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I. INTRODUCTION
The transport of sugars across biological membranes involves specific
reactions between sugars and membrane proteins in a structurally intact
membrane. Inhibition of the transport process may result either from
inhibition of the specific sugar-protein reactions or by modification of
the membrane structure. Some of the sugar-specific reactions are linked
to metabolic reactions in the cell (i.e., active transport); inhibition of
these metabolic reactions also inhibits sugar transport indirectly.
Agents that inhibit sugar transport directly do so principally by competing with the sugar for combination with the transport proteins or
by modifying the proteins or their membrane environment so that they
cannot properly bind to or transport the sugar across the membrane.
Sugar competition is effected by other sugars that are themselves transported by the transport system or by nontransported sugar analogs or
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drugs like phlorizin and phloretin that bear no structural similarity to
the sugars with which they appear to compete. The protein-modifying
agents react with the amino acid side chains at or near the active site
or at places on the molecule that affect protein conformation in such
a way as to alter sugar-protein combination or the translocation of the
complex across the membrane. The purpose of this chapter is to review
the kinds of agents that inhibit the sugar transport process in different
cells and to identify, when that is possible, the mechanism of the inhibition. Before attempting to review the action of specific inhibitors, it
will be necessary to define the terminology that will be used in dealing
with different sugar transport systems.

II. CLASSIFICATION OF SUGAR TRANSPORT SYSTEMS
Most authors divide biological transport processes into two main
groups: carrier-mediated and enzyme-mediated (1).

A. Carrier-Mediated Facilitated Diffusion and Active Transport

In carrier-mediated transport the sugar molecule is visualized as moving across the membrane in combination with a specific membrane protein, the carrier. The combination of the sugar with the carrier and
the steps involved are presented in a simple diagram in Fig. 1A which
identifies at least four steps: (a) recognition of the sugar and formation
of a sugar-carrier complex by a process analogous to enzyme-substrate
complex formation, (b) translocation of the sugar-carrier complex across
the membrane such that the sugar is now able to emerge from the opposite side of the membrane, (c) release of the transported sugar, and
(d) recovery of the orientation of the carrier with its binding site on
the original side of the membrane
8). In carrier-mediated transport
the sugar itself does not undergo any chemical transformations involving
the making or breaking of covalent bonds. The transport process, therefore, precedes and is independent of the intracellular metabolism of the
sugar. Carrier-mediated processes are further divided into two types
according to their dependence on energy metabolism and whether the
sugar is transported against its own concentration gradient. Facilitated
diffusion is downhill energy-independent transport; active transport is
uphill energy-dependent transport.
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FIG. 1. The steps in (A) carrier-mediated and (B) enzyme-mediated transport
(S, sugar; X, enzyme). See text for explanation. [Adapted from Pardee (#).]

CHEMICAL VERSUS GRADIENT COUPLING

In carrier-mediated active transport one or more of the steps shown
in Fig. 1A must be coupled to an exergonic reaction. Two fundamentally
different mechanisms for this coupling are believed to be involved in
different transport systems: chemical coupling and gradient coupling.
Chemical coupling is based on the fundamental principle of chemical
thermodynamics that an endergonic reaction can be coupled to an ex
ergonic reaction if they share a common intermediate. In a number
of active transport systems the carrier itself is proposed to be the com
mon intermediate of the transport and the energy-yielding reaction. In
the ouabain-sensitive sodium pump of animal cell membranes, for exam
+
+
ple, the N a - K - a c t i v a t e d ATPase is proposed to be both (a) the enzyme
that catalyzes the hydrolysis of A T P , which drives the active transport
process and the carrier of the active transport process, and (b) the
+
+
carrier of the N a and K ions U). In the recently discovered active
transport system for β-galactosides in E. coli membrane vesicles, the
active transport of the sugars is coupled to the single-step oxidation
of D-lactate (5) (ATP is not formed during the oxidation and added
A T P does not support the β-galactoside transport). Kaback has proposed
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that the sugar carrier itself is an electron-transfer intermediate between
D-lactate dehydrogenase and cytochrome bi. This hypothesis is reminiscent of the earlier Conway redox-pump hypothesis, which proposed that
some of the electron-transfering intermediates of the cytochrome chain
were also ion transport carriers (6).
The gradient coupling hypothesis proposes that uphill sugar transport
+
in animal cells is coupled to active transport of N a ions in the opposite
direction [7, 8). Crane (8) has proposed that the sugar carrier in animal
intestinal mucosa has two binding sites, one for sugar, the other for
+
+
N a . When N a is attached to the carrier, the affinity of the sugar binding
+
site is enhanced. Because the concentration of N a ions across the mucosal cells is asymmetric by virtue of the operation of the sodium pump,
the carrier at the outer surface of the cell, where the concentration
+
+
of N a is high, binds N a and therefore shows a high affinity for sugar
+
and will transport both a N a ion and a sugar molecule into the cell;
+
however, at the cytoplasmic surface, where the concentration of N a
+
is low, the carrier will lose its N a ion, will have a greatly reduced
affinity for glucose, and will leave the cell without sugar. So long as
the sodium pump maintains the asymmetry of sodium ions across the
cell membrane, sugar is transported into the cell against its concentration
gradient driven by the sodium gradient. In this mechanism, the endergonic accumulation of sugars is not driven directly by the primary exergonic chemical reaction of the cell (i.e., the hydrolysis of ATP) but
indirectly by the sodium gradient. Stein, therefore, has referred to the
sodium pump as a primary active transport and to the gradient-coupled
sugar transport system as a secondary active transport (1). It is theoretically possible for there to be tertiary or even quaternary active
transports.
Recently, however, Kimmich (9) has questioned the gradient coupling
hypothesis and has proposed that there is in fact a high-energy interme+
+
diate common to A T P hydrolysis associated with N a and K ion transport and to sugar accumulation. Irrespective of the correctness of either
hypothesis, however, the dependence of active sugar transport on the
sodium pump is an experimental fact and, therefore, inhibition of uphill
sugar transport will result from inhibition of sodium transport (see Section I I I , D ) .
B. Enzyme-Mediated Group Transfer Reactions

