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Melibiose Transport in Escherichia coli
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Transport of [3H]melibiose, prepared from [3H]raffinose, was investigated in
Escherichia coli. Na+ stimulated the transport of melibiose via the melibiose
system, whereas Li' inhibited it. Kinetic parameters of melibiose transport were
determined. The Kt values were 0.57 mM in the absence of Na+ or Li', 0.27 mM
in the presence of 10 mM NaCl, and 0.29 mM in the presence of 10 mM LiCl. The
Vm. values were 40 and 46 nmol/min per mg of protein in the absence and in the
presence of NaCl and 18 nmol/min per mg of protein in the presence of LiCl.
Melibiose transport via the melibiose system was temperature sensitive in a wild-
type strain of Escherichia coli and was not inhibited by lactose. On the other
hand, melibiose uptake via the lactose system was not temperature sensitive, was
inhibited by lactose, and was not affected by Na+ and Li+. Methyl-fl-D-thiogalac-
toside, a substrate for both systems, inhibited the transport of melibiose via both
systems.

Active transport of sugars, amino acids, and
other nutrients is frequently associated with the
cotransport of cations. In bacterial cells trans-
port processes frequently use H+ as a coupling
ion (11, 23), whereas Na+ is utilized in animal
cells (3). In Escherichia coli, H+-lactose, H+-
alanine and H+-lactate cotransport have been
directly demonstrated (2, 23). The melibiose
transport system of E. coli and Salmonella ty-
phimurium is a unique system with respect to
the coupling ion for substrate transport. Stock
and Roseman (15) reported that the melibiose
transport system in S. typhimurium is a Na+-
dependent cotransport system. They observed a
stimulation of "4C-labeled methyl-fl-D-thiogalac-
toside (tMG) transport by Na+ and Li+. They
also observed uptake of 'Na in the presence of
TMG, but not in its absence. Thus, the presence
of Na+-substrate cotransport in bacterial sys-
tems was suggested.

Previously we have shown (21) that an artifi-
cially imposed electrochemical Na+ gradient
drives uptake of TMG mediated by the melibi-
ose transport system in energy-starved cells of
E. coli and that a TMG gradient elicits uptake
of Na+ (22). Tokuda and Kaback (17) reported
the concomitant uptake of both TMG and 'Na
in membrane vesicles of S. typhimurium. Thus,
there are several lines of evidence which support
the notion ofNa+-TMG cotransport via the mel-
ibiose system. Similarly, a glutamate transport
system in E. coli B has also been reported to be
a Na+ symport system (9, 19), as are all amino
acid transport systems in Halobacterium halo-
bium (8). Many other transport systems in bac-
teria have been reported to be Na+-dependent

systems, although it is not clear whether or not
such systems are Na+-substrate cotransport sys-
tems (11).
TMG is a synthetic substrate for the melibiose

transport system, and radioactive TMG is com-
mercially available. Thus, TMG has been used
exclusively for the study of the melibiose trans-
port and has been frequently used for the study
of the lactose system. Although melibiose is a
natural substrate for these systems, radioactive
melibiose is not commercially available. Thus, it
was difficult to measure active transport of mel-
ibiose. Saier and co-workers (12, 13) reported a
method for the preparation of radioactive meli-
biitol, an analog of melibiose. In this paper we
report a simple and effective method for the
preparation of [3H]melibiose. Using this sub-
strate, we have characterized melibiose trans-
port in E. coli and studied the effect of mono-
valent cations on this system.

MATERIALS AND METHODS
Chemicals. TMG, melibiose, and invertase (EC

3.2.1.26) were obtained from Sigma Chemical Co. Lac-
tose, galactose, glucose, fructose, and sucrose were
from Wako Pure Chemical Co. Carbonyl cyanide m-
chlorophenylhydrazone was from Calbiochem. [G-
3H]raffinose and L-[U-'4C]glutamic acid were pur-
chased from New England Nuclear Corp. Sephadex
G-15 was from Pharmacia Fine Chemicals. All other
chemicals were of reagent grade and were obtained
from commercial sources.
Chromatography. Solutions containing ['H]raffi-

nose, [3H]melibiose, and [3H]fructose were fraction-
ated by application of 1.2-ml samples to a colunm (1.8
by 100 cm) of Sephadex G-15 equilibrated with water.
The column was eluted with water at a flow rate of 5.6
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ml/h, and 1.6-ml fractions were collected. The posi-
tions of raffinose, melibiose, and fructose were deter-
mined by prior chromatography of authentic sugars
on the same column. Column chromatography was
performed at room temperature. For paper chroma-
tography, sample solutions were spotted onto filter
paper (Toyo no. 51). Standards of melibiose, raffinose,
fructose, sucrose, galactose, and glucose were also
spotted separately. The paper was developed in n-
butanol-acetic acid-water (26:6:25) for 23 h. Standard
sugars were visualized by spraying with diphenyla-
mine-aniline reagent (1). For the measurement of ra-
dioactivity, the paper was cut into 0.5- by 1.0-cm
pieces, and the amount of radioactivity in each piece
was determined.

