 
fucose/H + transport activity described by Bradley et al. (1987). Nevertheless, 
the predicted amino acid sequence is very hydrophobic, characteristic of a 
membrane protein, but it does not exhibit homology to any of the known 
transport proteins, nor is it easy to predict the number of membrane-spanning 
helices. Its further characterization is in progress. 

The L-Rhamnose/H + Transport Protein of Salmonella typhimurium 

Muiry (1989) reported the predicted amino acid sequence of a protein of 
S. typhimurium, expression of which produced rhamnose/H + symport activity. 
This protein is very hydrophobic and contains ten clearly identifiable hydro- 
phobic regions. It is not homologous to any of the other transport proteins. 
Investigations of its structure and activity are in progress. 

The Glucose/Na + Transport Protein of Mammals 

Hediger et al. (1987) used a novel cloning method of expressing rabbit 
mRNA in Xenopus oocytes to select and sequence the gene encoding the 
phlorizin-sensitive intestinal glucose/Na + symport activity. The predicted 
amino acid sequence of the protein is not homologous to any other charac- 
terized sugar transport protein. The rabbit DNA was then used as a probe 
to isolate the gene for the human intestinal glucose/Na + transporter, the 
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predicted amino acid sequence of which is 84% identical to the rabbit protein 
(Hediger et al., 1989). At this stage it was found that the glucose/Na + 
transporter (664 residues) can be aligned with the E. coli proline/Na + trans- 
porter (502 residues, Nakao et al., 1987) to reveal 28% identity between 
them, and conservative substitutions at a further 25% of residues (Hediger 
et al., 1989). Although the proline/Na + transporter is predicted to have 
twelve membrane-spanning segments (Nakao et al., 1987), Hediger et al. 
(1987, 1989) prefer a model for the glucose/Na + transporter with eleven. 
There is no homology between the mammalian glucose/Na + transporters and 
the E. coli melibiose/Na + transporter (see above). 

As already mentioned, the sensitivity of one plant glucose/H + trans- 
porter to phlorizin (Gogarten and Bentrup, 1989) and cross-reactivity of 
another with antibodies to the mammalian glucose/Na + transporter (Rausch 
et al., 1989), together with the above homologies, indicate the existence of yet 
another widely dispersed family of homologous substrate/cation transport 
proteins. 

Identification of the Transport Proteins 

The biochemical identification of a transport protein is an essential step 
in the characterization of any transport system. However, in bacteria such 
proteins usually constitute only 0.1-0.5% of the membrane proteins and are 
impossible to identify by conventional means. By combining genetical and 
biochemical techniques, several strategies have evolved to overcome this 
problem, and they are illustrated briefly here. The specific covalent labelling 
of a transport protein is also a most important aid in its purification (see, 
e.g., Newman et al., 1981). 

Amplification of  Gene Expression 

In bacteria, gene expression can be increased by factors of 2-5 by 
isolating mutants in which accumulation of the natural or gratuitous inducers 
is enhanced. Examples include galactokinase-negative, arabinose isomerase- 
negative, and xylose isomerase-negative strains of E. coli, in all of which 
expression of the corresponding sugar transporter was increased (Henderson 
and Macpherson, 1986). Some mutants may express the transport (and other 
metabolism genes) constitutively, and this level is usually higher than is 
achieved in "fully-induced" wild-type strains. Even these modest increases in 
expression depress the efficiency of cell growth for reasons that are not 
understood. More substantial levels of amplification require transfer of the 
transport gene to an appropriate vector, where its expression is suppressed 
during growth of the cells, and then activated. 
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Teather et al. (1978) were the first to achieve amplified expression of a 
bacterial sugar transport protein, Lac Y, on a multi-copy plasmid to the level 
where it could be identified as a Coomassie blue-stained protein of Mr about 
30 000 by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The genes 
araE and xy lE  were recently transferred to vectors in which their amplified 
expression was achieved under the control of the efficient lambda OLPL 
promotor (Maiden et al., 1988; McKeown, 1988). Each gene product, AraE 
or XylE, was then identified as a Coomassie blue-stained protein of Mr 
35-38,000 (Table I) constituting 15-20% and 5-7% of the membrane protein, 
respectively. Since the N-terminal sequences of the proteins were essentially as 
predicted from their DNA sequences, it was unlikely that they had undergone 
post-translational modification. The melibiose transporter MelB has proved 
more difficult to overexpress, but exploitation of the T7 bacteriophage RNA 
polymerase expression system developed by Tabor and Richardson (1985) 
and protein labelling with [35S]-methionine revealed a single protein of Mr 
39 000 (Leblanc et al., 1989). 