In this process the sugar undergoes a chemical modification as part
of the membrane translocation process mediated by a membrane-bound
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enzyme. Thus far the only group transfer reaction established to be
associated with sugar transport is that mediated by the Kundig-Roseman
phosphoenolpyruvate (PEP) phosphotransferase enzyme system (12),
which is apparently restricted to anaerobic and facultative bacteria (13).
In these systems, sugar 6-phosphate, not the free sugar, is delivered
to the cell (see Fig. I B ) . For those sugars whose metabolism is initiated
by phosphorylation at the 6 position, metabolism is initiated as part
of the uptake process; for sugars like galactose which must be phospho
rylated at the 1 position, intracellular metabolism requires hydrolysis
of galactose 6-phosphate to the free sugar and subsequent ^phosphoryla
tion at the 1 position (12).
Having discussed the classification of the several types of sugar trans
port systems in various cells, we should emphasize that a given sugar
may be transported by completely different processes by different cells
(and, therefore, may not necessarily be sensitive to the same inhibitors).
For example, glucose is transported by carrier-mediated facilitated diffu
sion in erythrocytes (14), by carrier-mediated active transport in mam
malian intestinal mucosa (8), and by the P E P phosphotransferase mech
anism in facultative bacteria (12). On the other hand, a single cell
may handle different sugars in different ways. Thus, E. coli transports
glucose by the P E P phosphotransferase system but lactose by a carriermediated active transport process (11, 12).
In the microbiological literature, transport systems are frequently
called permease systems (10), irrespective of their type. The original
definition of the permease concept was clearly a description of carriermediated active transport. However, this original definition has been
blurred by imprecise usage and controversy regarding the actual mecha
nism of particular transport systems, so that the term permease is now
used as a synonym for transport system without implying any particular
mechanism (11).

III. SUGAR TRANSPORT INHIBITORS
A. Levels of Inhibition

With this brief
transport systems,
sugar transport at
inhibited at any of

background in the types and complexities of sugar
it can be appreciated that an inhibitor may inhibit
several levels. Facilitated diffusion systems may be
the specific points of the transport process generalized

52

VINCENT P. CIRILLO

in Fig. 1 A . Chemically coupled active transport and chemical transfer
reactions can be inhibited additionally by interference with the cellular
metabolism that provides the energy source for their activity. Gradientcoupled systems in turn are subject to inhibitors of the sodium transport
system, which provides the gradient to drive the sugar system uphill.
Finally, irrespective of their mechanism, all sugar transport systems
depend on an intact cell membrane; therefore, they are all inhibited
by agents that affect cell membrane integrity. The specific inhibitors
of sugar transport to be discussed in the remainder of this chapter will
be classified according to the following levels of action: (a) inhibition
of sugar-protein interactions, (b) inhibition of energy metabolism, (c)
inhibition of the sodium pump, and (d) indirect action on cell membrane
structure.
B. Inhibition of Sugar-Protein Interactions
1. SUGARS AND SUGAR ANALOGS

The sugar substrates of sugar transport systems are subject to competi
tive inhibition by other sugars and their analogs. In fact, the correlation
between the effectiveness of the inhibition and the differences between
the structure of the substrate and the competing sugar is a standard
procedure for determining the substrate specificity of sugar transport
systems. B y using appropriate sugars and sugar derivatives, for example,
one can determine the relative importance of the furanose or pyranose
ring, the preference for the boat or chair conformations, and the contribu
tion of each of the ring substituents (14, 15). In this sort of analysis,
the relative effect of each difference between the competing sugar and
the substrate is evaluated by measuring the Ki of competing sugars
that differ from the substrate by only one structural difference. The
determination of the Ki can be carried out by conventional methods.
One convenient procedure is to measure the rate of substrate sugar up
take at a given concentration, [S], in the presence, Vi, or the absence,
v0j of a competing sugar at concentration [ / ] . The relationship between
the rate of sugar uptake and substrate concentration in the absence
of a competing sugar is shown by Eq. ( 1 ) ; in the presence of a competitor
it is represented by Eq. ( 2 ) ,