Bacteria and growth. E. coli K-12 strain W3133
(6) is a lactose operon-deleted strain with a tempera-
ture-sensitive melibiose transport system. Strain RAll
(6) is an a-galactosidase-negative, melibiose transport-
positive strain and possesses a temperature-stable
melibiose transport system; it was derived from
W3133. E. coli ML308-225 lacks the melibiose operon.
This strain possesses a constitutive lactose transport
system but does not possess fi-galactosidase (24). Cells
were grown at 37°C, unless otherwise indicated, on
minimal medium (16) supplemented with 1% tryptone
(Difco). Sodium salts were replaced with potassium
salts in the medium. Melibiose (1 or 10 mM, respec-
tively) was added to the culture medium of strains
RAl and W3133. Cells were harvested in the late
exponential phase of growth and washed with minimal
medium.
Transport assay. Transport assays were per-

formed by filtration (6) in minimal medium, with K+
replacing Na+. The final concentration of melibiose in
the assay medium was 50 FM, unless otherwise stated.

Protein assay. Protein contents were determined
by the method of Lowry et al. (7).

RESULTS
Preparation of [VHlmelibiose. The first

step in the preparation of [3H]melibiose was
cleavage of [ H]raffinose by invertase. [3H]raf-
finose (0.3 ml of a 1 mM solution) was mixed
with an equal volume of 0.2 M sodium acetate
buffer, pH 4.9, containing 3 ,ug of invertase and
incubated for 90 min at 50°C (4). Greater than
90% of raffinose was cleaved under these condi-
tions. An equal volume (0.6 ml) of 0.5 M potas-
sium phosphate buffer, pH 7.0, was added to the
mixture, which was heated in a boiling-water
bath for 3 min to inactivate the invertase. After
cooling in an ice bath, the mixture was applied
to a column of Sephadex G-15. Elution was
performed with distilled water. Portions (1 pl) of
each fraction were counted in a liquid scintilla-
tion counter. One minor peak (I) and two major
peaks (II and III) were obtained. The fractions
containing peaks I, II, and Ill were pooled sep-
arately and concentrated by lyophilization. Fig-
ure 1 shows the results ofpaper chromatography
of peak II, which was identified as melibiose.
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FIG. 1. Paper chromatography of the melibiose
fraction (peak II) obtained from a Sephadex G-15
column. Concentrated sample and authentic sugars
were developed on the paper as described in the text.
Arrows indicate the positions of authentic sugars:
Raf, raffinose; Mel, melibiose; Suc, sucrose; Gal, ga-
lactose; Glc, glucose; Fru, fructose.

Peak I was identified as raffnose, and peak III
was identified as fructose (not shown). Contam-
ination of other sugars was not detected in these
fractions. Neither sucrose nor galactose was de-
tected in peaks II and III, indicating that there
was no a-galactosidase activity in the invertase
preparation used in this study. The peak II
fraction was concentrated, diluted with cold mel-
ibiose, and used for the experiments described
below.
Transport of melibiose via the melibiose

system. Strain RA1l lacks both a-galactosidase
activity and a lactose transport system, making
it suitable for the study of melibiose transport
via the melibiose system. Cells of RAll were
grown in minimal medium containing 1%
tryptone and 1 mM melibiose and tested for
uptake of [3H]melibiose (Fig. 2). Induced cells of
RAll took up melibiose, and this uptake was
inhibited by TMG but not by lactose. TMG
transport via the melibiose system was shown to
be strongly inhibited by the proton conductor
carbonyl cyanide m-chlorophenylhydrazone and
a sulfhydryl inhibitor, N-ethylmaleimide (6).
These two compounds also strongly inhibited
melibiose transport in RAl (Table 1). Iodoa-
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ibiose in RA11 (Fig. 3). This observation is con-
sistent with the previous result that an artifi-
cially imposed melibiose gradient elicited influx