Expression in Maxi-Cells or Mini-Cells 

Even when the amplification of expression is insufficiently successful, the 
availability of the cloned DNA on a vector means that the gene can be 
preferentially expressed in these special cells when the host cell protein 
synthesis is incapacitated (Stoker et al., 1984). The cloned gene product, 
albeit present at low absolute levels, may then be specifically labelled with 
[35S]-methionine. 

Labelling with N-Ethylmaleimide 

The proton-linked transporters for arabinose, xylose, or galactose from 
E. coIi were all inhibited by N-ethylmaleimide (Table I). The protection by 
substrates was exploited to label specifically the susceptible transport proteins, 
AraE, XylE, and GalP, with radioactive N-ethylmaleimide. They were then 
identified as proteins that migrated with an apparent Mr of 35,000-40,000 in 
SDS-PAGE (Macpherson et al., 1981, 1983; Henderson et aI., 1983b; Hender- 
son and Macpherson, 1986; Davis, 1986; Maiden et al., 1988), entirely consis- 
tent with the values observed in the amplified expression systems (above). By 
similar procedures the lactose/H + transport protein was the first to be 
identified using N-ethylmaleimide, with an apparent Mr of about 30 000 (Jones 
and Kennedy, 1969). Similarly, the proline/Na + transporter was identified as 
a protein of apparent Mr about 35,000 (Hanada et al., 1985). Such labelling 
experiments have been very important for the identification of hydrophobic 
transport proteins that are of low abundance (0.1-0.5% of the membrane 
proteins), though they are being superseded by the expression systems. 
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Labelling with Photoactivatable Substrate Analogues and Cytochalasin B 

It has already been mentioned how Kaczorowski et al. (1980) found that 
4-nitrophenyl-c~-D-galactoside (NPG) reacted covalently, and specifically, 
with the Lac Y protein when the two were exposed to UV light. Similarly, 
when activated by UV light the AraE and GalP transport proteins react 
covalently with radioactive cytochalasin B, and they can again be identified 
by SDS/PAGE as labelled proteins of apparent Mr 36,000-38,000. The 
presence of appropriate sugar substrates in the incubation mixture protected 
the transporters against this labelling (Smith, unpublished data; Cairns et al., 
1989b). Cytochalasin B will be a particularly convenient tool in purification 
studies on these proteins. 

Anomalous Migration in SDS/Polyacrylamide Gel Electrophoresis 

An important general point, which has been made elsewhere (Leblanc 
et al., 1989), is that all these sugar transport proteins, and the citrate, tetra- 
cycline, and proline transporters (Reynolds and Silver, 1983; Eckert and 
Beck, 1989; Hanada et al., 1985), migrate in SDS/PAGE with an apparent Mr 
less than that predicted from the DNA sequence. The values for the sugar 
transporters are summarized in Table I. In the case of several of them there 
is evidence that no post-translational modification has occurred, which might 
have accounted for the phenomenon. It may be due to the binding of higher 
proportions of SDS than occurs with less hydrophobic proteins or to the 
retention of some secondary/tertiary structure. 

Reeonstitution 

The important general point is that membrane transport proteins of 
a variety of primary sequences can be solubilized under very similar con- 
ditions (usually with added lipid in 50 mM phosphate buffer, pH 7.5, I mM 
dithiothreitol) in the same detergent, octyglucoside (1.25% concentration, 
dodecylmaltoside is often a good substitute), and then successfully recon- 
stituted by the convenient detergent dilution technique into proteoliposomes 
without much loss of activity. The pertinent examples are the mammalian 
glucose transporter (Kasahara and Hinkle, 1977) and the E. coli transporters 
for lactose/H + (Newman and Wilson, 1980), melibiose/Na + (Tsuchiya et al., 
1982), galactose/H + (Henderson et al., 1983a), arabinose/H + (Henderson 
and Macpherson, 1986), and proline/Na ÷ (Hanada et al., 19988a, b). 

The availability of a reconstitution assay is particularly important for 
purification of membrane transport proteins. Purification has been successful 
for the mammalian glucose transporter (Kasahara and Hinkle, 1977; 
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Baldwin et al., 1982), the E. coli lactose/H + transporters (Newman et al., 
1981; Wright et al., 1983; Viitanen et al., 1986; Page et al., 1988), and the E. 
coli proline/Na + transporter (Hanada et al., 1988b). It seems reasonable to 
expect that methods based on those used for these proteins will be success- 
fully applied to the other sugar transport proteins described in this article 
when their expression is amplified sufficiently. 