VO =

*

VIS]
W+K
[S] + Κ +

(1)

(Κ[Ι]/Κύ

(2)
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in which V is the Vmax of transport, Κ is the apparent Michaelis constant
for the substrate, and K\ is the apparent dissociation constant for the
inhibitor-carrier complex. Dividing Eq. (1) by Eq. (2) we obtain Eq.
(3), which may be solved for Ki as in Eq. (4).
K[I]/K{
V o /iV

-

1 =

Κ1 =

)

[S]TH
]

(vo/vi -

K [ I

(4)

1)([S] + K)

The application of this procedure to the glucose transport system of
baker's yeast showed that inhibitor activity was correlated with a pyranose ring in the chair conformation and equatorial OH groups at posi
tions corresponding to glucose carbons 1, 3, 4, and 6 {15). There was
an excellent correlation between the K{ determined from competition
experiments and the direct measure of Km for each sugar from uptake
experiments (16, 17).
2 . PHLORIZIN, PHLORETIN, AND DIPHENOLIC

DERIVATIVES

The glycoside phlorizin (I) is remarkably specific against active trans
port of sugars in vertebrate (13, 14) and invertebrate tissues (18). It

Glucosyl
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OH
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was originally assumed that its inhibitory activity depended on the sugar
moiety; however, it was then discovered that in the erythrocyte facili
tated diffusion system phlorizin was relatively ineffective but its agly
cone, phloretin ( I I ) , was two orders of magnitude more active. The
OH
OH

HO

(n)
relative sensitivity to phlorizin or phloretin is remarkably correlated
with the nature of the sugar transport system. Phlorizin is more active
against active transport systems, while phloretin is more active against
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facilitated diffusion systems. Thus, whereas phlorizin inhibits active
transport at micromolar concentrations, it is required at millimolar con
centrations to inhibit facilitated diffusion (1, 14), the converse is true
for phloretin.
Although most authors describe the inhibition as competitive, the
mechanism of phlorizin or phloretin inhibition is not clear. In an effort
to understand their mode of action, several investigators have studied
the activity of derivatives in which the substituents on the aromatic
rings and on the connecting carbon chain are different from those of
the parent molecules. Kotyk et al. (19), from their own studies and
those of LeFevre and of Wilbrandt, have proposed (III) as a minimum
effective structure for phloretin activity, namely, 4,6'-dideoxyphloretin.
(OH)

ο

(πι)
Note that the 4 - O H group on the Β ring is not necessary for activity.
This is based on the fact that 4-deoxyphloretin is equal in activity
to phloretin; previous claims that this group is necessary were based
on the lack of activity of the 4-methoxy derivative (20). Apparently
the inactivity of the 4-methoxy derivative is not due to blockage of
an essential 4-OH, but apparently to its interference with the planar
arrangement of the Β ring, which is necessary for phloretin activity.
[Note that the minimum effective structure shown in (III) is equivocal
about the requirement for both the 2 ' - and 4'-OH groups ortho to the
attachment of the chain connecting the two rings. This uncertainty is
the result of the low solubility of the derivative with only one OH,
namely, 4,4',6'-trideoxyphloretin. It is not clear whether the lack of activ
ity of this derivative is due to the absence of the 4'-OH or to the poor
solubility of the compound.] B y contrast with phloretin, the 4 - O H is
necessary for phlorizin activity, suggesting that it attaches to the cell
membrane in a different manner from phloretin. Supporting this sugges
tion is the fact that the structure-activity relationships of phlorizin and
phloretin hold for each whether they are tested against the tissues for
which they have high or low activity. The requirement for at least one
of the OH groups on the A ring ortho to the point of attachment of
the connecting aliphatic chain and for an oxygen on the a carbon chain
suggests that these groups are involved in ring closure mediated by a

2.
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hydrogen bond, thus producing the structure shown in (IV). Support
for this steroidlike structure as the active form of the molecule comes
from the fact that phloretin exhibits some estrogenic activity and that,
in turn, the synthetic estrogen, diethylstilbestrol (V), exhibits high po
tency as an inhibitor of sugar transport (14).