25 of Na+, which suggested Na+-melibiose cotrans-
port (22). The effect of Li', however, was less
clear. Li' reproducibly inhibited the initial rate
of melibiose transport, but cells accumulated

ffi 20 / / more melibiose in the presence of 10 mM LiCl20
X /than in the absence of Li+ at the steady-state

level. Previously we reported that melibiose
transport measured by the glucose production

15 method was markedly inhibited by Li+ (20).
Because of the limitations of the colorimetric

A determination of glucose, the concentration of
melibiose had to be high (10 mM). Interestingly,

s10 /)* the inhibitory effect of Li+ on [3H]melibiose
transport was more obvious at higher concentra-

o / tions of melibiose. Li' inhibited both the initial
_/7-rate and the final extent of melibiose transport
25 // J/ at 10 mM melibiose (Fig. 4).

The effect of Na+ and Li' op the kinetic
parameters of melibiose transport was investi-
gated (Fig. 5). Addition of 10 mM NaCl to the

0 1 2 3 4 5

Time ( min
FIG. 2. Transport of melibiose in strain RA1l. In-

duced cells (0.15 mg ofproteinper ml) were incubated
in minimal medium containing NaCl (10 mM) and 25
[3Hlmelibiose (50 M). Symbols: (*) control; (A) lac-
tose, or (U) TMG added to 500 M. c

WI
TABLE 1. Effect of various inhibitors on melibiose 2

transporta e% 20
Melibiose uptake

Inhibitor nmol/m % of con-
of prti trol
at 30 s

Control 5.75 100
+20 M CCCP 0.21 4
+1 mM N-ethylmaleimide 0.34 6
+1 mM iodoacetic acid 5.56 97

a Cells of RAll were preincubated with inhibitors
for 10 min in miniimal medium containing 10 mM
NaCl. [3H]melibiose was added to give a final concen-
tration of 50 AM. CCCP, Carbonyl cyanide m-chloro-
phenylhydrazone.

cetic acid at 1 mM had little effect, as reported
for TMG transport (6).
Na+ stimulated the transport ofTMG via the

melibiose system in both E. coli and S. typhi-
murium (15, 21). On the other hand, Na+ in-
hibited the transport ofp-nitrophenyl-a-D-galac-
topyranoside via the same system in E. coli (20)
and S. typhimurium (18). Thus, it was of interest
to test the effect of Na+ (and Li+) on melibiose
transport. Na+ stimulated the transport of mel-
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FIG. 3. Effect of Na+ and Li+ on melibiose trans-

port in strain RAl . Induced cells (0.15 mg ofprotein
per ml) were incubated in minimal medium contain-
ing ['Hjmelibiose (50 ,&M). Symbols: (0) control; (U)
NaCl or (A) LiCl added to the assay mixture to 10
mM and incubated for 10 min before initiation of the
reaction.
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FIG. 4. Inhibition of melibiose transport by Li'.
Induced cells ofRA11 (0.15mg ofproteinper ml) were
incubated in minimal medium containing /'HJmeli-
biose (10 mM). Symbols: (0) control; (A) LiCl added
to 10 mm.

assay system lowered the Kt of melibiose trans-
port from 0.57 ± 0.04 to 0.27 ± 0.03mM (average
of four determinations). Addition of 10mM LiCl
gave almost the same Kt value (0.29 ± 0.04 mM)
as addition of 10 mM NaCl. The V. values
were 40 ± 5, 46 ± 6, and 18 ± 3 nmol/min per
mg of protein in the absence or in the presence
of 10 mM NaCl or 10 mM LiCl.
One of the striking characteristics of the mel-

ibiose transport system of E. coli K-12 strains
such as W3133 is its temperature sensitivity (6,
10), although strain RAll possesses a tempera-
ture-resistant melibiose carrier (6). W3133
grown at 300C exhibited transport of both mel-
ibiose and glutamate (Fig. 6). When cells were
grown at 370C, however, melibiose transport
activity was markedly reduced, but glutamate
transport was normal. Thus, the decrease of
melibiose transport activity in cells grown at
370C was not due to general damage of the cell
membrane, but rather to a temperature-labile
character of the melibiose carrier (6, 10, 20).
Uninduced cells did not show any significant
uptake of melibiose (not shown).
Transport of melibiose via the lactose

system. Melibiose is also a substrate of the
lactose transport system (5). Figure 7 shows the

5 10 15 20
1/S (MM )-1

FIG. 5. Determination of kinetic parameters of
melibiose transport. Induced cells of strain RAl
(0.15 mg of protein per ml) were added to mini-
mal medium containing various concentrations of

__ I [3HJmelibiose. Symbols: (0) control; (U) NaCi or
8 10 (A) LiCl (10 mM) added to the assay mixture. A 30-s

point was taken to measure the initial velocity.

transport of melibiose in strain ML308-225,
which possesses a constitutive lactose transport
system but lacks the melibiose system. Melibiose
was accumulated in this strain, and TMG and
lactose, both of which are substrates of this
system, were both inhibitory.

