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The starch polysaccharides amylose and amylopectin are not utilized by Esch-
erichia coli, but are bound by the bacteria. The following evidence supports the
view that the outer membrane A receptor protein, a component of the maltose/
maltodextrin transport system is responsible for the binding. (i) Amylose and
amylopectin both inhibit the transport of maltose into E. coli. (ii) Both polysac-
charides prevent binding of non-utilizable maltodextrins by the intact bacterium,
a process previously shown to be dependent on components of the maltose
transport system (T. Ferenci, Eur. J. Biochem., in press). (iii) A fluorescent
amylopectin derivative, O-(fluoresceinyl thiocarbamoyl)-amylopectin, has been
synthesized and shown to bind to E. coli in a reversible, saturable manner.
Binding of O-(fluoresceinyl thiocarbamoyl)-amylopectin is absent in mutants
lacking the A receptor, but mutations in any of the other components of the
maltose transport system do not affect binding as long as A receptor is present.
(iv) Using the inhibition of A receptor-dependent O-(fluoresceinyl thiocarbamoyl)-
amylopectin binding as an assay, the affinities of the A receptor for maltodextrins
and other sugars have been estimated. The affinity for dextrins increases with
increasing degree of polymerization (K, for maltose, 14 mM; for maltotetraose,
0.3 mM; for maltodecaose, 0.075 mM). Maltose and some other di- and trisac-
charides are inhibitory to amylopectin binding, but only at concentrations above

1 mM.

The outer membrane protein known as the A
receptor (11) has been shown to be involved in
bringing maltose and maltodextrins into Esche-
richia coli (13, 17) and is one of at least five
proteins specifically involved in this process (10,
12). Absence of the A receptor in lamB mutants
results in an inability to grow on maltohexaose,
maltopentaose, and maltotetraose, as well as a
defect in growth on maltose and maltotriose at
low extracellular concentrations (13, 17). The A
receptor has been isolated (11), and reconstitu-
tion of this protein into artificial bilayer mem-
branes (1) and into outer membrane vesicles (9)
resulted in the formation of aqueous pores in
these membranes through which ions and var-
ious sugars could pass. Other outer membrane
proteins called porins have been previously
shown to have comparable pore properties in
allowing passage of oligosaccharides up to trisac-
charides, or other compounds generally smaller
than about 600 molecular weight, through the
outer membrane (8). Based on assays in black
lipid films, it has been claimed that the pores
formed by A receptor are bigger than porin pores
(1), and this could explain the ability of malto-
oligosaccharides up to maltoheptaose to get
through the outer membrane. However, A recep-

tor pores in reconstituted outer membrane ves-
icles were found to be no larger than porin pores,
and excluded tetrasaccharides similarly, though
the saccharides tested were not maltooligosac-
charides (9). A very recent claim has been that
the rate of permeability through the A receptor
is higher for maltose and maltotriose than for
other oligosaccharides (6, 15).

In studies of the substrate specificity of the
maltodextrin transport system, we have shown
that the outer membrane does not prevent the
access of maltodextrins larger than maltohep-
taose to the periplasm, even though these large
dextrins are not further transported or utilized
(T. Ferenci, Eur. J. Biochem., in press). Dextrins
of 2,500 molecular weight can reach the peri-
plasmic maltose-binding protein through the
outer membrane when the A receptor is intact
(Ferenci, in press). The affinity for these long
maltodextrins in the intact cell is as high as the
affinity of the periplasmic maltose-binding pro-
tein itself (Ka 1 to 3 uM). Using ["*C]maltodex-
trins, the high-affinity binding of maltodextrins
by E. coli was shown to depend on both A
receptor and maltose-binding protein (Ferenci,
in press).

Obviously, it would be interesting to under-
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stand in more detail the nature of the permea-
bility specificity exerted by the A receptor. We
have previously proposed that part of the mal-
todextrin specificity of the A receptor is derived
from an interaction with the periplasmic mal-
tose-binding protein (17). In this study, evidence
is presented that the A receptor is not just a pore
but also a maltodextrin-binding protein.