(v)

(iv)

LeFevre has presented extensive evidence that the action of phlorizin
and phloretin depends in part on the presence of the phenolic OH groups
and in part on their ability to become incorporated into the lipid phase
of the cell membrane (14)· Support for this view comes from studies
of the effectiveness of diphenolic compounds of the type shown in (VI)

(vi)
which are more physical than chemical analogs of phlorizin and phlo
retin. Thus, they bear phenolic polar groups separated by hydrophobic,
planar aromatic rings capable of π-π interactions (21). A clue to the
mode of action of these inhibitors comes from the fact that, although
these compounds seem to act like competitive inhibitors, there is no
simple one-to-one relationship between molecules of inhibitor bound and
number of sugar molecules displaced from the carrier. Thus, the Ki
determined from inhibition kinetics, assuming first-order inhibitor-carrier
interaction, predicts saturation kinetics for inhibitor-cell interaction, but
no evidence of saturation is observed even at concentrations two to
three orders of magnitude above the Ki. Moreover, the number of moles
of inhibitor taken up by the cell at the 50% inhibitory concentration
is approximately the same for all inhibitors irrespective of their relative
potency and amounts to a cellular load of about 1 mmole/liter of cells
or roughly fifty million molecules per erythrocyte. LeFevre concludes
that "If these were attached at single sites regularly distributed over
the cell surface, the distance between adjacent occupied points would
be about 16 A; such a spacing makes it geometrically reasonable to
suppose that the 50% reduction in transport rate might indeed have
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its basis in a nonspecific obstruction of access to sugars in the medium
of half of the transport sites" (14, p. 64).
If these inhibitors act not by direct displacement of sugars from the
active site of the carriers but by nonspecific obstruction by hydrophobic
attachment of the drugs to adjacent regions, one does not expect a simple
one-to-one relationship between the number of inhibitor molecules at
tached and the number of carriers inactivated. In the absence of such
a one-to-one relationship, simple competitive inhibition kinetics would
not be expected except fortuitously. LeFevre has shown that in fact
simple competitive inhibition is not observed for phlorizin or for most
of the diphenolic compounds tested as inhibitors of red cell sugar trans
port. For most of the inhibitors the apparent order of reaction is between
1 and 2. To determine the apparent order of reaction between the inhibi
tors and the carrier (i.e., the apparent number of molecules of inhibitor
required to prevent the uptake of one sugar molecule), LeFevre used
a form of Eq. (2) in which the effective concentration of inhibitor is
m
instead of [I], the apparent order of the reaction
expressed as [I]
of the inhibitor involved being expressed by the exponent m [Eq. ( 5 ) ] .
The equation relating the ratio of sugar transport activity in the presence
and absence of inhibitor corresponding to Eq. (3) becomes Eq. (6).
Taking the log of both sides gives Eq. (7), which shows that m may
be determined from the slope of the line obtained from a plot of log
(Vo/Vi

— 1) against log

[/].
1

V[S]

=

[S] + Κ + (K[I]"/Ki)

;

K[nr/Kj
log (voM -

1) = m log [I] + b

(7)

where
b = log (K/Ki(lS\

+

K)

It must be emphasized that no simple interpretation can be applied
to the value m. It is essentially a correction that is used to compare
the relative potency of drugs with different "apparent" orders of reaction
as sugar transport inhibitors. B y this analysis, for example, phloretin
has an m value of 1.0 but phlorizin has a value of 0.7 and stilbestrol
has a value of 1.4. LeFevre determined the m values of 36 diphenolic
inhibitors of sugar transport of human erythrocytes {14).
The mechanism of inhibition of this class of diphenolic compounds
can be viewed as resulting from their ability to enter the membrane
lipid bilayer in much the same manner as cholesterol and, at critical

1
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concentrations, causing a deformation of the orientation of the sugar
carriers.
The basis of the relative specificity of the inhibition of sugar transport
by these diphenolic compounds is not understood nor is the even more
interesting relative selectivity of phlorizin and phloretin for active trans
port and facilitated diffusion, respectively. The action of these com
pounds, attaching as they do to the hydrophobic regions of the cell
membranes, must be contrasted with the polyene antibiotics discussed
below in which incorporation into the cell membrane results in channel
formation and nonspecific cell leakage instead of a decrease in cell
transport.