DISCUSSION
To study the transport of melibiose in E. coli,

we have developed a method for the preparation
of radioactive melibiose. [3H]raffinose, a trisac-
charide consisting ofgalactose, glucose, and fruc-
tose, was digested by invertase. The reaction
mixture containing uncleaved raffinose, melibi-
ose, and fructose was subjected to column chro-
matography of Sephadex G-15, resulting in a
pure preparation of L3Hlmelibiose. The overall
yield of radioactive melibiose was 75% of the
theoretical value. This method is very simple
and the yield is high.

Studies of melibiose transport in E. coli re-
vealed the following points. (i) Cells induced
with melibiose, which lack both a-galactosidase
and the lactose transport system, took up meli-
biose. Thus, active transport of radioactive mel-
ibiose was measured for the first time. (ii) Trans-
port was sensitive to a proton conductor, car-
bonyl cyanide m-chlorophenylhydrazone, and to
a sulfhydryl inhibitor, N-ethylmaleimide. (iii)
Melibiose transport through the melibiose sys-
tem was inhibited by TMG but not by lactose.
This effect of lactose is consistent with the pre-
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FIG. 6. Temperature sensitivity of the melibiose transport system. Cells of strain W3133 were grown in the
presence of 10 mM melibiose at 30°C (0) or 37°C (U). Melibiose uptake was measured in minimal medium
containing 10 mM NaCi and 50 M ['Himelibiose at room temperature (20 to 22°C). Glutamate uptake was
measured as described (19) at 1 AM [14C]glutamate.

vious observation suggesting that lactose has no
affinity for the melibiose transport system (6,
10). (iv) Na+ stimulated the transport of meli-
biose, and Li' inhibited it. Our recent results

15 ^/ suggested that K+ was essential for the inhibi-_5 /tory effect of Li' (manuscript in preparation).
As reported previously (6, 20, 22), Na+ stimu-

0 / lated the transport of all substrates of this sys-
cl /tem tested except p-nitrophenyl-a-D-galactopy-

ranoside. Li', on the other hand, had no effect
on p-nitrophenyl-,8-D-galactopyranoside or raf-

10 / < / finose transport, although it stimulated TMG
uptake. One of the most striking features of the
Li' effect on this system was that Li' inhibited
the transport of melibiose (20). Because of the

cx 1fi^/limitation of the method used at that time, it
was impossible to test the effect of Li' (and Na+)

o5 on the kinetic parameters of melibiose transport.
As reported here, Li' actually inhibited the
transport of melibiose at all concentrations of
this substrate tested, lowering both Kt and Vmx
values. However, we are not sure whether or not
such inhibition is the sole cause of the complete

O __._._._._ inhibition by added Li' of growth of cells on
0 1 2 3 4 5 melibiose (20). Since Li' is a substrate of H+/

Time ( mn ) Na+ antiporter (14), which extrudes Na+ and Li'
FIG. 7. Melibiose transport via the lactose system. from cels, the intracellular concentration of Li'

Cells of strain ML308-225 were grown in the absence would be very low even if Li' is added to the
of melibiose. Melibiose uptake was measured in min- culture medium. However, if the melibiose
imal medium containing ['Himelibiose (50 pM). Sym- transport carrier functions also as an Li' carrier
bols: (0) control; (A) lactose or (U) TMG added to to some extent in the presence of melibiose, the
the assay mixture to 500 WM. intracellular Li' concentration will reach a cer-
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tain level which is determined by the efficiencies
ofthe influx and efflux systems. Intracellular Li'
may be poisonous for cells. Our preliminary re-
sults support this possibility (unpublished ob-
servation). In the case ofTMG transport via the
melibiose system, Li' decreased the Kt and in-
creased the V. (6). The effect of Na+ on meli-
biose transport was similar to that of Li' on
TMG transport. At present, we are far from a
good explanation of how these differences in
cation-substrate coupling take place. It would be
important to evaluate these differences in a pu-
rified system. For this, it is necessary to purify
the carrier. Such investigations are now under
way.
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