Conclusions 

Evolutionary and Structural Relationships 

The family of sugar transport proteins listed in Table III and described 
in this article has been found in such diverse organisms so far that it seems 
likely to occur in most forms of life. This implies that investigations of the 
molecular mechanism of their transport activities in microorganisms, with 
the attendant conveniences of experimental manipulation, will uncover 
features equally valid for their operation in higher organisms, including man. 
It seems that insight into the mechanism of transport of substrates other than 
sugars will also accrue, if the apparent similarities to the citrate and tetra- 
cycline (and other?) transporters described here are real. Also, the homologies 
described imply a fundamental similarity between proteins that catalyze 
facilitated diffusion ("passive transport") and substrate/H + symport 
("secondary active transport")--a perceived difference in mechanism seems 
not to require a profound difference in structure. 

The purpose of cataloguing the substrate and inhibitor specificities of 
the transport proteins (Table II) is to gain insight into the nature of the ligand 
binding sites and to define the relationship between the proteins. The availa- 
bility of a variety of sugars and their structural analogues, and the known 
sequence homologies of the arabinose, xylose, galactose, and glucose trans- 
porters (Table III), make this a particularly promising series of membrane 
proteins in which to establish the characteristics of sugar recognition and 
their evolution. If the relatively unspecific glucose/galactose hexose trans- 
porters arose first, one can speculate that they then evolved to discriminate 
against the 6-OH residue and recognize the precise orientation of the 4-OH 
residue in order to become more specific for either of the pentoses, arabinose 
or xylose. When the substrate specificities of the homologous lactose and 
maltose transporters of yeast (Chang and Dickson, 1988; Yao et al., 1989; 
Sczkutnicka et al., 1989) are known in more detail, then it may be possible 
to learn about molecular discrimination between mono- and disaccharides. 

There also exist transport proteins with the same function of substrate/ 
cation symport, but without any overall similarity in primary sequence, i.e., the 
lactose/H +, melibiose/Na +, fucose/H +, rhamnose/H +, and proline/Na + 
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transporters of Enterobacteriaceae and the glucose/Na + transporter of 
mammalian intestine. Perhaps these arose by convergent evolution, and their 
tertiary structures and molecular mechanisms are actually similar to those of 
the homologous series. Amongst soluble proteins there are several examples 
of those with dissimilar primary sequences that nevertheless have similar 
tertiary structures and molecular mechanisms, e.g., the periplasmic binding 
proteins (Quiocho, 1986, 1990) and the serine proteases (Fersht, 1985). 

The Roles of  Individual Amino Acids in the Transport Proteins 

The structural and functional roles of individual amino acids may be 
evaluated by modification with appropriate reagents (e.g., N-ethylmaleimide 
for cysteine and diethylpyrocarbonate for histidine residues) and in vivo and 
in vitro mutagenesis (Botfield and Wilson, 1988; Kaback, 1987; Leblanc et al., 
1989; Kaback, 1990; Brooker, 1990; Botfield et al., 1990). The initial difficulty 
of identifying the role of an individual amino acid is best overcome by 
exploiting the in vivo selection of mutants impaired in an identifiable func- 
tion as exemplified by experiments on the lactose/H + and melibiose/Na + 
symporters described above. The comparisons of aligned amino acid sequences 
(Figs. 3, 4) serves to identify how essential each and every one of the residues 
is, but without determining their function. Directed mutagenesis studies, 
which are expensive and time-consuming, are probably best undertaken after 
other techniques have indicated the significance of a particular residue or 
sequence motif. Obviously, these approaches will be combined in future. 

Such genetical strategies are the most practicable for relating structure 
and function of membrane proteins at the present time, but they are unlikely 
to yield a molecular model of sufficient detail to understand entirely the 
different substrate specificities, the process of cation recognition, the mechan- 
ism of inhibitor action, the translocation mechanism, and the evolution of the 
transport proteins. This will also require knowledge of their three-dimensional 
structures. 

Kinetic Studies 

Since we can now manipulate the structure of transport proteins, it is 
profoundly important to characterize properly the resultant changes in indi- 
vidual partial reactions, substrate specificity, inhibitor specificity, transport 
parameters, reaction with covalent modifiers, etc. Kinetically rigorous analyses 
and statistically valid comparisons between activities in mutants and wild- 
type proteins will enable real insights into molecular mechanism to be made. 