MATERIALS AND METHODS

Materials. Maltodextrins were prepared and puri-
fied as previously described (17), and *“C-labeled mal-
todextrins were synthesized also as described (Ferenci,
in press). Amylopectin was coupled to fluorescein iso-
thiocyanate by an adaptation of a method described
for dextrans (2). Amylopectin (100 mg, dissolved in 5
ml of dimethyl sulfoxide) was mixed with 5 drops of
pyridine and 100 pl of dibutyltin dilaurate solution
(10%, vol/vol, in dimethyl sulfoxide). The solution was
mixed with 500 mg of 10% (wt/wt) fluorescein isothi-
ocyanate adsorbed on Celite and kept in a sealed tube
for 2 h at 95°C. The Celite was removed by low-
speed centrifugation, and the supernatant was treated
with 3 volumes of cold ethanol. The precipitate formed
was collected after 10 min by centrifugation. The
precipitate was redissolved in dimethyl sulfoxide and
reprecipitated with 3 volumes of ethanol. These pre-
cipitations were repeated four times in total to remove
unbound fluorescein. The final precipitate containing
O-(fluoresceinyl thiocarbamoyl)-amylopectin (FITC-
amylopectin) was dried at 60°C overnight and redis-
solved in water. The amylopectin content was assayed
by the anthrone method (2), and a standard curve of
relative fluorescence versus amylopectin concentra-
tion was established by fluorescence measurements in
minimal medium A as buffer (7). For all fluorescence
measurements, the excitation wavelength was 470 nm,
and emission was measured at 515 nm (uncorrected,
Perkin-Elmer 650-10S fluorescence spectrophotome-
ter).

All other sugars and polysaccharides used were from
commercial sources.

Bacterial strains and growth of organisms.
The strains of E. coli K-12 used in this study are
described in Table 1. All the maltodextrin transport
mutants map in the malE-malF-malG and malK-
lamB operons (10, 12). The media for the growth
experiments have been described (17).

Transport studies. For all experiments, bacteria
were grown on maltose minimal medium, and late-
exponential-phase cells were harvested and prepared
as described (3). The cell density in the experiments
was 3 X 10° bacteria per ml. To study the effect of
inhibitors, [*C]maltose (2.5 uM, 0.2 uCi/ml) was added
to bacteria preincubated for 1 min with the inhibitors
at the given concentrations. The sampling techniques
and evaluation of results have been previously de-
scribed (3).

Binding of [**Clmaltodextrins. The procedures
for these binding assays have been described (Ferenci,
in press). The substrate in all tests was 12 uM [*C}-

maltodecaose in the presence of the inhibitors indi-’

cated, using strain pop6434 at a cell density of 8 X 10"
bacteria per ml.
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TABLE 1. Bacterial strains

Strain Genetic marker Source or
reference
Hfr G6 Hfr G6 his (17)
pop1021 Hfr G6 metA trpE a7n
pop1080 Hfr G6 metA trpE lamB102 a7
pop3325 F~ malT* araD AlacU169 M. Schwartz
rpsL
pop6430 F~ malT® malK (Mu cts72) M. Schwartz
araD
pop6432 F~ malT* malE (Mu cts64) M. Schwartz
araD rpsL
pop6434 F~ malT* malF (Mu cts60) M. Schwartz
araD rpsL

Binding of FITC-amylopectin; standard assay.
Exponentially growing bacteria in the specified media
were harvested and washed twice in minimal medium
A without carbon source. Bacteria in minimal medium
A (1 ml) at the appropriate cell density (0.5 X 10° to
2.0 X 10° bacteria per ml) were mixed with 40 pg of
FITC-amylopectin for 5 min at room temperature.
Bacteria plus bound ligand were sedimented by cen-
trifugation in an Eppendorf 3200 micro-centrifuge, and
the supernatant was discarded. The bacteria were
washed once with minimal medium A and again sedi-
mented. The washed bacteria were then suspended in
excess amylopectin (5 mg/ml) in minimal medium A
to remove bound fluorescent ligand, incubated for a
further 5 min and again centrifuged. The amount of
fluorescence in this final supernatant was determined
and quantitated by reference to a set of standard
FITC-amylopectin concentrations diluted in minimal
medium A.