3. PROTEIN-MODIFYING REAGENTS

a. N-Ethylmaleimide
and p-CMB.
A number of the inhibitors used
by protein chemists and enzymologists to attach irreversibly to proteins
inhibit sugar transport. Inhibition by such reagents was the first chemical
evidence that transport involves the participation of proteins. This to
gether with the observed enzymelike kinetics suggested that sugar trans
port owes its specificity to proteins (3, 22). In 1965, Fox and Kennedy
(23) used the sensitivity of the E. coli β-galactoside transport system
(the lac permease) to sulfhydryl reagents to specifically label the sugarbinding protein, the Μ protein. Fox and Kennedy took advantage of
the ability of certain β-galactosides, notably thiodigalactoside ( T D G ) ,
to protect the system against irreversible inhibition by iV-ethylmaleimide
1 4
3
C - and H-labeled N E M to label the
( N E M ) (24). B y the use of
TDG-protected sulfhydryl groups in induced and noninduced cultures,
respectively, and by isolating the solubilized membrane fractions, which
were enriched in the isotope used to label the induced culture, they
were able to highly purify the N E M derivative of the Μ protein. Subse
quently, it was shown by the isolation of a radioactive succinylcysteine
from hydrolyzed Μ protein that the N E M had, in fact, reacted with
a cysteine side chain (11). Somewhat surprisingly, the cysteine residue
protected by T D G is now believed to be outside the substrate active
site at a presumed regulatory site, since sugars like T D G which are
effective protectors against N E M are poor transport substrates, and good
transport substrates like lactose itself are poor protectors [see Table
4 in Kennedy (11)]. This was also confirmed by an in vitro assay in
which it was found that the transport substrates do not displace T D G
bound to purified Μ protein.
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The action of N E M and p-CMB as inhibitors of the facilitated diffu
sion system of erythrocytes has also been reported in several extensive
studies (1). In a particularly noteworthy report, Dawson and Widdas
(25) showed that N E M inhibition of the red blood cell system follows
the same second-order kinetics previously described for fluorodinitrobenzene ( F D N B ) and that like the inhibition by F D N B it is accelerated
by the presence of glucose. The significance of the reported second-order
kinetics and the acceleration of the rate of inhibition by the presence
of glucose will be discussed in the section on F D N B .
N-Ethylmaleimide has also been shown to inhibit enzyme-mediated
sugar uptake by the Kundig-Roseman P E P phosphotransferase system
in E. coli. The similar sensitivity of enzyme II of the transferase system
and the Μ protein was part of the basis of the claim that the phospho
transferase system was indeed part of the lac permease (27). Kennedy
has presented evidence against this conclusion (11).
b. Formaldehyde.
Koch introduced the use of formaldehyde as a re
versible inhibitor of the lac permease, showing that it acts at the carrier,
not at the energy coupling, level (28). Carter et al. (29) have presented
evidence that formaldehyde inhibits the lac systems by reversibly com
bining with the same sulfhydryl group that reacts with N E M discussed
above, since formaldehyde acts like T D G to prevent the irreversible
inhibition by N E M .
c. FDNB. In 1958 Bowyer and Widdas (22) described the irreversible
inhibition of the erythrocyte facilitated diffusion system by fluorodinitrobenzene ( F D N B ) . The kinetics show two noteworthy characteristics,
(a) The rate of inactivation is proportional to the square of the concen
trations of both F D N B and the functional carriers, and (b) the rate
of inactivation by F D N B is accelerated in the presence of glucose and
of certain nonsugar agents. Although the fourth-order dependence of
F D N B inhibition has been variously interpreted (8Q), recent evidence
published by Krupka (81 > 82) suggests a reasonable explanation for
the unusual kinetics. The apparent second-order dependence on the
F D N B concentration finds its explanation in the mechanism of the in
creased rate of F D N B inhibition in the presence of sugars and other
agents. With respect to the enhancement of the rate of F D N B inhibition,
it was found that the effectiveness of the enhancement by sugar sub
strates could be correlated with their relative "affinity" for the carrier.
Thus, 2-deoxyglucose with Km for transport of 1.8 m M enhanced the
rate of F D N B inhibition fivefold when used at its Km concentration.
D-Glucose (Km = 2.3 mM) enhanced the rate 2.5-fold and D-xylose
(Km = 11.8 mM) had an insignificant effect.
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The presence of nontransported competitive inhibitors also affected
the rate of F D N B inhibition; however, in this case the effect could
be either to accelerate or to reduce the rate of inhibition. Maltose and
cellobiose are nontransported inhibitors that protect against F D N B ;
phlorizin accelerates inactivation whereas phloretin protects. The inter
pretation of the significance of the opposite effects of phlorizin and phlo
retin is made somewhat difficult by the fact that each was used at its
Ki concentration and, because of the greater potency of phloretin over
6
4
phlorizin, phloretin was present at 4 χ ΙΟ" Μ and phlorizin at 2.8 Χ 10"
M. However, if the amounts of bound phlorizin or phloretin are equiva
lent at concentrations that result in equivalent inhibition, then the com
parison is valid (see Section III,B,2).
Enhancement is also exhibited by other agents, especially ethanol,
urea, and detergents. The enhancement by ethanol presents an interesting
experimental problem since the poorly water-soluble F D N B is dissolved
in ethanol in most experiments. Krupka found that the rate of F D N B
inhibition increased with an increase in the concentration of ethanol.
The increase in the rate of inhibition was found to be 53% when the
ethanol concentration was raised from 2.5 to 7.5% and another 100%
when the ethanol concentration was raised from 7.5 to 12.5%. The overall
increase in rate in going from 2.5 to 12.5% ethanol was about threefold.
Furthermore, the enhancement by ethanol is additive with that of glu
cose, whereas the enhancement by other sugars and phloretin or phlorizin
is not. However, whereas the latter compounds show saturation for
the enhancement effect, ethanol and urea do not, further indicating a
separate mode of enhancement for ethanol and urea.
Krupka suggested that the enhancement of the rate of F D N B inhibi
tion when the ligand is attached to the carrier reflects a conformational
change induced by complex formation and probably represents a normal
part of the translocation process. Because urea, ethanol, and detergents
also enhance F D N B reactivity and since these compounds are known
to favor solubilization of hydrophobic groups, he proposed that the con
formational change induced by ligand attachment to the carrier involves
exposure of previously internalized hydrophobic side chains of the carrier
protein. Such externalization of hydrophobic side chains would presum
ably assist in the translocation step across the lipid barrier of the cell
membrane.
Krupka has presented convincing evidence that only one molecule
of F D N B is necessary for inactivation of the carrier and that the second
accelerates the reaction by binding to a second site in much the same
way as do other agents. Thus, nitrobenzene or m-dinitrobenzene, al
though they themselves do not irreversibly inhibit, accelerate F D N B
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inhibition. "When the total of F D N B plus m-dinitrobenzene concentrations was held constant and F D N B varied, all traces of second order
kinetics vanished" (32, p. 1 1 4 9 ) .