Steady-state kinetic studies of the transport activities described in this 
article are generally based on models involving the ordered combination of 
the transport protein with first the cation and then the sugar substrate 
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followed by the translocation step and an ordered dissociation of substrates 
on the other side of the membrane (see, e.g., Leblanc et al., 1989; Kaback, 
1989). For the lactose/H + symporter the unloaded protein is perceived to 
carry a net negative charge and the loaded carrier is uncharged (Kaback, 
1989), while for the melibiose/Na + carrier the unloaded protein is perceived 
to be uncharged and the loaded carrier has a net positive charge (Leblanc 
et al., 1989). In both cases the stoichiometry appears to be one mole of 
substrate transported with one mole of cation (West and Mitchell, 1973; Page 
et al., 1988; Pourcher et al., 1989). More general treatments of kinetic 
mechanisms for transport proteins may be accessed through articles by Stein 
(1986), Walmsley (1988), Eddy (1989), and Severin et al. (1989). 

It is very important that the kinetic parameters of novel mutations in 
transport proteins are determined rigorously and compared with features of 
the defined kinetic mechanism in the wild-type protein. Otherwise conclusions 
about the effect of the mutation on sugar specificity, or cation recognition, 
or translocation steps, or energization mechanism may be at the least naive 
and at the worst incorrect. For example, in a steady-state ordered mechanism 
for a two-substrate reaction without any steps at thermodynamic equilibrium 
the apparent Km measured for one substrate depends upon the concentration 
of the other (Cleland, 1963; Fromm, 1979). Only when one substrate is at 
saturating concentrations (a situation that is very difficult to achieve in 
practice, but very easily extrapolated from measurements in a practicable 
range of substrate concentrations) is the Km determined for the second 
substrate the true value (CMand, 1963; Fromm, 1979). If a mutation alters 
the true (and apparent!) K m for the sugar substrate, then the apparent K m for 
the cation will almost always also be changed for the steady-state mechan- 
isms outlined above. This does not necessarily imply that there is a profound 
molecular link between the binding of the two ligands. Indeed, the proper 
measurement of the true K m for the cation may well find that the value is 
unchanged. Furthermore, it is dangerous to compare only Km values, when 
a much more rigorous criterion for the affinity of a protein for its substrates 
is the ratio of kcat/K m (Fersht, 1985). 

Such basic considerations have usually been applied in kinetic studies on 
wild-type bacterial transport proteins, but the ability to generate interesting 
mutants seems sometimes to outpace the resources or will to characterize 
them quantitatively, with a consequent dimunition in the validity of the 
conclusions drawn about them. The following rules should perhaps be 
implemented-in future studies: 

1. The steady-state mechanism of the wild-type transport protein 
should be defined. 

2. True Km and kc~t values should be used in comparative studies, not 
apparent Km and Vma X values. 
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3. The numerical values of kinetic parameters should be determined by 
statistically rigorous methods quoting standard deviations (Cleland, 
1979; Cornish-Bowden, 1979; Henderson, 1985). 

4. Rigorous analytical methods should also be applied in determining 
dissociation constants and concentrations of binding sites in equi- 
librium binding measurements. 

Determination o f  the Three-Dimensional Structures o f  the Proteins 

A real understanding of the mechanism of transport is critically depen- 
dent upon determination of the three-dimensional structure of transport 
proteins at the level of atomic resolution. Tentative models of transport 
protein structure such as those in Fig. 4 are the basis of present and future 
experiments in which "topological" protein reagents and antibodies, gene 
fusions (e.g, Cairns et al., 1984; Carrasco et al., 1986; Manoil and Beckwith, 
1986; Broome-Smith and Spratt, 1986; Page and Rosenbusch, 1988; Eckert 
and Beck, 1989), and other techniques are used to explore the actual folding 
of the protein in the membrane. However, the determination of a more 
detailed three-dimensional structure probably requires crystallization and 
X-ray diffraction analysis. The first step is the purification of sufficient stable, 
undenatured protein, which has been achieved only for the lactose/H + trans- 
porter (Page et al., 1988; Kaback, 1989) and the erythrocyte glucose trans- 
porter (Walmsley, 1988). Crystallization may be difficult to accomplish for all 
these membrane transport proteins, but perhaps no more so than the 
apparent impossibility of establishing their primary sequences that we faced 
a decade ago. 
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