To determine the effect of competing substrates on
FITC-amylopectin binding, various concentrations of
the competing substrates were substituted for the 5-
mg/ml amylopectin in the standard assay. The fluo-
rescence released by these various concentrations into
the supernatant after centrifugation was measured.
The FITC-amylopectin still bound to bacteria was also
determined by collecting the bacteria and releasing
bound FITC-amylopectin by washing with excess
amylopectin (5 mg/ml). The sum of the FITC-amylo-
pectin released by the two wash steps was constant in
all assays.

RESULTS

Effect of amylose and amylopectin on
maltose transport. The largest linear malto-
dextrin previously shown to inhibit maltose
transport contained 15 glucose residues (Ferenci,
in press). To test whether macromolecular a-1
— 4-linked glucans also inhibited maltose trans-
port, amylose, amylopectin, and glycogen, as
well as cyclic maltodextrins, were tested as pos-
sible inhibitors. Although none of these sub-
strates can be used as sole carbon source by E.
coli (data not shown), the data in Fig. 1 show
that amylose and amylopectin are effective in-
hibitors of maltose transport, whereas glycogen
and cyclohexaamylose are not. This transport
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F16. 1. Transport inhibition by amylose and amy-
lopectin. Maltose transport was assayed at 2.5 uM
substrate concentration as described in the text. Mal-
tose-grown popl1021 was used at a cell density of 5 X
10® bacteria per ml. The transport of maltose is
shown, without treatment (O) and in the presence of
1-mg/ml glycogen (1), 1-mg/ml amylose (O), 1-mg/
ml amylopectin (@), and 1 mM cyclohexaamylose
(V). The same results were obtained with dialyzed
polysaccharides; hence, the inhibitions by amylose
and amylopectin were not due to low-molecular-
weight contaminants.

inhibition by polysaccharides could be corre-
lated with inhibition of [**CJmaltodextrin bind-
ing by E. coli. The high-affinity binding of mal-
todecaose is dependent on two of the compo-
nents of the maltose transport system, the peri-
plasmic maltose-binding protein and the A re-
ceptor (Ferenci, in press). As shown in Table 2,
binding of 12 uM [“C]maltodecaose was in-
hibited by amylose and amylopectin but not by
glycogen or cyclohexaamylose. These results in-
dicate not only that the two starch polysaccha-
rides interact with the maltose transport system,
but also that an extensive content of linear a-1
— 4-linked residues is required for recognition
by the transport system. Cyclic maltodextrin or
glycogen, a highly branched polysaccharide, is
not recognized.

Amylopectin binding by intact bacteria.
To study the interaction of the polysaccharides
in more detail, a labeled amylopectin derivative
was synthesized by a method described for the
fluorescein labeling of dextrans (2). FITC-amy-
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lopectin binding to bacteria could then be quan-
titated. The binding of the labeled polysaccha-
ride was linearly cell-concentration dependent
up to 2 X 10° bacteria in the standard assay (not
shown). The binding activity was highly induc-
ible by maltose with 60-fold-higher amounts of
FITC-amylopectin bound by maltose- rather
than glucose-grown bacteria. To show even more
conclusively that amylopectin binding was due
to component(s) of the maltose transport sys-
tem, the binding of FITC-amylopectin was
tested in mutants missing the various compo-
nents of the system. As shown in Table 3, any
mutation leading to a loss of the A receptor
resulted in a loss of ability to bind FITC-amy-
lopectin. Mutants lacking the malE, malF, or
malG gene products were unaffected in amylo-
pectin binding. The periplasmic maltose-binding
protein (the malE gene product), the only pre-
viously identified binding component of the
transport system, was clearly not essential for
amylopectin binding.

Substrate specificity of the amylopectin
binding site. The A receptor-dependent binding
of amylopectin was reversible and saturable (Fig.
2). Nonspecific binding of amylopectin was neg-
ligible, as shown with a lamB mutant at all
concentrations. Binding was half-maximal at
about 1.3 mg of amylopectin per ml. To test the
substrate specificity of the amylopectin binding
site, the inhibition of FITC-amylopectin binding
by a range of sugars was investigated (Table 4).
Maltotriose was the only sugar tested that gave
over 50% inhibition of amylopectin binding at 1
mM concentration, though a number of other
sugars, including maltose, could inhibit at higher
concentrations. Interestingly, isomaltose and
isomaltotriose were inhibitors at least as effec-
tive as maltose. Consistent with the transport
inhibition data, the polysaccharide amylose at 1