This author has also presented evidence that the apparent second-order
concentration dependence for free carrier is an artifact that arises from
the progressive decline in the F D N B concentration during incubation
with the cells as a result either of reaction with the large amount of
protein present in the erythrocytes or by hydrolysis by erythrocytic
carbonic anhydrase.
Under the mild conditions used to inhibit erythrocyte sugar transport
( 1 - 2 mM, pH 7 . 5 ) , F D N B is believed to react primarily with SH groups,
although it is known to be able to react with amino as well as phenolic
hydroxyls (25). Although peptides derived from the hydrolysis of mem3
1 4
brane proteins reacted with C - and H-labeled F D N B have been prepared, no analyses of the dinitrophenyl derivatives have been made
which would allow a determination of the amino acid side chains involved in the reaction (33).

4 . HEAVY-METAL IONS

Many transport systems are sensitive to heavy-metal ions. A summary
of selected examples is presented in Table I (24, 26, 34-41)- Mercuric
TABLE I
0
HEAVY-METAL IONS THAT INHIBIT SUGAR AND GLYCEROL TRANSPORT
Reagent

System

Reference

Mercuric chloride

Sugars in erythrocytes
Glycerol in erythrocytes
Sugars in yeast, kidney, and intestine
iS-Galactosides in E. coli
Sugars in erythrocytes
Glycerol in erythrocytes
Glycerol in Schwann cells and squid
axon
Sugars in yeast
Sugars in yeast
Sugars in Neurospora
Sugars in Streptococcus faecalis

LeFevre and McGinnis (26)
Stein (35)
Passow et al. (36)

Gold chloride
Copper chloride

Uranyl ions

a

Adapted from Stein (1) and Cirillo (34).

Kepes (24)
LeFevre and McGinnis (26)
Stein (35)
Villegas and Villegas (37)
Rothstein (38)
Cirillo (39)
Cochrane and Tull (40)
Wilkins and O'Kane (41)
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and gold chloride are believed to inhibit sugar transport in erythrocytes
by combining with sulfhydryl groups, as indicated by reversal of the
inhibition by thiols (26). Glycerol transport is less sensitive to mercuric
chloride but much more sensitive to copper chloride, which has only
little effect on glucose transport (35). From the reversibility of copper
chloride inhibition by histidine and the presence of a titrable group
with a pK around 7 at the copper-sensitive site, copper is presumed
to combine with histidine side chains (35). Because of the rapidity of
the mercury inhibition of both sugar uptake and efflux in erythrocytes
LeFevre and MoGinnis (26) have used mercuric chloride as a stopping
reagent in sugar uptake experiments, especially when short time intervals
are involved.
Uranyl ion inhibition of sugar uptake in yeast cells was extensively
studied by Rothstein (38), who showed that uranyl ions reversibly in
hibit sugar uptake by combining exclusively with the cell surface. The
observation focused attention on the importance of a membrane reaction
in sugar utilization. Using nonmetabolized sugars as analogs, Cirillo
showed that uranyl ions block carrier-mediated facilitated diffusion in
yeast (39, 42) and in yeast protoplasts (43, 44)· Rothstein and his
associates have identified the uranyl ion binding sites in the cell surface
as highly reactive phosphoryl groups (possibly polyphosphates) and less
reactive carboxyl groups (34, 46). The bound uranyl ions are readily
displaced from the membrane sites by low levels of inorganic phosphate,
raising the pH, or addition of chelating agents (38).
The fast action and the ready reversibility of the uranyl ion inhibition
of sugar transport (i.e., uptake and efflux) has made it a useful stopping
agent for sugar uptake studies in yeast (34, 46-4$), analogous to the
use of mercuric ions in erythrocytes. Uranyl ions have also been found
to inhibit sugar uptake in Neurospora (40) and in bacteria (41).
The combination of uranyl ions with membrane phosphoryl and car
boxyl groups apparently inhibits sugar transport nonspecifically since
other transport activities are also inhibited. These include the transport
of divalent cations, glycine, biotin, and maltose, all of which involve
separate and specific transport systems (49).

C. Inhibition of Energy Metabolism

It is axiomatic that inhibition of energy metabolism inhibits the ac
cumulation of sugars and other solutes that are transported by carriermediated active transport or group transfer reactions. However, depend-
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ing on the exact coupling involved between the exergonic processes of
the cell and a given transport system, different systems are affected
differently. For example, the uptake of sugars by the P E P phosphotrans
ferase system is blocked by inhibitors of glycolysis but not by inhibitors
of oxidative phosphorylation. In fact, azide and 2,4-dinitrophenol ( D N P )
stimulate the uptake of the P E P phosphotransferase substrate (50)
probably by increasing the rate of glycolysis and elevating the amount
of P E P in the cell (12). On the other hand, the uphill transport of
sugars via the lac permease (a carrier-mediated active transport process)
is completely blocked by azide and D N P and is transformed into a
facilitated diffusion system (37). The action of the uncouplers of oxida
tive phosphorylation on the lac system was originally assumed to be
an indirect effect of abolishing the formation of A T P synthesis. However,
in recent years it has become clear that this explanation is inadequate.
The first clues that a more complex explanation was needed were the
observations of Harold and his co-workers that inhibitors of oxidative
phosphorylation inhibited the active transport of sugars in the fermenta
tive organism Streptococcus faecalis and in E. coli under anaerobic condi
tions (51, 52), without inhibiting anaerobic A T P synthesis or the
accumulation of substrates of the P E P phosphotransferase system. The
following uncouplers were used: tetrachlorosalicylanilide (TCS), carbonylcyanide-m-chlorophenylhydrazone (CCCP), and tetramethyldipicrylamide (TMPA) and D N P . Harold and Baarda (53) have interpreted
their results according to the Mitchell chemiosmotic hypothesis, which
proposes that the active transport of β-galactosides is somehow coupled
to a proton gradient produced by electron flow through respiratory car
riers in a membrane that is relatively impermeable to protons. The action
of the uncouplers is attributed to their proton-conducting function, which
dissipates the proton gradient; this gradient can be coupled either to
A T P synthesis or active transport (54, 55). Robertson has reviewed
several possible ways by which the proton gradient could be coupled
to active transport (56).
An alternative view has emerged from studies of active transport in
isolated bacterial membrane vesicles (5, 57). Kaback and his co-workers
have developed the hypothesis that the sugar carriers are also electron
carriers of the bacterial membrane between substrate dehydrogenases
and cytochrome b x of the respiratory chain. The sugar transport function
of the carriers depends upon their alternate oxidation and reduction.
Inhibitors of electron flow inhibit sugar transport directly by preventing
the oxidation-reduction cycle of the carriers. The specific group which
undergoes the cyclical oxidation and reduction is proposed to be the
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sulfhydryl group that is blocked by N E M and p-CMB and that was
labeled by Fox and Kennedy (23, 58).
Effects analogous to those produced by oxidative phosphorylation un
c o u p l e s are produced by Ei and Κ colicins (59, 60). Thus, the uphill
uptake of β-galactosides is completely blocked, but the uptake of sub
strates of the P E P phosphotransferase system is not. The specific mode
of action of the colicins is not clear, but they act at the cell membrane
in such a manner as to uncouple energy metabolism from all endergonic
reactions including active transport.

D. Inhibition of the Sodium Pump

In animal cells, uphill sugar transport is dependent either directly
(9) or indirectly (8) on the activity of the sodium pump. Since the
sodium pump may be inhibited either by inhibiting the activity of the
+
+
N a - K - a c t i v a t e d ATPase or by inhibiting the metabolic generation of
ATP, active sugar transport by animal tissues may be inhibited at three
levels: (a) phlorizin inhibition of sugar carrier function, (b) ouabain
+
+
or oligomycin inhibition of the N a - K - a c t i v a t e d ATPase, or (c) inhibi
tion of A T P synthesis by uncouplers of oxidative phosphorylation. The
activity of phlorizin is discussed in Section III,B,2. The action of the
ouabain-sensitive ATPase has been studied by many investigators since
its original discovery in 1957 by Skou (61). The steps in the hydrolysis
+
+
2+
of A T P and the role of N a , K , and M g in the process are summarized
in Scheme 1 adapted from Kimmich (9).
Oligomycin
+

ATP + Ε

Na , Mg2+
τ-

Εχ ~ Ρ
+ ADP

± Ouabain

High Mg2+

; =

v

K+

E 2 ~ Ρ ;=-— Ε + Pi

± Ouabain

Ε 2 ~ Ρ-Ouabain

Ε Ouabain <
SCHEME 1
+

2+

Scheme 1 shows that N a is required together with low M g concentra
tions for the phosphorylation of the enzyme. The phosphorylated enzyme
occurs in two forms, E i P and E 2P , which are interconvertible in the
2+
presence of high concentrations of M g . Finally, the E 2 P phosphoenzyme
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is dephosphorylated in the presence of K . How the reactions occur in
+
the membrane in such a way as to allow N a to enter the reaction
from the inside of the cell and to be discharged at the outside while
+
K enters the reaction from the outside to be released inside the cell
is still conjecture; however, the site of action of inhibitors seems to
be fairly well established, (a) Ouabain combines with both the free
enzyme and with the E 2 P phosphoenzyme; (b) oligomycin inhibits the
+
conversion between the two forms of the enzymes but enhances a N a dependent A T P - A D P exchange (9); and (c) N E M also blocks the
conversion from E XP to E 2 P (62). All of these inhibitors are also inhibitors of sugar [and amino acid (63) ] active transport.
As mentioned above, there is disagreement between Crane and Kimmich as to the nature of the coupling between the sodium pump and
active sugar transport. Kimmich proposes that the coupling between the
two processes is direct and that the E 2 P phosphoenzyme is the common
intermediate linking the sodium pump to sugar transport. Crane argues
that the coupling is indirect and there is no common high-energy
intermediate.