TaBLE 2. Inhibition of [*CJmaltodecaose binding

by polysaccharides®
Maltodextrin L
Inhibitor (concn) (m‘::)‘;;‘fou  Inhibition
bacteria)
None 41.1 0
Amylopectin (1 mg/ml) 19.2 53
Amylose (1 mg/ml) 17.6 58
Glycogen (1 mg/ml) 424 0
Cyclohexaamylose (1 40.8 1
mM)

@ Strain pop6434 (lamB* malE* transport™) grown
on nutrient broth was used for these tests at a cell
density of 8 X 10" bacteria per ml in the binding test
described (Ferenci, in press). The maltodecaose con-
centration was 12 uM, and substrate was added to the
bacteria simultaneously with the potential inhibitors.
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TABLE 3. Binding of FITC-amylopectin by maltose transport mutants®

Fl'l‘(}-amylo-
Strain Carbon source for growth Maltose trar:port glenes not ex- m‘:‘;‘g}f % Wild type
bacteria)
pop1021 Maltose Wild type 5.46 100
popl1080 Maltose lamB 0.11 2
pop3325° Nutrient broth Wild type 4.92 90
po ° Nutrient broth malK, lamB 0.05 1
pop6432° Nutrient broth malE, malF, malG 5.90 108
pop6434° Nutrient broth malF, malG 4.15 76

* The binding tests were carried out as described for the standard binding assay in the text. The cell density

in the tests was 10° bacteria per ml.

® These strains constitutively express the maltose transport system (malT*).
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F1G. 2. Substrate concentration dependence of
amylopectin binding. The strains pop6432 (lamB*
malE; @) and pop6430 (lamB malE*; O) were pre-
pared for the standard binding test as described in
the text. The FITC-amylopectin concentration in all
assays was 0.67 ug/ul, and its binding to the bacteria,
at a cell density of 10°/ml, was measured in the
presence of the given concentrations of unlabeled
amylopectin. The total amylopectin bound was cal-
culated on the assumption that the fluorescent label
binds with the same site and with the same affinity
as unlabeled amylopectin.

mg/ml also caused an 80% inhibition of amylo-
pectin binding. The inhibition of amylopectin
binding was investigated in more detail for mal-
tose, maltotriose, and longer maltooligosacchar-
ides. As shown in Fig. 3, the concentration of
maltodextrin needed to give 50% inhibition of
FITC-amylopectin binding decreased with in-
creasing chain length, from about 14 mM for
maltose to 0.65 mM for maltotriose to 0.3 mM
for maltotetraose to 0.075 mM for maltodecaose.
The values are probably close to the true K,
values for these dextrins, because these deter-
minations were carried out at a fixed concentra-
tion of FITC-amylopectin well below the K, for
amylopectin.

DISCUSSION

Starch polysaccharides are bound at the outer
membrane of E. coli by the A receptor, a com-
ponent of the maltose transport system. The
genetic evidence rules out the involvement of
the periplasmic maltose-binding protein, the
only component of the transport system previ-
ously recognized to have a maltodextrin binding
site (4, 5). The specificities of the two proteins
are also very different: the maltose-binding pro-
tein has the same high affinity for maltose, mal-
tooligosaccharides, and cyclic maltodextrins (K,
of 1 to 3 uM) and no affinity for isomaltose (4,
17), whereas the A receptor has a poor affinity
for maltose, isomaltose, and cyclic dextrins and
an increasingly better affinity for longer linear
maltodextrins.

It is interesting to consider in more detail

TABLE 4. Effect of various sugars on the binding of
FITC-amylopectin®

% Bound FITC-amylopectin
released by sugar concn:

Sugar
1 mM 10 mM
Maltose 5 31
Maltotriose 65 100
Isomaltose 20 53
Isomaltotriose 18 69
Cyclohexaamylose 10 27
Glucose 0 0
Lactose 0 0
Sucrose 0 9
Cellobiose 3 24
Trehalose 0 0
Raffinose 0 9