E. Action on Cell Membrane Structure

The accumulation of sugars by carrier- or enzyme-mediated processes
and their selective uptake by facilitated diffusion, in addition to specific
sugar transport and energy coupling mechanisms, require an intact membrane. Membrane-active agents affect membrane structure and, therefore,
also affect sugar transport. The most important agents can be classified
into two groups: (a) lipid-reacting substances and (b) channel-forming
antibiotics.
1. LIPID-REACTING AGENTS

Because of their lipid composition (64), cell membranes are susceptible
to damage by agents that react with or solubilize phospholipids and
sterols. Said in another way, the susceptibility of membrane functions
to alteration by lipid-reacting agents like organic solvents, detergents,
digitonin, and phospholipases reflects the significance of lipids in the
maintenance of membrane structure, since most of these agents render
membranes nonspecifically leaky to small molecules.
A recent study by Kaback and his associates of the effects of this
group of agents on sugar uptake by the E. coli P E P phosphotransferase
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system shows how barrier functions can be dissociated from specific
sugar uptake functions (57, 65, 66). Anionic detergents, acetone, and
mouse duodenal phospholipase all destroy the vectorial accumulation
of sugar phosphate, produced by the P E P phosphotransferase system,
by causing membrane leakiness but without inhibiting the enzyme sys
tem. The leakiness caused by the mouse duodenal phospholipase can
be directly related to the hydrolysis of phosphatidylethanolamine, the
major phospholipid component of the E. coli membrane. On the other
hand, cabbage phospholipase D , which hydrolyzes phosphatidylglycerol,
an essential component of the membrane-bound enzyme II of the phos
photransferase system, destroys phosphotransferase activity without
causing membrane leakiness. Thus, selective hydrolysis of the phospho
lipids required for barrier function (phosphatidylethanolamine) versus
transport activity (phosphatidylglycerol) separates these two functions.
Consistent with these two observations is the insensitiyity of both barrier
and transport function of E. coli to Clostridium welchii phospholipase
C lecithinase activity, which hydrolyzes phosphatidylcholine not needed
for either process. (This contrasts with the great sensitivity of mam
malian cells to lecithinase where lecithin is a major membrane structural
component.) From the further observation that the enzymes chymotrypsin and Pronase destroy phosphotransferase activity without causing
membrane leakiness, Kaback concluded that "These experiments indicate
that the barrier property of the bacterial membrane is the result of
lipid-lipid interactions, rather than lipid-protein interactions or a com
bination of both, and furthermore, that different phospholipids play verydifferent roles in the membrane" (66, p. 5 7 4 ) .

2 . CHANNEL-FORMING ANTIBIOTICS

A number of antibiotics have been known for many years to act by
increasing cell membrane permeability to small molecules (67). Some
act specifically to increase the transport of only certain solutes, like
+
K permeability induced by valinomycin (see Chapter 2 1 , Volume I I
of this series). However, others act nonspecifically by producing channels
through the cell membrane allowing the leakage of small molecules
limited only by the pore size of the antibiotic channel. Interesting exam
ples of channel-forming antibiotics are the antifungal polyene antibiotics
nystatin and amphotericin Β and the antibacterial antibiotics tyrocidins
and gramicidin A.
+
The early studies on the mechanism of polyene-induced K ion loss
+
from yeast cells suggested either a specific effect on the K transport
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system (analogous to the ouabain effect on the sodium pump of mam
malian cells) or a nonspecific leakiness through membrane "pores" (68).
The study of polyene effects on sugar transport in yeast demonstrated
that the effect was nonspecific and indeed involved a nonspecific leakiness
that varied in extensiveness with the class of polyene involved (69).
This has since been confirmed by many studies with other cells and
with a number of nonliving membrane model systems (70, 71). These
antibiotics, which were long known to react only with membranes con
taining sterols (and hence inactive against bacteria), apparently form
channels through the cell membrane. The unusual increase of membrane
leakiness with the tenth power of the nystatin concentration suggests
that each channel is formed by the coming together of ten molecules
of nystatin (72, 73). The resultant channel has a pore with an equivalent
radius of 7-10.5 A (73). This proposed structure is supported by atomic
model constructions. Similar channel formation is proposed for the anti
bacterial tyrocidins and gramicidin A (74] see Chapter 21, Volume I I ) .
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