® The given concentrations of the above sugars were
substituted for the 5-mg/ml amylopectin in the stan-
dard binding assay as described in the text. Strain
pop6432, lacking the maltose-binding protein, was
used in the tests at a cell density of 10° bacteria per
ml. The amount of bound FITC-amylopectin in the
test (100%) was 5.1 ug per 10" bacteria.
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F1Gc. 3. Inhibition of FITC-amylopectin binding by
maltodextrins. The standard binding test with strain
pop6432 (malE lamB*), at a cell density of 10° bac-
teria per ml, was carried out in the presence of
various concentrations of maltose (O), maltotriose
(V), maltotetraose (OJ), and maltodecaose (A). The
100% bound value for FITC-amylopectin was between
0.55 and 0.65 pg bound per 10° bacteria in each set of
assays.

105

what role the A receptor binding may play in
maltodextrin permeability through the outer
membrane, and it may be asked whether the
amylopectin binding site is a part of the trans-
membrane pore formed by the protein. The data
are insufficient to answer the latter question, but
two points suggest that the polysaccharides
reach through the A receptor pores into the
periplasm. Inhibition of the high-affinity binding
of [*“C]maltodecaose by amylose and amylopec-
tin cannot be explained unless the polysaccha-
rides reach the maltose-binding protein through
the A receptor pores, because this high-affinity
binding is maltose-binding protein dependent
(Ferenci, in press). Similarly, the inhibition of
maltose transport cannot be explained by com-
petition at the A receptor binding site; the trans-
port rate is more than 50% inhibited at amylo-
pectin concentrations below the K; of the A
receptor for amylopectin. Both these observa-
tions are explained more easily by an interaction
of the polysaccharides with the periplasmic mal-
tose-binding protein, presumably through the
pores. The lack of inhibition of transport or
decaose binding by cyclohexaamylose suggests
that the cyclic dextrin cannot get through the
pores to reach the binding protein to exert an
inhibitory effect at 1 mM extracellular concen-
tration.

The low binding affinity of the A receptor for
maltose and the previously demonstrated non-
specific pore-forming ability of the A receptor in
various membranes (1, 9) suggest that maltose
(and other mono- and disaccharides) (16) can
get through the A receptor pores by a nonspecific
mechanism. The increasing binding affinity for
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longer malto-oligosaccharides may give an in-
creasing specificity to the pore and convert it
into a facilitated diffusion system. This could
explain the recently observed higher rates of
maltotriose diffusion through the A receptor
than were found for another trisaccharide, raf-
finose (6, 15).

Maltodextrin transport across the outer mem-
brane requires not only an intact A receptor but
also an intact maltose-binding protein (17). Mu-
tants with the same growth phenotype as A
receptor mutants have been isolated that have
altered periplasmic binding proteins. To explain
these data, a specific role of the maltose-binding
protein in bringing maltodextrins across the
outer membrane was proposed. This interpre-
tation was made before the binding activity of
the A receptor was recognized, and the question
arises whether this interaction model is still valid
considering the data in this paper. The crucial
question is whether the shift in K, of the mutant
binding proteins for maltotetraose compared to
the wild type (from 1.6 to 40 uM) could explain
the reduction in the rate of transport across the
outer membrane. Since the K, of the A receptor
for maltotetraose is about 300 uM, it still seems
necessary to postulate an interaction defect to
explain the lack of transport of this substrate;
simply on the basis of these binding K, values it
cannot be concluded that the maltodextrins stay
tightly bound in the outer membrane. Neverthe-
less, further evidence is needed to clarify this
point.

The binding activity of the A receptor has not
been previously detected due to its relatively
low affinity for maltose, the only substrate ex-
tensively investigated (14). Tests of [**C]malto-
decaose binding by bacteria lacking the maltose-
binding protein did show an unexplained resid-
ual binding activity at 12 uM substrate concen-
tration (Ferenci, in press). This can now be
explained on the basis of binding by the A recep-
tor.

An interesting result of these studies is the
finding that FITC-amylopectin can be used as a
specific fluorescent label for the A receptor. This
has proved useful not only in the binding studies
described above but also in the labeling of bac-
teria containing receptors by fluorescence mi-
croscopy (unpublished data). This latter tech-
nique may have useful applications as a rapid
method of detecting the presence of the receptor
in comparative studies of enterobacteria and
other microorganisms.
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